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ABSTRACT

Background: Phosphodiesterase 2A (PDE2A) is an evolutionarily conserved enzyme that catalyzes the degradation of the
cyclic nucleotides, cyclic adenosine monophosphate, and/or cyclic guanosine monophosphate. Recent studies reported the
expression of PDE2A in the dorsal horn of the spinal cord, pointing to a potential contribution to the processing of pain.
However, the functions of PDE2A in spinal pain processing iz vivo remained elusive.

Methods: Immunohistochemistry, laser microdissection, and quantitative real-time reverse transcription polymerase chain
reaction experiments were performed to characterize the localization and regulation of PDE2A protein and messenger RNA
in the mouse spinal cord. Effects of the selective PDE2A inhibitor, BAY 60-7550 (Cayman Chemical, Ann Arbor, MI), in
animal models of inflammatory pain (n = 6 to 10), neuropathic pain (n = 5 to 6), and after intrathecal injection of cyclic
nucleotides (n = 6 to 8) were examined. Also, cyclic adenosine monophosphate and cyclic guanosine monophosphate levels in
spinal cord tissues were measured by liquid chromatography tandem mass spectrometry.

Results: The authors here demonstrate that PDE2A is distinctly expressed in neurons of the superficial dorsal horn of the
spinal cord, and that its spinal expression is upregulated in response to hind paw inflammation. Administration of the selective
PDE2A inhibitor, BAY 60-7550, increased the nociceptive behavior of mice in animal models of inflammatory pain. More-
over, BAY 60-7550 increased the pain hypersensitivity induced by intrathecal delivery of cyclic adenosine monophosphate,
but not of cyclic guanosine monophosphate, and it increased the cyclic adenosine monophosphate levels in spinal cord tissues.
Conclusion: Our findings indicate that PDE2A contributes to the processing of inflammatory pain in the spinal cord.

(ANEsTHEsIOLOGY 2014; 121:372-82)

ISSUE injury and inflammation lead to a sensitiza-

tion of the nociceptive system, resulting in increased What We Already Know about This Topic
responsitivity to noxious stimulation (hyperalgesia), pain e Tissue injury leads to sensitization of pain pathways, and genera-
evoked by normally innocuous stimuli (allodynia), and tion of cyclic adenosine monophosphate and cyclic guanosine
. monophosphate contributes to the development of sensitization.
spontaneous pain.! Among the key second messengers of L .
. S r . ) . . e |ittle is known about the role of phosphodiesterases, enzymes
pain sensitization are the cyclic nucleotides, cyclic adenosine that degrade these cyclic nucleotides, in experimental models
monophosphate (cAMP), and cyclic guanosine monophos- of pain.

phate (¢cGMP). Various downstream signaling mechanisms ) )

have been identified that mediate their pain-relevant func- PR D56 WS U e 2

tions, including activation of cAMP-dependent protein * Phosphodiesterase 2A expression was increased in the dorsal

kinase.2-5 han tein directl tivated b P67 horn of mice after paw inflammation. Inhibition of phosphodi-
ase,”” exchange protein directly activated by cAMP, esterase 2A exacerbated nociceptive behavior with inflamma-

cGMP-dependent protein kinase,*!! cyclic nucleotide-gated tory but not with neuropathic pain.

channels,'” and modulation of hyperpolarization-activated Inhibitors of phosphodiesterases, which are being developed

cyclic nucleotide-gated channels.'® Depending on the local-

for treatment of neuropsychiatric diseases, may increase pain

. ' . . perception.

ization of generators and downstream signaling mechanisms,

c¢GMP may exert both pronociceptive and antinociceptive

functions,'>!* whereas increased cAMP levels seem to be The importance of cyclic nucleotides for pain sen-
generally associated with increased nociception.! sitization requires a tight control of their intracellular
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concentration. The enzymes responsible for breakdown of
cAMP and ¢cGMP are the cyclic nucleotide phosphodiester-
ases (PDEs). Twenty-one PDE genes have been identified,
which are classified into 11 families (PDE1 to PDE11), each
with distinct substrate specificity, regulatory properties, and
tissue distribution.!® In contrast to many other physiological
and pathophysiological processes, there is only little infor-
mation available about the PDEs that are involved in pain
processing. Interestingly, recent immunobhistological studies
detected the PDE isoform, PDE2A, in the dorsal horn of the
spinal cord,"” pointing to potential pain-relevant functions
of this enzyme. PDE2A is a dual-substrate PDE that can
regulate either cAAMP or cGMP levels, depending on the cell
type in which it is expressed.'® Here, we aimed to elucidate
whether PDE2A is functionally involved in pain processing,
and whether its function is linked to cAMP and/or cGMP.

Materials and Methods

Animals

All experiments were approved by the federal author-
ity for animal research (Regierungsprisidium, Darmstadt,
Germany) and were performed in accordance with the
National Institutes of Health’s Guide for the Care and Use
of Laboratory Animals. Experiments were performed in
6- to 8-week-old male C57BL/6N mice (Harlan, Venray,
The Netherlands). Animals were housed on a 12/12h light/
dark cycle with standard rodent chow and water available
ad libitum.

