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Abstract

Nucleotide-activated P2X channels and P2Y metabotropic receptors participate in nociceptive
signaling. Agonist availability is regulated by nucleoside triphosphate diphosphohydrolase-1
(NTPDase) -1, -2, -3 and -8, a family of enzymes that hydrolyze extracellular ATP to generate
adenosine diphosphate (ADP, a P2Y agonist) and monophosphate (AMP). They provide a major
source of extracellular AMP, the substrate for adenosine production by ecto-5’-nucleotidase
(NT5E), and thereby regulate adenosine (P1) receptor signaling. NTPDases vary in their efficiency
of tri- and di-phosphate hydrolysis; therefore which family members are expressed impacts
nucleotide availability and half-life. This study employed enzyme activity histochemistry to
examine the distribution of ATPase activity and immunohistochemistry for NTPDasel, -2, -3 and
-8 in dorsal root ganglion (DRG) and spinal cord. Nucleotidase activity was robust in spinal dorsal
horn, confirming that nociceptive pathways are a major site of nucleotide transmission. In DRG,
extensive staining revealed ATPase activity in a subset of neurons and in non-neuronal cells.
MRNA for NTPDasel-3, but not NTPDase8, was detected in lumbar DRG and spinal cord.
Immunoreactivity for NTPDase3 closely matched the distribution of ATPase activity, labeling
DRG central projections in the dorsal root and superficial dorsal horn, as well as intrinsic spinal
neurons concentrated in lamina 11. In DRG, NTPDase3 co-localized with markers of nociceptors
and with NT5E. In addition, labeling of a subset of larger-diameter neurons in DRG was
consistent with intense staining of Meissner corpuscle afferents in glabrous skin. Merkel cells and
terminal Schwann cells of hair follicle afferents were also labeled, but the axons themselves were
negative. We propose that NTPDase3 is a key regulator of nociceptive signaling that also makes
an unexpected contribution to innocuous tactile sensation.
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Extracellular nucleotides signal through the P2X family of ATP-gated ion channels and the
P2Y family of G protein-coupled receptors, which respond to a variety of nucleotide
agonists (Burnstock, 2007b, a). P2Y5 and (mouse) P2Y 4 show equipotent activation by
uridine triphosphate (UTP) and ATP, whereas P2Yj is selectively activated by UDP. While
the human recombinant P2Yj is preferentially activated by UDP (100 fold) over UTP
(Communi et al., 1996), mouse (Vial and Evans, 2002; Kauffenstein et al., 2010) and rat
(Hartley et al., 1998) forms show equipotent activation by these uridine nucleotides. ADP is
a selective agonist for P2Y 1, P2Y15 and P2Y13. The recently characterized P2Y 14, thought
to be solely activated by UDP-glucose (UDP-G) and other UDP sugars, has recently been
shown to respond also to UDP (Harden et al., 2010). P2Y » 4 ¢ are coupled to Gg/11 and
P2Y 17 1314 are coupled to Gj,, G proteins. The ATP-selective receptor P2Y; is coupled to
both Gg/11 and Gg, but is not expressed in rodents (Ralevic and Burnstock, 1998; Communi
etal., 1999). Therefore, nucleotides can have diverse physiological effects depending on
which receptors are expressed and the availability of different nucleotide species.

P2 receptors expressed in dorsal root ganglion (DRG) and spinal cord dorsal horn are
implicated in the acute transduction of noxious thermal and mechanical sensory stimuli, and
also in the modulation of nociceptor excitability in models of persistent pain (Burnstock,
2006; Inoue, 2007). Most ionotropic pro-nociceptive responses appear to be mediated by
channels consisting of P2X3 homomers or P2X2/P2X3 heteromers (Wirkner et al., 2007).
Substantial evidence implicates both P2Y1 and P2Y’, in pro-nociceptive signaling
(Moriyama et al., 2003; Chen et al., 2010; Malin and Molliver, 2010; Molliver et al., 2011).
In contrast, we recently reported that the three Gj-coupled P2Y receptors exert anti-
nociceptive actions in sensory neurons (Malin and Molliver, 2010). Together, these findings
support a model in which ATP signaling (through both P2X and P2Y receptors) is pro-
nociceptive, whereas ADP signaling may be pro-nociceptive (P2Y ) or anti-nociceptive
(P2Y12,13), depending on which receptors are present.

The availability of extracellular nucleotides is regulated by membrane-bound members of
the ecto-nucleoside triphosphate diphosphohydrolase (NTPDase) family, including
NTPDasel, NTPDase2, NTPDase3 and NTPDase8. These isoenzymes terminate ATP
signaling by hydrolyzing ATP to ADP or AMP (Robson et al., 2006). NTPDases show
regional differences in expression (Vorhoff et al., 2005) and vary in their efficiency in
hydrolyzing nucleoside triphosphates versus diphosphates (Kukulski et al., 2005). For
instance, NTPDasel rapidly converts ATP to ADP and then AMP, favoring production of
AMP over ADP. NTPDase2 on the other hand acts preferentially as a
triphosphonucleotidase, rapidly generating ADP, but only slowly degrading ADP to AMP.
NTPDase3 and NTPDase8 also show a preference for hydrolysis of triphosphates but with
greater efficiency of ADP hydrolysis than NTPDase2, resulting in transient accumulation of
ADP (Kukulski et al., 2005). Hydrolysis of extracellular ATP is the principal source of
extracellular ADP, the endogenous agonist of P2Y1 15 13 receptors. Thus, NTPDases act to
terminate triphosphate (both ATP and UTP) signaling, and produce agonist for activation of
diphosphate receptors, then hydrolyze diphosphates to produce AMP. These characteristics
indicate that the local distribution of individual NTPDase isoenzymes may significantly
impact the kinetics of nucleotide receptor signaling (Table 1).

