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“Failure is simply the opportunity to begin again, 

this time more intelligently” 

Henry Ford 



“[…] Well, what do we do about that? We treat these patients in a rather crude fashion at this 

point in time. We treat them with symptom-modifying drugs -- painkillers --which are, frankly, not 

very effective for this kind of pain. We take nerves that are noisy and active that should be quiet, and 

we put them to sleep with local anesthetics. And most importantly, what we do is we use a rigorous, 

and often uncomfortable, process of physical therapy and occupational therapy to retrain the nerves in 

the nervous system to respond normally to the activities and sensory experiences that are part of 

everyday life. And we support all of that with an intensive psychotherapy program to address the 

despondency, despair and depression that always accompanies severe, chronic pain. 

But the future is actually even brighter. The future holds the promise that new drugs will be developed 

that are not symptom-modifying drugs that simply mask the problem, as we have now, but that will 

be disease-modifying drugs that will actually go right to the root of the problem. 

So I have hope that in the future, the prophetic words of George Carlin will be realize, who said, 

"My philosophy: No pain, no pain".” 

Dr. Elliot Krane, The Mystery of Chronic Pain, 2011 

Professor of anesthesiology, perioperative and pain medicine at the Stanford 

University 
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ABSTRACT 

Chronic Pain is one main cause of human suffering and disability, affecting 20% of the global 

population. However, we still lack effective treatment. Among the different forms of chronic 

pain, orofacial and neuropathic pain are of special interest in our research groups.  

As orofacial pain is concerned, dental pain is unique, because stimulation of teeth only 

produces pain as feeling, with cold as the most prominent stimuli to evoke this sensation. 

There are several ion channels of the transient receptor potential (TRP) family (mainly 

TRPM8, TRPA1) that, at least in cutaneous nociceptors with their cell bodies in the dorsal 

root ganglia, participate in cold transduction. However, fewer studies have involved primary 

afferents innervating the teeth, in which cell bodies are located in the trigeminal ganglia 

together with cell bodies of neurons innervating other facial organs and structures. We 

optimized a method to specifically study primary afferent nociceptors innervating the tooth 

pulp of the mouse by retrograde labelling and found expression of different TRP channels 

in dental primary afferent neurons. Its combination with other methodologies will be the 

basis for futures studies on dental chronic pain and cold transduction mechanisms.  

Within the entity of neuropathic pain, spontaneous pain is the main symptom reported by 

patients, which has been linked to spontaneous discharges in peripheral nociceptors. 

However, as most of the previous studies have focused on the evaluation of stimulus-induced 

symptoms, the underlying causes of spontaneous activity remain unclear. We used a mouse 

model of partial damage of a peripheral nerve and showed a high incidence of spontaneous 

nociceptors firing action potentials at constant rates. Using pharmacological tools, we 

demonstrated the contribution of hyperpolarization-activated cyclic nucleotide-gated (HCN) 

channels and a member of the voltage-gated potassium channel subfamily KQT (Kv7) to 

ectopic spontaneous activity in peripheral nociceptors. Our results suggest HCN and Kv7 

channels as peripheral targets to treat neuropathic pain.  
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RESUMEN 

La cronificación del dolor es la mayor causa de sufrimiento e incapaz humana, afectando al 

20 % de la población mundial. Sin embargo, todavía carece de tratamiento eficaz. De las 

diferentes formas de dolor crónico que existen, el dolor orofacial y el dolor neuropático son 

de especial interés en nuestros grupos de investigación. 

Dentro del dolor orofacial, el dolor dental es especial ya que cualquier estimualción en el 

diente produce sólo dolor, siendo el frío el estímulo más efectivo para evocar esta sensación. 

