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cGMP Produced by NO-Sensitive Guanylyl Cyclase
Essentially Contributes to Inflammatory and Neuropathic
Pain by Using Targets Different from cGMP-Dependent
Protein Kinase I
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Alarge body of evidence indicates that the release of nitric oxide (NO) is crucial for the central sensitization of pain pathways during both
inflammatory and neuropathic pain. Here, we investigated the distribution of NO-sensitive guanylyl cyclase (NO-GC) in the spinal cord
and in dorsal root ganglia, and we characterized the nociceptive behavior of mice deficient in NO-GC (GC-KO mice). We show that NO-GC
is distinctly expressed in neurons of the mouse dorsal horn, whereas its distribution in dorsal root ganglia is restricted to non-neuronal
cells. GC-KO mice exhibited a considerably reduced nociceptive behavior in models of inflammatory or neuropathic pain, but their
responses to acute pain were not impaired. Moreover, GC-KO mice failed to develop pain sensitization induced by intrathecal adminis-
tration of drugs releasing NO or carbon monoxide. Surprisingly, during spinal nociceptive processing, cGMP produced by NO-GC may
activate signaling pathways different from cGMP-dependent protein kinase I (cGKI), whereas ¢GKI can be activated by natriuretic
peptide receptor-B dependent cGMP production. Together, our results provide evidence that NO-GC is crucially involved in the central

sensitization of pain pathways during inflammatory and neuropathic pain.
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Introduction

An exaggerated pain sensitivity is the dominant feature of inflam-
matory and neuropathic pain both in the clinical setting and in
experimental animal models. It manifests as pain in response to
normally innocuous stimuli (allodynia), increased response to
noxious stimuli (hyperalgesia), or spontaneous pain, and can
persist long after the initial injury is resolved (Scholz and Woolf,
2002; Woolf, 2004). The release of nitric oxide (NO) within the
spinal cord has long been implicated in the mechanisms under-
lying exaggerated pain sensitivity (Meller and Gebhart, 1993).
For example, a reduced nociceptive behavior was observed in
several animal models of pain after intrathecal administration of
NO synthase (NOS) inhibitors (Malmberg and Yaksh, 1993;
Meller et al., 1994; Mabuchi et al., 2003) and after genetic deletion
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of the neuronal NOS (nNOS) isoform (Tao et al., 2004; Chu et al.,
2005; Boettger et al., 2007). The essential contribution of NO for
nociceptive processing was also demonstrated by recent electro-
physiological experiments revealing that NO is necessary for the
induction of long-term potentiation (LTP) of synaptic strength
in spinal dorsal horn neurons that project to the periaqueductal
gray (Ikeda et al., 2006).

NO signals by various mechanisms including cGMP synthesis,
nitrosylation of ion channels, ADP-ribosylation, and the interac-
tion with molecular oxygen and superoxide radicals to produce
reactive nitrogen species that can modify a number of macromol-
ecules (Davis etal., 2001). A major signaling mechanism of NO in
spinal nociceptive processing initiates with activation of NO-
sensitive guanylyl cyclase (NO-GC; also called soluble guanylyl
cyclase) and subsequent cGMP production (Garry et al., 1994;
Tao and Johns, 2002). It has been speculated that activation of
c¢GMP-dependent protein kinase I (¢cGKI), in turn, is the major
effector of NO-dependent cGMP synthesis in the spinal cord
(Qian et al., 1996; Tao et al., 2000). However, although it is clear
that nNOS and cGKI play an important role in spinal nociceptive
processing, direct evidence for the presence of a functional NO/
NO-GC/cGMP/cGKI pathway in this context is lacking.
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NO-GC is a heterodimer consisting of two different subunits
termed aand 3. Two catalytically active isoforms have been iden-
tified («, B, and «,f3,) in which the B, subunit acts as the dimer-
izing partner for the «, or a, subunit (Russwurm and Koesling,
2002). Recently, mice deficient for the 3, subunit (GC-KO mice)
have been generated, which are completely devoid of NO-GC
activity (Friebe et al., 2007). In the present study, we investigated
the nociceptive behavior of GC-KO mice in models of acute,
inflammatory, and neuropathic pain. We further characterized
the distribution of NO-GC in the spinal cord and in dorsal root
ganglia (DRGs), and the colocalization of NO-GC with ¢GK]I, to
further elucidate the role of cGMP in nociceptive processing.

Materials and Methods

Animals. Experiments were performed in 6- to 14-week-old mice lacking
the B, subunit of NO-GC (GC-KO) and littermate wild-type (WT) mice
of either sex backcrossed onto C57BL/6 background for >10 generations
(Friebe et al., 2007). Mice were bred and maintained at the animal facility
of the Institute of Pharmacology and Toxicology, University of Bochum,
Germany, and were fed with fiber-free diet to avoid the second phase of
mortality in GC-KO mice, which occurs because of intestinal dysmotility
(Friebe et al., 2007). All experiments were approved by the local Ethics
Committee for Animal Research.