Although AMP generated by these enzymes lacks signaling receptors, removal of the final
phosphate from AMP by ecto-5'-nucleotidases generates adenosine, which contributes to
both sensory and motor transmission in the spinal cord through the P1 family of G protein-
coupled receptors. In the DRG and dorsal horn, adenosine production is mediated by
transmembrane prostatic acid phosphatase (TM-PAP) and NT5E (also known as CD73),
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which are selectively expressed by nociceptive DRG neurons (Zylka, 2011). Adenosine
provides a tonic anti-nociceptive signal by signaling through A receptors expressed on
peripheral sensory and spinal cord neurons (Sawynok, 2007). Therefore, NTPDases may
indirectly modulate adenosine (P1) receptor signaling by generating AMP, the precursor for
adenosine production.

This study examines the distribution of enzyme activity and NTPDasel-3 and 8 expression
in mouse DRG and spinal cord to determine which isoenzymes are involved in the
regulation of nociceptive signaling. AMPase activity was also visualized to compare the
distribution of adenosine production to that of ATPase activity.

2. EXPERIMENTAL PROCEDURES

2.1 Animals

All studies were conducted in strict accordance with the guidelines of the Institutional
Animal Care and Use Committee of the University of Pittsburgh and guidelines of the
Committee for Research and Ethical Issues of IASP. Adult male C57BL/6 mice were
purchased from Jackson Laboratories and housed in group cages, maintained on a 12:12 hr
light-dark cycle in a temperature-controlled environment. They were provided with food and
water ad libitum. All efforts were made to ensure the suffering of animals as well as the
number employed in all experiments was kept to the minimum. Perfusion-fixed (4%
paraformaldehyde) rat tissue generated for other projects was kindly provided by Dr. Steve
Prescott and Dr. Alan Sved and was treated identically to the mouse tissue.

2.2 Tissue preparation

Mice were administered an overdose of avertin (2,2,2-tribromoethanol and tert-amyl
alcohol) anesthetic, euthanized by transcardial perfusion with phosphate buffered saline
(PBS) at 4°C and then 4 % paraformaldehyde. Tissues of interest (DRG, spinal cord and
paw skin) were rapidly dissected and cryoprotected in 30 % sucrose overnight at 4°C. Tissue
was subsequently frozen in OCT mounting medium and sections cut on a cryostat at 20 um
for spinal cord and skin and 12 um for DRG. Sections were collected on Superfrost Plus
microscope slides (Fisher) and stored at —20°C until required.

2.3 DRG neuron dissociation

Previously described protocols were employed in the dissociation of DRG neurons (Malin et
al., 2007). Mice were administered an overdose of avertin anesthetic and euthanized by
transcardial perfusion with Hanks buffered salt solution (HBSS) maintained at 4°C. All
DRGs were rapidly dissected, enzyme-treated and dissociated by trituration. Neurons were
then plated on poly-D lysine/laminin-coated cover slips in 6 well culture plates, incubated at
37°C for 90 min and then maintained in 2 ml complete medium containing F12 (Gibco
BRL), 10% fetal bovine serum (Invitrogen,) and 1 % penicillin/streptomycin (Gibco BRL).
Cells were allowed to grow for 2 days, and then assayed by enzyme histochemistry.

2.4 Enzyme histochemistry

For localization of NTPDase and 5’-nucleotidase activity, a modification of the Gomori lead
nitrate (Pb(NO3),) method was employed (Braun et al., 2004). Frozen tissue sections were
thawed to room temperature and pre-incubated in Trizma-Maleate sucrose buffer (TMSB;
40 mM trizma-maleate, 8 % (w/v) sucrose) at pH 7.4 or 5.6 for 30 min. Next, the enzyme
reaction was performed at room temperature in separate TMSB nucleotide substrate
solutions containing 2 mM Pb(NO3), and one of the following substrates: thiamine
monophosphate (TMP), AMP, ADP (3 mM), ATP or UTP (1 mM) at pH 7.4. In some
experiments, levamisole (10 mM) and ouabain (5 mM) were included to inhibit alkaline
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phosphatase and sodium/potassium (Na*/K*)-ATPases, respectively (Langer et al., 2008).
For staining of dissociated DRG neurons, cells were fixed for 10 min in ice cold 3 %
paraformaldehyde followed by cold methanol for 10 min, rinsed several times with TMBS,
pre-incubated in TMSB (pH 7.4) as for tissue sections and the enzyme reaction was
performed with TMP (3 mM) and ATP (1 mM). Reactions were allowed to run for 3 hr for
TMP, AMP and ADP while ATP and UTP ran for 1.5 hr. Visualization of the reaction
product was achieved by developing for 30 s in ammonium sulfide solution (0.5%) followed
by 3 washes in TMSB buffer for 3 min each. Slides were then cover slipped with mounting
medium (Dako). Images were acquired using a Leica DMRX microscope, photographed
with a Retiga 1300 digital camera and collected using Q Capture software and Adobe
Photoshop.