Hay diferentes moléculas de la familia de receptores de potencial transitorio (TRP por sus 

siglas en inglés, principalmente TRPM8 y TRPA1) que, en nociceptores cutáneos con 

cuerpos celulares en ganglios de la raíz dorsal, participan en la transducción al frío. Sin 

embargo, existe menos información referente a aferencias primarias que inervan los dientes, 

cuyos cuerpos celulares se encuentran en el ganglio trigémino, junto con cuerpos celulares 

de neuronas que inervan otras estructuras. Optimizamos un método que permite estudiar 

especificamente aferencias primarias que inervan la pulpa dental de ratón, utilizando el 

marcaje retrógrado. Así, estudiamos la expresión de diferentes canales TRP en neuronas 

inervando la pulpa dental. La combinación de estos estudios con otras metodologías es la 

base para futuros estudios en dolor dental y los mecanimos de transducción de estímulos de 

frío. 

Dentro del dolor neuropático, el dolor espontáneo es el principal síntoma reportado por los 

pacientes, y el cuál ha sido ligado a descargas espontáneas en nociceptores periféricos. Sin 

embargo, la mayoría de los estudios previos se han enfocado en evaluar los síntomas 

evocados, motivo por el cual las causas subyacentes al dolor espontáneo siguen sin resolverse. 

Utilizamos un modelo de daño parcial a un nervio periférico que muestra una alta incidencia 

de nociceptores espontáneos con frecuencias estables. Utilizando farmacología, 

demostramos la contribución de canales con compuerta de nucleótidos cíclicos activado por 

hiperpolarización (HCN) y canales de potasio activados por voltaje de la subfamilia KQT 

(Kv) en la generación de actividad espontánea ectópica en nociceptores periféricos. Esto 

sugiere que estos canales serían dianas periféricas para el tratamiento del dolor neuropático.  
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ZUSAMMENFASSUNG 

Chronische Schmerzen sind eine der Hauptursachen für menschliches Leid und Behinderung 

und betrifft 20% der Weltbevölkerung. Bisher fehlt es immer noch an wirksamen 

Behandlungsstrategien. Unter den verschiedenen Formen chronischer Schmerzen sind 

orofaziale und neuropathische Schmerzen in unseren Forschungsgruppen von besonderem 

Interesse. 

Was orofaziale Schmerzen angeht, so sind Zahnschmerzen einzigartig, da die Stimulation der 

Zähne nur Schmerzen als Gefühl hervorruft, wobei Kälte den wohl bekanntesten Reiz 

darstellt, um diese Empfindung hervorzurufen. Es gibt mehrere Ionenkanäle der Transient 

Rezeptor Potential (TRP) -Familie (hauptsächlich TRPM8, TRPA1), die zumindest in 

kutanen Nozizeptoren, deren Zellkörper in den Hinterwurzelganglien liegen, an der 

Kältetransduktion beteiligt sind. In einer geringeren Anzahl an Studien wurden auch primäre 

Afferenzen der Zähne untersucht, wobei sich deren Zellkörper in den Trigeminalganglien 

befinden. Sie liegen dort in direkter Nachbarschaft von Zellkörpern, die andere Organe des 

Kopfes und die Gesichtshaut sensorisch innervieren. Wir haben eine Methode optimiert, um 

primär afferente Nozizeptoren, die die Zahnpulpa der Maus innervieren, durch retrograde 

Markierung molarer Oberkieferzähne spezifisch zu erkennen und zu untersuchen. In diesen 

Neuronen haben wir die Expression verschiedener TRP-Kanäle dokumentiert. Die 

Kombination dieser Markierungstechnik mit anderen funktionellen Methoden wird die 

Grundlage für zukünftige Studien zu chronischen Zahnschmerzen und 

Kältetransduktionsmechanismen bilden. 