Immunohistochemistry. WT (n = 8) and GC-KO (n = 7) mice were
intracardially perfused with 0.9% saline followed by 4% paraformalde-
hydein 0.1 M PBS, pH 7.4, under deep ketamine/xylazine anesthesia. The
lumbar spinal cord and DRGs (L1-L5) were dissected and postfixed in
the same fixative for 30—120 min (spinal cord) or washed several times in
PBS (DRGs). After cryoprotection in 20% sucrose, tissues were frozen in
tissue freezing medium on dry ice and cryostat sectioned at a thickness of
16 wm (spinal cord) or 10 wm (DRGs). Double labeling of the NO-GC 3,
subunit (GCP,) with calcitonin gene-related peptide (CGRP), Griffonia
simplicifolia isolectin B4 (IB4), neurofilament 200 (NF200), myelin basic
protein (MBP), glial fibrillary acidic protein (GFAP), or CD11b in the
spinal cord was performed as described previously (Schmidtko et al.,
2008) using rabbit anti-GCf3; (1:500) (Friebe et al., 2007), mouse anti-
CGRP (1:500; Sigma-Aldrich), FITC-conjugated IB4 (10 ug/ml, Sigma-
Aldrich), mouse anti-NF200 (clone N52, 1:1000; Sigma-Aldrich), mouse
anti-MBP (1:800; Covance), mouse anti-GFAP (1:1000; Millipore), rat
anti-mouse CD11b (1:300; AbD; Serotec) and species specific secondary
antibodies conjugated with Alexa Fluor 488 (Invitrogen) or Cy3
(Sigma-Aldrich).

Double labeling of GCB, with the neurokinin 1 receptor (NK1-R),
glutamate decarboxylase 67 (GAD67) or cGKI, and of cGKI with natri-
uretic peptide receptor B (NPR-B) was performed using the tyramide
signal amplification (TSA) technique, which allows double-label immu-
nohistochemistry with antibodies from the same species (Shindler and
Roth, 1996; Marvizon et al., 2007). Sections were permeabilized for 5 min
in PBST (0.1% Triton X-100 in PBS), blocked for 30 min in blocking
buffer (0.5% blocking reagent in PBS), and incubated overnight at 4°C
with rabbit anti-NKI-R (1:32,000; Novus Biologicals), rabbit anti-
GAD67 (1:8000; Millipore), or rabbit anti-cGKI (1:8000; recognizes the
a and B isoforms of cGKI) (Pfeifer et al., 1998) dissolved in blocking
buffer. Control experiments confirmed that the concentration of these
antibodies was below the detection limit of the Alexa Fluor 488-labeled
secondary antibody. Then sections were incubated with biotin-xx goat
anti-rabbit (1:100; Invitrogen) dissolved in PBS for 1 h, followed by
rabbitanti-GCf3, (1:500) dissolved in blocking buffer overnight or rabbit
anti-NPR-B (1:100; Abgent) dissolved in blocking buffer over 3 nights,
and Alexa Fluor 488 goat anti-rabbit (1:800; Invitrogen) dissolved in PBS
for 2 h. Thereafter, the TSA reaction was performed by incubating sec-
tions with streptavidin-HRP (1:100) dissolved in PBS for 30 min and
cyanine 3 tyramide (1:100) dissolved in amplification diluent for 2—6
min (TSA Cyanine 3 System; PerkinElmer Life and Analytical Sciences).
Sections were washed three times in PBST between each step. After im-
munostaining, slides were immersed for 5 min in 0.06% Sudan black B
(in 70% ethanol) to reduce lipofuscin-like autofluorescence (Schnell et
al., 1999; Schmidtko et al., 2005), rinsed in PBS, and coverslipped in
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Flouromount G (Southern Biotech). Images were obtained using an
Eclipse E600 microscope (Nikon) equipped with a Kappa DX 20 H cam-
era and Kappa ImageBase software. Controls for the TSA procedure
included (1) omitting the first and/or the second primary antibodies, (2)
omitting the first and/or the second secondary antibodies, (3) omitting
cyanine 3 tyramide, and (4) comparing the staining pattern of each an-
tibody after TSA procedure with the staining pattern obtained in single
labeling experiments using conventional immunohistochemistry on ad-
jacent slices.

For triple labeling of GCP,, caveolin-1, and a-smooth muscle actin,
DRG sections were incubated with rabbit anti-GCf, (1:800), goat anti-
caveolin-1 (1:100; Abcam) and FITC-labeled mouse anti-a-smooth
muscle actin (clone 1A4; 1:500; Sigma-Aldrich) in antibody diluent (In-
vitrogen) overnight. Then, sections were rinsed in PBS and incubated
with secondary antibodies (Alexa 647-conjugated donkey anti-rabbit
IgG, 1:200; Alexa 555 donkey anti-goat IgG, 1:100) dissolved in antibody
diluent. Sections were rinsed in PBS and coverslipped with Mowiol.
Slides were evaluated using a Zeiss LSM 510 META confocal microscope
using appropriate filters and laser combinations.

