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Activation of cGMP-PKG signaling pathway contributes to neuronal 
hyperexcitability and hyperalgesia after in vivo prolonged compression 
or in vitro acute dissociation of dorsal root ganglion in rats
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Abstract: Injury or inflammation affecting sensory neurons in the dorsal root ganglia (DRG) causes hyperexcitability of DRG neurons 
that can lead to spinal central sensitization and neuropathic pain. Recent studies have indicated that, following chronic compression of 
DRG (CCD) or acute dissociation of DRG (ADD) treatment, both hyperexcitability of neurons in intact DRG and behaviorally ex-of DRG (ADD) treatment, both hyperexcitability of neurons in intact DRG and behaviorally ex-(ADD) treatment, both hyperexcitability of neurons in intact DRG and behaviorally ex-ADD) treatment, both hyperexcitability of neurons in intact DRG and behaviorally ex-D) treatment, both hyperexcitability of neurons in intact DRG and behaviorally ex-
pressed hyperalgesia are maintained by activity in cGMP-PKG signaling pathway. Here, we provide evidence supporting the idea that 
CCD or ADD treatment activates cGMP-PKA signaling pathway in the DRG neurons. The results showed that CCD or ADD results in 
increase of levels of cGMP concentration and expression of PKG-I mRNA, as well as PKG-I protein in DRG. CCD or ADD treated-
DRG neurons become hyperexcitable and exhibit increased responsiveness to the activators of cGMP-PKG pathway, 8-Br-cGMP and 
Sp-cGMP. Hyperexcitability of the injured neurons is inhibited by cGMP-PKG pathway inhibitors, ODQ and Rp-8-pCPT-cGMPS. In 
vivo delivery of Rp-8-pCPT-cGMPS into the compressed ganglion within the intervertebral foramen suppresses CCD-induced thermal 
hyperalgesia. These findings indicate that the in vivo CCD or in vitro ADD treatment can activate the cGMP-PKG signaling pathway, 
and that continuing activation of cGMP-PKG pathway is required to maintain DRG neuronal hyperexcitability and/or hyperalgesia af-DRG neuronal hyperexcitability and/or hyperalgesia af-hyperexcitability and/or hyperalgesia af-
ter these two dissimilar forms of injury-related stress. 
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大鼠背根节慢性压迫或急性分离引起的cGMP-PKG信号通路持续激活介导背根

节神经元的异常兴奋性和痛觉过敏 

黄志江**，李浩川**，刘 苏，宋学军*

帕克大学帕克研究所，达拉斯市，德克萨斯州 75229，美国

摘  要：背根节(dorsal root ganglion, DRG)损伤或炎症可导致DRG神经元兴奋性异常增强和痛觉过敏。我们近期研究显示，

长期慢性在体压迫(chronic compression of DRG, CCD)或急性离体分离(acute dissociation of DRG, ADD)背根节导致的神经元兴

奋性异常增强和痛觉过敏受环鸟苷酸(cGMP)-蛋白激酶G (PKG)信号通路活动的调控。本研究采用大鼠CCD模型和ADD模

型，直接在DRG上检测cGMP浓度和PKG mRNA及其蛋白质的表达，进一步证明了cGMP-PKG信号通路活动在CCD和ADD 
DRG所致神经元兴奋性异常增强和痛觉过敏中的重要作用。酶联免疫吸附测定(ELISA)和逆转录聚合酶链反应(RT-PCR)的实

验结果显示，CCD或ADD明显增高DRG内的cGMP浓度，上调I型PKG mRNA和PKG蛋白质表达。电生理膜片钳全细胞记录

结果显示，CCD和ADD显著增强伤害特异性DRG细胞的兴奋性及其对cGMP-PKG信号通路激动剂的反应强度。增强的细胞

兴奋性可以被cGMP-PKG通路阻断剂所抑制。在体压迫DRG的椎间孔内注射cGMP-PKG抑制剂显著减轻痛觉过敏。以上研

究结果表明，CCD和ADD可以激活DRG细胞内的cGMP-PKG信号通路，而损伤的DRG细胞的超兴奋性和痛觉过敏的维持则

需要cGMP-PKG信号通路处于持续的激活状态。 
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Peripheral nerve injury produces long-lasting hyper-
excitability of sensory neurons in diverse species. In 
mammals, injury affecting the axons or somata of sensory 
neurons having their somata in the dorsal root ganglia 
(DRG) often causes hyperexcitability that may lead to 
spinal central sensitization and neuropathic pain [1–4]. 
Electrophysiological mechanisms contributing to the 
expression of hyperexcitability in DRG neuronal somata 
following injury to the peripheral nervous system have 
been investigated intensively, but signals that induce 
and maintain this hyperexcitability remain elusive. Our 
previous studies showed that two signaling pathways, 
the cAMP-PKA and cGMP-PKG pathways, are impor-
tant for maintaining both DRG neuronal hyperexcit-
ability and behaviorally expressed hyperalgesia in an in 
vivo animal model of neuropathic pain, chronic com-
pression of rat dorsal root ganglia (CCD) treatment, 
and an in vitro model of acute dissociation of DRG 
(ADD) treatment [5,6]. During CCD treatment, the so-
mata of DRG neurons are mechanically compressed 
and probably exposed to inflammatory mediators [7–9]. 
In ADD preparation, trypsin was used to conduct prote-
olysis of tissue extracellular matrix and primary cell 
isolation in addition to the mechanical stress and the 
accompanied inevitable injury during dissociating pro-
cess [6,10,11]. 

We have continued to investigate the upstream mole-
cules mediating the increased activity of cAMP-PKA 
pathway following these two dissimilar forms of injury-
related stress. We found that the DRG neuronal pro-
tease-activated receptors (PARs) subtype PAR2 is acti-
vated during prolonged compression in vivo as well as 
acute dissociation in vitro. Activation of PAR2 is in-
volved in mediating the cAMP-dependent, DRG neu-
ronal hyperexcitability and behaviorally expressed hy-
peralgesia [12]. The cGMP-PKG signaling pathway 
found to maintain CCD effects [5,6] was interesting be-
cause, in acute experiments, the cGMP-PKG pathway 
has more often been associated with depressive effects 
on DRG neuronal excitability [13–16] than with sensitiz-
ing effects [17–20]. In addition, our previous study showed 
that cGMP-PKG and cAMP-PKA contribute to CCD-
induced DRG neuronal hyperexcitability and hyperal-
gesia, but these pathways had little effect on behavior 
or soma excitability in the absence of CCD treatment 

and/or DRG somata dissociation [5,6]. These observa-
tions appeared to conflict with earlier reports of cAMP-
induced DRG neuronal hyperexcitability, but our excit-
ability tests were performed on sensory neuron somata 
that remained in place within excised but intact ganglia, 
whereas previous studies implicating the cAMP-PKA 
pathway in hyperexcitability had been performed either 
on dissociated DRG neuronal somata [21–30] or on neu-
rons in excised ganglia that had previously been com-
pressed [31]. This suggested that injury-related stress, 
caused in these cases by either ADD or CCD, induces 
an increase in electrophysiological responsiveness to 
both cAMP and cGMP, and this increased responsive-
ness is important for maintaining hyperexcitability. The 
possibility that ADD produces cAMP- and cGMP-
dependent DRG neuronal hyperexcitability is also im-DRG neuronal hyperexcitability is also im-hyperexcitability is also im-
portant because it would suggest that these sensitizing 
responses do not require the recruitment of inflamma-
tory cells for their induction or early maintenance and 
might involve mechanisms intrinsic to injured neurons. 
This property has been demonstrated in an invertebrate 
nociceptor [32,33] and strongly implicated in dissociated 
DRG neurons [34]. Indeed, our study has shown that 
ADD produces acute cAMP- and cGMP-dependent 
DRG neuronal hyperexcitability that is remarkably 
similar to that produced by CCD [6]. In this study, we 
further investigated the alterations of cGMP-PKG 
pathway after CCD and ADD and roles cGMP-PKG 
pathway in the hyperexcitability as well as hyperalgesia. 

