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ARTICLE INFO ABSTRACT

Cyclic GMP-dependent protein kinase 1 (PKG1) mediates presynaptic nociceptive long-term potentiation (LTP)
in the spinal cord and contributes to inflammatory pain in rodents but the present study revealed opposite
effects in the context of neuropathic pain. We used a set of loss-of-function models for in vivo and in vitro
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Pain b studies to address this controversy: peripheral neuron specific deletion (SNS-PKG17"), inducible deletion in
gir(:;incogg S subsets of neurons (SLICK-PKG17/") and redox-dead PKG1 mutants. In contrast to inflammatory pain, SNS-
Cogﬁlin & PKG17" mice developed stronger neuropathic hyperalgesia associated with an impairment of nerve regenera-

Redox tion, suggesting specific repair functions of PKG1. Although PKG1 accumulated at the site of injury, its activity
was lost in the proximal nerve due to a reduction of oxidation-dependent dimerization, which was a
consequence of mitochondrial damage in injured axons. In vitro, PKG1 deficiency or its redox-insensitivity
resulted in enhanced outgrowth and reduction of growth cone collapse in response to redox signals, which
presented as oxidative hotspots in growing cones. At the molecular level, PKG1 deficiency caused a depletion of
phosphorylated cofilin, which is essential for growth cone collapse and guidance. Hence, redox-mediated
guidance required PKG1 and consequently, its deficiency in vivo resulted in defective repair and enhanced
neuropathic pain after nerve injury. PKG1-dependent repair functions will outweigh its signaling functions in
spinal nociceptive LTP, so that inhibition of PKG1 is no option for neuropathic pain.

The induction of spinal long-term potentiation involves ¢cGMP [9—
11]. The process starts with activation of the NMDA receptor,
subsequent activation of neuronal nitric oxide synthase (nNOS), nitric
oxide (NO) production and activation of soluble guanylyl cyclase (sGC),

1. Introduction

Peripheral nerve injury is a frequent cause of persistent neuropathic
pain that may be interpreted as the result of multi-faceted adaptive

processes gone wrong. Peripheral neurons have the inherent capacity
to regrow and eventually re-innervate the target if the correct path is
not lost, a prerequisite that depends on a complex network of guidance
cues and intact myelin sheaths [1,2]. It is believed that successful re-
innervation leads to pain resolution [3] whereas aberrant growth and
sprouting increases pathological spontaneous activity and hyperexcit-
ability [4,5]. But even on structural restitution, pain may persist as a
consequence of functional or structural synaptic potentiation [6-8].

finally producing cyclic GMP. ¢cGMP also originates from natriuretic
peptide/Npr signaling and regulates multiple cellular targets, including
diverse cGMP-gated ion channels [12,13], the cGMP-dependent pro-
tein kinases, PKG1 and PKG2 [14,15], phosphodiesterases and cysteine
rich protein 2 [16]. Nearly all of these molecular targets of cGMP are
expressed in nociceptive pathways and potentially contribute to the key
role of cGMP in synaptic scaling in the spinal cord [9-11].

Among these targets, PKG1 has emerged as a key mediator of

Abbreviations: ATF3, Activating transcription factor-3; ADF, Actin depolymerizing factor; cGMP, cyclic guonosine monophosphate; Cre, Cre recombinase; DRG, Dorsal root ganglia;
EYFP, Enhanced yellow fluorescent protein; GAP43, Growth associated protein 43; IP3, Inositol trisphosphate; IRAK, Inositol trisphosphate receptor-associated cGMP-kinase substrate;
H202, Hydrogen peroxide; NF200, Neurofilament of 200 kDa; NO, nitric oxide; NOS, nitric oxide synthase; Npr, Natriuretic peptide receptor; OXPHOS, Oxydative phosphorylation;
PKG1, cGMP dependent protein kinase 1 (prkgl); ROS, Reactive oxygen species; sGC, soluble guanylyl cyclase; SLICK, Single neuron labeling with inducible cre-mediated knockout;
SNI, Spared nerve injury; SNS, Tetrodotoxin-resistant sodium channel, Nav1.8; TAM, tamoxifen; TRPA1, Transient receptor potential channel subfamily A, type 1; TRPV1, Transient
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nociceptive signaling in inflammatory conditions [9,16—18]. The a-
isoform of PKG1 is highly expressed in primary sensory neurons in the
dorsal root ganglia (DRG) and in several regions in the brain and the
spinal cord [16,17,19] and pharmacological and genetic studies have
linked PKG1 to the development of nociceptive hypersensitivity and
spinal mechanisms of inflammatory hyperalgesia [17].

PKG1 activation does not entirely depend on cGMP but also ensues
on oxidative cysteine modification resulting in its dimerization and
auto-activation [20,21]. This redox switch is particularly important in
nociceptive neurons that mostly do not express sGC [16] and therefore
may depend on oxidation-mediated PKG1 activation to maintain its
function. PKG1 phosphorylates key regulators of intracellular calcium
stores, namely the inositol 3-phosphate receptor [9] and its substrate
(IRAG) [22], as well as effector molecules, which regulate the dynamics
of actin and myosin [9,23,24]. These mechanisms are crucial for
synaptic vesicle cycling and hence glutamate and neuropeptide release.
As a consequence, PKG1 promotes inflammatory hyperalgesia and a
specific loss of PKG1 in presynaptic compartments of the nociceptive
synapse abolishes C-fiber-evoked long-lasting potentiation [9]. PKG1-
mediated regulations of actin and myosin dynamics may also critically
impact on regrowth and guidance of peripheral axons after injury, and
injury-evoked redox imbalances may interfere with PKG1 dimerization
and activity. As PKG1 has been suggested as a target for pain control,
we asked if and how the complex functions of PKG1 affect neuropathic
pain and repair after sciatic nerve injury.

2. Methods
2.1. Generation of neuron-specific PKG1 deficient mice

Mice lacking PKG1 specifically in primary nociceptive neurons were
generated via Cre-loxP-mediated recombination by mating mice carry-
ing the floxed prkg1 allele (PKG1™) [19] with a mouse line expressing
Cre recombinase under control of the Navl.8 promoter (SNScre)
[25,26]. SNScre mice enable gene recombination commencing at birth
selectively in Navl.8-expressing sensory neurons of the dorsal root
ganglia and trigeminal ganglia, without affecting gene expression at
other sites [26,27]. We have shown that SNS-PKG1”~ have a specific
deletion of PKG1 in the dorsal root ganglia but not in the spinal cord or
brain [9]. Unlike global PKG1”" mice [17], SNS-PKG17/" mice show
normal lamination of the spinal cord and have no developmental
deficits [9]. To generate tamoxifen inducible PKG1-deficient mice in
subsets of neurons we crossed the PKG1™ mice with SLICK-X mice
[28], which carry a double-headed Thyl-promoter, one head driving
tamoxifen-inducible creERT expression and the other driving EYFP
expression. Successful Cre-mediated excision of the prkgl allele was
confirmed by PCR-based genotyping as described [19]. Genotyping for
cre-recombinase used the primer: left: gaa agc agc cat gtc caa ttt act gac
cgt ac; right: geg cge ctg aag ata tag aag a) and was done as described
[29].

