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Cyclic GMP (cGMP) is a second messenger that regulates numerous physiological

and pathophysiological processes. In recent years, more and more studies have

uncovered multiple roles of cGMP signalling pathways in the somatosensory system.

Accumulating evidence suggests that cGMP regulates different cellular processes

from embryonic development through to adulthood. During embryonic development,

a cGMP-dependent signalling cascade in the trunk sensory system is essential for

axon bifurcation, a specific form of branching of somatosensory axons. In adulthood,

various cGMP signalling pathways in distinct cell populations of sensory neurons and

dorsal horn neurons in the spinal cord play an important role in the processing of pain

and itch. Some of the involved enzymes might serve as a target for future therapies.

In this review, we summarise the knowledge regarding cGMP-dependent signalling

pathways in dorsal root ganglia and the spinal cord during embryonic development

and adulthood, and the potential of targeting these pathways.

LINKED ARTICLES: This article is part of a themed issue on cGMP Signalling in Cell

Growth and Survival. To view the other articles in this section visit http://onlinelibrary.

wiley.com/doi/10.1111/bph.v179.11/issuetoc
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1 | INTRODUCTION

The somatosensory system consists of receptors and neural pathways

through which the body detects and processes information about pain

(nociception), itch (pruriception), temperature (thermosensation),

touch (mechanosensation), head and body position/balance

(proprioception) and head and body movement (kinesthesia). A

somatosensory circuit is typically composed of first-order, second-

order and tertiary-order neurons which relay and process stimuli

detected by distinct receptors in the skin, muscles, tendons or internal

organs via afferent connections to the spinal cord and hindbrain, and

further to brain structures like the cerebellum, thalamus or cortex
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(Figure 1). During embryonic development of the somatosensory sys-

tem, the primary sensory neurons of the trunk originate from

multipotent neural crest progenitor cells that migrate from the dorsal

neural tube to the nascent dorsal root ganglia (DRG), whereas the

neurons of the cranial sensory ganglia (CSG) are mainly derived from a

subset of ectodermal thickenings termed neurogenic placodes, and

from the cranial neural crest. The neurons of the DRG and the CSG

extend a peripheral branch and a central projection whose collateral

branches establish synaptic contacts with second-order neurons in

the spinal cord or hindbrain, respectively (Jacobs, 2018).

Accumulating evidence suggests that the second messenger

cGMP plays an important role during embryonic development of the

somatosensory system and for the processing of distinct sensations in

the adult. In general, cGMP is generated by two types of enzymes, the

transmembrane (particulate) guanylyl cyclases (pGCs) and nitric

oxide-sensitive guanylyl cyclases (also termed soluble guanylyl

cyclases, sGCs; we will use the abbreviation ‘NO-GC’ in this review).

Mammals express seven pGC forms (GC-A, GC-B, GC-C, GC-D, GC-E,

GC-F and GC-G), but GC-D and -G are pseudogenes in humans

(Kuhn, 2016; Potter, 2011). Stimulators of pGCs include natriuretic

peptides, guanylin, uroguanylin and Escherichia coli heat-stable

enterotoxin (Hofmann, 2020). The two known forms of NO-GC are

heterodimers composed of either an α1 and β1 subunit (GC-1) or an α2
and β1 subunit (GC-2) and are stimulated by nitric oxide (NO) and car-

bon monoxide (Koesling et al., 2016). Effectors of cGMP include

protein kinase G 1 (PKG1; also termed cGMP-dependent protein

kinase I, cGKI), protein kinase G 2 (PKG2; also termed cGMP-

dependent protein kinase II, cGKII), cyclic nucleotide-gated (CNG)

channels and cGMP-regulated phosphodiesterases (PDEs) such as

PDE2A, PDE3A and PDE3B. The degradation of cGMP is mediated by

cGMP-hydrolyzing PDEs, of which some are specific for cGMP, that

is, PDE1A, PDE1B, PDE5A, PDE6 isoenzymes and PDE9A, whereas

PDE1C, PDE2A, PDE3A, PDE3B, PDE10A and PDE11A hydrolyse

both cGMP and cAMP (Hofmann, 2020). Moreover, accumulating evi-

dence indicates that intracellular cGMP levels are also regulated by

efflux through ATP-dependent transporters (Aronsen et al., 2014;

Cheepala et al., 2013) and that cGMP might act as an extracellular sig-

nalling molecule (Cabrera-Pastor et al., 2017; Castro et al., 2013; Jin

et al., 2001; Zimmerman et al., 2008). However, as the evidence for

extracellular cGMP in DRGs and the spinal cord is very limited, we will

focus on intracellular cGMP signalling in this review.

Pathways involving cGMP are increasingly recognised as potential

drug targets. In addition to already existing drugs that target cGMP

pathways, such as NO-releasing nitrates (e.g., glycerol trinitrate,

F IGURE 1 Anatomy of the
somatosensory system. As an example, a
scheme of the nociceptive system is shown.
Primary afferent neurons (pink) convey
sensory information from the skin and other
body regions to the dorsal horn of the spinal
cord, where the incoming input is modulated
by excitatory and inhibitory interneurons and
projection neurons. Many dorsal horn

projection neurons (red) have axons that cross
the midline and travel rostrally in the
contralateral white matter to terminate in the
thalamus, the periaqueductal gray matter and
other supraspinal sites, and the information is
further transmitted to the somatosensory
cortex. Although most projections of dorsal
horn neurons are to contralateral loci, bilateral
and ipsilateral projections have been
described (Choi et al., 2020; Spike et al., 2003)
(not shown). A network of brain structures
including the cingulate cortex and the
amygdala contribute to the affective
component of somatosensation. In addition,
pathways from the periaqueductal grey and
other brain structures descend to the dorsal
horn (blue) and modulate the output from the
spinal cord. For a detailed review of the
nociceptive system, see Peirs and Seal (2016)
and Todd (2010)
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molsidomine), stimulators of NO-GC and pGC (e.g., riociguat,

linaclotide) or inhibitors of cGMP-hydrolysing PDEs (e.g., PDE3A/B

inhibitors such as milrinone and cilostazol; PDE5A inhibitors such as

sildenafil and tadalafil), new pharmacological approaches targeting

cGMP-dependent pathways for the treatment of various diseases are

being developed (Friebe et al., 2020). It seems possible that cGMP

pathways in the somatosensory system might be the basis for future

therapy of pain and itch. However, the functions of cGMP signalling

during embryonic development and the wide tissue distribution of

cGMP-related targets need to be considered to estimate the risk pro-

file of novel drugs.