1  MATERIALS AND METHODS

1.1  Animals, anesthesia, drugs, and administration 
Adult, male Sprague-Dawley rats (150–250 g, n = 66, 
Charles River Laboratories, Wilmington, MA, USA) 
were used in the experiments. All investigations were 
conducted in conformity with the APS�s �Guiding Prin-�s �Guiding Prin-s �Guiding Prin-�Guiding Prin-Guiding Prin-
ciples in the Care and Use of Animals”, and protocols 
were approved by the Institutional Committee on the 
Care and Use of Experimental Animals. All surgeries 
were done under anesthesia with sodium pentobarbital 
(50 mg/kg, i.p.). Contributions of cGMP-PKG path- Contributions of cGMP-PKG path-Contributions of cGMP-PKG path-
ways to hyperexcitability of dissociated and previously 
compressed DRG neurons were investigated by apply-
ing the following drugs in the bath to the excised DRG 



HUANG Zhi-Jiang et al.: Activation of cGMP-PKG Pathway Contributes to Neuronal Hyperexcitability and Hyperalgesia 565

or to dissociated DRG neurons (final concentration): a 
cGMP analog, 8-Br-cGMP (50 �mol/L); a PKG activa- (50 �mol/L); a PKG activa-50 �mol/L); a PKG activa-mol/L); a PKG activa-; a PKG activa-
tor, Sp-cGMPS (50 �mol/L); a PKG inhibitor, Rp-8-
pCPT-cGMPS (50 �mol/L); and a soluble guanylyl cy- (50 �mol/L); and a soluble guanylyl cy-50 �mol/L); and a soluble guanylyl cy-mol/L); and a soluble guanylyl cy- soluble guanylyl cy-
clase inhibitor, ODQ (5 �mol/L in 0.01% DMSO). We 
purchased all of these drugs from Sigma-Aldrich (St. 
Louis, MO, USA). DMSO at 0.01% produces no sig- DMSO at 0.01% produces no sig-
nificant effects on RMP or excitability of either intact 
DRG neurons [5] or acutely dissociated DRG neurons 
(data not shown). Although we have not conducted sys-
tematic dose-response studies on these drugs, all were 
previously found to have electrophysiological effects at 
doses between 10 and 500 �mol/L in excised ganglia [5]. 
Each was diluted in the buffered solution just before 
application, or diluted initially with distilled water for a 
stock solution that was subsequently diluted with oxy-
genated buffered solution prior to application. Applica-
tion of all drugs began 10–30 min prior to and contin-
ued during the 3–4 h of electrophysiological recording. 
In vivo drug administration is described in the next 
paragraph of CCD.
1.2  CCD 
Hollow stainless-steel, L-shaped rods (4 mm in length 
and 0.6 mm in diameter) were surgically implanted 
unilaterally into the intervertebral foramen (ivf) at L4 
and L5 to chronically compress the DRG (CCD treat-
ment)[5,8,35]. Some of these rods were with one hole 
drilled on each side and one outlet on each end to per-
mit delivery of drugs to the DRG during compression[5]. 
The other end of the tubing was sealed, except when 
injecting drugs. In some experiments, the rod was im-
planted into the ivf and connected to silicon tubing 
filled with saline. The drugs were injected through this 
tubing during CCD. After surgery, the muscle and skin 
layers were sutured. To deliver drugs or saline to the 
DRG in previously naïve rats, a sharp, stainless steel 
needle, 0.4 mm in diameter (with a right angle to limit 
penetration), was inserted ~4 mm into the ivf at L5. In-
jections took 1.5–2 min, and the needle was withdrawn. 
1.3  Excised, intact DRG preparation 
Some DRG neurons were tested while still in place in 
excised ganglia prepared as described previously [5,35], 
using L4 and/or L5 ganglia in CCD and sham-operated 
rats. Briefly, each rat was anesthetized after its final be-
havioral test. The sciatic nerve was transected at the 
mid-thigh level, and its proximal portion traced to the 
ganglia. A laminectomy was performed, and the loca-
tion of the rod in CCD rats checked. Ice-cold, oxygen-

ated, buffered solution containing (in mmol/L) 140 
NaCl, 3.5 KCl, 1.5 CaCl2, 1 MgCl2, 4.5 HEPES, 5.5 
HEPES-Na and 10 glucose (pH 7.3, osmolarity 310–
320 mOsmol/L) was dripped onto the surface of the 
ganglion during the procedure. The ganglia from the 
injured side (left) of the L4 and L5 segments were re-
moved and placed in 35-mm petri dishes containing 
ice-cold, oxygenated, buffered solution. The perineu-
rium and epineurium were peeled off and the attached 
sciatic nerve and dorsal roots transected adjacent to the 
ganglion. The otherwise intact ganglion was then treat-
ed with collagenase (type P, 1 mg/mL, Roche Diagnos-
tics, Indianapolis, IN) for 30 min at 35 oC and then 
incubated at room temperature for patch-clamp record-
ings or other purposes. Naïve DRGs was used as a 
control for the intact DRGs in the ELISA, RT-PCR, 
immunofluorescent staining and histological analysis. 
Compared with the intact DRG (group of intact), the 
Naïve DRGs (group of naïve) were taken from naïve 
rats and did not receive any further treatments. The in-
tact DRGs were also taken from the rats that had previ-the rats that had previ-rats that had previ-
ously received CCD treatment for 7–10 d. This intact, 
CCD DRGs are named �CCD DRGs” in this article. 
The intact DRGs from the naïve rats were also used as 
control for the intact CCD DRG preparation.
1.4  ADD
DRG neurons were dissociated from L4 and/or L5 gan-
glia taken from CCD and sham-operated rats using 
conventional methods[37,38]. In brief, the excised gangli-
on was minced using microdissection scissors, the 
DRG fragments transferred into 10 mL of the buffered 
solution containing collagenase (type IA, 1 mg/mL, 
Sigma) and trypsin (0.5 mg/mL, Sigma), and then incu-L, Sigma), and then incu-Sigma), and then incu-
bated for 30 min at 35 °C. The DRG fragments were 
removed, rinsed 5–6 times in the buffered solution, and 
put into the buffered solution (5 mL) containing DNase 
(0.2 mg/mL, Sigma) to prevent possible toxicity from 
DNA leaking from ruptured cells. Individual neurons 
were dissociated by passing DRG fragments through a 
set of fire-polished glass pipettes with decreasing diam-
eter. The dissociated cells were then transferred to acid-
cleaned glass coverslips, and electrophysiological tests 
were performed at 22 °C within 2–6 h after dissocia-
tion.
1.5  Determination of cGMP level
The cGMP concentration in DRG was measured by 
ELISA using cGMP Enzyme Immunoassay kit (R&D 
systems, Minneapolis, MN, USA) according to the 
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manufacturer�s instructions. 
1.6  mRNA isolation and RT-PCR
The mRNA was isolated using Oligotex Direct mRNA 
Mini Kit (QIAGEN Inc, Valencia, CA, USA). The 
samples were treated with DNase I (0.2 U/�L; Ambion, 
Austin, TX, USA). The RT-PCR was carried out by us-
ing SuperScript One-Step RT-PCR with Platium Tag 
(Invitrogen, Carlsbad, CA, USA). The relative mRNA 
level of PKG subunit gene expression was analyzed us-
ing Quantity One (Bio-Rad, Hercules, CA, USA). The 
statistical results were obtained from three repeats of 
the experiment. The primer sets synthesized by Inte-
grated DNA Technologies (Coralville, IA, USA): PKG-I 
forward 5�-CCATGACATTTCAGCCGACT-3�; reverse 
5�-TCCCATCCTGAGTTGTCATC-3�; PKG II forward 
5�-CCGAGGGTAGACTGGAGGTGTT-3�; reverse 
5’-GAATGGGGAGGTTGAGGAGAAT-3’; β-actin 
forward 5�-TCTACAATGAGC TGCGTGTG-3�; re-�-TCTACAATGAGC TGCGTGTG-3�; re--TCTACAATGAGC TGCGTGTG-3�; re-�; re-; re-
verse 5�-AATGTCACGCACGATTTCCC-3�. 
1.7  Immunofluorescent staining and histological anal-
ysis 
DRG sections (10 �m) were first blocked with 10% 
goat serum, then incubated overnight with primary an-
tibodies (anti-PKG, 1:200, Novus Biologicals, Inc Lit-
tleton, CO) or rabbit IgG, as an isotype control (1:200, 
Vector Laboratories, Burlingame, CA). The secondary 
antibody was Fluorescent labeled anti-rabbit-IgG 
(1:200, Vector Laboratories). The sections were then 
incubated with PI counterstaining solution. 