2.2. Mouse strains

Male and female 8—16 weeks old SNS-PKG1”/" and their PKG1™
littermates were used for behavioral experiments, generation of
primary DRG neuron cultures, western blotting and immunofluores-
cence studies. Tamoxifen versus vehicle treated SLICK-X-PKG1 mice
were used to assess regrowth in vivo. The tamoxifen protocol consisted
in once daily i.p. injection of 0.15 mg/gram of body weight for 5
consecutive days in 9:1 corn oil/ethanol followed by a free interval of
14 days before induction of the sciatic nerve lesion. The controls were
littermates treated with vehicle (9:1 corn oil/ethanol). For analysis of
redox sensitive growth cone collapse we used the DRG neurons of
redox-dead Cys42Ser PKGI-alpha knock-in mice, in which the redox
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sensitive cysteine Cys42 has been replaced with a serine [20]. Mice had
free access to food and water and were maintained in climate
controlled rooms with a 12 h light-dark cycle. Behavioral experiments
were performed between 10 am and 3 pm. The experiments were
approved by the local Ethics Committee for animal research
(Darmstadt, Germany), adhered to the guidelines for pain research in
conscious animals of the International Association for the Study of
PAIN (IASP) and those of the Society of Laboratory Animals (GV-
SOLAS) and were in line with the European and German regulations
for animal research.

2.3. Injury of the sciatic nerve

Surgery was performed under 1.5-2% isoflurane anesthesia plus
local anesthesia of the skin. For the spared nerve injury (SNI) model of
neuropathic pain, two of the three peripheral branches of the sciatic
nerve, the common peroneal and the tibial nerves, were ligated and
distally transected, leaving the sural nerve intact [30], which eventually
sprout into denervated skin areas [5]. For the crush injury the exposed
sciatic nerve was crushed for 30 s with a blunt, finely serrated 2 mm tip
needle holder. The injury spares the myelin sheaths and allows for
regrowth and re-innervation. Mechanical, heat and cold withdrawal
latencies were recorded before the injuries and up to 4 weeks there-
after.

2.4. Behavioral experiments

The tests were performed by an investigator who was unaware of
the mouse genotype and included 8-10 mice per group. Mice were
habituated to the room and test chambers before the baseline
measurement. The latency of paw withdrawal on pointy mechanical
stimulation was assessed using a Dynamic Plantar Aesthesiometer
(Ugo Basile, Comerio, Italy). The steel rod was pushed against the
plantar paw with ascending force (0-5 g, over 10 s, 0.2 g/s) and then
maintained at 5 g until the paw was withdrawn. The paw withdrawal
latency was the mean of three consecutive trials with at least 30 s
intervals.

To assess cold allodynia a drop of acetone was applied to the plantar
ipsi-lateral hindpaw and the withdrawal response including paw lifting,
shaking and licking was recorded with a stop watch for 90 s starting
right after acetone application. The sensitivity towards cold was also
assessed with a cold plate kept at 4 °C. Mice were put onto the plate
and the number of withdrawal reactions including paw licking, lifting
or shaking or jumping were counted during an observation period of
90 s, after which mice were returned to their home cage. Cold tests
were done once per day.

The sensitivity to painful heat stimuli was assessed by recording the
paw withdrawal latency with a Hot Plate (52 °C surface, Féhr Medical
Instruments, Germany) or with the Hargreaves test (IITC Life
Sciences). For the latter, a heating lamp was placed with a mirror
system underneath the respective hind paw. By pressing the start
button the lamp starts to emit a heat-beam until the paw is withdrawn,
which stops the lamp. The mean paw withdrawal latency of three tests
with at least 10 min intervals was used for statistical analysis.

Motor function was assessed with the accelerating RotaRod test
(15-30 rpm, ramp 3 rpm/min, cut-off 5 min). Habituation encom-
passed 2-3 test runs. The fall-off latency was averaged from 2 tests.
Behavioral tests were performed at baseline and 1, 3, 7, 14, 21 and 28
days after sciatic nerve injury. Exact time courses are shown in the
respective figures.

2.5. Quantitative RT-PCR (QRT-PCR)

Total RNA was extracted from homogenized tissue according to the
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protocol provided in the RNAeasy tissue Mini Kit (Qiagen, Hilden, the TagMan software. Transcript regulation relative to the house-
Germany), and reverse transcribed using poly-dT as a primer to obtain keeping gene, Gapdh was determined using the relative standard curve
cDNA fragments. QRT-PCR was performed on an ABI prism 7700 method according to the manufacturer's instructions (Applied
TaqMan thermal cycler (Applied Biosystems, Germany) using the Biosystems). Amplification was achieved at 59 °C for 35 cycles.
SybrGreen detection system with primer sets and probes designed on
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Fig. 1. Nociception, sensory functions and sciatic nerve morphology in SNS-PKG17~ and PKG1™ mice in the Spared sciatic Nerve Injury (SNI) and the Crush sciatic nerve injury
models. A: paw withdrawal latencies and percentage change of PWLs on mechanical stimulation before and after SNI (n=8). The scatter plot shows the percentage change relative to
baseline of all measurements 7, 14, 21 and 28 days after nerve injury, n=8 mice. * P < 0.05; *** P < 0.001; 2-sided, unpaired Student's t-test. Time courses were compared using ANOVA
for repeated measurements (rm-ANOVA, between subject factor genotype, within subject factor time, P < 0.05). B: paw withdrawal latencies and percentage change of PWLs on heat
stimulation (n=8). C: number of withdrawal reactions and percentage change on cold stimulation (n=8). D: paw withdrawal latencies and percentage change of PWLs on heat stimulation
in the Hargreaves test after crush injury of the sciatic nerve (n=8). Because all fibers are injured in this model control mice show a temporary loss of sensory functions, particularly heat.
#* P <0.01; 2-sided, unpaired Student's t-test. E: reconstruction of long distances of the sciatic nerve 3 and 5 days after crush injury in PKG1™ and SNS-PKG17~ mice. The fibers were
stained with neurofilament of 200 kDa (NF200) and the crush site is marked with white arrows. At 3d the hypo-dense gap was larger in SNS-PKG1”~ mice. At 5d injury sites were mostly
"closed". F: ipsilateral and contralateral sciatic nerves of n=3 mice per genotype and time point were analyzed using profile plots (ImageJ). Data were exported, smoothed and plotted
versus distance from proximal to distal. A drop of the intensity and pre- and post-lesion accumulations mark the site of injury. Profile plots and time courses differed significantly
between genotypes, 2way-ANOVA P < 0.05. Scale bar 200 pm. G: ATF3 immunofluorescence of the ipsilateral L5 DRGs 7 days after SNI. The numbers of ATF3 positive neurons (means
+ SD of n=4 mice) did not differ between genotypes. Scale bar 100 um.