2.5 Immunohistochemistry

For immunohistochemical analysis of frozen tissue sections, slides were thawed to room
temperature and placed in blocking buffer containing 2.0 % normal horse serum and 0.2 %
Triton X-100 in PBS for 30 min. They were then incubated overnight in the same blocking
buffer containing one of the following antibodies, which have been previously validated;
guinea-pig mN1-2¢ (Martin-Satue et al., 2009) to mouse NTPDasel (1:2000), rabbit
mN2-36, | (Bartel et al., 2006) to mouse NTPDase2 (1:1000), guinea-pig mN3-3¢ (Martin-
Satue et al., 2009) to mouse NTPDase3 (1:1000), rabbit rN3-3, (Vekaria et al., 2006) to rat
NTPDase3 (1:500), guinea pig rN8-8¢ (Fausther et al., 2007) to rat NTPDase8 (1:1000) and
rabbit rNU-9; (Fausther M, 2008) to rat ecto-5'-Nucleotidase (NT5E; 1:1000). Some slides
were double- or triple-labeled with isolectin B4 (1B4) conjugated to Alexa fluoro 488
(Invitrogen, CA, USA, 1:100), transient receptor potential vanilloid receptor (TRPV1,
Neuromics, MN, USA, 1:2000) and protein kinase C gamma (PKCy, Santa Cruz
Biotechnology, CA, USA 1:2000). Slides were then washed 3 times in PBS for 3 min each
and incubated for 60 min in blocking buffer containing appropriate secondary antibody:
donkey anti-guinea pig conjugated to CY3 (Jackson Immunoresearch, PA, USA, 1:500) for
NTPDasel, NTPDase3 and NTPDase8, donkey anti-rabbit conjugated to CY3 (Jackson
Immunoresearch, PA, USA, 1:500) for NTPDase2 and NT5E and donkey anti-rabbit
conjugated to CY2 (Jackson Immunoresearch, PA, USA, 1:500) for TRPV1 and PKCy.
Control slides were labeled with secondary antibodies only, at the same concentrations used
in test experiments. Pre-immune sera were used in place of the primary antibodies as a
negative control for the NTPDase antibodies. Next, slides were washed 3 times in PBS and
analyzed as above. For staining of dissociated DRG neurons, cells were fixed as above,
rinsed with PBS and incubated with appropriate primary and secondary antibodies as with
tissue sections. Slides were coverslipped and imaged using a Leica DMRX microscope and
photographed with a QImaging Retiga 1300 digital camera. Images were collected using Q
Capture software and Adobe Photoshop.

2.6 Quantification of co-localization

2.7 PCR

The co-localization of NTPDase3 with TRPV1 and I1B4 was analyzed in L4 DRG using
systematic random sampling (Pakkenberg and Gundersen, 1988). Six evenly-spaced sections
(every nth section, where n = total number of sections/6) from L4 DRG were chosen,
starting with a randomly-chosen section between 1 and n. Sections were photographed for
NTPDase3 and the alternate label, and the percentages of labeled neurons with clearly
defined nuclei was determined and the results presented as the mean + SEM from three
mice.

RT-PCR analysis was carried out as previously described (Molliver et al., 2005). In
summary, mice (n = 5) were administered an overdose of avertin, euthanized by transcardial
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perfusion with PBS at 4°C and L2-5 DRGs as well as lumbar spinal cord sections were
dissected and collected on dry ice. To isolate RNA, frozen tissue samples were homogenized
in lysate buffer RLT (RNeasy mini kit, Qiagen, USA) and supernatants treated with 70%
ethanol to facilitate binding of total RNA to the RNeasy elution column. Contaminants were
washed out using buffers provided. RNA was finally eluted in RNase-free water. RNA
quality was determined applying the 260/280 nm absorbance ratio using a Biochrom WPA
Biowave DNA Life Science Spectrophotometer (Cambridge, UK) according to the
manufacturer’s instructions and quantity was determined using the 260 nm absorbance
recorded by the spectrophotometer. Extracted RNA was treated with DNase (Invitrogen) to
remove genomic DNA (1 ul DNase, 2 pl 10x DNase buffer, 0.25 ul RNaseout/5 ug RNA in
H20, 10 pl total/reaction). Reverse transcription of RNA was carried out using Invitrogen
Superscript 11 reverse transcriptase according to the manufacturer’s instructions. Absence of
contamination was confirmed by running negative control reactions without RNA. PCR
primers for NTPDases1, 2, 3 and 8 were designed using MacVector software and tested for
specificity by NCBI Primer-BLAST. Products were analyzed on 1.5% agarose gels
containing ethidium bromide (EtBr, 5 ng/ml) with 1x TAE buffer and photographed under
UV on a Cell Biosystems gel imaging workstation.

3. RESULTS

3.1 Distribution of nucleotidase activity

Enzyme histochemical staining is traditionally used at pH 5.6 to detect TMP staining
(Waters and Butcher, 1980; Silverman and Kruger, 1988; Shields et al., 2003). Our
experiments were conducted at physiological pH (7.4) with TMP as the substrate and
revealed the same pattern consistently reported with this technique: a thin band of staining in
the superficial dorsal horn restricted to lamina Ili (Fig. LA) (Knyihar-Csillik et al., 1986;
Zylka et al., 2008). Compared to TMP staining, AMP showed a broader distribution, with
intense staining throughout lamina 11 and faint staining in lamina I (Fig. 1B). ADP showed
only a faint band of staining in lamina Il (Fig. 1C). We were surprised to find that staining
with ATP and UTP was also restricted to the superficial dorsal horn, with the most intense
staining in lamina Il (Fig. 1D-E), similar to AMP but with diffuse staining throughout the
grey matter. Nucleotidase staining with ATP or UTP strongly labeled primary afferent axons
in the dorsal root and their central projections entering the superficial dorsal horn, as well as
a subset of intrinsic spinal neurons concentrated in lamina Ili. In addition to the neuronal
staining, vascular staining in the spinal cord at pH 7.4 was particularly strong compared with
that previously observed at pH 5.6. Previous studies have identified NTPDasel as the
principal ectonucleotidase in vascular endothelium (Braun et al., 2000; Braun et al., 2004)
and this enzyme is maximally active at physiological pH (Kukulski et al., 2005).