Behavioral Testing

The behavioral tests were performed blinded to treatment.
The PDE2A inhibitor, BAY 60-7550 (Cayman Chemical,
Ann Arbor, MI), which shows 50-fold selectivity for PDE2A
compared with PDE1 and greater than 100-fold selectivity
compared with the other PDEs, ! was dissolved in 100% eth-
anol and further diluted in ethanol:Kolliphor:H,0-5:10:85
(for formalin test) or in ethanol:olive 0il-11:89 (for all other
experiments).

Formalin Test. Formalin (15 pl of a 5% formaldehyde solu-
tion) was injected subcutaneously into the dorsal site of a
hind paw, and the time spent licking the paw was recorded.?’
Zymosan-induced Hypersensitivity. A zymosan suspension
(15 pl, 5mg/ml in 0.1 M phosphate buffered saline [PBS],
pH 7.4; Sigma-Aldrich, Munich, Germany) was injected
into the plantar subcutaneous space of a hind paw. Paw-
withdrawal latency after mechanical stimulation was mea-
sured using a Dynamic Plantar Aesthesiometer (Ugo Basile,
Comerio, Italy). This device pushes a thin probe (0.5 mm
diameter) with increasing force through a wire-grated floor
against the plantar surface of the paw from beneath, and it
automatically stops and records the latency time at which the
animal withdraws the paw.!'>?"?? Paw-withdrawal latency
after thermal stimulation was measured using a Plantar

Analgesia Meter (model 390G; IITC, Woodland Hills, CA).
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The latency time was calculated as the average of three to five
consecutive exposures with at least 20 s in-between.

Acute Nociceptive Behavior. Paw-withdrawal latencies after
mechanical and thermal stimulations were measured using
the Dynamic Plantar Aesthesiometer and Plantar Analgesia
Meter, respectively.

Intrathecal Drug Administration. Intrathecal delivery of
drugs was performed by direct lumbar puncture in awake,
conscious mice as described in detail.** The cyclic nucleo-
tides, cAMDE, Sp-8-Br-cAMPS, ¢cGMP (Biolog, Bremen,
Germany), or the nitric oxide donor NOC-5 (Calbiochem/
EMD Millipore, Darmstadt, Germany), were dissolved in
sterile 0.9% NaCl and were administered in a volume of
5 pl. Paw-withdrawal latencies were measured using the
Dynamic Plantar Aesthesiometer.

Neuropathic Pain. The spared nerve injury (SNI) model*
was used to investigate neuropathic pain behavior. Two
branches of the sciatic nerve were ligated and cut distally,
leaving the sural nerve intact. Paw-withdrawal latencies were
measured using the Dynamic Plantar Aesthesiometer.

Immunostaining

Immunostainings were performed as described.?! Briefly,
mice were perfused with 4% paraformaldehyde in PBS (pH
7.4), and lumbar dorsal root ganglia (DRGs; L4-L5) and
spinal cords (L4-L5) were dissected, postfixed for 10 min in
the same fixative and cryoprotected in 20% sucrose over-
night. Cryostat sections (14 to 16 pm) were permeabilized
for S5min in PBS containing 0.1% Triton-X, blocked for
1 h using PBS containing 10% normal goat serum and 3%
bovine serum albumin, incubated with rabbit anti-PDE2A
(1:100; ab14604; Abcam, Cambridge, United Kingdom)
diluted in PBS containing 3% bovine serum albumin and
1% Triton-X over 2 nights at 4°C, and stained with Alexa
Fluor 488- (Invitrogen/Life Technologies, Darmstadt, Ger-
many) or Cy3 (Sigma-Aldrich)-conjugated secondary anti-
bodies for 2h. In double-labeling experiments, sections were
then incubated with rat anti-substance P (1:200; BD Bio-
sciences, Heidelberg, Germany), mouse anti-neuron-specific
enolase (1:25; Dako, Hamburg, Germany), mouse anti-glial
fibrillary acidic protein (1:1,000; Millipore, Schwalbach,
Germany), rat anti-mouse CD11b (1:100; AbD Serotec/
Bio-Rad, Munich, Germany), or mouse anti-caveolin-1
(1:100; Novus Biologicals, Cambridge, United Kingdom)
followed by Cy3- or Alexa Fluor 555—conjugated secondary
antibodies, or with Alexa Fluor 488—conjugated Griffonia
simplicifolia isolectin B4 (IB4; 10 pg/ml in PBS; Invitro-
gen/Life Technologies). After immunostaining, slides were
immersed for 5min in 0.06% Sudan black B (in 70% etha-
nol) to reduce lipofuscin-like autofluorescence.?*?> Images
were taken using an Axio Observer.Z1 microscope (Carl
Zeiss, Gottingen, Germany) equipped with the Zeiss Apo-
tome oscillating grating in the epifluorescence beam, or using
an Eclipse Ni microscope (Nikon, Diisseldorf, Germany).
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Brightness and contrast were adjusted using Adobe Photo-
shop CS software (Adobe Systems, Munich, Germany).