The morphologic details of the immunofluorencent 
staining on the large- and medium-sized and small cells 
were studied under a fluorescence microscope (Olym-
pus BX51WI, Olympus America Inc., Melville, NY, 
USA). Ten random fields at 400× magnification were 
selected for each slide among the different groups. To 
distinguish cell size-specific changes, DRG neurons 
were divided into small  (<600 �m2),  medium 
(600–1 200 �m2), and large (>1 200 �m2) subpopula-
tions. Levels of immunoreactivity in different cell types 
were scored as negative (−), weak (+), moderate (++), 
and strong (+++). To obtain quantitative measurements 
of immunofluorescence, the multiple microphotographs 
were also taken at 400× magnification with an Olym-
pus U-CMAD3 camera. All image analysis was per-
formed by using MicroSuite image analysis software 
(Olympus America Inc.). The cells were randomly se-
lected and the images captured. On average, 15–20 
fields (5–20 cells each) for PKG, secondary only and 

isotype control staining of each group were evaluated 
and photographed at the same exposure time to gener-
ate the raw data. Fluorescence intensities of the differ-
ent cells in these fields of view, were Analyzed by us-
ing MicroSuite image analysis software (Olympus 
America Inc.). The intensity of fluorescence within the 
cells was measured with background subtraction. We 
measured the average green fluorescence intensity of 
pixels which normalized with the background. The 
control and experimental tissue was processed in iden-was processed in iden- processed in iden-
tical manners, and only background levels of fluores-, and only background levels of fluores- and only background levels of fluores-
cence were detected in the control groups (Isotype 
group). These studies were performed in four identical 
experiments.

1.8  Whole cell current-clamp recordings
To test excitability of the nociceptive DRG neurons, 
whole cell patch-clamp recordings were made with an 
Axopatch-200B amplifier (Molecular Devices, Union 
city, CA) in the small cells (soma diameter: 15–30 �m; 
membrane capacitance: <45 pF) from the intact or dis-
sociated DRGs. These small cells largely correspond to 
neurons with C-fiber conduction velocities [39]. The pro-
tocols were similar to that we have previously de-
scribed [6]. Glass electrodes were fabricated with a 
Flaming/Brown micropipette puller (P-97, Sutter in-
struments). Electrode impedance was 3–5 MΩ when 
filled with saline containing (in mmol/L) 120 K+-glu-
conate, 20 KCl, 1 CaCl2, 2 MgCl2, 11 ethyleneglycol-
bis-(β-aminoethyl-ether) N,N,N�,N�,-tetraacetic acid 
(EGTA), 2 Mg-ATP and 10 HEPES-K (pH 7.2, osmo-
larity 290–300 mOsmol/L). Electrode position was 
controlled by a 3-D hydraulic micromanipulator 
(MHW-3, Narishige, Japan). When the electrode tip 
touched the cell membrane, gentle suction was applied 
to form a tight seal (serial resistance >2 GΩ). Under 
−70 mV command voltage, additional suction was ap-
plied to rupture the cell membrane. After obtaining the 
whole cell mode, the recording was switched to bridge 
mode (I = 0) and the resting membrane potential (RMP) 
was recorded. 

All the DRG cells accepted for analysis had a RMP 
of −45 mV or more negative. To compare the excitabil-
ity of the intact naïve, intact CCD and ADD DRG neu-
rons, we focused on evaluating the action potential 
(AP) threshold current (APTC) and repetitive discharg-
es evoked by the standard depolarizing current. The 
RMP was taken 2–3 min after a stable recording was 
first obtained. APTC was defined as the minimum cur-
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rent required evoking an AP by delivering intracellular 
currents from −0.1 to 0.5 nA (50 ms pulses) in incre-
ments of 0.02–0.1 nA. The whole cell input capacitance 
(Cin) was calculated by integration of the capacity tran-
sient evoked by a 10 mV pulse in voltage clamp mode. 
Repetitive discharge was measured by counting the 
spikes evoked by 1-s, intracellular pulse of depolariz-
ing current normalized to 2.5 times the APTC. 
1.9  Thermal withdrawal
Thermal hyperalgesia was indicated by a decrease in 
the latency of foot withdrawal evoked by a radiant heat 
stimulus, as described previously [5,35,36]. In brief, each 
rat was placed in a box containing a smooth glass floor 
maintained at (26 ± 0.5) oC. Radiant heat was focused 
on part of the hindpaw that was flush against the glass, 
and delivered until the hindpaw moved (or up to 20 s, 
to prevent tissue damage). The latency of foot with-
drawal in naïve, control rats is 9–12 s [5,35]. Thermal 
stimuli were delivered 4 times to each hind paw at 5–6 
min intervals. Withdrawal latencies were normalized 
by subtracting each value on the treated side from the 
corresponding value on the contralateral side, and the 
results were expressed as difference scores. The rats 
were tested on each of 2 successive days prior to sur-
gery. Postoperative tests were conducted 1, 3, 7 and 9 d 
after surgery and/or on the day of electrophysiological 
recording (days 3–10). Thermal hyperalgesia for a giv-
en rat was defined as a postoperative decrease of foot 
withdrawal latency from the mean preoperative value, 
with a difference score ≥3 s [5,35]. Only rats that exhibit-
ed thermal hyperalgesia after CCD treatment were used 
for the electrophysiological studies. 
1.10  Statistical analysis
Comparisons among the groups of intact, intact CCD, 
ADD were performed with one-way ANOVA followed 
by Newman-Keuls tests. Specific hypotheses about dif-
ferences between each drug-treated group and its corre-
sponding control group were tested with individual t-
tests. All data are presented as means ± SEM. Statistical 
results are considered significant if P < 0.05.