In the DRG, AMPase activity (TMP/AMP staining; Fig. 1F-G) clearly identified a subset of
small-diameter neurons, as previously reported, while ADP staining (Fig. 1H) was
undetectable. ATPase activity (ATP/UTP staining; Fig. 11-J) in the DRG was more
widespread and intense. Labeled neuronal cell bodies were clearly identifiable (arrow heads,
negative cells shown by asterisks); however, extensive staining of axon tracts and around
cell bodies indicated labeling of non-neuronal cells as well.

In glabrous skin from the hindpaw, enzyme staining was robust in sweat glands, ducts and
blood vessels for all the nucleotides except TMP, which showed only faint traces in the
sweat glands (Fig. 1K). Epidermal staining was restricted to a band of keratinocytes in the
stratum granulosum for all the nucleotides tested, except for ADP, which provided very
limited staining in the epidermis (Fig. 1M). The limited ADP staining indicates the absence
of nucleotidases with efficient ADPase activity (e.g., NTPDasel) in DRG and spinal cord
neurons.
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In order to rule out a significant contribution of Na*/K*-ATPases (transmembrane
electrogenic ATPases that hydrolyze ATP to ADP) and alkaline phosphatases (non-specific
phosphomonoesterases that hydrolyze nucleoside 5'-tri-, -di- and mono-phosphates with
equal efficiency) to the distribution of triphosphate staining, the effects of specific inhibitors
on nucleotidase histochemistry were investigated. High concentrations of both ouabain (5
mM) and levamisole (10 mM), Na*/K*-ATPase and alkaline phosphatase inhibitors,
respectively, failed to alter the pattern of ATP and UTP staining in the spinal cord, although
there was some reduction of diffuse background staining throughout the grey matter (data
not shown). In addition, 20 mM sodium azide, an inhibitor of mouse NTPDasel
(Bigonnesse et al., 2004; Leal et al., 2005), but not NTPDase2 (Shi and Knowles, 1994) or
NTPDase8 (Sawynok, 2006; Fausther et al., 2007), failed to alter the intensity of neuronal
ATP staining (data not shown).

3.2 Expression of NTPDase family members in DRG and spinal cord

Given the intense staining for nucleotidase activity in the spinal cord and DRG, we tested
for expression of the different NTPDase family members in lumbar DRG and spinal cord by
RT-PCR. Fig. 2 illustrates expression of mMRNA for NTPDasel1-3 but not 8 in both DRG and
spinal cord. We then used antibodies against NTPDasel-3, 8 to examine the distribution of
these family members.

Immunohistochemical staining of spinal cord sections revealed that NTPDase3 was the only
isoform that showed significant expression in the superficial dorsal horn; staining for
NTPDasel was not visible in the dorsal horn although blood vessels were copiously labeled,
while staining for NTPDase2 was very faint (Fig. 3A—C). To confirm the absence of
NTPDase8 and because our NTPDase8 antibody recognizes rat but not mouse protein, we
stained rat tissue sections for the presence of NTPDase8. The absence of immunoreactivity
in the dorsal horn (Fig. 3D) confirmed our PCR results. Double- and triple-labeling for
NTPDase3 and markers for subsets of nociceptive sensory neurons revealed that NTPDase3-
positive axons co-localized extensively with 1B4 binding (a marker for nociceptive axons
terminating in dorsal horn lamina Ili), and partially with staining for TRPV1 (a heat-gated
channel preferentially expressed in 1B4-negative nociceptors) superficial to the band of 1B4-
positive axon terminals (Fig. 3E-H). NTPDase3 staining also labeled a narrow band of
intrinsic spinal cord neurons in lamina Il (Fig. 3M-0). Staining for NTPDase3 and PKCy
(used to identify a discrete zone of spinal cord interneurons at the lamina 11-111 border
(Polgar et al., 1999) that receive non-nociceptive low threshold mechanoreceptive input
(Braz and Basbaum, 2009)) showed only very limited colocalization; most NTPDase3-
positive spinal neurons were superficial to the neurons identified by PKCy staining. In the
dorsal horn and dorsal root, NTPDase3 was widely co-localized with NT5E (Fig 31-K, P).
NT5E is expressed in DRG neurons, but not in dorsal horn neurons (Sowa et al., 2010). The
co-localization of NTPDase3 and NT5E immunoreactivity was consistent with the similar
distribution of enzyme histochemistry for ATPase activity (ADP and AMP production) and
AMPase activity (adenosine production).

Immunohistochemical staining for NTPDasel in lumbar DRG was strong in blood vessels
but not detected in neurons (Fig. 4A). Immunoreactivity for NTPDase?2 in the DRG was
mainly localized in glia cells (Fig. 4B), as previously reported (Braun et al., 2004).
NTPDase3 staining was primarily seen in a subset of neurons of all sizes (Fig. 4C). Double
labeling of DRG sections for NTPDase3 and either 1B4 or TRPV1 supports the conclusion
that NTPDase3-positive neurons include nociceptors. NTPDase3 was expressed in almost all
(97.23 £ 0.72%) 1B4-positive neurons, while 74.45 + 4.69% of TRPV1-positive neurons
were also positive for NTPDase3. NTPDase3 was found in a wider range of neurons than
NT5E, which labeled principally small diameter neurons (Fig. 4D—F). Most NT5E-positive
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neurons were also labeled for NTPDase3, consistent with the overlap of ATPase and
AMPase histochemical staining in the superficial dorsal horn.