2 | DEVELOPMENTAL FUNCTION OF
CGMP SIGNALLING IN SOMATOSENSORY
NEURONS

The neuronal circuitry that provides the basic framework for transmis-

sion and processing of information in the somatosensory nervous sys-

tem is laid down in a step-wise manner during embryonic and early

postnatal development. The navigation of somatosensory axons that

proceeds via a series of intermediate choice-points towards their tar-

get fields is controlled by coordinated action of membrane-associated

and diffusible guidance cues with either permissive/attractive or

inhibitory/repulsive properties (Chédotal, 2019). The activation of

specific guidance receptors that are present on the growth cone—a

highly motile structure at the tip of elongating neurites—triggers intra-

cellular signalling cascades that regulate cytoskeletal rearrangements

and membrane trafficking to generate directionality. Finally, the initial

pattern of synaptic contacts is gradually refined by the pruning of

electrically silent connections to establish the mature pattern of

neuronal connectivity.

2.1 | A cross-talk between cGMP and signalling
pathways activated by guidance cues

Many in vitro studies have demonstrated a role for cGMP in axonal

growth and guidance of somatosensory neurons (Piper et al., 2007).

For example, application of the membrane-permeable cGMP ana-

logue, 8-Bromo-cGMP (8-Br-cGMP), to the culture medium exerted a

growth-promoting effect on neonatal rat DRG neurons. Furthermore,

neurites of DRG neurons from embryonic chicks and neonatal rats

quickly re-oriented towards a point source of cGMP or 8-Br-cGMP,

respectively (Gundersen & Barrett, 1980; Murray et al., 2009). These

studies suggested that an asymmetrical distribution of cGMP across

the extending growth cone promotes a directionally polarised exten-

sion. The application of cGMP analogues in in vitro assays that are

used to study the effects of guidance cues (such as the growth cone

turning assay, the stripe assay or the growth cone collapse assay) rev-

ealed that cGMP signalling affects the cellular response to specific

guidance molecules. The first indication for such a modulatory role of

cGMP (and also cAMP) derived from growth cone turning assays using

Xenopus spinal neurons (Song et al., 1998). There, an increase in the

concentration of cGMP facilitated the conversion of the repulsive

effect of semaphorin 3A into an attractive one, whereas the attraction

towards a point source of neurotrophin-3 was converted into a repul-

sive response by inhibition of cGMP-dependent pathways using the

PKG inhibitor Rp-cGMPS. Furthermore, an elevation of cGMP levels

could counteract the collapse-inducing activity of semaphorin 3A in

embryonic rat and mouse DRG neurons (Schmidt et al., 2002; Song

et al., 1998). The response of axons of embryonic rat DRG neurons to

the chemorepellent Slit2 could also be modulated in a cGMP-

dependent manner (Nguyen-Ba-Charvet et al., 2001).

The initial conclusion that cGMP levels in the growth cone tune

the response to the guidance cues semaphorin 3A, neurotrophin-3 and

Slit2 (Song & Poo, 1999) was later refined to a concept in which the

ratio of cAMP and cGMP levels, rather than their absolute concentra-

tions, determines the cellular reaction to a specific guidance cue. The

analysis of Xenopus spinal neurons' responses to the guidance factor

netrin-1 in a turning assay revealed that a high cAMP/cGMP ratio

favoured attraction via the netrin-1 receptor, also called ‘deleted in

colorectal cancer’ (DCC), whereas an increase in the cGMP/cAMP ratio

by application of 20 μM 8-Br-cGMP caused repulsion (Nishiyama

et al., 2003). In contrast, activation of the netrin-1 receptor complex

consisting of DCC and Unc5 led to rise in cGMP and a decrease in the

ratio of cAMP/cGMP which resulted in repulsion. The antagonistic

effects of cAMP and cGMP have been attributed to their reverse regu-

lation of Ca2+ transients in the growth cone (Averaimo & Nicol, 2014).

cAMP signalling via PKA facilitates Ca2+-induced Ca2+ release from

internal stores by activation of ryanodine receptors (Ooashi

et al., 2005). In contrast, cGMP signalling via PKG1 leads to a reduction

of ryanodine receptor-mediated Ca2+ release (Tojima et al., 2009). An

inverse correlation of cAMP and cGMP levels has been observed in

embryonic rat DRG axons by simultaneous FRET-imaging of both cyclic

nucleotides (Kobayashi et al., 2013). PDEs like PDE2A and PDE3A/B

whose cAMP-hydrolysing activity is either stimulated or inhibited by

cGMP might provide a possible mechanism for a cross-talk between

cGMP and cAMP (Zaccolo & Movsesian, 2007). In embryonic DRG, the

reciprocal regulation of cGMP and cAMP might be mediated by PDE2A

(Schmidt et al., 2016). Further intracellular effectors of cGMP signalling

implicated in axonal guidance include components of the microtubule

cytoskeleton regulating membrane organelle transport and CNG chan-

nels (Akiyama et al., 2016; Togashi et al., 2008). However, the detailed

molecular mechanisms still need to be elucidated.

2.2 | A cGMP signalling cascade controls
somatosensory axon bifurcation

During embryonic development, extensive axonal arborisation gener-

ates a further layer of complexity in the process of neuronal wiring.

Axonal branching enables an individual neuron to link with different

targets, an effect which provides the basis for distribution of informa-

tion as well as cognitive integration. Impairments of axonal branching

may result in severe neurological disorders (Chédotal, 2019; Nugent

SCHMIDT ET AL. 2363
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et al., 2012). Despite its fundamental relevance for the establishment

of neuronal connectivity, we are only beginning to understand key

aspects of axonal branching including the identity of molecular signals

and underlying mechanisms (Armijo-Weingart & Gallo, 2017; Kalil &

Dent, 2014).

New branches can form either by splitting of the growth cone

(mostly a bifurcation) or by budding of collaterals from the stem axon

which is also known as interstitial branching (O'Leary et al., 1990).

Both modes of axon branching can be observed in the afferent projec-

tions of somatosensory neurons into the spinal cord or hindbrain. In

the mouse, afferent axons of DRG neurons reach the dorsal root entry

zone (DREZ), the interface between the peripheral and the central

nervous systems, during a developmental period between embryonic

day (E) 10.5 and E13.5 (Figure 2a). The incoming axons then bifurcate

into caudal and rostral branches that extend over several segments

along the dorsolateral margin of the cord within the oval bundle of

His. After a waiting period of at least 2 days, collateral branches

emerge from the longitudinal stem axons and start to extend ventrally

into the spinal cord. Collaterals from cutaneous neurons terminate in

specific layers of the dorsal horn where they branch again and syn-

apse onto second-order neurons. In contrast, the collaterals from pro-

prioceptive neurons extend to more ventral regions of the spinal cord

where terminal branching occurs and synaptic contacts with interneu-

rons or motor neurons are formed (Brown, 1981; Chédotal, 2019;

Ozaki & Snider, 1997).