Laser Microdissection and Real-time Reverse
Transcription Polymerase Chain Reaction

Laser microdissection and real-time reverse transcrip-
tion polymerase chain reaction (PCR) were performed as
described in detail previously.!? Briefly, lumbar spinal cords
(L4 to L6) were dissected, cryosectioned (16 pm), stained in
1% cresyl violet solution (Sigma-Aldrich), and dehydrated
through 75 to 100% ethanol. A Leica LMDG6500 system
(Leica Microsystems, Wetzlar, Germany) was used to collect
the superficial dorsal horn (laminae I to I1I) and ventral horn
(laminae VII to IX) separately.'? RNA was isolated from the
microdissected tissue using the RNeasy Plus Micro Kit (Qia-
gen, Hilden, Germany), and integrity of the isolated RNA
was confirmed using the Agilent 2100 bioanalyzer and RNA
6000 Pico LabChip Kit (Agilent Technologies, Béblingen,
Germany). Real-time reverse transcription PCR was per-
formed on a 7500 Fast Real-Time PCR System (Applied
Biosystems/Life Technologies, Darmstadt, Germany) using
TagMan gene expression assays for PDE2A (catalog no.
MmO01136644_m1; Applied Biosystems/Life Technologies)
and glyceraldehyde 3-phosphate dehydrogenase (catalog no.
Mm99999915_gl1; Applied Biosystems/Life Technologies).
The quantity of PDE2A messenger RNA (mRNA) rela-
tive to glyceraldehyde 3-phosphate dehydrogenase mRNA
was calculated by the 22T method. Control experiments
revealed stable glyceraldehyde 3-phosphate dehydrogenase
mRNA expression levels in the dorsal and ventral horn after
zymosan injection into a hind paw or after SNL

Determination of Cyclic Nucleotides in Spinal Cord Slices
Mice were exsanguinated under deep isoflurane anesthesia,
and the spinal cord was dissected and kept in cold Ringer’s
buffer containing 136mM NaCl, 5.4mM KCI, 1.8 mM
CaCl, 0.33mM NaH,PO,, 10mM HEPES, and 10mM
glucose; pH 7.2. Transversal slices (600 pm) were cut on
a vibratome and equilibrated in 100 pl Ringer’s buffer for
1h at room temperature. Slices were then incubated with
1 uM BAY 60-7550 or vehicle (4.8% ethanol) for 10 min
at 37°C, followed by incubation with 300 pM N-methyl-
p-aspartate’® for 5min at 37°C. Then enzymatic reactions
were stopped by microwave fixation at 1,200 W for 10 's, and
the slices were snap-frozen in liquid nitrogen.

For sample extraction, the slices were homogenized on
ice in 110 pl cold methanol containing 1ng of the inter-
nal standard 8-(4-chlorophenylthio)guanosine-3’,5’-cyclic
monophosphate (Biolog), followed by adding of 400 ul
cold methanol and vortexing. Samples were analyzed by lig-
uid chromatography—electrospray ionization—tandem mass
spectrometry with a hybrid triple quadrupole—ion trap mass
spectrometer model 5500 QTRAP (AB Sciex, Darmstadt,
Germany) equipped with a Turbo lon Spray source oper-
ating in negative ion mode. The coupled high-performance
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liquid chromatography system consisted of an Agilent 1200
Series binary pump, degasser, and column oven connected
to a CTC PAL autosampler (Chromtech, Idstein, Germany).

To obtain linear calibration curves in the range between 0.1
and 50 ng/ml, a standard stock solution of cAMP and cGMP
(1,000 ng/ml in methanol; Biolog) was diluted to different
working solutions in the range between 0.5 and 250 ng/ml.
Twenty microliter of every working solution was mixed with
15 pl PBS (Dulbecco PBS without Ca2+ and Mg2+; GE
Healthcare Life Sciences, Freiburg, Germany), 440 ul cold
methanol, and 10 pl of the internal standard 8-(4-chloro-
phenylthio)guanosine-3’,5-cyclic monophosphate (100ng/
ml in methanol). The tubes were vortexed and centrifuged at
20,238¢ for 3.5 min. Supernatant was collected, and solvent
was evaporated under nitrogen at 45°C. Standard samples
were resuspended in 100 pl water and transferred to glass
vials. Quality control samples were prepared the same way.

For chromatographic separation, an Adantis T3 column
(100mm x 2.1 mm I.D., 3 pm particle size; Waters, Eschborn,
Germany) in combination with an AQ C18 guard column
(4mm, 2mm L.D.; Phenomenex, Aschaffenburg, Germany)
was used. Column oven was tempered at 40°C, and the flow
rate was set at 0.3 ml/min. Samples (10 pl) were injected into
the liquid chromatographic system, and analytes were eluted
under gradient conditions using mobile phase A (water with
5mM ammonium formate) and mobile phase B (methanol
with 5mM ammonium formate). The gradient program
started with 100% A for 1.5 min, and within 3 min, the frac-
tion of A was linearly decreased to 10% and remained so for
5min. For 2min, it was linearly increased again to 100% A,
and column was reequilibrated for 3 min. From 0 to 3 min,
the integrated valco valve was switched to waste.