The extensive labeling of glia with enzyme histochemistry in lumbar DRG made it difficult
to definitively identify labeled neurons. We therefore analyzed AMPase and ATPase activity
in dissociated DRG cultures. Histochemical staining with TMP and ATP in cultures
confirmed that a subset of small neurons was positive for AMPase activity (Fig. 4G) while
ATPase activity was evident in a wider subpopulation of small and medium-Ilarge neurons
(Fig. 4H). Non-neuronal cells tentatively identified as satellite cells were intensely labeled
(Fig. 41). Immunohistochemistry in dissociated DRG neurons revealed NTPDase?2
immunoreactivity in non-neuronal cells as well as in a few neurons, whereas NTPDase3
staining was seen primarily in neurons (not shown).

To examine the distribution of NTPDase3 at the site of sensory stimulus transduction, we
examined the distribution of immunoreactivity in peripherally-projecting axons in paw skin.
NTPDase3 staining (Fig. 5A) was evident in fine axons penetrating the glabrous epidermis,
consistent with expression in cutaneous nociceptors. Staining for NT5E also labeled axons
in the epidermis, as previously described (Sowa et al., 2010). In addition, large caliber axons
were clearly visible passing through the dermis into the dermal pegs and associating with
Meissner corpuscles at the dermal-epidermal border. Merkel cells were also strongly
labeled, but axons associated with the Merkel cells were never visible. Finally, intense
NTPDase3 immunoreactivity was seen in terminal Schwann cells surrounding the bases of
hair follicles, clearly identifiable by their unique morphology and bulb-like cell body (Fig.
5B, see also (Kaidoh and Inoue, 2008). These Schwann cells envelop the lanceolate endings
of myelinated hair follicle afferents, however the axons themselves were not labeled.

NTPDase3 clearly labeled a band of keratinocytes in the stratum granulosum (Fig. 5C),
similar to ATPase nucleotidase staining of keratinocytes. (Fig. 5D). This superficial band of
keratinocytes is the principal zone of termination of unmyelinated sensory afferents that
express P2X3, which are the most superficially-projecting cutaneous afferents (Denda et al.,
2002; Inoue et al., 2005). Keratinocyte staining for NTPDase3 was not evenly distributed
throughout the footpad, and was commonly reduced or absent in the weight-bearing volar
foot pads (Fig. 5A), where the dermal pegs and their innervation are most pronounced,
compared to non weight-bearing regions (Fig. 5C, D). Interestingly, discontinuous
epidermal staining was also reported for NT5E (Sowa et al., 2010), although they saw
increased staining in volar footpads, and prominent staining for NT5E was restricted to the
stratum basalis, in contrast to NTPDase3 in the stratum granulosum. Differences in regional
epidermal expression of NTPDase3 may reflect different levels of mechanical stimulation in
different portions of the skin.

4. Discussion

ATP, ADP, UTP and UDP are extracellular signaling molecules that act at P2 receptors in
the central and peripheral nervous system (Ralevic and Burnstock, 1998). These nucleotides
are endogenous agonists of metabotropic P2Y receptors and (in the case of ATP) ionotropic
P2X receptors (Burnstock, 2007b, a). Despite the considerable body of evidence supporting
an important role for nucleotides in nociceptive signaling, there is a dearth of information
regarding the mechanisms that regulate nucleotide transmission in somatosensation. Studies
in diverse tissues indicate that P2 signaling is tightly regulated by extracellular nucleotidases
that control the local concentration and half-life of nucleotide agonists (Zimmermann et al.,
1998; Langer et al., 2008; Yegutkin, 2008).
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Of the eight enzymes that constitute the NTPDase family of ectonucleotidases, four
(NTPDasel, NTPDase2, NTPDase3 and NTPDase8) are transmembrane proteins with their
active zone on the extracellular surface that hydrolyze nucleotides at concentrations known
to activate P2 receptors (Picher et al., 1996; Mateo et al., 1999; Smith and Kirley, 1999;
Bigonnesse et al., 2004; Lavoie et al., 2004). These enzymes regulate P2 receptor activation
by converting nucleotide triphosphates into diphosphates and monophosphates. Because the
various NTPDase isoforms degrade triphosphates and diphosphates with differing
efficiency, the relative abundance and half-life of ATP and ADP is determined by which
ectonucleotidase family members are expressed in a given location. Extracellular AMP
generated by these enzymes is the substrate for the ecto-5'-nucleotidases, which produce
extracellular adenosine; inhibition of ecto-5'-nucleotidase by ADP may provide an
additional level of temporal regulation over the transition from P2 signaling to adenosine
receptor (P1) signaling (Zimmermann, 1992; Kukulski et al., 2005).

To identify which NTPDases are important for somatosensory signaling, we compared the
distribution of ATPase activity and NTPDase immunoreactivity in DRG and spinal cord.
Given the ubiquitous nature of ATP, we were somewhat surprised to discover the restricted
localization of ATPase activity in both central spinal and peripheral cutaneous target fields
of DRG neurons. In the spinal cord, robust ATPase histochemical staining was limited to the
superficial dorsal horn, the principal region for termination of unmyelinated sensory neurons
and nociceptors. In contrast, ADPase staining was very limited except in blood vessels,
ruling out NTPDasel as a major contributor to nucleotide catabolism in neurons and glia
due to its efficient hydrolysis of ADP. The pattern of ATPase and AMPase activity in both
DRG and spinal cord was quite similar, although ATPase staining was more intense than
that for AMPase in all tissue investigated. In fact, while not a quantitative assay, our enzyme
histochemical studies required the use of considerably lower concentrations of substrates (3
mM for monophosphates and 1 mM for triphosphates) and incubation periods (3 hr for
monophosphates and 1.5 hr for triphosphates) to visualize the ATPase activity in the various
tissues than AMPase, indicating substantially more efficient metabolism of triphosphates
than of AMP under these conditions and suggesting a possible accumulation of AMP.
Consistent with this idea, several studies indicate that transmembrane-prostatic acid
phosphatase (TM-PAP) and NT5E provide the rate-limiting step in the production of
adenosine from extracellular ATP, rather than the production of AMP (Goldman et al.,
2010; Sowa et al., 2010).