2.6. Western blot analysis initiate respiration via complex I. ADP was then added at a saturating
level (2 mM) to maximally stimulate respiration in the presence of

Protein extracts were prepared in PhosphoSafe Buffer (Sigma glutamate and malate. Subsequently, addition of 3 uM rotenone
Germany) containing a protease inhibitor cocktail and PMSF 10 pg/ inhibited complex I, and respiration through complex II was initiated
ml, separated on 12 or 14% SDS-PAGE gel (30 ug protein/lane), by adding 5 mM succinate. Finally, 2 mM KCN was added to com-
transferred to nitrocellulose membranes (Amersham Pharmacia pletely inhibit mitochondrial respiration and to determine the mito-
Biotech, Freiburg, Germany) by wet-blotting. Blots were blocked and chondria-independent oxygen consumption of the homogenate that
developed in Odyssee buffer or 5% skim milk in 1xPBS/Tween 20. was subtracted from all other rates. The ‘coupling’ of the mitochondria
PKG1 was detected with an antibody directed against a C-terminal was determined by dividing the oxygen consumption in presence/in

peptide of PKG1 (Abcam or Enzo KAP-PK005-D for dimer/monomer absence of ADP with G/M.

detection). Cofilin and phospho-cofilin antibodies were from Santa

Cruz Biotechnology (rabbit pAb 1:200). B-actin (Sigma) or Hsp90 2.9. Immunofluorescence studies

(Sigma) were used as loading controls. Secondary antibodies were

conjugated with IRDye 680 or 800 (1:10000; LI-COR Biosciences, Bad Mice were terminally anesthetized with isoflurane and cardially
Homburg, Germany) for detection and blots were analyzed on the perfused with cold 1xPBS, pH 7.4 followed by 4% paraformaldehyde in
Odyssey Infrared Imaging System (LI-COR Biosciences). The ratio of 1xPBS for fixation. Tissues were excised, postfixed in 4% PFA for 2 h,

the respective protein band to the loading control was used for semi- cryoprotected overnight in 20% sucrose at 4 °C, embedded in small
quantitative analysis (Odyssee software). tissue molds in cryo-medium and cut on a cryotome (10 or 12 um for
For analysis of PKG1 dimer and monomer per Western Blot, mice DRGs and sciatic nerves). Slides were air-dried and stored at —80 °C.

were intracardially perfused with 0.5 mM N-ethylmaleimide (NEM) in After thawing, slides were immersed and permeabilized in 1xPBS with
saline for 10 min before excision of the tissue. Proteins were extracted 0.3% Triton-X-100 (PBST), then blocked with 1% blocking reagent

under reducing (buffer containing DTT) or non-reducing conditions (Roche) or with 10% donkey or horse serum in PBST, subsequently
(no DTT) conditions and separated on SDS PAGE gels, followed by incubated overnight with the first primary antibody in PBST at 4 °C.
blotting, antibody incubation and detection as described above. After washing slides were incubated with the secondary antibody for 3—
4 h at room temperature. The procedure was repeated for the second

2.7. PKGI activity primary/secondary antibody pair, followed by 30 min incubation with
DAPI (in some experiments) and embedding in Fluoromount. The

PKG1 activity was analyzed in ipsi and contralateral DRGs and general settings were optimized for the respective antibodies and
sciatic nerves of 8 mice 3 days after crush injury of the sciatic nerve tissues. Primary antibodies included PKG1 (Genway, Enzo), EGFP-
with the Cyclex activity assay according to the manufacturer's instruc- FITC (Abcam), ATF3 (SantaCruz), NF200 (Sigma), GAP43 (Chemicon)
tions. The assay uses a peroxidase coupled phospho-specific mono- and ERAB (mitochondria, Abcam) and are listed in Suppl. Table 1.

clonal antibody that recognizes the phospho-threonine 68/119 residues ATF3 is a marker for neurons with axonal injury [31] and GAP43
on G-kinase substrate, which is pre-coated to 96-well plates. PKG1 in detects regenerating neurons [32]. Phalloidin-Alexa-594 (lifetechnolo-

the sample phosphorylates the substrate, which is detected with the gies) was used for staining of F-actin. Secondary antibodies were
antibody, followed by enzymatic conversion of the peroxidase sub- labeled with fluorochromes or IR dyes (Invitrogen, Sigma, Chemicon).
strate, tetra-methylbenzidine, and quantified by spectrophotometry at Slides were analyzed on an inverted fluorescence microscope (Axio
450 nm. Imager Z1, Zeiss, Germany). Tiled images were captured to cover the
full length of the sciatic nerve from proximal to distal of the lesion and
2.8. Oxygraph analysis of mitochondrial OXPHOS activity stitched. The length and area of the lesion was analyzed with FIJI
ImagedJ. After subtraction of the background and auto-threshold setting
Mitochondrial respiration was assessed 2 h after nerve injury in with minor adjustments the rectangle selection tool was used to define
tissue homogenates of ipsi and contralateral trigeminal and sciatic the region of interest representing the full length of the nerve. The
nerves and trigeminal and dorsal root ganglia. Tissue pieces of each 6 profile plot (intensity versus distance data) of this ROI was exported to
mice were pooled to get sufficient numbers of mitochondria for SigmaPlot 12.5, smoothed using the Reverse Exponential algorithm
oxygraph measurements. Oxygen consumption was measured with an and the area under the curve calculated with the linear trapezoidal rule.
Oxygraph-2k (Oroboros, Innsbruck) at 30 °C in a buffer containing The AUCs were statistically compared. The intensities of the nerves are
200 mM sucrose, 10 mM Tris/HCl, 10 mM potassium phosphate, presented as Rainbow pseudocolor (some experiments). The numbers
10 mM MgSO4, 2mM EDTA, pH 7.0. After analysis of baseline of ATF3 positive and GAP43 positive DRG neurons were counted
respiration in the absence of exogenous substrates, the NADH-gen- relative to the number of all neurons in the section.
erating substrates 5 mM glutamate/5 mM malate (G/M) were added to JC-1 (lifetechnologies) immunostaining was used to assess the
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Fig. 2. Immunofluorescence analysis of axonal regrowth after crush injury in SLICK-X-PKG1 mice. A: immunofluorescence analysis of PKG1 and GAP43 in the DRGs and sciatic nerve 5
days after crush injury in SLICK-PKG1 mice treated with tamoxifen (SLICK-X-PKG17") or vehicle (SLICK-X-PKG1). Top: tamoxifen treatment resulted in PKG1 deletion in subsets of
DRG neurons. Vehicle treated mice (noTAM) were the controls. Middle and bottom panels show GAP43, which is a marker for regenerating axons. In tamoxifen treated SLICK-PKG17”/
mice some GAP43 positive fibers stopped in front of the lesion (white arrows). The number of GAP43 positive DRG neurons did not differ between TAM versus vehicle treated mice.
Results of 4 mice per group. Scale bar in 25 (DRGs) and 100 um (nerve). B: RotaRod running times before and after Crush of the sciatic nerve in tamoxifen treated SLICK-PKG17/" versus
vehicle treated SLICK-PKG1 mice (n=8). C: immunofluorescence analysis of PKG1 and EYFP in the sciatic nerve 5 days after crush injury in SLICK-PKG1 mice treated with tamoxifen
(SLICK-PKG17") or vehicle. Tamoxifen treatment resulted in PKG1 deletion in creERT positive neurons, which were identified via their EYFP expression. In vehicle treated SLICK-PKG1
mice (noTAM) EYFP and PKG1 overlap (yellow fibers). After tamoxifen treatment EYFP and PKG1 are mostly mutually exclusive showing tamoxifen-induced PKG1 deletion in EYFP
positive fibers. The green PKG1 deficient fibers in the tamoxifen group stopped in front of the lesion whereas most fibers grew through the gap in the vehicle treated group. Results of 4
mice per group. Scale bar 100 um. D: frequency distribution of PKG1 positive and PKG1 negative fibers, which grew through or stopped in front of the lesion. Fibers were counted and
compared with Chi Square statistics. P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