Western blot. Tissue samples from WT and GC-KO mice (n = 3 per
group) were homogenized in buffer containing 50 mu triethanolamine,
50 mm NaCl, 1 mm EDTA, pH 7.4, 200 uM benzamidine, 1 uMm pepstatin
A, 500 um PMSF, and 2 mm DTT. Western blot analyses of extracted
proteins (30 g per lane) were performed as described previously
(Schmidtko et al., 2008). Blots were incubated with anti-GCS,; (1:1000)
or anti-glyceraldehyde-3-phosphate-dehydrogenase (GAPDH; 1:2000;
Ambion) for 2 h.

Behavioral testing. Littermate wild-type and GC-KO mice were used in
all behavioral tests. Animals were habituated to the experimental room
and were investigated by observers blinded for the genotype and treat-
ment of the animals.

Rotarod test. Motor coordination was assessed with a Rotarod tread-
mill for mice (Ugo Basile) at a constant rotating speed of 32 rpm. All mice
had four training sessions before the day of the experiment. The fall-off
latency was averaged from six tests and the cutoff time was 120 s.

Hot-plate test. Mice were placed into a Plexiglas cylinder (diameter, 20
cm; height, 18 cm) on a metal surface maintained at 52.5°C (Hot Plate;
Ugo Basile). The time between placement and shaking or licking of the
hindpaws was recorded. A 30 s cutoff was used to prevent tissue damage.
Only one test per animal was performed because repeated measures
might cause profound latency changes (Mogil et al., 1999).

Tail-flick test. Mice were loosely wrapped in a felt towel with the tail
extended. A radiant heat stimulus (Plantar test; Ugo Basile) was applied
to the middle of the tail. The cutoff time was 10 s to prevent tissue injury.
The tail-flick latency was calculated as the mean of three measurements
with at least 5 min in between.

Dynamic-plantar test. The mechanical sensitivity of the plantar side of
a hindpaw was assessed with an automated von Frey-type testing device
(Dynamic Plantar Aesthesiometer; Ugo Basile). The steel rod (2 mm
diameter) was pushed against the paw with ascending force until a strong
and immediate withdrawal occurred. The force went from 0 to 5 g over a
10 s period and then remained constant at 5 g for an additional 10 s
(cutoff time, 20 s). The paw withdrawal latency was calculated as the
mean of three consecutive trials with at least 20 s in between.

Formalin test. A 5% formaldehyde solution (15 ul; formalin) was in-
jected subcutaneously into the dorsal surface of one hindpaw (Hunskaar
et al., 1985; Tjolsen et al., 1992). The time spent licking the formalin-
injected paw was recorded in 5 min intervals up to 45 min after formalin
injection.

Zymosan-induced mechanical hyperalgesia. The paw withdrawal laten-
cies after mechanical stimulation were measured as described above
(dynamic-plantar test). After baseline measurements, 15 ul of a zymosan
A suspension (5mg/mlin 0.1 M PBS, pH 7.4; Sigma-Aldrich) was injected
into the plantar subcutaneous space of a hindpaw (Meller and Gebhart,
1997) and withdrawal latencies were determined at 2, 3, 4, 5, 6, and 8 h
after zymosan injection. For determination of the zymosan-induced paw
edema, mice were killed at the end of the observation period and both
hindpaws were cutoft at the ankle joints. The paws were weighted and the
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percentage increase in the weight of the
zymosan-injected hindpaw normalized to the
noninjected hindpaw of each animal was
calculated.

Neuropathic pain. The “spared nerve injury”
(SNI) model was used to investigate neuropathic
pain. Mice were anesthetized with isoflurane, and
the tibial and common peroneal branches of the
sciatic nerve were ligated and sectioned distally,
leaving the sural nerve intact (Decosterd and
Woolf, 2000). Mechanical allodynia was deter-
mined as described above (dynamic-plantar test).
Cold allodynia was measured on a 15°C cold plate
(AHP-1200CPHC; Teca). The time between
placement and shaking, flinching or licking the
SNI-operated hindpaw was recorded. A 30 s cut-
off was used. Measurements were conducted at 2
and 1 d before SNI surgery (baseline), and at 3, 7,
10, 14, 21, 28, and 35 d after SNI surgery.

Mechanical allodynia after intrathecal drug ad-
ministration. The following drugs were used:
1-hydroxy-2-o0xo-3-(3-aminopropyl)-3-
isopropyl-1-triazene (NOC-5; Alexis Biochemicals), carbon monoxide-
releasing molecule-Al (CORM-A1) (Motterlini et al., 2005), 8-(4-chloro-
phenylthio)guanosine-3',5'-cyclic ~ monophosphate  (8-pCPT-cGMP;
Biolog), Rp-8-pCPT-cGMPS (Biolog), C-type natriuretic peptide (CNP;
Calbiochem), and atrial natriuretic peptide (ANP; Calbiochem). For intra-
thecal delivery of drugs, a catheter was implanted onto the lumbosacral
spinal cord (L4-L5) as described previously (Schmidtko et al., 2008). The
mechanical sensitivity of both hindpaws was assessed as described above
(dynamic-plantar test). After baseline measurements, drugs dissolved in
0.9% saline were intrathecally injected in a volume of 2 ul, followed by 4 ul
of artificial CSF [(in mm) 141.7 Na ™, 2.6 K*, 0.9 Mg*", 1.3 Ca*", 122.7
Cl7, 21.0 HCO;, 2.5 HPO?;, and 3.5 dextrose, bubbled with 5% CO, in
95% O, to adjust pH to 7.2]. In coadministration experiments, Rp-8-pCPT-
c¢GMPS was injected 1 min before NOC-5 or CNP. After drug injection, the
paw withdrawal latencies were determined in intervals of 15 or 30 min. After
the experiment, mice were killed and the catheter position was verified by
injection of 5 ul of methylene blue. Only animals in which methylene blue
marked the lumbar spinal cord were included.