The intense staining for ATPase activity throughout the superficial dorsal horn supports an
important role for nucleotide/P2 transmission at nociceptive synapses. Evidence has been
reported for the release of ATP by primary afferent terminals, as well as for actions of
presynaptic, postsynaptic and glial P2 receptors in the dorsal horn (White et al., 1985;
Gibbins et al., 1987; Sawynok et al., 1993). Under “normal” conditions of limited,
spontaneous ATP release, NTPDase3 would be expected to limit the activity of ATP
receptors and promote the activity of ADP receptors by preferentially hydrolyzing ATP over
ADP (Kukulski et al., 2005). We propose that NTPDase3 is a key regulator of nociceptive
nucleotide transmission that regulates agonist availability for both the ATP and ADP
receptors, and that ultimately produces AMP as a substrate for analgesic adenosinergic
signaling (Fig. 6). Figure 6 illustrates the signaling machinery for nucleotide signaling at the
peripheral sensory axon terminal, however a similar organization is likely at the central
presynaptic terminal in the dorsal horn.

Although this study has focused on the NTPDase family of enzymes, other ecto-enzymes
may also affect nucleotide availability in somatosensory circuits, including adenylate
kinases, which catalyze transphosphorylation of ADP into ATP and AMP, and nucleoside
diphosphate (NDP) kinases, which coexist with NTPDases in some mammalian tissues
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(Yegutkin, 2008). Both classes of enzymes can regenerate ATP from extracellular
metabolites. It is not currently known whether these kinases are expressed in sensory
neurons; this possibility will require further investigation.

Immunohistochemical analysis demonstrated that NTPDase3, but not NTPDasel, 2 or 8,
was highly expressed in DRG neurons and their central projections. NTPDase3 was
localized in both I1B4-binding and TRPV1-expressing sensory neurons and their axon
terminals in lamina Il of the dorsal horn. IB4 and TRPV1 identify two separate populations
of unmyelinated nociceptors in the mouse that project to adjacent zones of lamina Il in the
spinal dorsal horn. We also found extensive co-localization of NTPDase3 and NT5E,
suggesting that these two enzymes act in concert in nociceptive circuits to produce
adenosine from extracellular ATP (see Sowa et al. 2010). An alternate enzyme that can also
dephosphorylate AMP, TM-PAP, is also highly colocalized with NT5E and both enzymes
contribute to the production of adenosine (Sowa et al., 2010). The intense staining for
ATPase activity as well as immunoreactivity for NTPDase2 and to a lesser extent
NTPDase3 in peripheral glia supports a role for nucleotide signaling in communication
between sensory neuron cell bodies and satellite cells, as has been previously reported
(Zhang et al., 2007).

In addition to the NTPDase3 staining in DRG neurons, staining was also seen in a narrow
band of intrinsic neurons in lamina Il, a region comprised mainly of interneurons. Excitatory
interneurons expressing PKCy found at the border of laminae Il and I11 (Polgar et al., 1999)
receive input from myelinated, non-nociceptive afferents, whereas more superficial lamina
Il receives primarily unmyelinated nociceptive input (Braz and Basbaum, 2009).
NTPDase3-positive neurons formed a diffuse band directly superficial to the PKCy band,
and colocalization of the two markers was rare. This distribution indicates the presence of
extracellular ATPase activity in nociceptive circuits and supports our conclusion that
NTPDase3 is one of the principal enzymes regulating a zone of intense nucleotide
transmission in the superficial dorsal horn. Intriguingly, although NTPDase3 was widely
colocalized with NT5E in DRG neurons and their central projections, NT5E and TM-PAP
do not appear to be expressed in intrinsic spinal neurons (Sowa et al., 2010). Further
investigation will be required to determine the functional significance of postsynaptic
NTPDase3 expression; it will be interesting to determine whether these spinal neurons also
express P2 receptors.

In contrast to NTDPase3, NTPDasel immunoreactivity was seen almost exclusively in
blood vessels, rather than in neuronal structures. This distribution is consistent with the lack
of ADPase staining in DRG and spinal cord outside of blood vessels. The distribution of
NTPDase2 staining in DRG was equivalent to a previous report that its expression is
restricted to satellite cells and non-myelinating Schwann cells (Braun et al., 2004).
NTPDase2 presumably contributed to the ATP histochemical staining of satellite cells we
observed in DRG sections and cultures. Together with the absence of NTPDase8 mRNA and
immunoreactivity in DRG and spinal cord, these findings provide evidence that NTPDase3
is the major NTPDase isoform in DRG and dorsal horn neurons. We cannot exclude the
possibility that additional, possibly novel nucleotidases participate in extracellular
nucleotide metabolism in the DRG and dorsal horn. However, there is unlikely to be a
significant contribution from alkaline phosphatases or Na/K-ATPases in sensory neurons,
because antagonists failed to alter the distribution of ATPase histochemical staining.