mitochondrial membrane potential. The dye exists either as a green-
fluorescent monomer at depolarized membrane potentials or as a red
fluorescent J-aggregate at hyperpolarized membrane potentials.
Mitochondrial damage or loss of membrane potential is indicated by
a decrease of the red/green ratio. Tissue sections were permeabilized in
PBS-0.05% Tween for 20 min, blocked for 30 min in 10% BSA/PBS-
0.05% Tween 20, followed by incubation with JC-1 (1:500) for 20 min
at 37 °C in 1%BSA/PBS-0.05% Tween-20. After washing slides were
imbedded and mitochondria were visualized by epifluorescence micro-
scopy. Intensity plots were obtained along the full reconstructed nerves
as described above and red-to-green ratios were plotted versus
distance. For all quantifications 3—4 non-overlapping sections per
mouse of each 3—4 mice per genotype were used.

2.10. Culture and staining of primary DRG neurons

Primary adult dissociated DRG neuron-enriched cultures were
prepared by dissecting mouse DRGs into HBSS (Ham's balanced salt
solution, Dulbecco) and 10 mM HEPES, followed by digestion with
5 mg/ml collagenase A and 1 mg/ml dispase II (Roche Diagnostics,
Mannheim, Germany) prior to treatment with 0.25% trypsin
(GibcoBRL, Karlsruhe, Germany). Triturated cells were centrifuged
through a 10% BSA solution prior to plating on poly-1-lysine and
laminin coated cover slips in Neurobasal medium (GibcoBRL) contain-
ing 2% (vol/vol) B27 supplement (GibcoBRL), 50 ug/ml Pen-Strep,
100 ng/ml NGF and 200 mM r-glutamine. After incubation for 2 h,
2 ml Neurobasal medium was added and neurons were incubated for 2
days or 7 days depending on the experiment with half exchange of the
medium at 3 days. Cells were kept at 37 °C, 5% CO,, 95% humidity.

After 48 h, neuron cultures were treated with 100 uM H>0, (H20-
30%, ROTH) for 0, 30 and 60 min. After the treatment, neuron cultures
were washed in PBS, fixed in 4% PFA in 1xPBS and immunostained
with NF200 and subsequent Cy3- or Alexa-488 labeled secondary
antibodies and with phalloidin-Alexa-594 or PKG1 (Enzo, Genway).
Images were captured on an inverted Axio Imager Z1 fluorescence
microscope (Zeiss, Jena, Germany). The quantification of neurite
outgrowth was done with the autmess modul of AxioVision 4.2
(Zeiss), adjusted for shading and automatic detection of cell soma
and neurites. The area covered by cell bodies plus neurites relative to
the total area of the image was used for quantification and statistical
comparison. For analysis of neurite branching FIJI ImageJ was used.
After subtraction of background a binary image was generated and
subsequently analyzed with the segmentation tool using auto-settings.
The average and total length of the branches, number of junctions,
triple and quadruple joints were compared with GraphPad Prism 6.

The co-dependent or random nature of apparent colocalizations
was tested using the 'Intensity Correlation Analysis' (ICA) that
generates ICA plots, PDM maps (product of the differences from the
mean) and Intensity Correlation Quotients (ICQ). Further analyses
included calculation of the Pearson's Correlation coefficient, R [33],

Manders' colocalization coefficients M1 & M2 and Coste's automatic
threshold method. The analysis is bundled with the JACoP plugin of
FIJI ImageJ [34] and was performed with standard settings.

Growth cones were counted and qualified as spiky or collapsed or in
between and numbers were compared with Chi Square statistics. The
analyses are based on 12—16 cultures of 3—4 mice per genotype.

For detection of sites of oxidation neurons were fixed after 48 h in
culture as described above and then labeled with 5 mM dimedone in
0.5% saponin for 1 h at room temperature. Dimedone specifically traps
sulfenic acids, which are formed as transient intermediates on oxida-
tion of susceptible cysteine residues in proteins, therefore allowing in
situ detection of oxidation [35]. Neurons were then permeabilized and
blocked in 2% horse serum, 2% methanol, 0.5% saponin in 1xPBS for
30 min and subsequently incubated with anti-cysteine sulfenic acid
antibody (Millipore) at 4 °C overnight, washed, incubated with
Alexa488 labeled secondary antibody and analyzed per fluorescence
microscopy as described above. Alternatively, cysteine sulfenic acid
probe (DCP-Biol, EMD Millipore) was used. It consists of the sulfenic
acid-reactive 3-(2,4-dioxocyclohexyl) propyl (DCP) appended to biotin
and was detected with streptavidin-Alexa488 or streptavidin-HRP.

2.11. Statistics

SPSS 23.0 was used for statistical evaluation. Data are presented as
means + SD unless indicated otherwise. Behavioral data were analyzed
using ANOVA for repeated measurements for time courses and one-
way ANOVA or t-tests to compare areas under the curve. The latter
were calculated according to the linear trapezoidal rule. Counts of
neurons, QRT-PCR and western blot results were analyzed with
Student's t-tests (for two groups), one-way ANOVA or ANOVA for
repeated measurements (rm-ANOVA). P was set at 0.05 for all
statistical comparisons. In case of multiple comparisons, we used a
correction of alpha according to Bonferroni. Numbers of growth cones
and fibers were compared with Chi Square statistics. The numbers of
animals and test replicates are indicated in the respective figure
legends.