The stereotypical branching pattern of primary sensory axon

trajectories into the spinal cord can be easily visualised by tracing of

lipophilic dyes or by genetic sparse labelling using specific mouse

reporter lines (Schmidt et al., 2013; Schmidt & Rathjen, 2011), thereby

generating an instrumental system for the investigation of molecular

determinants of axon branching. So far, three components of a

cGMP-dependent signalling cascade that regulates bifurcation of DRG

axons in vivo have been identified (Schmidt et al., 2002, 2007, 2009;

Zhao, Cao, et al., 2009; Zhao & Ma, 2009). The ligand C-type

natriuretic peptide (CNP; also termed Nppc) is released from cells in

the dorsal spinal cord. Binding of CNP to its receptor GC-B (also ter-

med Npr2), on incoming axons of DRG neurons, triggers the intracel-

lular production of the second messenger cGMP from GTP.

Consequently, the α-isoform of PKG1—a serine/threonine kinase that

is co-expressed with GC-B in all DRG neurons—becomes activated

(Figure 2b). Based on the analysis of lacZ-reporter mice for CNP and

GC-B, the expression of the ligand CNP starts at E9 forming a rostro-

caudal gradient in the developing hind brain and spinal cord that

slightly precedes that of its receptor GC-B in CSG and DRG (Schmidt

et al., 2007; Schmidt et al., 2009). Transcriptional activity of GC-B in

CSG and DRG begins between E9.5 and E10.5, thereby also forming a

rostro-caudal gradient. All CSG and DRG are positive for GC-B by

E11.5, and mRNA transcripts of the α-variant of PKG1 have been

detected in mouse DRG at E10.5 by in situ hybridisation (Zhao, Cao,

et al., 2009).

F IGURE 2 CNP-induced cGMP signalling regulates axon bifurcation in somatosensory neurons during embryonic development. (a) The axonal
trajectories of DRG neurons into the embryonic spinal cord display different branching modes: 1. bifurcation at the DREZ, 2. collateral branching
from stem axons and 3. terminal branching of cutaneous and proprioceptive axons in their dorsal and ventral termination zones, respectively.

(b) The cGMP signalling pathway that controls somatosensory axon bifurcation includes the secreted ligand CNP, the receptor guanylyl cyclase
GC-B and the kinase PKG1α whose targets remain to be identified. Degradation of cGMP in embryonic DRG neurons is predominantly catalysed
by PDE2A. (c) Without CNP, GC-B or PKG1, somatosensory axon bifurcation is impaired in the hindbrain and in the spinal cord. Consequently,
somatosensory axons turn either in an ascending or descending direction only. Axon bifurcation is also disabled in Npr27A/7A mouse mutants
lacking the phosphorylation of GC-B, whereas no differences are found between wildtype and Npr27E/7E mutants expressing a phosphomimetic
variant of GC-B. CNP, C-type natriuretic peptide; DREZ, dorsal root entry zone; DRG, dorsal root ganglia; GC-B, guanylyl cyclase B; KO, knock
out; PDE2A, phosphodiesterase 2A; PKG1, protein kinase G 1; r1–8, rhombomeres 1–8; WT, wildtype
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In mouse mutants deficient for either CNP, GC-B or PKG1, the

afferent axons of DRG neurons fail to bifurcate and thus only turn

either in a rostral or caudal direction (Figure 2c). The formation of col-

lateral branches from the stem axons was not impaired in these

mutants, indicating that axon bifurcation and interstitial branching

might be controlled by distinct molecular mechanisms. However, the

quantitative reduction of collateral branches due to the loss of longi-

tudinal stem axons resulted in a reduced synaptic input on secondary

neurons in electrophysiological recordings on CNP and GC-B mutant

mice, whereas synaptic transmission per se was not (Schmidt

et al., 2007, 2009). In addition to the loss of axon bifurcation, a small

number of DRG axons prematurely entered the spinal cord in mice

lacking CNP, GC-B or PKG1. The latter phenotype is reminiscent of

observations in mice mutant for the guidance cues netrin-1, Slit1 and

Slit2 or their receptors Unc5, Robo1 and Robo2 (Ma & Tessier-

Lavigne, 2007; Watanabe et al., 2006). This might indicate that the

dysregulation of cGMP signalling in the growth cones of sensory

axons partly impedes the interpretation of repulsive guidance signals

at the DREZ (Schmidt et al., 2002, 2007, 2009). However, it remains

to be resolved how impaired cGMP signalling could result in a lack of

sensitivity to repellent cues whereas otherwise cGMP has been dem-

onstrated to exert growth promoting as well as anti-repellent and

attractant effects. These apparently contradictory findings might

reflect the use of different animal models and experimental assays as

well as an involvement of different activators, generators and effec-

tors of cGMP signalling, a varying degree of cross-talk with other sig-

nalling molecules or a differential compartmentalisation of those

components in neurons.

A recent study using Npr2fl/fl;Wnt1Cre mice, in which GC-B was

selectively inactivated in DRG neurons, demonstrated the preserva-

tion of the gross anatomical structure of the spinal cord despite a

complete loss of sensory axon bifurcation (Tröster et al., 2018). How-

ever, a detailed analysis of the three-dimensional shape of sensory

axon projections within the spinal cord revealed a narrowing in their

mediolateral extent as well as an increase in the dorsoventral span of

collateral extensions in the absence of axon bifurcation. Again, these

observations might be explained by altered terminal branching due to

a reduced number of axon collaterals that is the consequence of the

distorted bifurcation of stem axons. For a description of the functional

consequences of conditional inactivation of GC-B in DRG neurons on

pain processing the reader is referred to Section 3.2.

Activation of the cGMP-synthesising guanylyl cyclase domain of

GC-B upon binding of CNP is critically dependent on the phosphoryla-

tion of seven serine and threonine residues within the regulatory kinase

homology domain of the receptor (Potter & Hunter, 1998; Yoder

et al., 2010, 2012). cGMP/FRET-imaging of cultivated DRG neurons

from a mouse mutant, in which the seven serine and threonine residues

in the kinase homology domain of GC-B were substituted by alanines

(Npr27A/7A) to prevent phosphorylation (Figure 3), abolished CNP-

induced cGMP signals. Consequently, axon bifurcation of somatosen-

sory neurons was lost in the Npr27A/7A mutant (Figure 2c), resembling

the phenotype of CNP, GC-B and PKG1 global knockout mice (Schmidt

et al., 2018). Interestingly, no alterations in somatosensory axon bifur-

cation were observed in a mouse mutant in which the seven identified

serine and threonine residues were replaced by glutamic acid

(Npr27E/7E) to generate a phosphomimetic variant of GC-B (Figures 2c

and 3). The signalling pathways responsible for phosphorylation/

dephosphorylation of GC-B in somatosensory neurons require further

characterisation. Previously, an intracellular pathway comprising the

small GTPase Rac and the p21-activated kinase (PAK) had been

suggested to directly activate transmembrane guanylyl cyclases (Guo

et al., 2007). Two recent studies indicated that at least in chondrocytes

phosphorylation of GC-B might be linked to FGFR3 signalling

(Robinson et al., 2017; Shuhaibar et al., 2017).