The identification of ATPase activity and NTPDase3 immunoreactivity in the superficial
epidermis is intriguing given that this is the principal termination zone of sensory axons
containing P2X3, which are also likely to express one or more P2Y receptors (Molliver et
al., 2002; Greig et al., 2003; Zylka et al., 2005). These axons are likely to be the first-line
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sensors of external noxious stimuli. Several laboratories have demonstrated stimulation-
dependent release of ATP from keratinocytes, supporting the hypothesis that keratinocytes
may convey information to sensory axons through P2X and/or P2Y receptors (Malin et al.,
2008; Zhao et al., 2008; Dussor et al., 2009; Mandadi et al., 2009; Molliver et al., 2011). It
remains to be determined how the disparate P2 receptor signaling pathways are integrated,
both temporally and spatially, to affect nociceptor excitability.

Investigations of purinergic mechanisms in somatosensation have focused on pain, with few
exceptions (Nakamura and Strittmatter, 1996). Sensory neurons innervating the skin include
fast-conducting, myelinated afferents that transduce a wide array of stimuli, including
pressure and vibration (Fradette et al., 2003), through specialized end organs including
Merkel cells and Meissner, Ruffini and Pacininian corpuscles (Holbrook, 1987).
Intriguingly, we found that NTPDase3 is localized not only in unmyelinated nociceptive
afferents but also in Merkel cells and in large-caliber axons innervating Meissner’s
corpuscles. The Merkel cell-axon complex is tactically positioned at the dermal-epidermal
junction, functioning as a slowly-adapting type 1 mechanoreceptor (Tachibana, 1995).
Meissner corpuscles are innervated by rapidly adapting low threshold mechanoreceptors
with large or intermediate-sized cell bodies, which presumably include some of the large-
diameter neurons labeled for NTPDase3 in the DRG (Perl, 1992; Zelena, 1994; Johnson,
2001).

A distinctive feature in hairy skin was the localization of NTPDase3 in terminal Schwann
cells on hair follicles. Terminal Schwann cells wrap around the longitudinal lanceolate
endings, which are fast-conducting myelinated axons that detect hair movement (Dykes,
1975; Halata and Munger, 1980). ATP causes increases in extracellular calcium in terminal
Schwann cells that accompany cutaneous mechanoreceptors in rat vibrissae, a phenomenon
reportedly mediated by P2Y, receptors (Takahashi-lwanaga and Habara, 2002). Although
the hair follicle afferent axons were not labeled, the presence of NTPDase3 in these
specialized Schwann cells suggests that nucleotide signaling contributes to low threshold
mechanical transduction at the hair follicle. An important question is whether hair follicle
afferents express P2Y receptors, and whether they can detect ATP released by the terminal
Schwann cells. (Nakamura and Strittmatter, 1996) reported evidence that P2Yq is expressed
in large-diameter DRG neurons and contributes to fine touch sensation. Furthermore,
Molliver et al. (2002) reported widespread expression of P2Y, in large-diameter DRG
neurons as well as small neurons, and Stucky et al. (2004) found that a subset of large
myelinated low threshold axons were activated by the P2Y,/P2Y 4 agonist UTP. Our
findings here suggest that NTPDase3 is a key regulator of nociceptive nucleotide signaling
and also point to roles for nucleotide signaling in innocuous mechanosensation.

5. Conclusion

We provide evidence that NTPDase3 is a major ectonucleotidase present in nociceptive
circuits and likely to be one of the principal enzymes regulating somatosensory purinergic
transmission mediated by P2X and P2Y receptors. Immunoreactivity for NTPDase3, but not
for other family members, coincided with ATPase enzyme histochemistry in DRG neurons,
spinal cord dorsal and epidermal keratinocytes, suggesting that this enzyme is largely
responsible for nucleotide hydrolysis in these regions. The colocalization of NTPDase3 with
NT5E and AMPase enzyme activity indicates that NTPDase3 is positioned to regulate the
production of adenosine (which is anti-nociceptive in the dorsal horn) by NT5E through the
progressive generation of both its inhibitor, ADP, and its substrate, AMP. Finally, the
discovery that NTPDase3 is present in large myelinated cutaneous axons and in specialized
end organs that participate in tactile sensation indicates that nucleotide signaling may
contribute to low threshold mechanotransduction.
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Fig. 1. Nucleotidase enzyme histochemistry

Nucleotidase histochemical staining of spinal cord, DRG and glabrous paw from mice using
TMP, AMP, ADP (3 mM), ATP and UTP (1 mM) as substrates. (A, B) In spinal cord,
histochemistry with TMP shows a narrow band of staining restricted to lamina Il as widely
reported, while AMP staining is broader, suggesting that TMP may be a selective substrate
for one of the two known AMPases. (C) Only limited staining is seen with ADP. (D, E)
Strong ATPase activity (ATP, UTP) is restricted to the superficial dorsal horn, similar to
AMP but with low-intensity diffuse staining in the grey matter that is not evident with AMP.
Staining includes axons coursing through the dorsal root and entering the spinal cord
(arrowheads). (F, G) In DRG, AMPase activity (TMP, AMP) is evident in small neurons
(arrowheads, asterisks show negative cells). (H) As in spinal cord, ADP shows substantial
staining only in blood vessels. (1, J), Extensive non-neuronal as well as neuronal staining is
evident with ATP and UTP (arrowheads show positive cell, asterisks show negative cells).
(K-0) In the foot pad, epidermal staining (arrows) is restricted to keratinocytes of the
stratum granulosum for all nucleotides except ADP, which does not produce staining in
epidermis. Intense staining is also evident in sweat glands, ducts and blood vessels for all
nucleotides except TMP (suggesting that TMP may be a selective substrate for some but not
all AMPases). SC, stratum corneum; Epi, epidermis; Der, dermis; SG, sweat gland. Scale
bars: A-E, K-0O, 100 uM; F-J, 50 uM.
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Fig. 2. NTPDasel - 3 are expressed in DRG and spinal cord