The mass spectrometer was operated in negative multiple
reaction monitoring mode with all quadrupoles running at
unit resolution. lonization source was working with an ion-
spray voltage of 4,500V at 450°C. The gases were set as fol-
lows: gas 1: 50 instrument units; gas 2: 60 instrument units;
curtain gas: 40 instrument units; collision gas: 9 instrument
units. Entrance potential was 10V for all analytes, whereas
declustering potential, collision energy, and collision cell exit
potential were optimized for every substance manually. This
was performed by infusing standard solutions of 50 ng/ml
of the analytes into the mass spectrometer. The precursor-
to-product ion transitions (72/z) used for quantification, and
the declustering potential, collision energy, and collision
cell exit potential values were as follows: cAMP, m/z: 328.0
— 79.0; declustering potential: ~120.0V; collision energy:
-86.5V; collision cell exit potential: -37.0V. cGMD, m/z:
344.0 — 78.8; declustering potential: -65.0V; collision
energy: —78.0V; collision cell exit potential: -37.0V. For all
transitions, a dwell time of 50 ms was set.

Statistical Analysis
All data are presented as mean + SEM. Statistical analysis was
performed with IBM SPSS Statistics software (version 21;
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Fig. 1. Phosphodiesterase 2A (PDE2A) expression in the spinal cord. (A) PDE2A immunoreactivity is concentrated in
the most superficial laminae of the dorsal horn. (B) Higher magnification of A. (C-Q) Double labeling of PDE2A and sub-
stance P (C-E), isolectin B4 (IB4; F-H), neuron-specific enolase (NSE; /-K), glial fibrillary acidic protein (GFAP; L-N), and
CD11b (O-Q). Note that PDE2A is colocalized with NSE, but not with substance P, IB4, GFAP, or CD11b. Scale bars: A,
B: 100 um; C, F: 10 um; [, L, O: 20 pm.

IBM, Ehningen, Germany). Data for mRNA expression and zymosan model, the SNI model, and after intrathecal drug injec-
behavioral data in the formalin test were analyzed by one-way ~ tion were analyzed using a two-way repeated-measures ANOVA
ANOVA with Bonferroni post hoc test. Behavioral data in the with Bonferroni post hoc test. Comparisons of two means were
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Fig. 2. Phosphodiesterase 2A (PDE2A) expression in
the dorsal horn is upregulated during paw inflammation.
(A) PDE2A messenger RNA (mRNA) expression in the super-
ficial dorsal horn and ventral horn of the spinal cord after in-
traplantar zymosan injection. Dorsal horn (laminae I-lll) and
ventral horn (laminae VII-IX) sections were collected using
laser microdissection, and mRNA levels were determined
using quantitative real-time reverse transcription poly-
merase chain reaction. Data show that the intraplantar zy-
mosan injection induced a significant upregulation of PDE2A
mRNA expression in the superficial dorsal horn. n = 3 per
group. *P < 0.05. (B) PDE2A protein expression in the dorsal
horn of the spinal cord 8 h after intraplantar zymosan injec-
tion into one hind paw. Note that PDE2A immunoreactivity in
the superficial dorsal horn is more intense at the ipsilateral,
zymosan-injected side as compared with the contralateral,
noninjected side. Scale bar: 100 um.

made by unpaired two-tailed Student # test. For all tests, P values
less than 0.05 were considered statistically significant.

Results

PDE2A Expression Is Enriched in the Superficial Dorsal
Horn and Upregulated after Inflammatory Stimulation
First, we examined the PDE2A distribution in the mouse
spinal cord by immunostaining. We observed a dense band
of PDE2A immunoreactivity in the most superficial lami-
nae of the dorsal horn (laminae I and II) and weak PDE2A
immunoreactivity in some neurons in the intermediate spi-
nal cord and the ventral horn (fig. 1, A and B), confirming
the PDE2A distribution that has been detected in the rat
spinal cord by using another anti-PDE2A antibody.'” To
characterize the distribution of PDE2A in the superficial
dorsal horn in more detail, we performed double-labeling
experiments with substance P and lectin IB4, markers of
nociceptive primary afferent neurons that terminate in lami-
nae I and II, respectively. Surprisingly, there was virtually
no overlap of PDE2A immunoreactivity with fibers positive

for substance P (fig. 1, C-E) or IB4 (fig. 1, F-H), although
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many PDE2A-immunoreactive puncta were in close prox-
imity to puncta positive for substance P or IB4. PDE2A
immunoreactivity overlapped, however, with the neuronal
marker neuron-specific enolase (fig. 1, I-K). Moreover,
the PDE2A staining pattern essentially differed from that
of glial fibrillary acidic protein (fig. 1, L-N) and CD11b
(fig. 1, O-Q), which are markers of astroglia and microglia,
respectively. The overlap with a marker of neurons and the
lack of colocalization with markers of primary afferent fibers
and glial cells point to an expression of PDE2A in neurons
of the superficial dorsal horn, that is, in cells that essentially
contribute to nociceptive processing.