2  RESULTS

2.1  CCD or ADD treatment increases level of cGMP 
concentration in DRG
To provide direct evidence supporting the hypothesis 
that the cGMP-PKG signaling pathway contributes to 
chronically compressed or acutely dissociated DRG 

neuronal hyperexcitability [5,6], we first directly mea-
sured level of cGMP concentration in the DRG. ELISA 
measurement showed that level of cGMP concentration 
in the intact DRGs taken from naïve animals was not 
significantly altered compared to its na�ve control, sug-naïve control, sug-aïve control, sug-
gesting that the protocol used for making the intact 
DRG preparation produced the least injury to the gan-
glia, and such inevitably minimal injury was not 
enough to alter the cGMP in this study. However, the 
level of cGMP concentration in the CCD or ADD DRG 
was significantly increased (Fig. 1). The samples were 
collected on the 7th day after CCD and within 2–4 h 
after acute dissociation, respectively.
2.2  CCD or ADD treatment increases level of ex-CCD or ADD treatment increases level of ex-
pression of PKG-I mRNA and protein in DRG
We examined the relative mRNA level of PKG subunit 
gene expression in the DRG by RT-PCR in the same 
conditions. Level of mRNA for PKG-I was significantly 
(P < 0.01) increased after CCD or ADD treatment, 
while level of mRNA for PKG-II was not changed or 
slightly decreased (P > 0.05). In contrast, none of these 
mRNA expressions was significantly changed in the 
intact compared with the naïve control DRGs (P > 
0.05) (Fig. 2).

Immunofluorescence staining showed that protein ex-
pression of PKG broadly distributed and significantly 
increased in all the three categories of the small and the 
medium- and large-sized DRG neurons after CCD or 
ADD. Examples of staining of PKG-I and its negative 
control IgG in the naïve DRG are shown in Fig. 3. The 
expression of PKG-I protein was greatly increased in 

Fig. 1. Alteration of level of cGMP concentration in DRG after 
ADD and CCD treatment, respectively. cGMP concentration was 
measured by enzyme-linked immunosorbent assay using cGMP 
enzyme immunoassay kit. The samples were collected 7 d after 
CCD or 2 h after ADD. Three samples were included in each 
group and 4 ganglia in each sample. **P < 0.01 vs control group, 
naïve.
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CCD- and ADD-DRGs (Fig. 4A and B). Expression of 
PKG-I was also increased in the medium-sized cells in 
intact-DRGs although it was significantly (P < 0.05) 
less than that in the CCD and ADD DRGs (Fig. 4A and 
B). The PKG-I immunoreactivity is significantly stron-
ger in the nociceptive small and medium-sized cells 
than in the large-sized cells (P < 0.05, Fig. 4C). Taken 
together, the results presented in the last two para-
graphs indicate that CCD and ADD treatment can acti-
vate the cGMP-PKG signaling pathway in the DRG 
neurons. 

2.3  cGMP-PKG pathway agonists and antagonists, 
respectively, enhanced and reduced CCD or ADD 
treatment-induced DRG neuronal hyperexcitability
Our previous studies hypothesized that cGMP-PKG 
contributes to injury-related hyperexcitability of DRG 
neurons proposes that injury increases the electrophysi-
ological responsiveness of DRG neurons to activation 
of the pathway [5,6]. To further test this proposition, we 
compared effects of membrane-permeant agonists and 
antagonists of cGMP-PKG pathway on the nociceptive, 
small DRG neurons in the three groups described 

Fig. 2. Alteration of level of mRNA of PKG-I and PKG-II in DRG after ADD and CCD treatment, respectively. The mRNA level of 
PKG-I and PKG-II was analyzed by RT-PCR. A: representative bands. B: Data summary. The samples were collected 7 d after CCD or 
2 h after ADD. Three samples were included in each group and 4 ganglia in each sample. *P < 0.05, **P < 0.01 vs control group, naïve.

Fig. 3. Examples of immunofluorescence showing the staining of PKG-I (A) and its isotype control IgG (B) in the Naïve DRG. Scale 
bar, 30 �m.
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Fig. 4. Alteration of immunofluorescence staining of PKG-I protein in DRG after ADD and CCD treatment, respectively. A: Examples 
of immunostaining of PKG-I after different treatment. Scale bar, 30 �m. B: Immunofluorescence intensity of cells in different catego-
ries. *P < 0.05, **P < 0.01 vs corresponding control group, naïve. C: Proportion of the cells in categories of the negative, weak, mod-
erate and strong immunoreactivity. Each group included in the large- and medium-sized and small cell categories included 500 cells 
counted from 5 ganglia (100 cells from each ganglion).
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above: a) minimally stressed neurons in intact DRG 
from naive animals (Naïve intact), b) neurons in intact 
DRG from CCD-treated animals (CCD), and (c) disso-
ciated neurons from naive animals (ADD). Fig. 5 illus-

trates these comparisons graphically across two elec-
trophysiological properties, the action potential 
threshold current (APTC) and the repetitive discharges 
of DRG neurons, and shows the similarity in pattern of 

Fig. 5. Effects of agonists and antagonists of the cGMP-PKG pathway on excitability in DRG neuron somata after CCD and ADD 
treatment, respectively. A: Responses of a small DRG neurons recorded with whole-cell patch electrodes under current clamp during 
the test sequence used to determine action potential (AP) threshold current (APTC). Only some of the hyperpolarizing and depolar-
izing 50-ms pulses (below) and responses (above) are illustrated. Right, Discharge patterns of DRG neurons tested with 1-s pulses at 2.5 × 
the 50-ms APTC. Responses shown in the left and the right are from the same neuron (diameter: 24 μm, Cin: 35 pF). B and C: Data 
summary of effects of agonists of cGMP-PKG pathway on excitability in neuronal somata in naïve, CCD and ADD DRGs, respec-
tively. D and E: Data summary of effects of antagonists of cGMP-PKG pathway on excitability in neuronal somata in naïve, CCD and 
ADD DRGs, respectively. *P < 0.05, **P < 0.01 vs corresponding control group, naïve Intact. #P < 0.05 indicates significant difference 
between corresponding groups in the presence and absence of the indicated agonist. NS: Saline ; BrcG: 8-Br-cGMP (50 �mol/L); 
SpcG: Sp-cGMPS (50 �mol/L); ODQ (5 �mol/L); RpcG: Rp-8-pCPT-cGMP (50 �mol/L). Numbers of cells in each group are indi-mol/L); ODQ (5 �mol/L); RpcG: Rp-8-pCPT-cGMP (50 �mol/L). Numbers of cells in each group are indi-); ODQ (5 �mol/L); RpcG: Rp-8-pCPT-cGMP (50 �mol/L). Numbers of cells in each group are indi-mol/L); RpcG: Rp-8-pCPT-cGMP (50 �mol/L). Numbers of cells in each group are indi-); RpcG: Rp-8-pCPT-cGMP (50 �mol/L). Numbers of cells in each group are indi-mol/L). Numbers of cells in each group are indi-). Numbers of cells in each group are indi-
cated in the figures (B–E). Note that data of NS group in B-E were from the same cells in the corresponding groups of the categories 
of naïve intact, CCD and ADD, respectively.
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effects produced by each agonist on each of the three 
stressed groups. The lowered APTC and increased re-
petitive discharges indicate increased DRG neuronal 
excitability. Fig. 5A gives examples of measurement of 
APTC and the repetitive discharges evoked by the stan-
dardized, depolarizing current. Agonists of the cGMP-
PKG pathway, 8-Br-cGMP and Sp-cGMPS (each 50 
�mol/L), produced no significant effects on excitability 
in the minimally stressed, sham intact group. In con-
trast, excitability of the previously compressed (CCD) 
or dissociated (ADD) neurons was significantly in-
creased by these agonists (Fig. 5B and C). Meanwhile, 
CCD- or ADD-induced hyperexcitability was signifi-or ADD-induced hyperexcitability was signifi- ADD-induced hyperexcitability was signifi-
cantly suppressed by the antagonists of the cGMP-PKG 
pathway, ODQ (5 �mol/L) and Rp-8-cPCT-cGMPS (50 
�mol/L)(Fig. 5D and E). These results showed that 
CCD and ADD treatment enhanced electrophysiologi-d electrophysiologi- electrophysiologi-
cal responsiveness of the cells to the cGMP-PKG sig-
naling pathways. These results were consistent to our 
previous findings [5,6]. The largely reduced electrophysi-
ological effects of CCD and ADD treatment by inhibit-
ing cGMP-PKG pathway provided strong evidence for 
an important contribution of this pathway to the main-
tenance of hyperexcitability after CCD and ADD treat-
ment.
2.4  In vivo delivery of PKG inhibitor into sup-
pressed CCD-induced thermal hyperalgesia
Our findings indicate that the cGMP-PKG pathway is 
important for maintaining hyperexcitability of DRG 
neurons during DRG compression, and this hyperexcit-