3. Results
3.1. Nerve injury evoked nociception in SNS-PKG17~ mice

Nociception of SNS-PKG17~ mice was analyzed in comparison with
littermate control mice (PKG1™) in two models of neuropathic pain,
the Spared Nerve Injury (SNI) model and the Crush model. The SNI
model causes nociceptive hypersensitivity because the sural nerve
remains intact. In contrast, the crush model causes a temporary loss
of sensitivity but allows for regeneration. At baseline SNS-PKG1”~ mice
were less sensitive to mechanical or noxious heat stimulation (Fig. 1A,
B). The protection was lost after nerve injury and the relative drop of
the thresholds was stronger in the knockouts (Fig. 1A, B). Similarly, but
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not significant SNS-PKG1”/~ mice had a mildly stronger SNI-evoked (Fig. 1D). Hence, overall SNS-PKG1”/~ mice showed stronger behavior-

response to cold, i.e. cold allodynia (Fig. 1C) and after Crush, SNS- al manifestations of nerve injury evoked sensory disturbances. In
PKG1”" mice had a stronger and longer lasting loss of heat sensitivity agreement with the behavior, fiber regrowth in crush injured sciatic
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Fig. 3. PKGI1 expression, axonal transport and mitochondrial functions after injury of the sciatic nerve. A: RT-PCR analysis of PKG1 in the ipsilateral spinal cord and DRGs in naive
mice (N) and after SNI (n=4 per genotype and time point, *P < 0.05 versus naive). B: western Blot of monomeric PKG1 in the spinal cord and DRGs in naive mice and after SNI,
representative result of n=3 per genotype and time point. C: immunofluorescence analysis of PKG1 and GAP43 in the contra and ipsilateral nerves at the site of the crush lesion showing
the accumulation of PKG1 in front of the lesion. D: western Blot of PKG1 dimer and monomer in the ipsi and contralateral sciatic nerve 3 days after crush injury. Dimer and monomer
were detected under non-reducing (without DTT) or reducing (with DTT) conditions, respectively. B-actin was used as loading control and signal to actin ratios were used for
quantification. The blot shows a representative result of 8 mice. E: quantification of the Western Blot results shown in D. **P < 0.01, ANOVA, posthoc 2-sided, unpaired t-test between
groups (n=8 mice per group) for dimer and monomer. F: PKG1 activity in contra and ipsilateral sciatic nerves and DRGs 3 days after crush injury. **ANOVA P < 0.01, posthoc 2-sided,
unpaired t-test between groups (n=8 mice per group) for ScN and DRGs. G: immunofluorescence analysis of mitochondrial hydroxyacyl-CoA dehydrogenase (ERAB-red, fiber
counterstain in green) in the crush-injured sciatic nerve, compared with the contralateral nerve. Damaged mitochondria accumulated at the site of the injury and the architecture was
disturbed in the proximal nerve. Scale bar 100 um. H: oxygraph analysis of mitochondrial respiration in ipsi- and contralateral nerves plus ganglia after injury of the nerve. The
trigeminal nerve and ganglia were used in this experiment because of higher numbers of mitochondria. Data are of 8 animals per group (pooled samples) and compared per Chi Square
statistics. P < 0.05. I: immunofluorescence analysis of JC-1 monomers and aggregates showing loss of the mitochondrial membrane potential in ipsilateral nerves 3 days after crush
injury. Scale bars 150 pm. J: quantitative analysis of JC-1 immunofluorescence along the nerve using rectangle profile plots (ImageJ). Ratios of the red (aggregate) and green (monomer)
intensities were smoothed and plotted versus distance from proximal to distal. A drop of the ratio marks the site of injury. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

nerves of SNS-PKG1~/~ mice was protracted, which manifested with a 3.3. Nerve injury evoked regulation and axonal transport of PKG1
longer hypo-dense gap at 3 days and stronger accumulation of and its activators

neurofilament at the proximal border of the lesion (Fig. 1E, quantifica-

tion 1F). Both genotypes had similar numbers of ATF3 positive The data in Figs. 1 and 2 suggested that PKG1 has repair functions
neurons in the DRGs, which is a marker for axonal injury (Fig. 1G, after nerve injury. To address this function, we first analyzed its
SNI). transcriptional and posttranslational regulation after nerve injury.

After SNI PKG1 mRNA was temporarily decreased in DRGs and spinal
cord around 7d followed by a re-raise at 21d (Fig. 3A). This time course
was mildly reflected at the protein level of the PKG1l-monomer
(Fig. 3B). The block of axonal transport after injury caused an
3.2. Fiber regrowth in the crush injury model in SLICK-PKG1”" mice accumulation of PKG1 in front of the injury (Fig. 3C), which was
further revealed by a double suture nerve constriction model (Suppl.

To further assess and confirm in vivo differences of nerve regen- Fig. 1). PKG1 accumulated in front of the proximal and somewhat
eration we used an additional model, in which PKG1 is knocked out weaker behind the distal suture suggesting a bidirectional transport in
upon tamoxifen treatment in subsets of neurons using SLICK-X- the intact nerve. The accumulation in front of the lesion was associated
CreERT as the Cre-driver [28]. SLICK-X-CreERT have a tamoxifen- with an overall loss of PKG1 in the nerve, particularly of the active
sensitive CreERT under control of a double headed Thy1 promoter, one redox-dependent dimer (Fig. 3D, E). The stronger loss of the dimer as
driving CreERT and the other EYFP expression. Hence, all neurons compared to the monomer indicates a reduction of oxidation-depen-
with the capability to knockout PKG1 on tamoxifen treatment are dent disulfide formation and hence, loss of auto-activation, likely due
green. The SLICK-PKG1”/~ mice allow observation of PKG1 positive to a loss of signaling ROS in close vicinity of PKG1. Consequently,
and negative fibers in the same mouse and also eliminate putative PKG1 activity in the ipsilateral nerve was reduced (Fig. 3F). The major
developmental influences. source of signaling ROS in the intact nerve are intact mitochondria.

We confirmed the successful Cre-loxP mediated recombination and After nerve injury, morphologically damaged mitochondria accumu-

reduction of PKG1 expression in the DRGs after tamoxifen (TAM) lated in front of the lesion (Fig. 3G), mitochondria had reduced
treatment in the DRGs (Fig. 24, top). Upregulation of the regeneration OXPHOS activity proximal of the lesion (Fig. 3H) and reduced
marker GAP43 in the DRGs was similar in both genotypes (Fig. 2A membrane potentials along the nerve (Fig. 3I, quantification 3 J)
middle). However, in the tamoxifen treated group, a higher number of suggesting that the generation of signaling ROS leading to PKG1

GAP43 positive fibers broke off in front of the crush site (Fig. 2A dimerization was reduced. This does not contradict a previously
bottom, arrows) and tamoxifen treated SLICK-X-PKG1~/~ had a subtle observed upregulation of pro-oxidative enzymes in the DRGs [36] or
impairment of the recovery of RotaRod running after crush injury ROS production by infiltrating immune cells around the lesion.