Innerhalb der Einheit der neuropathischen Schmerzen sind spontane Schmerzen das 

Hauptsymptom, über das Patienten berichten und es wurde mit spontanen Entladungen von 

peripheren Nozizeptoren in Verbindung gebracht. Da sich die meisten früheren Studien 

jedoch auf die Untersuchung von stimulusinduzierten Effekten konzentriert haben, bleiben 

die zugrunde liegenden Ursachen für spontane Aktivität in Nozizeptoren unklar. Wir 

verwendeten ein Mausmodell der teilweisen Schädigung eines peripheren Nervs und zeigten 

eine hohe Inzidenz von spontanen Nozizeptoren, die Aktionspotentiale mit konstanten 

Impulsraten abfeuern. Mit pharmakologischen Hilfsmitteln konnten wir die Beteiligung von 

hyperpolarisations-aktivierten zyklischen Nucleotid-gesteuerten (HCN) Kanälen und 

spannungsgesteuerten Kaliumkanälen der KQT Unterfamilie (Kv7) zur ektopischen 

spontanen Aktivität in peripheren Nozizeptoren demonstrieren. Unsere Ergebnisse legen 
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nahe, dass HCN- und Kv7-Kanäle zu effizienten peripheren Zielstrukturen bei der 

Behandlung von neuropathischen Schmerzen werden könnten.
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Chronic pain 

The International Association for the Study of Pain (IASP) defines pain as “an unpleasant 

sensory and emotional experience associated with actual or potential tissue damage or 

described in terms of such damage”. Whilst physiological pain acts as an early-warming 

protective system, chronification of pain is the main cause of human suffering and disability 

and one of the main reasons for patients to seek medical care (Goldberg & McGee, 2011; 

Mäntyselkä et al., 2001). 

Chronic pain is defined as pain that lasts or recurs longer than 3 months (Treede et al., 2019). 

A large-scale survey in 2006, described that 20% of the Europeans (~95 million people) 

suffer from chronic pain, and 34% of the patients reported severe pain (Breivik et al., 2006; 

Pain Alliance Survey 2018). The lack of adequate treatment leads to a decreased quality of 

life, reduced productivity, the appearance of psychiatric symptoms and illness (i.e. 

depression, insomnia, anxiety) and increased risk for suicide (see Goldberg & McGee, 2011 

for a review).  

First-line pharmacological treatment includes acetaminophen and non-steroidal anti-

inflammatory drugs, but also antidepressants, anticonvulsants, muscle-relaxant and opioids. 

Side effects include sedation, nausea, tolerance and addiction and opioid overdose being an 

extended problem in the US; besides, these medications might even promote the 

chronification of pain (see Bigal & Lipton, 2009 for a review). Unfortunately, a high number 

of patients are unresponsive to any of these treatments and the alternatives include ketamine 

infusions and spinal cord, transcranial or deep brain stimulation, which effects are still limited 

(Cohen et al., 2018; Farrell et al., 2018). Altogether, there is a medical need to search for new 

pharmacological targets. 

Due to the high prevalence and disability rates, since 2018 chronic pain has been included as 

a disease in its own right in the International Classification of Diseases (ICD-11, 

https://icd.who.int/browse11/l-m/en) which eases diagnosis and pain management for 

clinicians (Treede et al., 2019). The ICD-11 recognizes chronic primary pain as pain with 

has an unknown origin, such as fibromyalgia or irritable bowel syndrome. When pain 

manifests as a symptom of another disease but lasts the resolution of the disorder, it is called 

chronic secondary pain. Neuropathic pain and chronic secondary orofacial pain are 

different categories among chronic secondary pain and are the areas of research of the 

laboratories where I have performed the experiments contained in the present thesis.

https://icd.who.int/browse11/l-m/en
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The nociceptive system 

As a general feature, chronic pain conditions are the result of pathological processing 

throughout the nociceptive system.  

Figure 1. Detection of noxious stimuli occurs at the peripheral endings of nociceptors, which generate action 

potentials that propagate along the axon. The electrical signals reach the central nervous system, where they are 

integrated. In chronic pain conditions, there are alterations in the nociceptive processing at the level of the 

peripheral nociceptor, spinal cord and supraspinal structures (marked as red stars), which leads to peripheral 

and central sensitization and finally, to abnormal pain sensations. In this scenario, even non-noxious stimuli 

such as pleasant cooling or a light stroke of the skin with a feather, can evoke pain. TG: trigeminal ganglia; 

DRG: dorsal root ganglia. 