RT-PCR reveals single bands for NTPDasel, NTPDase2 and NTPDase3 at the expected size
(130 — 170 bp), while NTPDase8 is not expressed. The low molecular weight diffuse band
corresponds to unpolymerized oligomers. The same primers were used for real-time and
conventional PCR. M, 100 bp ladder.
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Fig. 3. NTPDase3 is localized in axon terminals and intrinsic neurons of the spinal dorsal horn
(A-D) Immunohistochemical staining for NTPDasel, -2, -3 and -8 in spinal cord. (A)
NTPDasel staining is restricted to blood vessels, whereas NTPDase3 (C) but not the other
family members displays immunoreactivity in a narrow band within the superficial dorsal
horn. (E-H) The distribution of NTPDase3 (red) in the spinal cord is compared to 1B4
(green), a marker of non-peptidergic C-fiber nociceptors, and TRPV1 (blue), a marker for a
subset of peptidergic C-fiber nociceptors. NTPDase3 co-localizes extensively with 1B4
(yellow) and partially overlaps with TRPV1 (pink). (I-K) NTPDase3 and the ecto-5-
nucleotidase (NT5E) are co-localized. (L) The distribution of ATPase staining in the dorsal
horn is similar to that of NTPDase3. (M O) High power magnification of a dorsal horn
section labeled for NTPDase3 (red) and PKCy (green), a marker for a population of
excitatory interneurons at the lamina 1I/111 border, shows only rare neurons are double
labeled (arrowhead). Neurons positive for NTPDase3 only are largely superficial to the
PKCy positive neurons, (arrows). (P) Double labeling of a section of dorsal root for
NTPDase3 and NT5E (expressed in DRG neurons but not spinal cord) shows colocalization
in individual axons in the dorsal root entering the spinal cord (arrows). Scale bars: A-L,
100 uM; M-P, 50 uM.
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Fig. 4. Restricted distribution of NTPDase immunoreactivity in DRG

(A-B) Immunohistochemical staining of lumbar DRG for NTPDases shows only vascular
staining for NTPDasel (arrows in A), while NTPDase2 staining is limited to glia. (C)
NTPDase3 labeled a substantial subset of neurons including both small (likely
unmyelinated) and large (likely myelinated) neurons. (D-F) Double labeling of lumbar
DRG indicates most NT5E-positive cells (green) are also labeled for NTPDase3 (red).
Arrows show positive cells in (D) and (E), arrows show double labeled cells in (F). (G- H)
Histochemical staining of dissociated mouse DRG neurons using TMP (3 mM) and ATP (1
mM) as substrates to confirm neuronal labeling. Neurons labeled for AMPase activity were
principally small, whereas ATPase activity labeled both small and large cells. (1) Glial cells
were also labeled in the presence of ATP (arrows). Scale bars: A-I, 50 uM.
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Fig. 5. NTPDase3 is localized in peripheral cutaneous nociceptors

(A) Immunoreactivity for NTPDase3 in a cross section of mouse paw labels unmyelinated
axons in the glabrous epidermis (arrows), Meissner corpuscles and innervating axons (filled
arrowheads) and Merkel cells (empty arrowheads). (B) Intense NTPDase3
immunoreactivity was evident in terminal Schwann cells surrounding hair follicles
(arrowheads show bulbous cell bodies, arrows show processes. Open arrowhead shows
hair shaft). (C) A band of keratinocytes in the stratum granulosum of glabrous paw skin is
labeled for NTPDase3 (white arrows), coinciding with ATP histochemical staining of
keratinocytes (D, white arrows; black arrows point to stratum granulosum). Scale bars: A,
100 uM; B-D, 50 uM.
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Fig. 6. Model of nucleotide signaling in sensory neurons

1) In response to a painful stimulus to the skin (or other peripheral tissue), ATP is released
to activate ionotropic and metabotropic ATP receptors. 2) ATP signaling is terminated by
degradation of ATP to ADP by NTPDase3, resulting in a more prolonged activation of ADP
receptors (due to the lower efficiency of NTPDase3 for ADP hydrolysis over ATP), as well
as inhibition by ADP of adenosine production by 5’-ectonucleotidases. Whereas ATP
receptors (P2X, P2Y,, P2Y ) are either ionotropic or Gg-coupled and thus likely to be
excitatory, ADP receptors in sensory neurons include both the pro-nociceptive Gg-coupled
P2Y 1 and the Gi-coupled P2Y 15 and P2Y 13 receptors, which are likely to exert an anti-
nociceptive influence (Malin and Molliver, 2010). 3) Finally, hydrolysis of ADP provides a
pool of extracellular AMP and removes inhibition of 5’-ectonucleotidases, resulting in
production of adenosine (ADQO) by NT5E and TM-PAP (PAP). Arrow sizes indicate
differences in efficiency for hydrolysis of ATP versus ADP and AMP. The G protein
coupling of each receptor is indicated. Zylka and colleagues have demonstrated a powerful
antinociceptive effect of adenosine in the dorsal horn mediated by the A; receptor (Zylka et
al. 2008, Sowa et al., 2009, Sowa et al., 2010). This figure illustrates the signaling
machinery for nucleotide signaling at the peripheral sensory axon terminal, however a
similar organization is likely at the central presynaptic terminal in the dorsal horn. Note that
NTPDase3 expression was also found in the superficial epidermis (not shown), and
presumably regulates levels of ATP released in this region. This figure was constructed in
part using the pathway builder tool on www.proteinlounge.com.
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