We then performed laser microdissection to isolate super-
ficial dorsal horn (laminae I to III) and ventral horn (laminae
VII to IX) spinal cord tissues,'” and analyzed the PDE2A
mRNA expression in the isolated tissues by quantitative real-
time reverse transcription PCR. In line with the PDE2A pro-
tein distribution, we detected much higher PDE2A mRNA
levels in the superficial dorsal horn compared with the ventral
horn (fig. 2A). To further assess a potential contribution of
PDE2A to nociceptive processing, we investigated the PDE2A
mRNA expression in the dorsal and ventral horn after hind
paw injection with the proinflammatory compound zymo-
san. Notably, the zymosan injection significantly increased
the PDE2A mRNA expression in the superficial dorsal horn
but not in the ventral horn (fig. 2A), further pointing to a
pain-relevant function of PDE2A. The PDE2A mRNA
upregulation was paralleled by an increased PDE2A immu-
noreactivity in the superficial dorsal horn 8h after zymosan
injection into a hind paw. However, the general PDE2A dis-
tribution pattern in the dorsal horn was similar between the
zymosan-injected (ipsilateral) and the noninjected (contralat-
eral) sides (fig. 2B), and double-labeling experiments revealed
that the PDE2A upregulation occurred in neurons but not
in glial cells (data not shown). We concluded that PDE2A
expression in the spinal cord is upregulated in neurons of the
superficial dorsal horn after intraplantar zymosan injection.
Together, these data suggest a contribution of PDE2A to the
processing of inflammatory pain in the spinal cord.

We next assessed the PDE2A distribution in DRGs by
immunostaining. In general, PDE2A immunoreactivity
was weaker in DRGs as compared with the superficial dor-
sal horn (fig. 3). Significant PDE2A immunoreactivity in
DRGs was detected in capillary endothelial cells identified
by their morphology (fig. 3, A and C) and by colocalization
with the marker caveolin-1 (fig. 3, C-E). We also detected
PDE2A immunoreactivity, which was however only little
above background, in the somata of most DRG neurons
(fig. 3, A and B). In contrast to the dorsal horn of the spinal
cord, the PDE2A expression in DRGs was not significantly
upregulated 4, 8, or 24 h after zymosan injection into a hind
paw, as assessed by quantitative real-time reverse transcrip-
tion PCR. The relative mRNA expression was 1.01+0.09
(naive), 0.85+0.17 (4h), 0.95+0.05 (8h), and 0.99 +0.08
(24h), n = 3 per group. Considering the more prominent

Kallenborn-Gerhardt et al.

¥202 UdJelN 0 uo 1senb Aq ypd'82000-0 0080% L 0Z/006592/2LE/2/1.21/4pd-81o1e/ABO|0ISBUISaUE/WOD JIBYDIBA|IS ZESE//:diY WOl papeojumoq



PAIN MEDICINE

A
PDE2A Negative control
E \
PDE2A Caveolin Merge

Fig. 3. Phosphodiesterase 2A (PDE2A) expression in dor-
sal root ganglia. (A and B) Distinct PDE2A immunoreactiv-
ity is present in capillary endothelial cells, whereas weak
PDE2A immunoreactivity is detectable in neurons. The neuro-
nal PDE2A immunoreactivity is only little above background,
as compared with staining without primary antibody (B).
(C—E) Double labeling of PDE2A and caveolin-1 confirms PDE2A
expression in capillary endothelial cells. Scale bars: 20 pm.

expression and zymosan-induced upregulation in neurons of
the superficial dorsal horn, these data point to a limited con-
tribution of PDE2A expressed in DRGs to the processing
of inflammatory pain after intraplantar zymosan injection.

Inflammatory Pain Behaviors Are Increased after
Inhibition of PDE2A
To assess whether PDE2A plays a functional role in inflam-
matory pain processing in vivo, we evaluated the effects of
the selective PDE2A inhibitor, BAY 60-7550," on inflam-
matory pain behavior in mice. We first analyzed the effects
of PDE2A inhibition in the formalin test, a well-character-
ized model of inflammatory pain.?® We administered BAY
60-7550 (1, 3, and 9mg/kg intraperitoneal) or vehicle
20 min before 5% formalin injection into a hind paw and
observed the nociceptive behavior during 45 min. The for-
malin injection evoked the typical biphasic paw-licking
behavior. The first phase of paw licking (1 to 10 min), which
mainly depends on peripheral activation of primary afferent
neurons,” was not affected by BAY 60-7550 pretreatment
(fig. 4A). Interestingly however, BAY 60-7550 at doses of 3
and 9 mg/kg significantly increased the second phase of paw
licking (11 to 45 min; fig. 4A). Considering that the second
phase of paw licking involves a period of central sensitiza-
tion in the dorsal horn of the spinal cord,”” and that BAY
60-7550 at doses of 3mglkg or greater crosses the
blood-brain barrier,'"**% these data point to a central (i.c.,
spinal cord mediated) rather than a peripheral mechanism
accounting for the pronociceptive effects of BAY 60-7550.
We then assessed the effect of 3 mg/kg BAY 60-7550
(i.e., a dose that was pronociceptive in the formalin test) in
the intraplantar zymosan assay, another model of inflamma-
tory pain.*® Injection of zymosan into a hind paw induced a
mechanical hypersensitivity of the injected paw (fig. 4B), as
expected. Four hours after zymosan injection, we intraperi-
toneally administered BAY 60—7550 or vehicle. Interestingly,
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Fig. 4. Increased inflammatory pain behavior after phos-
phodiesterase 2A inhibition. (A) Formalin test. Drugs (1, 3,
and 9mg/kg BAY 60-7550, or vehicle) were intraperitone-
ally administered 20 min before injection of 5% formalin into
a hind paw. Sum of paw-licking time in phase 1 (1-10min)
and phase 2 (11-45min) after formalin injection. n = 10 per
group for vehicle and 3mg/kg BAY 60-7550, n = 8 per group
for 1 and 9mg/kg BAY 60-7550; *P < 0.05. (B and C) Zy-
mosan model. Mice were tested for (B) mechanical and (C)
thermal paw sensitivity before zymosan injection into a hind
paw (“before zymo”) and 4 h thereafter (“before drug”). Then
drugs (3mg/kg BAY 60-7550 or vehicle) were intraperitoneally
administered, and the paw sensitivity was determined. n = 6
per group; *P < 0.05, representing group main effects. Note
that the paw-licking behavior in phase 2 (A) and the mechanical
and thermal paw hypersensitivities (B and C) were significantly
increased in mice treated with 3 or 9mg/kg BAY 60-7550.