Statistics. Statistical evaluation was done with SPSS 12.0.1 for Win-
dows (Microsoft). The Kolmogorov—Smirnov test was used to assess
normal distribution of data within groups. Normally distributed data
were analyzed with Student’s ¢ test or repeated measures of ANOVA
followed by Fisher’s post hoc test and are presented as the mean = SEM.
Rotarod fall-off latencies were analyzed with Mann—Whitney U test and
are expressed as median and interquartile range. For all tests, p < 0.05
was considered as statistically significant.

Figure 1.
spinal cord in wild-type mice (A) and in GC-KO mice (B) reveals specific NO-GC expression throughout the spinal cord with strong
immunoreactivity in the dorsal horn and around the central canal. Scale bar, 100 um. €, Western blot of GC31 (70 kDa) with spinal
cord homogenates of wild-type mice (left) and GC-KO mice (right) confirms the specificity of the antibody. GAPDH (36 kDa) was
used as loading control.

Results

NO-GC expression in the spinal cord and in dorsal

root ganglia

NO-GC expression in the spinal cord

Immunohistochemical studies of the mouse spinal cord revealed
immunoreactivity of GCB; throughout the gray matter with the
most intense staining in the dorsal horn and around the central
canal (Fig. 1A). Specificity of anti-GCB, was confirmed by the
absence of immunoreactivity in the spinal cord of GC-KO mice
(Fig. 1 B) and by Western blot analyses detecting a single band at
the estimated molecular weight of 70 kDa in spinal cord protein
extracts of wild-type mice, but not in extracts derived from
GC-KO mice (Fig. 1C).

The detailed distribution of GCB; in the dorsal horn of the
spinal cord was investigated by double-labeling immunohisto-
chemistry experiments with established markers. GCB, immu-
noreactivity was detected in lamina I projection neurons express-
ing NKI1-R (Fig. 2A-D) and in GABAergic interneurons in
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Expression of NO-GC in the spinal cord. A, B, Inmunohistochemistry of the GC31 subunit of NO-GC in the lumbar

lamina IT and III expressing GAD67 (Fig. 2 E-H ). GCP, did not
colocalize with CGRP-positive (Fig. 2 I-L) and IB4-binding (Fig.
2 M-P) terminals of nociceptive primary afferents in lamina I and
II. Furthermore, no colocalization was detected between GCf3,
and markers of large, myelinated primary afferents (neurofila-
ment 200, clone N52), oligodendrocytes (myelin basic protein),
astrocytes (glial fibrillary acidic protein), or microglia (CD11b)
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). These data show that in the dorsal horn of the
mouse spinal cord, GCB, is expressed in projection neurons in
lamina I and in inhibitory interneurons of lamina II and III.

NO-GC expression in DRGs

In DRGs, immunoreactivity for GCf; was confined to non-
neuronal cells. It was present in a subset of satellite cells identified
by their typical perineuronal localization and morphology (Fig.
3 A, B), in a-smooth muscle actin negative pericytes that ensheath
caveolin-1-immunoreactive capillary endothelial cells (Fig.
3 A, B,E) and in smooth muscle cells of blood vessels identified by
their morphology and immunoreactivity for a-smooth muscle
actin (Fig. 34, B,F). No GCB, immunoreactivity was detected in
DRGs of GC-KO mice (Fig. 3C,D).

Acute, inflammatory, and neuropathic pain behavior in
GC-KO mice

To assess the role of NO-GC in nociceptive processing in vivo, we
compared the nociceptive behavior of GC-KO mice with that of
littermate WT mice in models of acute, inflammatory, and neu-
ropathic pain. The mean body weight of GC-KO and WT mice
was 17.1 * 0.5 g and 20.6 = 0.8 g, respectively. The macroscopic
morphology of the spinal cord and the distribution of terminals
of nociceptive and thermoreceptive primary afferents in the su-
perficial dorsal horn appeared normal in GC-KO mice (data not
shown). The motor coordination and balance was not impaired
in GC-KO mice, as analyzed in the rotarod test (median fall-off
latencies: GC-KO mice, 107.2 s; interquartile range, 93.1-113.8 s;
n = 6; WT mice, 101.0 s; interquartile range, 73.5-117.2 s; n = 8;
p = 0.795). Similarly, no motor impairments in GC-KO mice
were observed in the vertical pole test and in the hanging wire test
(data not shown).