Unlike GC-B, the cGMP-dependent regulation of sensory axon

bifurcation does not involve NO-GCs. At the time of sensory

axon bifurcation, NO-GC subunits are not expressed in embryonic

mouse DRG neurons (Schmidt et al., 2007). Accordingly, recent

F IGURE 3 The generation of cGMP
from GTP upon binding of CNP depends
on the phosphorylation status of seven
regulatory serine/threonine residues
within the juxtamembrane GC-B kinase
homology domain. A non-
phosphorylatable version of GC-B
(Npr2-7A) shows no guanylyl cyclase
activity. In contrast, a mutant form of
GC-B in which the substitution of the
regulatory serine/threonine residues by
glutamic acid mimics permanent
phosphorylation (Npr2-7E), produces
cGMP similar to the wildtype. A, alanine;
CNP, C-type natriuretic peptide; E,
glutamic acid; GC-B, guanylyl cyclase
B; P, phosphorylation; S, serine; T,
threonine; WT, wildtype
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cGMP/FRET-imaging of dissociated embryonic DRG neurons

expressing a genetically encoded cGMP-sensor demonstrated that in

contrast to CNP, application of the NO donor DEA/NO did not result

in a rise of cGMP levels (Schmidt et al., 2018). Moreover, no alter-

ations in axon bifurcation and interstitial branching were observed in

mouse mutants devoid of NO-induced cGMP signals due to the

targeted inactivation of the β1-subunit of NO-GC which is the com-

mon dimerizing subunit of NO-GCs (Schmidt et al., 2009).

The importance of cGMP for growth cone bifurcation requires a

tight control of its intracellular concentration. Among several

cGMP-degrading PDEs that have been detected at the mRNA level in

embryonic DRG, PDE2A has been recently identified as the first func-

tional PDE that hydrolyses CNP-induced cGMP in embryonic DRG

neurons (Schmidt et al., 2016). In general, the dual specificity of

cGMP-activated PDE2A for cAMP and cGMP enables a negative

cross-talk between cGMP and cAMP signalling pathways (Bender &

Beavo, 2006). cGMP/FRET measurements of dissociated DRG

neurons from a cGMP sensor mouse line (Thunemann et al., 2013)

revealed that only inhibitors specific for PDE2A led to an increase in

CNP-induced cGMP similar to that observed after the application of

the non-selective PDE inhibitor IBMX. In line with this observation,

stimulation of embryonic DRG from PDE2A-deficient mice with CNP

led to a highly increased level of cGMP as compared to DRG from

wildtype mice, indicating that the loss of PDE2A activity was not

compensated for by other PDE(s). However, mice deficient for PDE2A

revealed no alterations in axon bifurcation, suggesting that sensory

axon bifurcation is insensitive to increased cGMP levels (Schmidt

et al., 2016). This surprising finding might indicate a role for other

PDEs with distinct compartmentalisation in the control of cGMP

levels during sensory axon bifurcation. Alternatively, the downstream

mediator(s) of growth cone bifurcation after initial activation might

become rapidly silenced again, keeping them unresponsive to a pro-

longed increase of cGMP levels, thereby ensuring that sensory axons

bifurcate only once at the DREZ.

Analogous to DRG neurons, the CNP/GC-B/cGMP/PKG1α

signalling pathway also controls the bifurcation of central axons of

CSG neurons at the embryonic hindbrain (Figure 2c) as well as the

bifurcation of axons from mesencephalic trigeminal neurons (MTN;

also termed MesV) in rhombomere 2 at the level of the trigeminus. At

embryonic stages both CSG and MTN neurons co-express GC-B and

PKG1α, whereas at early stages of development CNP is distributed in

a complementary fashion in rhombomeres 2, 4 and 6 at the entry

zones of sensory afferents in the hindbrain. Tracing of individual CSG

or MTN afferent axons in GC-B mutant mice demonstrated a lack of

axon bifurcation in both neuronal subpopulations (Lu et al., 2011; Lu

et al., 2014; Schmidt & Fritzsch, 2019; Ter-Avetisyan et al., 2014;

Ter-Avetisyan et al., 2018). For a summary of the functional conse-

quences of impaired axon bifurcation in spiral ganglion neurons on

auditory function the reader is referred to the article by Marlies

Knipper and Lukas Rüttiger on the ‘Role of GCs for hearing function’
in the same issue of BJP.

Moreover, MTN neurons are proprioceptive neurons which inner-

vate muscles of mastication to relay information about jaw closing.

They represent the only population of primary sensory neurons

whose cell bodies reside within the CNS. The selective inactivation of

GC-B-mediated cGMP signalling in MTN neurons in Npr2fl/fl;Engr1Cre

mice resulted in the loss of axon bifurcation of MTN neurons in the

brainstem while preserving bifurcation of trigeminal neurons.

The comparison of Npr2fl/fl;Engr1Cre mice with Npr2fl/fl littermate con-

trols showed a reduction of maximal biting forces indicating that the

sensory feedback from jaw closing muscles might be impaired in the

absence of MTN axon bifurcation in rhombomere 2 (Ter-Avetisyan

et al., 2018).

Although numerous studies demonstrated the importance of

CNP/GC-B/cGMP/PKG1α signalling for axon bifurcation, the down-

stream mechanisms remain poorly understood. In particular, the iden-

tity of the phosphorylation substrate(s) of PKG1α that mediate(s)

axon bifurcation in somatosensory neurons in vivo remains to be

determined. In vitro studies suggested that the regulation of axonal

branching in DRG neurons by cGMP signalling might be mediated via

the PKG1-dependent phosphorylation of glycogen synthase kinase 3

(GSK3) (Zhao, Wang, et al., 2009), via the modification of microtubule

dynamics (Akiyama et al., 2016; Xia et al., 2013) or by S-palmitoylation

(Dumoulin et al., 2018). The application of CNP or cGMP analogues to

cultures of DRG neurons elicited a PKG1-dependent increase in neu-

rite length, growth cone area and the number of branching points

(Dumoulin et al., 2018; Zhao & Ma, 2009; Zhao, Wang, et al., 2009).

Furthermore, CNP has been proposed to exert an attractive effect on

growth cone turning of embryonic rat DRG neurons (Zhao &

Ma, 2009). However, a surge of growth cone bifurcation upon treat-

ment with CNP could not be observed in these assays, indicating that

the in vivo regulation of axon bifurcation could not be easily

reproduced in vitro. Therefore, the elucidation of PKG1 downstream

targets during cGMP-controlled axon bifurcation, for example using

genetic mouse models, will be an important step in further research.