ability likely contributes to hyperalgesia. Thus, we fur-
ther tested our hypothesis that application of a blocker 
of cGMP-PKG pathway can alter the hyperalgesia 
produced by DRG compression in vivo. The cGMP-
PKG pathway inhibitor, Rp-8-pCPT-cGMPS (0.5 
mmol/L, n = 8), was administered into the interverte-= 8), was administered into the interverte- 8), was administered into the interverte-8), was administered into the interverte-
bral foramen (ivf) of L5 on the third day after CCD 
when thermal hyperalgesia was well developed. This 
inhibitor significantly interrupted the ongoing hyperal-
gesia, as evidenced by transient recovery of the CCD-
induced shortened latencies of foot withdrawal. The in-
hibition of hyperalgesia started within 2 h, peaked at 
6–12 h and lasted for ~24 h. In contrast, in naive rats 
Rp-8-pCPT-cGMPS (0.5 mmol/L, n = 8) failed to al-= 8) failed to al- 8) failed to al-8) failed to al-
tered the latencies of foot withdrawal (Fig. 6), which is 
consistent to that we report previously[5]. These results 
suggest that application of PKG inhibitor to the DRG is 
not normally analgesic, but instead acts to reduce the 
sensitization induced by CCD treatment.

3  DISCUSSION

This study demonstrates that the prolonged in vivo 
compression or acute dissociation of DRG neurons can 
activate cGMP-PKA signaling pathway, leading to neu-
ronal hyperexcitability and behaviorally expressed hy-
peralgesia. CCD or ADD treatment increases levels of 
cGMP concentration and expression of PKG-I mRNA 
and protein in DRG. The injured DRG neurons exhibit 
increased responsiveness to cGMP, and the DRG neu-

Fig. 6. Effects of antagonist of cGMP-PKG pathway, Rp-8-PCPT-cGMP (RpcG), on CCD-induced thermal hyperalgesia. A single in-
jection of RpcG (intervertebral foramen, ivf, indicated by the arrow, 0.5 mmol/L, 20 μL) administrated on the 7th postoperative day (▲) 
suppressed CCD-induced thermal hyperalgesia. Eight rats were included in each group. **P < 0.01 vs corresponding control groups, 
naïve+saline and naïve+RpcG. ##P < 0.01 vs corresponding group of CCD or the baseline before the single injection of RpcG.
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ronal hyperexcitability is inhibited by inhibitors of 
cGMP-PKG pathway. In vivo delivery of inhibitors of 
cGMP-PKG pathway onto the compressed ganglion 
suppresses CCD-induced hyperalgesia. These findings 
indicate that CCD or ADD treatment activates the cG-
MP-PKA signaling pathway and continuing activation 
of cGMP-PKG pathway is required to maintain hyper-
excitability and/or hyperalgesia after CCD and ADD 
treatment.

CCD or ADD treatment can induce an increase in 
electrophysiological responsiveness to cGMP and this 
increased responsiveness is important for maintaining 
DRG neuronal hyperexcitability. These dissimilar 
forms of injury-related stress greatly enhance the elec-
trophysiological responsiveness of the stressed neurons 
to activity in the cGMP-PKG pathway, suggesting in-
teresting possibilities. One possibility is that the en-
hanced excitatory effects of inflammatory mediators on 
DRG neurons by prior nerve injury [9,40] or CCD treat-
ment [7] involve an increased responsiveness within the 
neuron to the cGMP-PKG pathway because excitatory 
effects of some inflammatory mediators are mediated 
by this pathway [17]. Another implication of our findings 
in dissociated neurons [6] is that previous demonstra-
tions of cGMP-PKG contributions to hyperexcitability 
of DRG somata may have depended at least partly on 
dissociation increasing the electrophysiological respon-
siveness of the DRG neurons to cGMP. In this study, 
we have provided direct evidence that the level of 
cGMP concentration and PKG activity are increased by 
CCD or ADD. These findings strongly support the hy-strongly support the hy-support the hy-
pothesis that the cGMP-PKG signaling plays an 
important role in the injury-related stress-induced neu- the injury-related stress-induced neu-
ronal hyperexcitability, leading to behaviorally ex-
pressed hyperalgesia. 

Neuronal dissociation necessarily involves close axo-
tomy. Therefore it would not be surprising for it to trig-
ger some of the same neuronal responses that are 
evoked by other forms of injury. This was first demon-
strated in Aplysia sensory neurons [32,33,41], and then in 
the mammalian small DRG neurons, which correspond 
to sensory neurons that are often nociceptive and have 
C-fiber conduction velocities [5,6,34,39,42]. Most of the ef-
fects produced by dissociation, such as decreased AP 
threshold and increased repetitive firing, increase excit- increase excit-increase excit-
ability. Hyperexcitability in DRG neuronal somata are 
also produced by peripheral nerve injury or inflamma-
tion [5,6,8,9,35,43–49], raising the question of how closely re-
lated these various hyperexcitability states are. Interac-