To determine whether or not acute nociception is altered in
GC-KO mice, the latency to acute thermal and mechanical stim-
uli was measured using the hot-plate test (52.5°C), the tail-flick
test, and a von Frey-like test that analyses paw withdrawal laten-
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Figure 2.
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Double labeling of NO-GC with markers in the dorsal horn of the spinal cord. 4, E, I, M, GCB1immunoreactivity. B, F, J, N, Immunoreactivity for NK1-R, GAD67, CGRP, and IB4. C, G, K,

0, Merged images with colocalization indicated in yellow. D, H, L, P, Merged images at higher magnification. The experiments revealed that NO-GC colocalizes with NK1-R and GAD67, but not with

CGRP or IB4. Scale bars: A, D, H, L, P, 25 um; E, I, M, 50 um.

cies after automated mechanical stimulation (dynamic-plantar
test). In these tests of acute nociception, no significant differences
in latency times were found between GC-KO and WT mice (Ta-
ble 1). These data indicate that the immediate response to acute
noxious thermal and mechanical stimulation is intact in GC-KO

mice.

We then analyzed the responses of GC-KO mice in models of
inflammatory pain. In the formalin test, a nociceptive response
consisting of licking the formalin-injected hindpaw was observed
in both groups. In the first phase (1-10 min), which results from
direct activation of primary afferent nociceptors, the licking be-
havior of GC-KO and WT mice was similar (Fig. 4A,B) (p =
0.559). However, the second phase of paw licking that involves a
period of sensitization was dramatically reduced in GC-KO mice

compared with WT mice (Fig. 4A,B) ( p = 0.004), suggesting an
important contribution of NO-GC to the formalin-induced
rapid sensitization in pain pathways. In a second model of in-
flammatory pain, the mechanical hyperalgesia was monitored
after injection of zymosan into a hindpaw (Fig. 4C). During the
first 4 h after zymosan injection, mechanical hyperalgesia devel-
oped similarly in both groups. However, at later time points (i.e.,
between 5 h after zymosan injection and the end of the 8 h obser-
vation period), the extent of mechanical hyperalgesia was signif-
icantly reduced in GC-KO mice compared with WT mice (Fig.
4C). This reduced paw sensitivity was not associated with any
significant difference in zymosan-evoked paw edema, which was
analyzed 8 h after zymosan injection. The percentage increase in
the weight of the zymosan-injected hindpaw compared with the
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noninjected hindpaw was 42.6 £ 9.0% and
35.4 = 6.5% in GC-KO and WT mice, re-
spectively ( p = 0.517). Together, the data
suggest an essential contribution of
NO-GC to exaggerated pain sensitivity
during inflammatory pain.

The role of NO-GC in neuropathic
pain was tested in the SNI model (De-
costerd and Woolf, 2000) by analyzing
SNI-induced mechanical and cold allo-
dynia. During the first 7 d after nerve in-
jury, mechanical allodynia of the affected
hindpaw developed similarly in GC-KO
and WT mice (Fig. 4 D). However, at later
stages, GC-KO mice gradually recovered
from mechanical allodynia reaching paw
withdrawal latency times comparable with
those before SNI surgery, whereas in WT
mice mechanical allodynia remained
nearly constant until the end of the 35 d
observation period (Fig. 4 D). The SNI sur-
gery also produced cold allodynia in both
GC-KO and WT mice (Fig. 4E). Similar to
the mechanical allodynia, the extent of
cold allodynia did not differ between both
groups during the first days after injury,
but from 10 to 35 d after injury the cold
allodynia was significantly reduced in
GC-KO mice compared with WT mice
(Fig. 4E). These data suggest that NO-GC
plays an important role in the mainte-
nance of neuropathic pain after peripheral
traumatic axonal injury, but it seems not
to be critically involved in the induction of
neuropathic pain during the first days after

injury.

Figure 3.
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Expression of NO-GC in DRGs. Triple labeling of GC31 (blue), caveolin-1 (red), and c-smooth muscle actin (green)
demonstrates that NO-GCis expressed in satellite cells, in pericytes around capillary endothelial cells, and in smooth muscle cells,

but not in DRG neurons. 4, B, Wild-type mouse. C, D, GC-KO mouse. Arrows, Pericytes around capillary endothelial cells; arrow-

NO-, CO-, and cGMP-induced pain
behavior in GC-KO mice

To assess the impact of NO-GC for NO,
CO, and cGMP signaling in spinal noci-
ceptive processing, we determined the no-

heads, satellite cells; doubled arrowheads, blood vessels. E, GC31-immunoreactive pericyte. Inset, Same area as in E, but GC31-
immunoreactivity only is shown. F, GCB1-immunoreactive small blood vessels. Inset, Same area as in F, but GCS31-
immunoreactivity only is shown. Scale bars: (in 4) A, B, 50 wm; (in €) C, D, 20 wm; E, 5 pum; F, 10 pum.