(Fig. 2B). Oxidation mediated activation of PKG1 likely is a major determi-

Analysis of PKG1 and EYFP in the sciatic nerves of tamoxifen nant of its activity in the nerve because the canonical NO-sGC/cGMP-
(SLICK-X-PKG17") versus vehicle treated SLICK-PKG1 mice con- PKG1 activation pathway is not functional in DRG neurons, which do
firmed that PKG1 was present in EYFP positive fibers without not express soluble guanylyl cyclase (sGC) [16] and only some have
tamoxifen but rarely after tamoxifen treatment (Fig. 2C), i.e. PKG1 nNOS [31]. We therefore focused on redox-dependent functions of
positive red fibers and EYFP positive green fibers were mutually PKG1 for outgrowth and repair.
exclusive after tamoxifen treatment. Because of the accumulation of
both proteins this was most distinct in the proximal nerve. After crush 3.4. Outgrowth of DRG neurons, oxidative hot spots and growth cone
injury both EYFP and PKG1 accumulated in front of the lesion. morphology
Without tamoxifen there were several double labeled fibers (i.e.

PKG1+), most of them advancing through the lesion (Quantification We assessed ROS-signals upon outgrowth of neurites in primary
Fig. 2D). After tamoxifen treatment, PKG1 negative fibers (green but neuronal cultures employing dimedone trapping of sulfenic acids.
not red) mostly stopped in front of the lesion. This was only evident in Indeed, oxidative hot spots occurred at the growth cones and branching
the EYFP+/PKG1- fibers. Hence, PKG1 deficient fibers failed to grow points (Fig. 4A), which reveal oxidative protein modifications [37].
through the lesion. Basically, this may have 2 reasons, either PKG1 Such oxidation points at growing tips impose a redox switch of actin
deficient fibers fail to extend or they fail to collapse. Both will hinder polymerization [38,39] inducing growth cone collapse [40,41].
guidance through the lesion. Dimedone hot spots in outgrowing cultures were somewhat more
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Fig. 4. Immunofluorescence analysis of the morphology, oxidation and PKG1 immunofluorescence in the growth cones of primary sensory neurons of the dorsal root ganglia of adult
PKG1™ and SNS-PKG17" mice. A: exemplary images of dimedone labeling of protein sulfoxides marking oxidation hot spots in the growth cones and branching points in wild type DRG
cultures, and in cultures of SNS-PKG1”~ and PKG1™ neurons 48 h after plating. SNS-PKG17" neurons showed a higher number of oxidative hot spots per neurite length (12/100 um)
than control neurons (7/100 um). Scale bars 10 um. B: PKG1 immunofluorescence in spiky and collapsed growth cones (each 3 examples) of wild type mice 48 h after plating.
Phalloidin-Alexa549 was used to counterstain F-actin. Scale bars 10 pm. C: the co-dependent nature of PKG1 and phalloidin immunofluorescence was analyzed with the JaCoP2 Plugin
of FIJI ImageJ. The scatter plots show Li's intensity correlation quotients (ICQ) and Manders' colocalization coefficients. Li's ICQ ranges from —0.5 (complete segregation), to 0.5
(complete colocalization). Zero means random coincidences. Manders' M1 shows overlap of channel A (Phalloidin) with channel B (PKG1) and M2 shows the reverse. M1 and M2 range
from O (segregation) to 1 (complete colocalization). The analyses employed thresholds to define the cones as ROIs and exclude the surrounding area. Results in detail are presented in

Suppl. Table 2.

frequent in SNS-PKG™" cultures (~12/100 um of neurite length versus
~7/100 um in controls; Fig. 4A) suggesting that PKG1 was required at
these sites to respond. Indeed, PKG1 immunofluorescence was very
bright in spiky growing cones as described before [42] and colocalized
here with F-actin (Fig. 4B). On collapse, PKG1 appeared to redistribute
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resulting in a decrease of its colocalization with F-actin (Fig. 4B, C;
quantitative colocalization in Suppl. Table 2).

We therefore further analyzed growth cone morphology (Fig. 5) and
outgrowth (Fig. 6) at a quantitative level. Growth cones of wild type
PKG1™ DRG neurons showed a higher fraction of the collapsed



L. Valek et al.

phenotype (36.5 + 7%) as compared to SNS-PKG17/~ cultures (10.5 +
4%), in which the spiky morphology predominated (Fig. 5 A,B,
frequency distribution Fig. 5C). To specifically address the redox-
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dependent nature of this difference we repeated the experiment with
redox-dead Cys42Ser PKG1 mutant neurons versus wild type and
basically got the same result (Fig. 5D, E; Suppl. Fig. 2). Collapsed
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Fig. 5. Growth cone morphology of DRG neurons of PKG1 deficient versus control mice and of Cys42Ser PKG1 redox dead mutant versus wild type mice. A, B: exemplary growth cones
of adult naive PKG1™ and SNS-PKG1”/~ mice. Axons and neurites were stained with neurofilament of 200 kDa (NF200) and F-actin with phalloidin-Alexa594. Scale bar 10 ym. C:
frequency distribution of spiky and collapsed growth cones of PKG1™ and SNS-PKG17" neurons. The growth cones (n=20 per genotype) were categorized according to their morphology
as spiky (growing), collapsed and in between. Counts of cones with intermediate morphology were similar and are not shown. Chi-Square analysis of the numbers of collapsed and spiky
growth cones revealed significant differences. Cultures of 3—4 mice per genotype were analyzed. D: box plots showing the percentages of spiky and collapsed growth cones per slice
culture of Cys42Ser redox dead PKG1 mutant neurons versus wild type neurons 24 h after plating. Neurons were stimulated for 0, 30 or 60 min with 100 uM H»0,. The box represents
the interquartile range, the whiskers show minimum to maximum and the line is the median. E: exemplary images of redox dead PKG1 mutant neurons versus wild type neurons at
baseline and at 60 min H,0-. A larger panel of cones is presented in Suppl. Fig. 2. 100 cones were counted and categorized per genotype and time point. Wild type cones collapsed under
H,0,, whereas PKG1 mutant cones were largely resistant to this stimulus. The frequency distribution differed significantly between genotypes (Chi Square statistics, P < 0.001).

growth cones were less frequent in Cys42Ser PKG1 mutant cultures at
baseline, and they were resistant to hydrogen peroxide evoked growth
cone collapse. As a consequence of the reduction of redox-mediated
growth cone collapse we found that the outgrowth of SNS-PKG17/-
neurons was enhanced as compared to the PKG1™ controls (Fig. 6 A—
C) resulting in stronger dendritic networks. Again, Cys42Ser PKG1
mutant cultures revealed similar but milder differences (Fig. 6D,E;
Suppl. Fig. 3). Average and total neurite length were increased with
Cys42Ser PKG1 mutant neurons, whereas junctions and quadruple
points were reduced. Branching points occur upon resuming outgrowth
after pausing [43]. Hence, reduced quadruple points suggested that the
growing neurite paused less frequently. In summary, PKG1 deficiency
or redox-unresponsiveness resulted in an impairment of oxidation-
dependent growth cone collapse.