tions or occlusion between dissociation-induced 
hyperexcitability and hyperexcitability produced by 
other manipulations may result in experimental under-
estimates of some forms of hyperexcitability examined 
in dissociated neurons, which might confound mecha-
nistic analyses (e.g., see [50] for unexpected mechanistic 
questions encountered in acutely dissociated DRG neu-
rons). The dissociated DRG neurons respond to ago-The dissociated DRG neurons respond to ago-dissociated DRG neurons respond to ago-
nists of the cGMP-PKG pathway with a further in-
crease in excitability, expressed as a dramatic decrease 
in AP threshold and a large increase in repetitive firing. 
However, in both studies, agonists of the cGMP-PKG 
pathway had only weak, statistically insignificant ef-
fects on the excitability of minimally stressed somata 
in intact DRG from naïve animals confirming our 
previous demonstrations [5,6]. It is unlikely that these 
differences reflect increased access of the agonists to 
the DRG neurons following CCD or ADD treatment 
because the soma membranes of all the tested neurons, 
including neurons recorded on the surface of minimally 
stressed, intact DRG, were directly exposed to the bath 
after preparation for whole cell patch recording by en-
zyme treatment and surgical removal of the perineu-
rium and epineurium. These results indicate that ADD 
greatly enhances the electrophysiological responsive-s the electrophysiological responsive- the electrophysiological responsive-
ness of the stressed neurons to activity in the cGMP-
PKG pathways. Our studies indicate that the cGMP-
PKG pathway also contributes to hyperexcitability in 
compressed ganglion. A cGMP analog, 8-Br-cGMP, 
and a PKG agonist, Sp-cGMPS, enhanced hyperexcit-
ability in ADD and CCD DRG neurons, while the PKG 
inhibitor Rp-8-pCPT-cGMPS reduced the hyperexcit-
ability produced by ADD or CCD treatment. The simi-ADD or CCD treatment. The simi-CCD treatment. The simi-
lar inhibitory effects of the antagonists after ADD or 
CCD treatment indicate that these injury-related stresses 
cause a similar hyperexcitable state that requires con-
tinuing activity in the cGMP-PKG pathway for at least 
several hours after dissociation or the end of compres-
sion. In principle, the enhanced excitability produced 
by PKG agonists might be explained by cross-activa-
tion of PKA (just as effects of PKA agonists might in-
volve cross-activation of PKG). We have recently 
discussed roles of the cAMP-PKA pathway in DRG 
hyperexcitability and hyperalgesia [5,6,12]. However, the 
reduction of hyperexcitability by inhibitors that are 
highly selective for each pathway strongly indicates 
that, in the compressed DRG, the cGMP-PKG pathway, 
in addition to the cAMP-PKA pathway, helps to main-the cAMP-PKA pathway, helps to main-pathway, helps to main-helps to main-s to main- to main-
tain DRG neuronal hyperexcitability and behaviorally 
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expressed hyperalgesia.
cGMP and PKG in the spinal cord are important for 

hyperalgesia (e.g.,[19,51–54]). We have provided evidence 
that this pathway operates also in the DRG to produce 
hyperalgesia. In fact, activation of the cGMP-PKG 
pathway in somatic sensory neurons has often been re-
ported to have depressive rather than sensitizing effects 
(e.g.,[13–16]). Different results might be accounted for by 
different effects of the cGMP-PKG pathway in differ-
ent subsets of DRG neurons [20]. Evidence consistent 
with sensitizing effects of the cGMP-PKG pathway are 
observations that cGMP can increase the excitability of 
dissociated DRG neurons [55,56] and that type 1 PKG is 
expressed in both developing and mature DRG neurons [57]. 
In addition, cGMP-PKG signaling is important for 
guidance and connectivity of sensory axons during de-
velopment (e.g., [58,59]). Peripheral processes of adult 
DRG neurons are involved in some forms of hyperal-
gesia that depend upon peripheral nitric oxide (NO) re-
lease and local cGMP synthesis [22]. NO causes cGMP 
synthesis in cultured DRG neurons, but in ganglia NO-
induced cGMP synthesis is suggested to occur primarily 
in glial cells rather than DRG neurons [60–62]. An inter-
esting possibility is that compression leads to cGMP 
synthesis and activation of PKG in stressed sensory ax-
ons and subsequent retrograde transport of the active 
PKG to neuronal somata in the DRG. This occurs in 
Aplysia sensory neurons after nerve injury and results 
in hyperexcitability of the sensory neuron soma [41]. Po-
tential sources of NO for stimulating cGMP synthesis 
in the compressed DRG and adjacent nerves include 
cytokines and inflammatory mediators such as bradyki-
nin [10,63]. Here, we provide further evidence that the 
level of cGMP concentration and expression of PKG-I 
mRNA and protein are broadly distributed and 
significantly increased in the small as well as the 
medium- and large-sized cells, in addition to the glial 
cells in DRG, after CCD treatment. These results 
support the hypothesis that cGMP-PKG pathway 
contributes to the neuronal hyperexcitability and 
behavioral hyperalgesia after ADD and CCD treatment.

The close similarity between the hyperexcitable ef-
fects produced by the cGMP-PKG and cAMP-PKA 
pathways after injury we have demonstrated previously 
[5,6,12] and in this study is interesting, given the opposing 
effects that can be produced by these pathways in DRG 
neurons [64,65]. Where these pathways converge to mod-
ulate DRG neuronal excitability and how they interact 
are important questions that need further investigation. 

Nonetheless, the potent blockade of the effects of the 
cAMP-PKA and cGMP-PKG agonists by pretreatment 
with the corresponding antagonists, and the similar de-
grees of enhancement produced by the same concentra-
tions of each of the different agonists suggest that the 
effects we have attributed to either the cGMP-PKG 
pathway or cAMP-PKA pathway are not explained by 
pharmacological cross-activation of the other pathway. 
The increased electrophysiological responsiveness to 
the cGMP-PKG and cAMP-PKA pathways following 
ADD or CCD may be part of a larger pattern of altered 
cellular signaling following injury and inflammation. 
Such findings suggest that complex interactions among 
the numerous cellular signals that induce and maintain 
hyperexcitability of DRG neurons may be complicated 
further by injury- or inflammation-dependent plasticity 
within some of the signaling pathways. As you may 
notice that some important points demonstrated in our 
previous publications [5,6] are again discussed and 
emphasized here with new supporting data. We have 
recently identified the upstream molecule that mediates 
the increased activity of cAMP-PKA pathway following 
these two dissimilar forms of injury-related stress [12]. 
The upstream molecules that mediate the increased ac-
tivity of cGMP-PKG pathway after nerve injury needs 
to be examined.

In conclusion, this study, based on our previous dem-
onstrations [5,6], provides further evidence supporting 
the idea that the cGMP-PKG pathway is activated fol-
lowing in vivo prolonged compression or in vitro acute 
dissociation of DRG and that continuing activation of 
cGMP-PKG pathway is required to maintain the injury-
induced neuronal hyperexcitability and hyperalgesia.

REFERENCES 

Salter MW. Cellular signalling pathways of spinal pain neu-1 
roplasticity as targets for analgesic development. Curr Top 
Med Chem 2005; 5(6): 557–567.
Walters ET. Injury-related behavior and neuronal plasticity: 2 
an evolutionary perspective on sensitization, hyperalgesia, 
and analgesia. Int Rev Neurobiol 1994; 36325–427.
Woolf CJ. Central sensitization: uncovering the relation be-3 
tween pain and plasticity. Anesthesiology 2007; 106(4): 
864–867.
Zimmermann M. Pathobiology of neuropathic pain. Eur J 4 
Pharmacol 2001; 429(1–3): 23–37.
Song XJ, Wang ZB, Gan Q, Walters ET. cAMP and cGMP 5 
contribute to sensory neuron hyperexcitability and hyperal-
gesia in rats with dorsal root ganglia compression. J Neuro-