BAY 60-7550 significantly increased the mechanical
hypersensitivity as compared with vehicle-treated animals
(fig. 4B). Two-way repeated-measures ANOVA revealed a
significant effect of the group (P = 0.035), time (” < 0.001),
and their interaction (P = 0.031). Similarly, the thermal
hypersensitivity that developed after zymosan injection was
increased after administration of BAY 60-7550 (fig. 4C).
The effect of group (P = 0.035) and time (P = 0.006) was
significant, whereas group x time effects were not signifi-
cant (P = 0.181). In control experiments, we examined the
effects of BAY 60-7550 (3 mg/kg intraperitoneal) on paw-
withdrawal latencies in naive animals, that is, in the absence
of paw inflammation. One hour after administration of BAY
60-7550, neither mechanical (fig. 5A) nor thermal (fig. 5B)
paw-withdrawal latencies were significantly altered as com-
pared with vehicle, indicating that the baseline sensitivity to
noxious mechanical and thermal stimuli was not affected by
the PDE2A inhibitor. Altogether, these data demonstrate
that PDE2A is functionally involved in the processing of
inflammatory pain induced by paw inflammation.
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Fig. 5. Limited effect of phosphodiesterase 2A inhibition on
acute nociceptive behavior. Mice were tested for (A) mechani-
cal and (B) thermal paw sensitivity before and 60min after
drug administration (3mg/kg BAY 60-7550 or vehicle intra-
peritoneal; n = 6 per group). The acute nociceptive behavior
was not affected by BAY 60-7550 in both tests.

PDE2A Inhibition Increases Spinal
Pronociceptive Effects of cAMP
PDE2A is a dual-substrate enzyme able to hydrolyze both
cAMP and ¢cGMP. To assess whether one, or both, of these
cyclic nucleotides contributes to the PDE2A-modulated
processing of pain in the spinal cord, we analyzed the
effects of systemic PDE2A inhibition on the paw hyper-
sensitivity evoked by intrathecal delivery of cyclic nucleo-
tides. Mice were intraperitoneally administered with BAY
60-7550 (3 mg/kg) or vehicle, and cyclic nucleotides were
intrathecally injected 1 h thereafter. After intrathecal injec-
tion of cAMP (40 nmol), paw-withdrawal latencies were
decreased in both groups, indicating the mice developed
mechanical hypersensitivity (fig. 6A). However, the extent
of cAMP-induced mechanical hypersensitivity was sig-
nificantly increased in mice pretreated with BAY 60-7550
as compared with those pretreated with vehicle (fig. 6A).
Two-way repeated-measures ANOVA revealed significant
group (P = 0.041) and group x time (P = 0.032) effects.
Similarly, the mechanical hypersensitivity evoked by intra-
thecal injection of the cAMP analog, Sp-8-Br-cAMPS (20
nmol), was increased after pretreatment with BAY 60-7550
(group effect: P = 0.013, group x time effect: 2 = 0.003;
fig. 6B). In contrast, intraperitoneal pretreatment with
BAY 60-7550 did not significantly affect the mechanical
hypersensitivity induced by intrathecal injection of cGMP
(40 nmol; group effect: P = 0.804; fig. 6C) or that induced
by intrathecal injection of the nitric oxide donor NOC-5
(10 pg; group effect: P = 0.373; fig. 6D), which increases
the cGMP production in the spinal cord after activation of
nitric oxide—sensitive guanylyl cyclase (also termed soluble
guanylyl cyclase).’! These data suggest that pronociceptive
pathways involving cAMP, but not cGMP, are modulated
by PDE2A in the spinal cord.

We next assessed whether BAY 60-7550 treatment
increases the cyclic nucleotide concentration in the spinal
cord. For that purpose, we incubated acute slices of the
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Fig. 6. Phosphodiesterase 2A in the spinal cord modulates
hypersensitivity induced by cyclic adenosine monophos-
phate (CAMP). Time course of mechanical hypersensitivity in-
duced by intrathecal administration of cAMP (40 nmol; n = 8;
A), the cAMP analog Sp-8-Br-cAMPS (20 nmol; n = 8; B), cy-
clic guanosine monophosphate (cGMP; 40 nmol; n = 6; C),
or the nitric oxide donor NOC-5 (10 pg; n = 8; D). One hour
before intrathecal drug delivery, mice were intraperitoneally
pretreated with 3mg/kg BAY 60-7550 or vehicle. Data indi-
cate that the BAY 60-7550 pretreatment increased the ex-
tent of hypersensitivity induced by cAMP or Sp-8-Br-cAMPS
(*P < 0.05, representing group main effects) but not the hyper-
sensitivity evoked by cGMP or NOC-5. n.s. = not significant.