3 | CGMP SIGNALLING IN THE
POSTNATAL SOMATOSENSORY SYSTEM

In addition to the intrinsically driven activity of sensory circuits during

embryonic development, the nervous system continues to develop

after birth. Maturation of somatosensory pathways gradually occurs

throughout the early postnatal period (Chang et al., 2016;

Fitzgerald, 2005), and aberrant sensory input caused by injury or

inflammation during critical periods of early postnatal development

can have long-term, detrimental effects on somatosensory processing

(see Brewer & Baccei, 2020; Walker et al., 2016). Due to the marked

effects of cGMP in embryonic development described in Section 2, it

is possible that cGMP signalling also contributes to maturation of

somatosensory pathways in the early postnatal period. However, the

role of cGMP in this context remains elusive.

In the mature somatosensory system, the discrimination

between various types of stimuli is achieved by populations of spe-

cialised sensory neurons that respond to specific stimuli and by

numerous subtypes of connected neurons in the dorsal horn of the
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spinal cord and at supraspinal sites (Emery & Ernfors, 2020; Häring

et al., 2018; Zeisel et al., 2018). There is accumulating evidence

that, in the mature somatosensory system, multiple cGMP-

dependent signalling pathways exist that are involved in a variety of

sensory processes. It becomes more and more clear that cGMP is

produced by different sources in distinct populations of primary

afferent and spinal cord neurons and in peripheral glial cells. The

resulting cGMP effects are presumably mediated by various down-

stream effectors.

3.1 | GC-A signalling plays a pivotal role in the
processing of itch

In the past few years, substantial progress has been made in under-

standing the mechanisms underlying the sensation of itch. In general,

itch (also known as pruritus) is an uncomfortable experience that

evokes a desire to scratch. Although acute itching is a protective reac-

tion that assists in the removal of irritants and calls attention to the

affected skin areas, chronic itch is a major concern, particularly

because most available treatments are only partly effective. Condi-

tions associated with chronic itch include, for example, dermatological

conditions such as psoriasis and atopic dermatitis, systemic diseases

such as renal and liver failure, neurological diseases and psychiatric

disorders (Dong & Dong, 2018). Among the itch-sensing sensory neu-

rons is a population that contains high levels of B-type natriuretic

peptide (BNP; also called Nppb). Of note, single-cell RNA-sequencing

data of the peripheral and central nervous systems in mice indicate

that BNP is nearly exclusively localised to this population of neurons

in the peripheral nervous system (Zeisel et al., 2018). This new finding

challenges a previous hypothesis that BNP might be highly expressed

in CNS neurons, which was based on its initial discovery in porcine

brain extracts and led to the misleading name ‘brain natriuretic pep-

tide’ (Sudoh et al., 1988).

The BNP-positive population of sensory neurons contains several

receptors of itch mediators such as the IL-31 receptor α, 5-HT recep-

tors (5-HT1A, 5-HT1F and 5-HT2A) and histamine H1 receptor (Dong &

Dong, 2018; Meng et al., 2020; Solinski et al., 2019; Usoskin

et al., 2015). The release of IL-31, 5-HT, histamine and additional itch

mediators from mast cells or keratinocytes is believed to stimulate the

respective itch receptors on BNP-positive sensory neurons. As a con-

sequence, BNP is released from the central endings of these neurons,

which terminate in lamina II of the spinal dorsal horn. BNP then acti-

vates its receptor GC-A (also termed Npr1), which is expressed in a

population of spinal interneurons (Mishra & Hoon, 2013). The activa-

tion of GC-A-positive neurons induces the release of another neuro-

peptide, gastrin-releasing peptide (GRP), which relays the signal to a

group of interneurons that express the receptors for GRP, known as

BB2 receptors, an essential player of itch processing in the spinal cord.

These neurons then transmit the signal to the brain so that itch is ulti-

mately perceived as a major sensation that is distinguishable from pain

and others (Dumoulin et al., 2018; Huang et al., 2018; Liu et al., 2021;

Pagani et al., 2019; Sun et al., 2009).

The functional relevance of BNP/GC-A signalling for itch

processing is reflected by the observation that intrathecal injection of

BNP in mice elicits scratching behaviour and that mice lacking BNP

(Nppb�/�) exhibited greatly attenuated responses to a range of pru-

ritic agents. By contrast, Nppb�/� mice had unaltered pain responses

to noxious thermal and mechanical stimuli as well as in models of per-

sistent pain, suggesting an itch-specific function of BNP (Mishra &

Hoon, 2013; Pitake et al., 2017). Moreover, ablation of GC-A-positive

dorsal horn neurons by intrathecal administration of a BNP-saporin

conjugate and/or genetic knockout of GC-A attenuated histamine-

induced pruritus and chronic itch in a model of allergic contact derma-

titis (Huang et al., 2019; Liu et al., 2021; Mishra & Hoon, 2013).

Although cGMP levels were not measured in these studies, it is likely

that cGMP signalling in GC-A-positive dorsal horn neurons mediates

the downstream effects. Further studies are needed to confirm the

production of cGMP in dorsal horn neurons, to clarify the functional

relevance of cGMP in itch processing, to identify targets that mediate

the cGMP effects and to elucidate which PDEs degrade cGMP in

these neurons.

In addition to the spinal cord, BNP/GC-A signalling has recently

been found to drive peripheral inflammation in different forms of der-

matitis, thereby enhancing pruritus. In particular, BNP and GC-A

expression has been reported to be upregulated during chronic itch

and suggested to orchestrate cytokine and chemokine release from

skin cells (Meng et al., 2018). Hence, it is tempting to speculate that

BNP/GC-A/cGMP signalling affects itch also by peripheral mecha-

nisms. A detailed description of peripheral and central BNP/GC-A/

cGMP signalling in chronic itch is provided in a recently published

review (Meng et al., 2020). Interestingly, in a recent study a novel low

MW inhibitor of GC-A, JS-11, was not only effective in attenuating

acute itch but also reduced scratching in a model for persistent inflam-

matory dermatitis that is associated with chronic itch (Solinski

et al., 2019). Hence, the BNP/GC-A axis could be a useful target for

novel anti-itch therapies (Otto, 2019).

3.2 | Emerging evidence for GC-B signalling in the
processing of pain

In contrast to the essential role of CNP/GC-B signalling for axonal

branching of sensory neurons in embryonic development (see Sec-

tion 2), the somatosensory functions of CNP and GC-B during adult-

hood are only poorly understood. In an earlier study, we observed

that intrathecal injection of CNP into the lumbar spinal cord region of

adult mice led to a hindpaw hypersensitivity that was antagonised by

a PKG1 inhibitor (Schmidtko et al., 2008), suggesting that CNP

contributes to pain sensitisation in a cGMP- and PKG1-dependent

manner. Another study reported that intraplantar injection of CNP

into the hindpaw of adult mice induced a thermal hyperalgesia that

persisted over several hours (Loo et al., 2012). In accordance with this

finding, patch clamp experiments revealed that CNP can potentiate

capsaicin- and proton-activated currents of cultured DRG neurons

and increase their firing frequency. In the same study, a non-canonical
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G-protein-dependent signalling pathway mediated by the natriuretic

peptide clearance receptor NPR-C was supposed to mediate

these pro-nociceptive effects of CNP (Loo et al., 2012). However, this

hypothesis was later challenged by single-cell RNA sequencing studies

in DRG neurons from adolescent and adult mice, which detected

NPR-C expression only at low levels and in a minority of DRG neuron

populations (Sharma et al., 2020;Usoskin et al., 2015; Zeisel

et al., 2018).