Acta Physiologica Sinica, October 25, 2012, 64(5): 563–576574

physiol 2006; 95(1): 479–492.
Zheng JH, Walters ET, Song XJ. Dissociation of dorsal root 6 
ganglion neurons induces hyperexcitability that is main-
tained by increased responsiveness to cAMP and cGMP. J 
Neurophysiol 2007; 97(1): 15–25.
Ma C, Greenquist KW, Lamotte RH. Inflammatory media-7 
tors enhance the excitability of chronically compressed dor-
sal root ganglion neurons. J Neurophysiol 2006; 95(4): 
2098–2107.
Song XJ, Hu SJ, Greenquist KW, Zhang JM, LaMotte RH. 8 
Mechanical and thermal hyperalgesia and ectopic neuronal 
discharge after chronic compression of dorsal root ganglia. J 
Neurophysiol 1999; 82(6): 3347–3358.
Song XJ, Zhang JM, Hu SJ, LaMotte RH. Somata of nerve-9 
injured sensory neurons exhibit enhanced responses to in-
flammatory mediators. Pain 2003; 104(3): 701–709.
Barnat M, Enslen H, Propst F, Davis RJ, Soares S, Nothias F. 10 
Distinct roles of c-Jun N-terminal kinase isoforms in neurite 
initiation and elongation during axonal regeneration. J Neu-
rosci 2010; 30(23): 7804–7816.
Bockhart V, Constantin CE, Haussler A, Wijnvoord N, 11 
Kanngiesser M, Myrczek T, Pickert G, Popp L, Sobotzik JM, 
Pasparakis M, Kuner R, Geisslinger G, Schultz C, Kress M, 
Tegeder I. Inhibitor kappaB kinase beta deficiency in prima-
ry nociceptive neurons increases TRP channel sensitivity. J 
Neurosci 2009; 29(41): 12919–12929.
Huang ZJ, Li HC, Cowan AA, Liu S, Zhang YK, Song XJ. 12 
Chronic compression or acute dissociation of dorsal root 
ganglion induces cAMP-dependent neuronal hyperexcitabil-
ity through activation of PAR2. Pain 2012; 153(7): 1426–
1437.
Duarte ID, dos Santos IR, Lorenzetti BB, Ferreira SH. Anal-13 
gesia by direct antagonism of nociceptor sensitization in-
volves the arginine-nitric oxide-cGMP pathway. Eur J Phar-
macol 1992; 217(2–3): 225–227.
Kress M, Rodl J, Reeh PW. Stable analogues of cyclic AMP 14 
but not cyclic GMP sensitize unmyelinated primary afferents 
in rat skin to heat stimulation but not to inflammatory media-
tors, in vitro. Neuroscience 1996; 74(2): 609–617.
Liu L, Yang T, Bruno MJ, Andersen OS, Simon SA. Voltage-15 
gated ion channels in nociceptors: modulation by cGMP. J 
Neurophysiol 2004; 92(4): 2323–2332.
Sachs D, Cunha FQ, Ferreira SH. Peripheral analgesic 16 
blockade of hypernociception: activation of arginine/NO/
cGMP/protein kinase G/ATP-sensitive K+ channel pathway. 
Proc Natl Acad Sci U S A 2004; 101(10): 3680–3685.
Aley KO, Levine JD. Role of protein kinase A in the mainte-17 
nance of inflammatory pain. J Neurosci 1999; 19(6): 2181–
2186.
Parada CA, Reichling DB, Levine JD. Chronic hyperalgesic 18 

priming in the rat involves a novel interaction between 
cAMP and PKCepsilon second messenger pathways. Pain 
2005; 113(1–2): 185–190.
Tegeder I, Del Turco D, Schmidtko A, Sausbier M, Feil R, 19 
Hofmann F, Deller T, Ruth P, Geisslinger G. Reduced in-
flammatory hyperalgesia with preservation of acute thermal 
nociception in mice lacking cGMP-dependent protein kinase 
I. Proc Natl Acad Sci U S A 2004; 101(9): 3253–3257.
Vivancos GG, Parada CA, Ferreira SH. Opposite nociceptive 20 
effects of the arginine/NO/cGMP pathway stimulation in 
dermal and subcutaneous tissues. Br J Pharmacol 2003; 
138(7): 1351–1357.
Akins PT, McCleskey EW. Characterization of potassium 21 
currents in adult rat sensory neurons and modulation by opi-
oids and cyclic AMP. Neuroscience 1993; 56(3): 759–769.
Aley KO, McCarter G, Levine JD. Nitric oxide signaling in 22 
pain and nociceptor sensitization in the rat. J Neurosci 1998; 
18(17): 7008–7014.
Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, 23 
Levine JD, Julius D. The capsaicin receptor: a heat-activated 
ion channel in the pain pathway. Nature 1997; 389(6653): 
816–824.
Cui M, Nicol GD. Cyclic AMP mediates the prostaglandin 24 
E2-induced potentiation of bradykinin excitation in rat sen-
sory neurons. Neuroscience 1995; 66(2): 459–466.
England S, Bevan S, Docherty RJ. PGE2 modulates the tet-25 
rodotoxin-resistant sodium current in neonatal rat dorsal root 
ganglion neurones via the cyclic AMP-protein kinase A cas-
cade. J Physiol 1996; 495 ( Pt 2)429–440.
Evans AR, Vasko MR, Nicol GD. The cAMP transduction 26 
cascade mediates the PGE2-induced inhibition of potassium 
currents in rat sensory neurones. J Physiol 1999; 516 (Pt 1): 
163–178.
Gold MS, Reichling DB, Shuster MJ, Levine JD. Hyperalge-27 
sic agents increase a tetrodotoxin-resistant Na+ current in no-
ciceptors. Proc Natl Acad Sci U S A 1996; 93(3): 1108–
1112.
Lopshire JC, Nicol GD. The cAMP transduction cascade 28 
mediates the prostaglandin E2 enhancement of the capsaicin-
elicited current in rat sensory neurons: whole-cell and single-
channel studies. J Neurosci 1998; 18(16): 6081–6092.
Rathee PK, Distler C, Obreja O, Neuhuber W, Wang GK, 29 
Wang SY, Nau C, Kress M. PKA/AKAP/VR-1 module: A 
common link of Gs-mediated signaling to thermal hyperal-
gesia. J Neurosci 2002; 22(11): 4740–4745.
Smith JA, Davis CL, Burgess GM. Prostaglandin E2-induced 30 
sensitization of bradykinin-evoked responses in rat dorsal 
root ganglion neurons is mediated by cAMP-dependent pro-
tein kinase A. Eur J Neurosci 2000; 12(9): 3250–3258.
Hu SJ, Song XJ, Greenquist KW, Zhang JM, LaMotte RH. 31 



HUANG Zhi-Jiang et al.: Activation of cGMP-PKG Pathway Contributes to Neuronal Hyperexcitability and Hyperalgesia 575