3.5. PKGI-dependent phosphorylation of cofilin

To assess underlying molecular mechanisms, we focused on the
actin severing/depolymerizing protein cofilin because the localization
studies (Fig. 4) had revealed a close association of PKG1 with F-actin in
growing cones suggesting that PKG1 may be involved in actin
remodeling. It has been shown that growth cone collapse induced by
Sema3A and/or oxidation requires inactivation i.e. phosphorylation of
cofilin [44], which is critical for axon extension and repulsion in dorsal
root ganglia neurons [45]. We found a substantial reduction of cofilin
phosphorylation in the sciatic nerve, DRGs and spinal cord in SNS-
PKG1”" mice both ipsi- and contralateral (Fig. 7) showing that its
phosphorylation leading to inactivation critically depended on PKG1.
The result supports the idea that cofilin is a PKG1-effector molecule.
The PKG1-cofilin path is likely contributed by or is acting downstream
of other cytoskeletal effector molecules that have been identified as
PKG1 phosphorylation targets including vasodilator proteins (Ena/
Vasp) [46,47] and myosin light chain (MLC) [9], which all converge on
the regulation of microtubule and actin dynamics. PKG1 appears to be
in the center of this complex regulatory network (Fig. 8).

4. Discussion

We show in the present study that PKG1 deficiency in injured
neurons impairs regeneration of the sciatic nerve after injury leading to
an enhancement of neuropathic pain behavior. PKG1 deficient axons
failed to grow through the lesion likely because they were unable to
correctly respond to redox-dependent repulsion cues required for
pathfinding. We infer the latter from studies in primary DRG neurons:
PKG1 deficient neurons and redox-dead PKG1 mutant neurons both
showed enhanced outgrowth and a reduction of growth cone collapse,
suggesting that oxidation-evoked PKG1 dimerization, which causes its
auto-activation [20] was needed for redox-dependent repulsion. In line
with the in vitro studies, PKG1 dimerization and activity were reduced
in vivo because the injury caused mitochondrial damage resulting in a
reduction of mitochondrial respiration and loss of membrane potential
in injured axons. Mitochondria account for a great proportion of
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signaling ROS in axons so that their dysfunctions well explain the
observed loss of PKG1's dimerization and activity.

Mechanistically, we show that PKG1 was necessary for the phos-
phorylation of ADF/cofilin in DRGs, spinal cord and sciatic nerve. P-
cofilin leads to depolymerization of F-actin, an event that is crucial for
oxidation-evoked growth cone collapse [44]. The phosphorylation of
cofilin may be direct or mediated through Lim kinase [48], which is a
PKG1 target [24] and the only kinase known so far to phosphorylate
cofilin [49]. PKG1 also phosphorylates other key regulators of actin-
myosin dynamics including Ena/VASP [46,47] and myosin light chain
[9,50] either directly or through activation of upstream kinases or
small G-proteins of the Rho family [47,51] (Fig. 8), which are all
involved in the response to repulsion and attraction cues. Hence, PKG1
is strategically well positioned to act as a key second messenger for a
number of guiding molecules.

Based on our results we propose a model, in which a redox signal
generated in the growth cone attracts PKG1 to the cone, causes its
oxidation-dependent dimerization and activation, which in turn phos-
phorylates cofilin thereby causing the cone to collapse and the redox
signal to be switched off. On collapse, PKG1 retracts from the cone and
the cycle would restart with the next attraction cue, which would again
elicit a redox signal within the growth cone, when integrins meet the
extracellular matrix [52].

Indeed, the results show that PKG1 needs to be redox-activated to
be fully active in the growth cone because primary DRG neurons of
redox-dead Cys42Ser PKG1 mutant mice showed enhanced outgrowth
and reduced collapse, similar to PKG1 deficient neurons. Integrins and
semaphorin 3a (Sema3a) appear to be a major trigger of redox signals
in the growth cones [40,53]. In addition, Nadhp oxidases [54] and
mitochondria locally modulate ROS signaling in the distal neurite and
growth cone, and regulate the direction and the rate of neurite growth
[55]. Using dimedone we were able to visualize such redox signals in
growing cones, where PKG1 was colocalized with F-actin, and upon
collapse, PKG1 redistributed from the tip suggesting a redox-depen-
dent traffic that may direct PKG1 to its diverse phosphorylation targets.
Other prominent oxidation targets at the growth cones and branching
points are F-actin itself [39], MICAL [56] and collapsin response
mediator proteins [40]. Hence, PKG1/cofilin and MICAL/CRMP2 and
F-actin confer redox sensitivity to axon guidance [56,57] and likely act
in concert.

A number of studies using PKG1 activators and inhibitors have
shown that PKG1 is an effector of Sema3a evoked growth cone collapse
[58], but the opposite i.e. antagonism of this repulsion signal was also
reported [42] and one study suggested that the outcome may depend
on the polarization of the neuronal membrane [59]. PKG1 was also
found to act downstream of Ephrin- and Slit- mediated repulsion
signals [60,61] but PKG1 also acted downstream of p53-mediated
growth cone extension [42]. It has to be considered that neurite and
axon elongation are contributed by shaft stretching [62], which was not
specifically addressed and may contribute to the controversy. PKG1
activators and inhibitors used in most studies are cGMP analogs, which
more or less also activate or inhibit other cGMP targets including cyclic
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nucleotide gated ion channels and phosphodiesterases. The latter and collapse [63,64]. Given the controversy, it is well conceivable that
affects cAMP metabolism, which complicates the interpretation be- both mechanisms — Npr/cGMP/PKG1 mediated attraction and redox-
cause cyclic nucleotides per se are regulators of growth cone attraction PKG1 mediated repulsion — cooperate in alternating cycles. One may
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Fig. 6. Immunofluorescence analysis of outgrowth in primary sensory neurons of the dorsal root ganglia of adult PKG1 deficient versus control mice and of Cys42Ser PKG1 redox dead
mutant versus wild type mice. A: representative images of DRG cultures stained with neurofilament of 200 kDa (NF200) at 48 h. Phalloidin-Alexa594 counter staining of F-actin was
used to assess supporting astrocytes. B: quantification of the area covered with NF200 positive neurons including soma and neurites. Six cultures and 3 images per culture were analyzed.
Unpaired, 2-tailed T-test *P < 0.05. C: examples of individual NF200 positive neurons at 48 h. Neurons of SNS-PKG1~/~ had more neurites per growing neuron. Scale bar 100 um. D:
scatter plots showing the quantitative analysis of neurite outgrowth and branching in Cys42Ser PKG1 redox dead mutant versus wild type mice 48 h after plating using the segmentation
plugin of FIJI. After background subtraction the green NF200 channel was converted to a binary image and then submitted to segmentation analysis. Each scatter represents one image,
which were obtained from 9 to 12 slice cultures per genotype. Total neurite length and quadruple points differed significantly between genotypes (2-tailed, unpaired Student's t-test, ***
P <0.001, ** P <0.01. Junctions and branching points were not significant. E: examples of individual NF200 positive neurons of Cys42Ser PKG1 redox dead mutant versus wild type
neurons at 48 h after plating. The short exposure to H,0O, did not affect the neurite tree. Therefore, all conditions were summarized for quantification (in D). Scale bar 100 pum. A larger
panel of images for each condition is presented in Suppl. Fig. 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