mouse spinal cord with BAY 60-7550 or vehicle, stimu-
lated cyclic nucleotide production with N-methyl-p-as-
partate,?® and measured the cAMP and cGMP levels by
liquid chromatography—electrospray ionization—tandem
mass spectrometry. Notably, BAY 60-7550 significantly
increased the cAMP levels in the spinal cord slices as com-
pared with vehicle (fig. 7). In contrast to cAMP, the cGMP
levels could not be detected in our analyses because they
were below the lower limit of quantification (0.125 ng/ml
for both cAMP and ¢cGMP). Altogether, these data indi-
cate that PDE2A contributes to the degradation of cAMP
in the spinal cord.

1000 -

B Vehicle
400 - OBAY 60-7550

~ 200 -
0 -

Fig. 7. Increased cyclic adenosine monophosphate (CAMP)
levels in the spinal cord after phosphodiesterase 2A inhibi-
tion. Spinal cord slices were preincubated with BAY 60-7550
(1 uM) or vehicle, and stimulated with N-methyl-p-aspartate
(300 pM). Note that the BAY 60-7550 pretreatment increased
the cAMP levels. n = 7 per group. *P < 0.05.

Kallenborn-Gerhardt et al.

¥202 UdJelN 0 uo 1senb Aq ypd'82000-0 0080% L 0Z/006592/2LE/2/1.21/4pd-81o1e/ABO|0ISBUISaUE/WOD JIBYDIBA|IS ZESE//:diY WOl papeojumoq



PAIN MEDICINE

Neuropathic Pain Behavior after Peripheral

Nerve Injury Is Not Affected by PDE2A Inhibition

Finally, we investigated whether neuropathic pain processing
is modulated by inhibition of PDE2A. Mice were subjected
to SNI, which induced a mechanical hypersensitivity of the
affected hind paw 14 days after surgery. In contrast to the
inflammarory pain behavior during paw inflammation, the
SNI-induced neuropathic pain behavior was not significantly
affected by administration of BAY 60-7550 (3 mg/kg intraperi-
toneal; group effect: P = 0.426; fig. 8A). Moreover, unlike the
zymosan-induced upregulation, PDE2A mRNA was not upreg-
ulated in the dorsal horn of the spinal cord after SNI (fig. 8B).
Thus, PDE2A does not seem to be critically involved in the
processing of neuropathic pain after peripheral nerve injury.

Discussion

Here, we demonstrate that PDE2A in the spinal cord exerts
pain-relevant functions in vivo. PDE2A expression in the
dorsal horn of the spinal cord is upregulated during paw
inflammation in mice. Their nociceptive behavior after
administration of a PDE2A inhibitor suggests that PDE2A
functionally contributes to the processing of inflammatory
pain associated with paw inflammation, and that PDE2A
modulates pronociceptive effects of cAMP. On the contrary,
PDE2A does not seem to affect neuropathic pain processing
after peripheral nerve injury.

Previous studies revealed that PDE2A is expressed in a wide
variety of tissues, with the highest expression levels found in
the brain and lower levels in endothelial cells of most tissues,
platelets, the adrenal zona glomerulosa, enteric ganglia, and
lymphoid organs. Similar expression patterns have been found
across several mammalian species, from human to macaque to
dogs and rodents, arguing for an evolutionary conserved func-
tion of PDE2A."7*2 Given that PDE2A is present in many cell
types and has the ability to hydrolyze both cAAMP and cGMP
with high activity, it is conceivable that it regulates a variety
of different processes.!® In fact, PDE2A has been reported
to be involved in various functions, including learning and
enhancement of neuronal plasticity,*>° blunting of anxiety,
excitation—contraction coupling and compartmentation of
cyclic nucleotide signaling in cardiomyocytes,*®* endothelial
cell permeability,®® angiogenesis,”* platelet aggregation,*!
and aldosterone production.*>* Dependent on the vicinity
of PDE2A to generators and downstream effectors of cyclic
nucleotides, inhibition of PDE2A in any of these cells can
result in elevation of cAMB, cGMP, or both.!

Here, we provide several lines of evidence for a to date
unrecognized contribution of PDE2A to pain processing in
the superficial dorsal horn of the spinal cord. First, PDE2A is
distinctly expressed in neurons of the superficial dorsal horn,
and its expression in the superficial dorsal horn is upregu-
lated after induction of paw inflammation using zymosan.
The fact that proinflammatory stimuli may increase the
expression of PDE2A is supported by reports demonstrat-
ing increased PDE2A mRNA levels in the spinal cord after
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Fig. 8. Limited effect of phosphodiesterase 2A (PDE2A) inhi-
bition on spared nerve injury (SNI)-induced neuropathic pain
processing. (A) Mice were tested for mechanical paw sensi-
tivity before SNI and 14 days thereafter (“before drug”). Then
drugs (3mg/kg BAY 60-7550, n = 6; or vehicle, n = 5) were
intraperitoneally administered, and the paw sensitivity was
determined. The neuropathic pain behavior was not affected
by BAY 60-7550. (B) PDE2A messenger RNA (mRNA) expres-
sion in the superficial dorsal horn (laminae I-lll) and ventral
horn (laminae VII-IX) of the spinal cord after SNI. Dorsal and
ventral horn sections were collected using laser microdissec-
tion, and mRNA levels were determined using quantitative re-
al-time reverse transcription polymerase chain reaction.n =3
per group. Data show that PDE2A mRNA expression did not
change after SNI. n.s. = not significant.