Protein kinase A modulates spontaneous activity in chroni-
cally compressed dorsal root ganglion neurons in the rat. 
Pain 2001; 94(1): 39–46.
Ambron RT, Zhang XP, Gunstream JD, Povelones M, Wal-32 
ters ET. Intrinsic injury signals enhance growth, survival, 
and excitability of Aplysia neurons. J Neurosci 1996; 
16(23): 7469–7477.
Bedi SS, Salim A, Chen S, Glanzman DL. Long-term effects 33 
of axotomy on excitability and growth of isolated Aplysia 
sensory neurons in cell culture: potential role of cAMP. J 
Neurophysiol 1998; 79(3): 1371–1383.
Ma C, LaMotte RH. Enhanced excitability of dissociated 34 
primary sensory neurons after chronic compression of the 
dorsal root ganglion in the rat. Pain 2005; 113(1–2): 106–
112.
Song XJ, Vizcarra C, Xu DS, Rupert RL, Wong ZN. Hyper-35 
algesia and neural excitability following injuries to central 
and peripheral branches of axons and somata of dorsal root 
ganglion neurons. J Neurophysiol 2003; 89(4): 2185–2193.
Hargreaves K, Dubner R, Brown F, Flores C, Joris J. A new 36 
and sensitive method for measuring thermal nociception in 
cutaneous hyperalgesia. Pain 1988; 32(1): 77–88.
Xu GY, Huang LY. Peripheral inflammation sensitizes P2X 37 
receptor-mediated responses in rat dorsal root ganglion neu-
rons. J Neurosci 2002; 22(1): 93–102.
Vydyanathan A, Wu ZZ, Chen SR, Pan HL. A-type voltage-38 
gated K+ currents influence firing properties of isolectin B4-
positive but not isolectin B4-negative primary sensory neu-
rons. J Neurophysiol 2005; 93(6): 3401–3409.
Ma C, Shu Y, Zheng Z, Chen Y, Yao H, Greenquist KW, 39 
White FA, LaMotte RH. Similar electrophysiological chang-
es in axotomized and neighboring intact dorsal root ganglion 
neurons. J Neurophysiol 2003; 89(3): 1588–1602.
Song XJ, Xu DS, Vizcarra C, Rupert RL. Onset and recovery 40 
of hyperalgesia and hyperexcitability of sensory neurons fol-
lowing intervertebral foramen volume reduction and restora-
tion. J Manipulative Physiol Ther 2003; 26(7): 426–436.
Sung YJ, Walters ET, Ambron RT. A neuronal isoform of 41 
protein kinase G couples mitogen-activated protein kinase 
nuclear import to axotomy-induced long-term hyperexcit-
ability in Aplysia sensory neurons. J Neurosci 2004; 24(34): 
7583–7595.
Zhang JM, Song XJ, LaMotte RH. Enhanced excitability of 42 
sensory neurons in rats with cutaneous hyperalgesia pro-
duced by chronic compression of the dorsal root ganglion. J 
Neurophysiol 1999; 82(6): 3359–3366.
Abdulla FA, Smith PA. Axotomy- and autotomy-induced 43 
changes in Ca2+ and K+ channel currents of rat dorsal root 
ganglion neurons. J Neurophysiol 2001; 85(2): 644–658.
Djouhri L, Lawson SN. Differences in the size of the somat-44 

ic action potential overshoot between nociceptive and non-
nociceptive dorsal root ganglion neurones in the guinea-pig. 
Neuroscience 2001; 108(3): 479–491.
Kim YI, Na HS, Kim SH, Han HC, Yoon YW, Sung B, Nam 45 
HJ, Shin SL, Hong SK. Cell type-specific changes of the 
membrane properties of peripherally-axotomized dorsal root 
ganglion neurons in a rat model of neuropathic pain. Neuro-
science 1998; 86(1): 301–309.
Liu CN, Wall PD, Ben-Dor E, Michaelis M, Amir R, Devor 46 
M. Tactile allodynia in the absence of C-fiber activation: al-
tered firing properties of DRG neurons following spinal 
nerve injury. Pain 2000; 85(3): 503–521.
Stebbing MJ, Eschenfelder S, Habler HJ, Acosta MC, Janig 47 
W, McLachlan EM. Changes in the action potential in senso-
ry neurones after peripheral axotomy in vivo. Neuroreport 
1999; 10(2): 201–206.
Wall PD, Devor M. Sensory afferent impulses originate from 48 
dorsal root ganglia as well as from the periphery in normal 
and nerve injured rats. Pain 1983; 17(4): 321–339.
Xu GY, Huang LY, Zhao ZQ. Activation of silent mechano-49 
receptive cat C and Adelta sensory neurons and their sub-
stance P expression following peripheral inflammation. J 
Physiol 2000; 528 Pt 2: 339–348.
Flake NM, Lancaster E, Weinreich D, Gold MS. Absence of 50 
an association between axotomy-induced changes in sodium 
currents and excitability in DRG neurons from the adult rat. 
Pain 2004; 109(3): 471–480.
Meller ST, Gebhart GF. Nitric oxide (NO) and nociceptive 51 
processing in the spinal cord. Pain 1993; 52(2): 127–136.
Niedbala B, Sanchez A, Feria M. Nitric oxide mediates neu-52 
ropathic pain behavior in peripherally denervated rats. Neu-
rosci Lett 1995; 188(1): 57–60.
Salter M, Strijbos PJ, Neale S, Duffy C, Follenfant RL, 53 
Garthwaite J. The nitric oxide-cyclic GMP pathway is re-
quired for nociceptive signalling at specific loci within the 
somatosensory pathway. Neuroscience 1996; 73(3): 649–
655.
Schmidtko A, Ruth P, Geisslinger G, Tegeder I. Inhibition of 54 
cyclic guanosine 5�-monophosphate-dependent protein ki-
nase I (PKG-I) in lumbar spinal cord reduces formalin-in-
duced hyperalgesia and PKG upregulation. Nitric Oxide 
2003; 8(2): 89–94.
Liu L, Simon SA. Modulation of IA currents by capsaicin in 55 
rat trigeminal ganglion neurons. J Neurophysiol 2003; 89(3): 
1387–1401.
Pollock J, Crawford JH, Wootton JF, Corrie JE, Scott RH. A 56 
comparison between the distinct inward currents activated in 
rat cultured dorsal root ganglion neurones by intracellular 
flash photolysis of two forms of caged cyclic guanosine 
monophosphate. Neurosci Lett 2003; 338(2): 143–146.



Acta Physiologica Sinica, October 25, 2012, 64(5): 563–576576

Qian Y, Chao DS, Santillano DR, Cornwell TL, Nairn AC, 57 
Greengard P, Lincoln TM, Bredt DS. cGMP-dependent pro-
tein kinase in dorsal root ganglion: relationship with nitric 
oxide synthase and nociceptive neurons. J Neurosci 1996; 
16(10): 3130–3138.
Song H, Ming G, He Z, Lehmann M, McKerracher L, Tessier-58 
Lavigne M, Poo M. Conversion of neuronal growth cone re-
sponses from repulsion to attraction by cyclic nucleotides. 
Science 1998; 281(5382): 1515–1518.
Schmidt H, Werner M, Heppenstall PA, Henning M, More 59 
MI, Kuhbandner S, Lewin GR, Hofmann F, Feil R, Rathjen 
FG. cGMP-mediated signaling via cGKIalpha is required for 
the guidance and connectivity of sensory axons. J Cell Biol 
2002; 159(3): 489–498.
Morris R, Southam E, Braid DJ, Garthwaite J. Nitric oxide 60 
may act as a messenger between dorsal root ganglion neu-
rones and their satellite cells. Neurosci Lett 1992; 137(1): 
29–32.

Thippeswamy T, Morris R. The roles of nitric oxide in dorsal 61 
root ganglion neurons. Ann N Y Acad Sci 2002; 962: 103–
110.
Shi TJ, Holmberg K, Xu ZQ, Steinbusch H, de Vente J, Hok-62 
felt T. Effect of peripheral nerve injury on cGMP and nitric 
oxide synthase levels in rat dorsal root ganglia: time course 
and coexistence. Pain 1998; 78(3): 171–180.
Hess DT, Patterson SI, Smith DS, Skene JH. Neuronal 63 
growth cone collapse and inhibition of protein fatty acyla-
tion by nitric oxide. Nature 1993; 366(6455): 562–565.
Dontchev VD, Letourneau PC. Growth cones integrate sig-64 
naling from multiple guidance cues. J Histochem Cytochem 
2003; 51(4): 435–444.
McGehee DS, Goy MF, Oxford GS. Involvement of the ni-65 
tric oxide-cyclic GMP pathway in the desensitization of bra-
dykinin responses of cultured rat sensory neurons. Neuron 
1992; 9(2): 315–324.