Although direct evidence is missing, the most likely downstream

mediator of CNP in the mature somatosensory system is, as in embry-

onic development, GC-B. Expression of GC-B in many populations of

DRG neurons of adolescent or adult rodents has been consistently

detected by immunostaining (Abdelalim et al., 2013; Schmidtko

et al., 2008) and RNA sequencing analyses (Usoskin et al., 2015; Zeisel

et al., 2018), albeit the GC-B expression levels in adult stages are

considerably lower than during embryonic development (Tröster

et al., 2018). In a recent study in mice lacking GC-B in sensory neu-

rons (Npr2fl/fl;Wnt1Cre; see Section 2.2) we found that the responses

to acute noxious heat stimuli, which were elicited by placing the ani-

mals on a hot plate or stimulating the paws with a radiant heat source,

were attenuated (Tröster et al., 2018). Furthermore, these animals

showed reduced nocifensive responses to paw injection of chemical

irritants such as capsaicin or formalin (Tröster et al., 2018), pointing to

an involvement of GC-B in the processing of acute nociceptive pain.

However, as Npr2fl/fl;Wnt1Cre mice exhibit impaired sensory axon

bifurcation (see Section 2.2) it is not clear whether their attenuated

pain responses are caused by the lack of GC-B-mediated cGMP

signalling, the bifurcation deficits or both.

Another aspect that awaits further analysis is the relevance of

CNP/GC-B/cGMP signalling for neurite outgrowth and regeneration

of sensory neurons in adulthood. The cGMP analogue 8-Br-cGMP

has been shown to promote neurite outgrowth in a PC12 neuronal

cell line (Yamazaki et al., 2004) and in cultured DRG neurons of

adult rats (Murray et al., 2009). Although these data point to a con-

tribution of cGMP to neurite outgrowth in adulthood, it remains to

be elucidated whether CNP and GC-B are also involved, as in

embryonic development (see Section 2). Further studies, for example

in mice without developmental defects, are needed to elucidate the

effects of CNP/GC-B/cGMP signalling on the processing of somato-

sensory stimuli and regeneration of injured peripheral nerves in

adulthood and to unravel potential upstream pathways and down-

stream effectors.

3.3 | Dual function of NO-GC signalling during
persistent pain

Abundant evidence over the past three decades indicates an impor-

tant role of NO-dependent cGMP production in the processing of

chronic pain. For example, administration of a range of inhibitors

of NO synthases (NOS) or NO-GCs ameliorated the pain behaviour of

mice and rats in various models of persistent inflammatory and neuro-

pathic pain (Luo & Cizkova, 2000). Accordingly, genetic knockout of

NOS1 (which encodes for neuronal NOS, nNOS) or the essential β1-

subunit of NO-GC attenuated inflammatory and neuropathic pain

(Chu et al., 2005; Guan et al., 2007; Schmidtko et al., 2008). These

earlier studies have been summarised in previously published compre-

hensive reviews (Schmidtko, 2015; Schmidtko et al., 2009).

Recent work has increased our understanding about the areas

of NO/cGMP action in the somatosensory system. Among the three

NOS isoforms, nNOS seems to be the most relevant in pain

processing (Schmidtko, 2015). In the spinal cord, nNOS is expressed

in a population of neurons that are scattered throughout the dorsal

horn with enrichment in laminae IIi to III (Todd, 2017). A histochem-

ical classification suggests that these nNOS-positive cells constitute

one of five largely non-overlapping populations of inhibitory inter-

neurons (in addition to cells positive for galanin, neuropeptide Y,

calretinin or parvalbumin; Hughes & Todd, 2020). Accumulating evi-

dence suggests that NO produced by these inhibitory interneurons

is of particular relevance for the processing of persistent pain

(Figure 4). For example, in accordance with the finding that intrathe-

cally injected NOS inhibitors attenuated the pain behaviour in vari-

ous models, immunostaining experiments revealed that NO-GC is

localised in close proximity to nNOS-positive cells in the dorsal horn

(Ding & Weinberg, 2006; Ruscheweyh et al., 2006; Schmidtko

et al., 2008). Notably, in a recent study we found that the two NO-

GC isoforms, GC-1 and GC-2, were both present in the spinal dorsal

horn but showed different distribution patterns: Using immuno-

staining we observed that the area of prominent GC-1 expression is

restricted to laminae IIi/v-IIIo, whereas prominent GC-2 expression

is more broadly distributed in laminae IIi/v-IV of the dorsal horn.

Moreover, in situ hybridisation experiments revealed that in the

dorsal horn GC-1 is nearly exclusively expressed in inhibitory

interneurons, whereas GC-2 expression also includes excitatory

interneurons (Petersen et al., 2019). The localisation of NO-GC and

nNOS in the dorsal horn and suggested NO/NO-GC/cGMP

signalling pathways are summarised in Figure 4.

To assess the role of the NO-GC isoforms in pain processing

in vivo, we analysed the pain behaviour of mice lacking GC-1 and

GC-2 (GCα1
�/� and GCα2

�/�, respectively). Interestingly, in two

models of neuropathic pain induced by peripheral nerve injury,

GCα1
�/� mice demonstrated reduced hypersensitivity at late stages

after the injury, whereas the behaviour of GCα2
�/� mice was similar

to that of WT littermates. A reduced neuropathic pain behaviour

was also observed in tissue-specific Lbx1-GCα1
�/� mice, in which

GCα1 is selectively deleted in dorsal horn neurons, confirming that

signalling in the dorsal horn of the spinal cord underlays the altered

neuropathic pain behaviour (Petersen et al., 2019). Opposite findings

resulted from the analysis of these animals in models of inflamma-

tory pain: GCα1
�/� mice showed an unaltered pain behaviour, but

the hyperalgesia of GCα2
�/� mice was unexpectedly increased as

compared to WT mice. Similarly, the tissue-specific knockout of

GC-2 in Lbx1-GCα2
�/� mice mimicked the increased inflammatory

pain of global GCα2�/� mice (Petersen et al., 2019). Hence, GC-1

and GC-2 in the spinal dorsal horn exert strikingly different func-

tions in the processing of neuropathic and inflammatory pain,

2368 SCHMIDT ET AL.

 14765381, 2022, 11, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.15514 by U

b Frankfurt/M
ain U

niversitaet, W
iley O

nline L
ibrary on [09/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1749
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1251
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3593
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1504


suggesting that NO/cGMP signalling in the CNS is more complex

than previously hypothesised (Meller & Gebhart, 1993). Further-

more, the expression of the two NO-GC isoforms in distinct

populations of excitatory and inhibitory interneurons of the dorsal

horn might be an explanation for the dual effects (both

pronociceptive and antinociceptive) of NO donors and cGMP

analogues reported in earlier studies (Schmidtko, 2015).