Table 1. Acute nociception in GC-KO mice

ciceptive behavior of GC-KO and WT

mice after intrathecal administration of
the NO donor NOC-5, the CO-releasing
molecule CORM-A1 (Motterlini et al.,

Model GC-KO mice WT mice p n (per group)
Hot-plate test (52.5°C) 200 =135 156 = 2.0 0.122 8
Tail-flick test 6.6 £03s 70 =025 0.285 6
Dynamic-plantar test 75%06s 74+0.7s 0.937 8

2005), or the cGMP analog 8-pCPT-
c¢GMP. Injection of NOC-5 (50 nmol, i.t.)
evoked mechanical allodynia in WT mice,
which was completely absent in GC-KO mice (Fig. 5A). Interest-
ingly, administration of CORM-A1 (40 nmol, i.t.) also produced
mechanical allodynia in WT mice but not in GC-KO mice (Fig.
5B). Mechanical allodynia was not observed after administration
of the inactive form of CORM-A1 (iCORM-A1; 40 nmol, i.t.),
which was used as negative control to exclude the possibility of
nonspecific effects (data not shown). In contrast to NOC-5 and
CORM-A1, administration of 8-pCPT-cGMP (15 nmol, i.t.)
evoked mechanical allodynia in both GC-KO and WT mice to a
similar extent (Fig. 5C). These data show that NO-GC is indis-
pensable for the pronociceptive effects of i.t. administered NO
and CO-releasing compounds, and that ¢cGMP-dependent
pronociceptive signaling pathways, as expected, are intact in
GC-KO mice.

Signaling between NO-GC and cGKI

It has been speculated in several reports that the pronociceptive
effects of the NO/cGMP signaling pathway are mediated by acti-
vation of cGKI (Qian et al., 1996; Tao et al., 2000; Tegeder et al.,
2004; Song et al., 2006; Sung et al., 2006). To assess the impact of
¢GKI as a downstream effector of NO-dependent cGMP produc-
tion in DRGs and the spinal cord, double-labeling immunohis-
tochemistry experiments of GCf3; and ¢GKI were performed.
Interestingly, in DRGs, no colocalization of GCB, with cGKI was
detected (Fig. 6A—C). In the spinal cord, GC[3; was colocalized
with cGKI in some neurons of lamina I and III. However, many of
the GCP,;-positive neurons did not express cGKI, as did many
c¢GKI-positive neurons not express GCB; (Fig. 6 D-F). We con-
cluded that cGMP produced by natriuretic peptide-activated
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nociceptive processing cGMP produced
by NO-GC obviously stimulates targets
* different from c¢GKI, and that cGMP pro-
duced by NPR-B may contribute to noci-
ceptive signaling by activation of ¢cGKI.

Discussion

In the present study, we show that NO-GC
essentially contributes to the sensitization
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lamina I projection neurons and in inhib-
itory interneurons in the dorsal horn of the
mouse spinal cord, whereas in dorsal root
S ganglia its distribution is restricted to non-
neuronal cells. Mice lacking NO-GC ex-
hibit a considerably attenuated nocicep-
tive behavior in models of inflammatory
and neuropathic pain, whereas their re-
sponses are normal in models of acute
pain. In addition we show that cGMP pro-
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Figure 4.

n = 6-28(GC-KO) or 8 (WT) per group.

guanylyl cyclases might contribute to cGKI activation during no-
ciceptive processing. Indeed, NPR-B showed an almost identical
staining pattern in DRG neurons compared with cGKI (Fig. 6G—
I). No specific staining of NPR-B was detected in the spinal cord.

We then analyzed the functional impact of NO-GC and natri-
uretic peptide-activated guanylyl cyclases for c¢GKI activation
during nociceptive processing. For this purpose, the NO donor
NOC-5, the NPR-A ligand ANP, or the NPR-B ligand CNP were
intrathecally injected in mice with or without pretreatment of the
¢GKI inhibitor Rp-8-pCPT-cGMPS, and the nociceptive behav-
ior was determined. Of note, in line with the different staining
pattern of GCB,; and cGKI described above, the mechanical allo-
dynia evoked by NOC-5 (50 nmol, i.t.) was not prevented by
pretreatment with Rp-8-pCPT-cGMPS (10 nmol, i.t.) (Fig. 7A).
In contrast, administration of the NPR-B ligand CNP (200 ng,
i.t.) evoked mechanical allodynia that was antagonized by pre-
treatment with Rp-8-pCPT-cGMPS (Fig. 7B). Mechanical allo-
dynia did not occur after injection of the NPR-A ligand ANP (200
ng, i.t.) (Fig. 7B). Collectively, these data indicate that during

14 21
Time (days)

Inflammatory and neuropathic pain in GC-KO mice. 4, B, Formalin test. 4, Time course of licking behavior of the
formalin-injected hindpaw. B, Sum of paw-licking time in phase 1 (0—10 min) and phase 2 (11— 45 min). Note that the licking
behavior in phase 2 is considerably reduced in GC-KO mice. ¢, Zymosan-induced mechanical hyperalgesia. Time course of paw
withdrawal latency time after mechanical stimulation demonstrates reduced mechanical hyperalgesia in GC-KO mice at time
points =5 h. D, E, SNI-induced neuropathic pain in GC-KO mice. D, Mechanical allodynia. Time course of paw withdrawal latency
time after mechanical stimulation. E, Cold allodynia. Time course of latency time to shake, flinch, or lick the SNI-operated hindpaw
after placement ona 15°C cold plate. Before SN surgery, all animals stayed on the cold plate for 30 s (cutoff) without paw shaking,
flinching, or licking. Data indicate that the maintenance of neuropathic pain (at time points =10 d), but not the induction of
neuropathic pain, is impaired in GC-KO mice. All data are presented as mean = SEM. *p < 0.05, comparing GC-KO and WT mice;

duced by NO-GC unexpectedly activates
pain signaling pathways different from
c¢GKI.