4 in cultured endothe-

formalin injection into a hind paw,*
lial cells stimulated with tumor necrosis factor-0,,® and in
cultured peritoneal macrophages after incubation with lipo-
polysaccharide.”> Second, the inflammatory pain behavior in
the formalin and zymosan model was increased after admin-
istration of the selective PDE2A inhibitor, BAY 60—7550.
This compound is more than 100-fold more potent than
the “classical” PDE2A inhibitor, erythro-9-(2-hydroxy-3-
nonyl)adenine, which also inhibits adenosine deaminase.!®
We found that BAY 60-7550 increased the inflammatory
pain behavior at doses that affected brain functions in earlier
studies (=3 mg/kg),'"?*? providing further evidence that
BAY 60-7550 crosses the blood—brain barrier and may affect
PDE2A localized in the spinal cord. This assumption is fur-
ther supported by the fact that the second (central) but not
the first (peripheral) phase in the formalin test was modu-
lated by pretreatment with BAY 60-7550. Third, the imme-
diate pain behaviors evoked by spinal delivery of cAMP and
Sp-8-Br-cAMPS were increased after systemic pretreatment
with BAY 60-7550, whereas those evoked by spinal delivery
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of cGMP and NOC-5 were not affected. Finally, cAMP lev-
els in spinal cord slices were increased in the presence of BAY
60-7550. Hence, our data imply that PDE2A in the super-
ficial dorsal horn is functionally involved in the processing
of inflammatory pain induced by paw inflammation and in
the degradation of cAMP. We can, however, not exclude the
possibility that PDE2A expressed in DRG neurons also con-
tributes to pain processing. Our observations that PDE2A
immunoreactivity seems much more intense in dorsal horn
neurons as compared with DRG neurons, and that intra-
plantar zymosan induces upregulation of PDE2A expression
in the dorsal horn but not in DRGs, argue against an impor-
tant function of PDE2A in DRG neurons during the pro-
cessing of inflammatory pain induced by paw inflammation.

In contrast to the inflammatory pain behavior, treat-
ment with BAY 60-7550 did not affect the neuropathic
pain behavior after SNI. This observation is in line with
earlier reports, in which knockout or pharmacological
modulation of a target only affected the behavior in animal
models of inflammatory pain or neuropathic pain, but not
both.!221:2546 The causes of inflammatory pain and neuro-
pathic pain are fundamentally different, and both principal
pain categories can be distinguished from several character-
istics, such as resolution of pain as a function of “healing”
(characteristic of inflammatory pain), involvement of A}
afferents in addition to C fibers (characteristic of neuro-
pathic pain), and sensitivity to pharmacological treatment.?’
However, there are also common mechanisms underlying
the generation of each pain state. These mechanisms include,
for example, glia activation and disinhibition in the spinal
dorsal horn, as well as immune cell invasion and release of
proinflammatory compounds in peripheral tissues.”” Nota-
bly, several neuropathic pain states, including neuropathy
after peripheral nerve injury, are in themselves associated
with peripheral inflammation, which might contribute to
the pain processing.® The complex pathological conditions
and the peripheral and spinal mechanisms underlying neuro-
pathic pain await further analyses. However, our data suggest
that PDE2A is not critically involved in the pain processing
after peripheral nerve injury.

A recent study reported the synthesis of new, orally bio-
available selective PDE2A inhibitors that are nonbrain pen-
etrant.*> One of these inhibitors, compound 22, ameliorated
osteoarthritis pain in rats. To the best of our knowledge, it is
currently unknown which peripheral cells mediate this pain-
relevant effect of PDE2A. However, the antinociceptive effect
of peripherally restricted PDE2A inhibition is in distinct
contrast to the pronociceptive effect of PDE2A inhibition in
the spinal cord. Considering the widespread distribution of
PDE2A in different cells and the fact that its precise intracel-
lular localization is crucial for control of cAMP and/or cGMP
signaling, it is likely that PDE2A, dependent on its localiza-
tion, may exert both anti- and pronociceptive effects. One
important conclusion is that blood-brain penetration must
be prevented if PDE2A inhibitors are used for treatment
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of inflammarory pain states. On the contrary, inhibition of
PDE2A activity in the brain has recently gained increased
attention as a potential therapeutic target to improve cog-
nition associated with neuropsychiatric disorders, such as
schizophrenia and Alzheimer’s disease.?>5%5! Because these
drugs reach the central nervous system, including the spinal
cord, they should be carefully tested in light of possible side
effects in patients with inflammatory pain as a comorbidity.
In conclusion, we have presented evidence for an inhibi-
tory role of PDE2A for the processing of inflammatory pain
in the spinal cord. It remains to be determined which other
PDE:s are involved in nociceptive processing and terminate
pro- and/or antinociceptive effects of cyclic nucleotides.
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