nNOS is also expressed in sensory neurons, albeit with a variable

distribution in different DRG segments: Although up to 23% of DRG

neurons from segments Th5 to L1 are nNOS-positive, less than 2%

of DRG neurons from C1 to Th4 and from L2 through the sacral

levels contain nNOS (Aimi et al., 1991). Given the fact that NO read-

ily diffuses through plasma membranes, it is likely that NO/cGMP

signalling in the peripheral nervous system affects somatosensory

function. Importantly, the essential NO-GC subunit GCβ1, which con-

tains the N-terminal HNOX (haem NO/oxygen binding) domain

required for binding NO (Wedel et al., 1995) is not expressed in

sensory neurons (Petersen et al., 2019; Schmidtko et al., 2008;

Usoskin et al., 2015), thus excluding the possibility that GC-1

(subunit composition GCα1/GCβ1) or GC-2 (subunit composition

GCα2/GCβ1) serve as NO receptor in sensory neurons. However, a

functional NO-GC isoform (GC-2) is present in satellite glial cells that

wrap around neuronal cell bodies of the peripheral nervous system

(Petersen et al., 2019; Schmidtko et al., 2008). In line with this,

exposure of acutely dissected DRGs to NO donors led to cGMP

production exclusively in satellite glial cells (Thippeswamy &

Morris, 2002). Interestingly, recent work revealed that NO donors

and cGMP analogues increase gap junctional communications among

satellite glial cells, which in turn might affect the excitability of DRG

neurons (Belzer & Hanani, 2019). The effects of satellite glial cells on

the somatosensory processes and neuronal homeostasis is still

developing and has been discussed in detail in a recent review

(Hanani & Spray, 2020), but the exact role of cGMP signalling in

these cells remains to be elucidated.

F IGURE 4 Suggested cGMP signalling
pathways in the dorsal horn of the spinal
cord in adulthood. nNOS is mainly
localised to inhibitory interneurons. Both
NO-GC isoforms are expressed by
inhibitory interneurons and projection
neurons, whereas GC-2 is also present in
excitatory interneurons. cGMP produced
by NO-GC activates CNGA3 in inhibitory

interneurons, eventually CNGB1 in
excitatory interneurons and so far
unidentified further downstream targets.
In contrast to NO-GC, PKG1α is mainly
expressed in primary afferent neurons and
activated by cGMP, which most likely
derives from CNP-mediated activation of
GC-B, and by ROS in a cGMP-
independent manner. PKG1α has been
shown to regulate the neurotransmitter
release from sensory neurons. CNG, cyclic
nucleotide-gated; CNP, C-type natriuretic
peptide; GC-B, guanylyl cyclase B; nNOS,
neuronal NO synthase; NO, nitric oxide;
NO-GC, nitric oxide-sensitive guanylyl
cyclase; PKG1α, protein kinase G 1α
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Furthermore, the lack of NO-GC in sensory neurons challenges

the conclusion of earlier studies that a NO-GC/cGMP/PKG1 signal-

ling pathway leading to activation of ATP-sensitive potassium chan-

nels is functional in sensory neurons (Alves et al., 2013; Costa

et al., 2014; de Carvalho Veloso et al., 2015; Sachs et al., 2004;

Spiller et al., 2019). In these studies, inhibitors of NOS (such as

L-NAME, NOArg or L-NPA), NO-GC (such as ODQ or methylene

blue), PKG1 (such as KT5823) or ATP sensitive potassium

channels (such as glibenclamide) inhibited the pain behaviour or

reversed the antinociceptive effects of other drugs in rodents. It

seems likely that the behavioural responses were partly mediated

by targets outside sensory neurons and that different signalling

pathways might be involved, including cGMP-independent NO

signalling via S-nitrosylation (Chen et al., 2017) and cGMP-

independent activation of PKG1 (see Section 3.4). Furthermore, the

matter of selectivity of the used compounds needs to be taken

into account.

3.4 | PKG1 is a major cGMP effector in sensory
neurons

A major downstream effector of cGMP in the somatosensory system

is PKG1 (Hofmann, 2020). Previous studies revealed that PKG1 is

expressed in the vast majority of sensory neurons with high expres-

sion levels in nociceptors (Luo et al., 2012) (Figure 4). Pain-relevant

functions of PKG1 have been well documented in a series of studies

with animals lacking PKG1 specifically in NaV1.8-positive nociceptors

(SNS-PKG1�/� mice). In accordance with mice lacking PKG1 globally

(Tegeder et al., 2004), SNS-PKG1�/� mice demonstrated marked

behavioural defects in models of inflammatory pain (Luo et al., 2012).

In particular, the hypersensitivity induced by complete Freund's

adjuvant (CFA), capsaicin and acid and the licking behaviour in the for-

malin test were attenuated in SNS-PKG1�/� mice. Further work

showed that activity-induced long-term potentiation at synapses

between nociceptors and spinal projection neurons is abolished in

SNS-PKG1�/� mice and that PKG1 regulates the probability of neuro-

transmitter release from sensory neurons (Luo et al., 2012). Another

study indicates that neuronal activity in supraspinal regions along

ascending pain pathways is reduced if PKG1 is absent from

nociceptors (Gangadharan et al., 2017). Moreover, recent work using

SNS-PKG1�/� mice suggested that PKG1 expressed in nociceptors is

also involved in the processing of neuropathic pain after peripheral

nerve injury and serves as a critical generator for central sensitisation

and cortical plasticity (Wang et al., 2021). However, this finding con-

trasts with a previous study using the same pain model in which SNS-

PKG1�/� mice developed stronger neuropathic hypersensitivity (Valek

et al., 2017).

With regard to cGMP signalling it should be noted that activation

of PKG1 can also be driven by cGMP-independent mechanisms

(Figure 4). PKG1α, the major isoform of the enzyme in the cytosol of

sensory neurons (Uchida et al., 2018), can also be activated by oxi-

dants that are able to cause an interprotein disulfide bond formation

between two cysteine residues (Cys42) on adjacent chains in the

PKG1α homodimer. This reaction renders the kinase catalytically

active, independently of cGMP (Burgoyne et al., 2007). In a study in

global knock-in mice lacking the redox-sensing Cys42 thiol (C42S

PKGI-α knock-in mice; Prysyazhna et al., 2012), we found that this

oxidant-dependent disulfide activation of PKG1α plays an important

role for neuropathic pain hypersensitivity after peripheral nerve injury

but has a limited contribution to inflammatory pain processing (Lorenz

et al., 2014). This finding is in accordance with accumulating evidence

that reactive oxygen species (ROS) such as superoxide anion or

hydrogen peroxide are produced in the nerve and DRGs after periph-

eral nerve injury (Kallenborn-Gerhardt et al., 2012, 2013). Moreover,

cultured DRG neurons from these knock-in mice demonstrated

enhanced neurite outgrowth and reduced growth cone collapse in

response to ROS stimulation (Valek et al., 2017), suggesting that

cGMP-independent activation of PKG1 might also be involved in

nerve repair after injury.