The distribution of NO-GC in the spi-
nal cord and DRGs has been investigated
in previous studies using antibodies from
different sources with, however, contra-
dictory results (Maihofner et al., 2000; Tao
and Johns, 2002; Ding and Weinberg,
2006; Ruscheweyh et al., 2006). Using an
anti-GCp; antibody (Friebe et al., 2007)
whose specificity was confirmed by immu-
nohistochemical and Western blot analy-
ses in tissue of GC-KO mice, we here dem-
onstrate that NO-GC is expressed in NK1-
R-positive projection neurons and in
GADG67-positive inhibitory interneurons,
whereas it is absent in central terminals of
primary afferent neurons and in glial cells
of the mouse spinal cord. This staining
pattern is similar to the distribution of
NO-GC in the spinal cord of rats that was
reported recently by Ruscheweyh et al.
(2006) and Ding (2006). In DRGs, we
found NO-GC to be expressed in satellite
cells, pericytes, and smooth muscle cells of blood vessels, but
unexpectedly not in neurons. In contrast, Ruscheweyh et al.
(2006) detected GCf3, immunoreactivity in 12% of lumbar DRG
neurons. To clarify this discrepancy, we tested the antibody used
in the cited study (Cayman 160897) and observed similar GCf3,
immunoreactivity in DRG neurons of wild-type and GC-KO
mice (data not shown). Thus, we conclude that the immunore-
activity detected in DRG neurons (Ruscheweyh et al., 2006) was
caused by unspecific binding and that the distribution of NO-GC
in DRGs is indeed restricted to non-neuronal cells. This conclu-
sion is supported by previous studies that demonstrated that in-
cubation of DRG sections with an NO donor or axotomy of the
sciatic nerve caused an increase of cGMP levels selectively in sat-
ellite cells but not in DRG neurons (Morris et al., 1992; Shi et al.,
1998).

The presence of NO-GC in projecting neurons and inhibitory
interneurons of the spinal cord, as well as in satellite cells of
DRGs, is consistent with an important contribution of NO-GC to

28 35
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nociceptive processing. The pivotal role of
NK1-R-positive lamina I projection neu-
rons in this context has been demonstrated
by many approaches. Selective ablation of
these neurons attenuated hyperalgesia and
allodynia in models of inflammatory and
neuropathic pain (Mantyh et al., 1997; Ni-
chols et al., 1999; Khasabov et al., 2002).
Moreover, injection of formalin or capsa-
icin into a hindpaw induced LTP of synap-
tic strength at synapses between C-fibers
and lamina I neurons projecting to the
periaqueductal gray. This form of LTP is
NO-dependent because it can be pre-
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Figure5. NO-,(0-, and cGMP-induced nociceptive behavior in GC-KO mice. A—C, Time course of mechanical allodynia induced

by intrathecal administration of NOC-5 (NO donor, 50 nmol; 4), CORM-A1 (CO-releasing molecule, 40 nmol; B), or 8-pCPT-cGMP
(cGMP analog, 15 nmol; €). No allodynia was observed in GC-KO mice after administration of NOC-5 or CORM-A1, whereas
8-pCPT-cGMP-induced allodynia was intact. The hindpaw withdrawal latency times after mechanical stimulation were normal-
ized to baseline latency times and are presented as mean percentage = SEM. *p << 0.05, comparing GC-KO and WT mice; n = 6

vented by an NOS inhibitor (Ikeda et al.,  pergroup.
2006). The importance of inhibitory dor-
sal horn neurons for nociceptive process-
ing is reflected by observations such that
blocking GABA-mediated inhibition pro-
duces a pattern of pain hypersensitivity
very similar to that of neuropathic pain
(Sivilotti and Woolf, 1994), and that a
functional loss of GABAergic inhibition in
the spinal cord contributes to the allodynia
after peripheral nerve injury (Moore et al.,
2002). There is accumulating evidence
that satellite cells in DRGs are also impli-
cated in nociceptive processing (Scholz
and Woolf, 2007). In response to P2X7 re-
ceptor activation by ATP, satellite cells re-
lease tumor necrosis factor «, which in
turn increases the excitability of DRG neu-
rons. Of note, P2X7 receptors are ex-
pressed only in satellite cells in DRGs and
P2X7 knock-out mice do not develop neu-
ropathic pain after nerve ligation (Zhang
et al, 2007). Furthermore, the MAP
(mitogen-activated protein) kinases ERK
(extracellular signal-regulated kinase) and
p38 are activated and the expression of
metalloprotease 2 is induced in satellite
cells after peripheral nerve injury (Zhuang et al., 2005; Kawasaki
et al., 2008). Thus, the distribution pattern of NO-GC in both
dorsal horn neurons and DRG satellite cells indicates that it
might modulate nociceptive processing at different sites.