wonder how PKG1, once activated, would "know" what to do. Possibly,
it is a matter of site, preferred phosphorylation target and concomitant
second messengers including other kinases [65—67] and calcium [68],
which ultimately decide the outcome.

Hence, although we focused here on the redox-dependent PKG1-
mediated collapse, neuropeptide evoked PKG1 activation leading to
attraction may be equally important for axonal path-finding after injury
in vivo. This idea is supported by previous developmental studies, in
which PKG1, activated via the natriuretic peptide pathway, was crucial
for axon guidance during critical periods of neuronal development
[69,70]. Irrespective of the upstream signaling path, the in vivo
outcome of PKG1 deficiency in primary afferent neurons was a loss
of path-finding, and importantly this leads to heightened neuropathic
pain in adult mice.

In line with previous studies, SNS-PKG1”" mice had a moderate
reduction of baseline nociception [9] but they lost this advantage after
nerve injury. The result was unexpected, because PKG1 is a major
effector of central sensitization in inflammatory nociceptive models
[17,18], in part via regulation of spinal mechanisms of 'pain-memory’
i.e. nociceptive long term potentiation [9,11]. In contrast to inflamma-
tion, nerve injury caused a decrease of PKG1 dimerization and activity
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suggesting a loss-of-function specific for nerve injury. Based on the in
vitro results, one may expect that the loss of PKG1 would enhance
sprouting of injured or neighboring axons leading to aberrant innerva-
tion, hyperexcitability and extension of receptive fields [5,71]. Hence,
although PKG1 drives spinal nociceptive LTP it is also crucial for
guided axon regrowth so that PKG1 inhibition — although quite
effective for the treatment of inflammatory pain — would not prevent
or attenuate neuropathic pain after nerve injury.

A recent study using the redox-dead PKG1l mutant mice in
behavioral experiments appears to contradict this hypothesis, because
the mutants showed weaker nociceptive responses after nerve injury
than the controls [21]. However, the PKG1 mutation is not specific for
any site or cell [20], hence affecting all PKG1 expressing neurons
including sympathetic neurons and vascular cells, so that these mice
rather mimic a weak general knockout, or mice under PKG1-inhibitor
treatment. Therefore, we used these mice only for in vitro studies of
primary DRG neurons, in which the redox-dead PKG1 mutant neurons
were similar to the SNS-PKG”" neurons in terms of growth cone
collapse, albeit the phenotype was somewhat weaker.

In summary, we show that PKG1 mediates redox-sensitive growth
cone collapse, which is required for axon guidance and regeneration
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Fig. 7. Western blot analysis of cofilin phosphorylation in the DRGs, spinal cord and crushed sciatic nerve in PKG1%" and SNS-PKG1”~ mice 28 days after the injury. A: representative
blots of the sciatic nerve, spinal cord and DRGs. B-actin was used as loading control. The images are overlays of sequentially developed blots using different IRDyes. B: quantitative
Western blot results. The bands of cofilin and phosphorylated cofilin (p-cofilin) were normalized to the loading control B-actin. Results of 4-5 mice per genotype, for the DRGs each 2

mice were pooled. Asterisks indicate significant differences with P < 0.05.
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Fig. 8. Ilustration of the functions of PKG1 in the context of axonal growth and pathfinding. Protein kinase G (PKG1) is activated by oxidation and dimerization or by cGMP, which is
either produced by soluble guanylyl cyclase (sGC) or by natriuretic peptide receptors (Npr). Oxidation-mediated activation of PKG1 is independent of cGMP. Once activated, PKG1
phosphorylates several targets which contribute to the regulation of actin and actin-myosin dynamics including Rho kinase (ROCK), p21 activated kinase (PAK), Lim kinase (LIMK),
cofilin, Ena/Vasp proteins, myosin light chain (MLC) and myosin light chain kinase (MLCK). In addition, it phosphorylates the inositol-3-phosphate receptor (IP3R), which is the gate
keeper of intracellular calcium stores. In DRG neurons, PKG1 activation causes intracellular calcium release. The effector molecules are all involved in the translation of repulsion and
attraction cues into directional axonal growth and neuron migration. The stimuli include semaphorins, netrins, slits, ephrin ligands, natriuretic peptides, chemokines and matrix
molecules and their respective receptors. PKG1 is therefore strategically positioned to modify the downstream effects of these stimuli. Particularly, the repulsive cue, semaphorin 3a
signals via activation of MICAL, generation of signaling ROS and oxidation-dependent activation of collapsin response mediator proteins (CRMP), which regulate tubulin dynamics.
Oxidation-dependent activation of PKG1 followed by cofilin phosphorylation likely represents a complimentary path regulating actin dynamics. By modifying cofilin mediated actin
polymerization and depolymerization PKG1 is crucial for guidance of regenerating axons after peripheral nerve injury, which is a prerequisite for correct re-innervation and resolution of
chronic neuropathic pain. Abbreviations are the gene names. Gene names and functions are summarized in Suppl. Table 3.

after peripheral nerve injury in mice. Based on previous studies and
our results we propose that PKG1 is activated in vivo via redox signals
originating within the neurons and possibly also by natriuretic
peptides. The first likely promotes growth cone repulsion, the latter
possibly attraction and the interplay is crucial for proper PKG1
mediated regulation of actin dynamics and axon guidance. The pro-
regenerative properties of PKG1 outweigh its pro-nociceptive signaling
effects in the spinal cord and therefore, translated to humans, PKG1
inhibition after nerve injury would likely interfere with endogenous
repair mechanisms and unfavorably affect the long-term outcome of
neuropathic pain.
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