Based on the important role of PKG1 in pain sensitisation, novel

inhibitors of PKG1 are being developed for treatment of chronic pain.

Interestingly, the low MW compound N46, which inhibits PKG1 in the

low nanomolar range and does not cross the blood–brain-barrier,

attenuated the hypersensitivity induced by CFA or capsaicin and was

effective in a model of osteoarthritic knee joint pain in rats (Qin et al.,

2018; Sung et al., 2017). However, the safety profile of PKG1 inhibi-

tors remains to be evaluated, because PKG1 is highly expressed in

various tissues including the heart and intestine and plays an essential

role during embryonic development of the somatosensory system

(see Section 2).

By which mechanisms PKG1 mediates these effects in pain

processing remains poorly understood. Proteins that have been

reported to be phosphorylated by PKG1 in sensory neurons include

cysteine-rich protein 4 (CRP4, also known as cysteine-rich protein

2; gene Crip2; Schmidtko et al., 2008), myosin light chain (αMLC),

inositol 1,4,5-trisphosphate receptor 1 (IP3R1) and vasodilator-

stimulated phosphoprotein (VASP) (Luo et al., 2012). Given the high

number of PKG1 substrates that have been identified in other

tissues (Feil & Kleppisch, 2008) and the fact that many of these

proteins are expressed in sensory neurons (Usoskin et al., 2015), it

seems likely that PKG1 signalling during persistent pain involves

more phosphorylation substrates than those known today.

Moreover, it remains to be elucidated whether cGMP- and

ROS-dependent activation of PKG1 is connected with different

effector mechanisms.

3.5 | Somatosensory functions of CNG channels
and PDEs

Beyond PKG, cGMP can also signal through CNG channels. These

channels, which are activated by direct binding of cGMP or cAMP,

play an essential role in visual and olfactory signal transduction (Biel &

Michalakis, 2009; Michalakis et al., 2018) and are increasingly

recognised as a cyclic nucleotide target in the CNS (Podda &
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Grassi, 2014). In a previous study we observed that in response to

paw inflammation, the expression of the CNG channel subunit

CNGA3 is up-regulated in inhibitory interneurons of the spinal dorsal

horn and in DRG satellite cells. Furthermore, mice lacking CNGA3

showed increased inflammatory pain behaviours and exaggerated

pain hypersensitivity after intrathecal delivery of NO donors and

cGMP analogues (Heine et al., 2011). These data suggest that

CNGA3-positive CNG channels are a downstream target of

NO/cGMP signalling that contributes in an inhibitory manner to per-

sistent pain processing. In a recent study we found that the subunit

CNGB1 plays a role in neuropathic pain after peripheral nerve injury

(Kallenborn-Gerhardt et al., 2020). In particular, the CNGB1b subunit

was detected in excitatory interneurons in the spinal dorsal horn

(Figure 4) and in sensory neurons, and CNGB1 knockout (CNGB1�/�)

mice exhibited considerably attenuated neuropathic pain behaviours.

However, the observation that hindpaw sensitivity after intrathecal

administration of a cAMP analogue, but not of a cGMP analogue, was

reduced in CNGB1�/� mice points to CNGB1 as a downstream effec-

tor of cAMP rather than cGMP in pain pathways (Kallenborn-Gerhardt

et al., 2020).

There is a big gap in our knowledge about the PDEs that degrade

cGMP in the adult somatosensory system. In a previous study we

found that PDE2A expression in the spinal dorsal horn is up-regulated

during paw inflammation and that intraperitoneal treatment with the

selective PDE2A inhibitor BAY 60-7550 increased the inflammatory

pain hypersensitivity in mice. However, experiments with intrathecally

injected cAMP and cGMP analogues and the detection of increased

cAMP levels ex vivo point towards PDE2A being mainly connected to

cAMP signalling in the spinal cord (Kallenborn-Gerhardt et al., 2014).

Conversely, recent research revealed that intrathecal administration

of BAY 60-7550 attenuated the mechanical allodynia in a model of

lumbar disc herniation in rats and increased the levels of both cAMP

and cGMP in spinal cord homogenates (Wang, Zhao, et al., 2017).

About the reasons for these discrepancies we can only speculate, but

model-dependent changes in PDE2A expression in the spinal cord and

the different routes of drug administration in both studies might be an

explanation.

Other studies have reported anti-nociceptive effects of

PDE5A inhibitors, such as sildenafil, tadalafil and vardenafil, in

various rodent pain models including diabetic neuropathy (Gediz

et al., 2015; Jain et al., 2001; Otari & Upasani, 2015; Patil

et al., 2004; Wang, Zhao, et al., 2017). Considering that single-cell

RNA-sequencing analyses failed to detect significant PDE5A

expression in somatosensory neurons (Usoskin et al., 2015; Zeisel

et al., 2018), an altered vascular function might be one reason for

the observed behavioural effects. This seems to be of importance in

models of diabetic neuropathy, in which PDE5A inhibitors have been

shown to improve blood supply to the vasa nervorum within periph-

eral nerves (Wang, Chopp, & Zhang, 2017). Another explanation

could rely on off-target effects of sildenafil, tadalafil and vardenafil,

which in addition to PDE5A also inhibit enzymes of the PDE1, PDE6

and PDE11 families in the nanomolar or low micromolar range

(Gbekor et al., 2002). Hence, further studies are required to uncover

the PDEs that control cGMP signalling in the adult somatosensory

system.

4 | FUTURE DIRECTIONS

The recent advances in our understanding of cGMP signalling path-

ways in somatosensation will facilitate drug development. Of critical

importance for a mechanistic understanding is the identification of

PKG1α phosphorylation substrate(s), alternative cGMP targets and

PDEs that terminate cGMP signalling and the analysis of spatiotempo-

ral dynamics of cGMP production. Tools like genetically encoded

cGMP/FRET sensors (Nikolaev et al., 2006; Thunemann et al., 2013),

cGMP chelators (Ros et al., 2019) or controllable guanylyl cyclases for

optogenetic manipulation of cGMP (Gao et al., 2015) will be instru-

mental for further elucidation of cGMP functions in the somatosen-

sory system.

4.1 | Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to Pharmacology

(http://www.guidetopharmacology.org) and are permanently archived

in the Concise Guide to Pharmacology 2019/20 (Alexander,

Christopoulos et al., 2019; Alexander, Fabbro, et al., 2019a, b;

Alexander, Mathie, et al., 2019; Beuve et al., 2020; Billiar et al., 2019).
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