Acute nociceptive responses were unaffected in GC-KO mice
as observed in the hot-plate test, the tail-flick test, after mechan-
ical stimulation of a naive hindpaw, and in the immediate re-
sponse to formalin injection (phase 1). However, GC-KO mice
demonstrated a considerably reduced nociceptive behavior in in-
flammatory and neuropathic pain models, i.e., in the second
phase of the formalin test, and in late stages of the zymosan-
induced mechanical hyperalgesia (=5 h) and the SNI-induced
mechanical or cold allodynia (=10 d). Moreover, we show that
NO-GC is essential for the pronociceptive actions of both NO
and CO, because GC-KO mice, in contrast to WT mice, failed to
develop mechanical allodynia after intrathecal injection of the
NO donor NOC-5 or the CO-releasing molecule CORM-A1.
These data suggest that NO- and CO-mediated cGMP synthesis is
not involved in acute pain reflexes, but it plays a pivotal role in the
mechanisms underlying exaggerated sensitivity in inflammatory
and neuropathic pain. The data further confirm the antinocicep-
tive effects of the NO-GC inhibitor ODQ (1 H-[1,2,4]oxadiazolo-

A

Figure 6.

Double labeling of cGKI with NO-GC and NPR-B in DRGs and in the dorsal horn of the spinal cord. 4, D, G, cGKI
immunoreactivity, B, E, H, Immunoreactivity for GCB1 or NPR-B. C, F, I, Merged images with colocalization being indicated in
yellow. The experiments revealed that cGKI and NO-GCare not colocalized in DRGs and only partially colocalized in the spinal cord,
whereas cGKI colocalizes with NPR-B in DRGs. Scale bars, 25 um.

[4,3-a]quinoxalin-1-one) in models of inflammatory or neuro-
pathic pain (Ferreira et al., 1999; Kawamata and Omote, 1999;
Tao and Johns, 2002; Song et al., 2006).

Our observation that NO-GC only partially colocalizes with
cGKI was quite surprising. In fact, a functional NO/NO-GC/
c¢GMP/cGKI pathway is present in many other brain regions and
it contributes, for example, to LTP in the hippocampus (Zhuo et
al., 1994). In previous studies, we and others demonstrated that
cGKI is expressed in many DRG neurons and in the superficial
dorsal horn of the spinal cord, and that intrathecal administra-
tion of cGKI inhibitors or genetic knock-out of cGKI reduces the
nociceptive behavior in models of inflammatory pain (Qian etal.,
1996; Tao et al., 2000; Schmidtko et al., 2003; Tegeder et al.,
2004). Therefore, one might have speculated that cGMP pro-
duced by NO-GC exerts its pronociceptive effects by activation of
cGKI. However, we here demonstrate that NO-GC and cGKI are
colocalized only in some neurons in laminas I and I1I of the spinal
cord, but not in DRGs. This implies (1) that at least some of the
“pain-relevant” effects of NO-GC might be mediated by targets
different from c¢GKI, and (2) that upstream effectors different
from NO-GC may provide cGMP for ¢GKI activation during
nociceptive processing. Possible candidates are the “particulate”
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Barylko B, Redfield MM, Burnett JCJr (2006)
Membrane guanylyl cyclase receptors: an up-
date. Trends Endocrinol Metab 17:251-258.

Garry MG, Richardson JD, Hargreaves KM
(1994) Sodium nitroprusside evokes the re-
lease of immunoreactive calcitonin gene-
related peptide and substance P from dorsal
horn slices via nitric oxide-dependent and ni-
tric oxide-independent mechanisms. ] Neuro-
sci 14:4329-4337.
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times and are presented as mean percentage == SEM; n = 6 or 8 per group.

guanylyl cyclases, of which seven forms activated by different
ligands have been described in rodents (for review, see Garbers et
al., 2006). We here demonstrate that the particulate guanylyl cy-
clase NPR-B interacts with ¢cGKI during nociceptive processing,
because NPR-B and cGKI are colocalized in DRGs and the cGKI
inhibitor Rp-8-pCPT-cGMPS antagonized the pronociceptive
effects of the NPR-B ligand CNP but not that of the NO donor
NOC-5. Interestingly, recent data indicate that during embryonic
development the neuronal connectivity in the spinal cord de-
pends on c¢GKI and on ¢cGMP produced by NPR-B, but not by
NO-GC (Schmidt et al., 2007). Thus, the NPR-B/cGMP/cGKI
signaling pathway may have important functions in both embry-
onic development and nociceptive processing.

In conclusion, the distribution pattern of NO-GC in the spinal
cord and DRGs, as well as the strongly inhibited nociceptive be-
havior of GC-KO mice, show that NO-GC-mediated cGMP pro-
duction has a dominant role in the development of exaggerated
pain sensitivity during inflaimmatory and neuropathic pain.
However, the hypothesis that the pronociceptive effects of cGMP,
in turn, are solely mediated by ¢GKI activation has to be aban-
doned. It remains to be determined which targets mediate the
pronociceptive effects of NO-dependent cGMP production.
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