The first element in the nociceptive system is the so-called primary afferent nociceptor, a 

specialized receptor able to detect stimuli that are usually perceived as painful (see below 

Peripheral nociceptors). Briefly, nociceptors are pseudounipolar neurons that have their soma in 

the trigeminal ganglia -TG- (sensory information from the head) or dorsal root ganglia -

DRG- (from the trunk and limbs). The peripheral branch innervates skin, viscera, joints, 

muscles, etc, whilst the central projection ends in the central nervous system.    

Primary afferents from the trunk and the limbs travel in 31 spinal nerves and enter the spinal 

cord through the dorsal roots. The afferents terminate in different laminae of the spinal cord 
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according to their physiological role, where they synapse with second-order neurons (Light 

& Perl, 1979; Rexed, 1952; Todd, 2002; Todd, 2010). Myelinated (Aδ-) nociceptors mainly 

terminate in lamina I and II, but might arborize up to lamina V. Unmyelinated C-nociceptors, 

thermoreceptors and some fibres responding to substances that evoke itch, terminate in 

lamina I and II. Myelinated (Aβ-, Aδ-) low-threshold mechanoreceptors (LTMRs) arborize 

in the spinal cord and end in the deep laminae of the dorsal horn (from lamina II to V), while 

unmyelinated LTMRs terminate in lamina II. In certain forms of chronic pain, LTMRs might 

be involved in touch-evoked pain (Campbell et al., 1988; Seal et al., 2009).  

Figure 2. Central projections of primary afferents with cell bodies within the dorsal root ganglia. 

Central projections from different classes of primary afferents innervating the skin ( Todd et al., 2018). MrgD: 

mas‐related G protein‐coupled receptor D; LTMR: low-threshold mechanoreceptor. 

Sensory information from the face travels mainly through the three branches of the 

trigeminal nerve (ophthalmic -V1-, maxillary -V2- and mandibular nerves -V3-) and terminates 

in the spinal trigeminal nucleus. This nucleus is divided into three subnuclei: pars oralis, pars 

interpolaris and pars caudalis. Nociceptive trigeminal afferents (mainly unmyelinated, but some 

myelinated Aδ-fibres) from the skin terminate in the pars caudalis, which also receives thermal 

sensations (Pajot et al., 2000; Sessle, 2000). Here, primary afferents enter topographically 

organized in an onion-skin distribution, so that upper face regions are represented ventrally 

and lower face regions, dorsally (see Figure 3, (Shigenaga et al., 1986). The subnucleus 



Nociceptive System 

5 

interpolaris is associated with dental pain. Both the subnucleus interpolaris and oralis are 

associated with discriminative touch (myelinated LTMRs, (Sessle, 2000). 

Figure 3. Central projections of primary afferents with cell bodies within the trigeminal ganglia. Central 

projections from primary afferents innervating the face end in the pars caudalis of the spinal trigeminal nucleus 

with an onion-skin pattern. Afferents associated with dental pain enter the pars interpolaris. Obtained from 

(Fillmore & Seifert, 2015). 

Second-order neurons located in the spinal cord and the spinal trigeminal nucleus send their 

information to different nuclei in the brain by two main pathways (see Figure 4). The 

spinothalamic-cortical pathway processes the discriminative aspects of pain and the 

spinoparabrachial-limbic pathway is principally involved in processing the affective and 

motivational aspects of pain (Gauriau & Bernard, 2002). Furthermore, there are also 

descending inhibitory and facilitatory pathways that originate in the brainstem and cortical 

regions, and terminate diffusely within the spinal dorsal horn and trigeminal nuclei (see 

Figure 4, (Reynolds, 1969; Zhuo & Gebhart, 1997).  

Altogether, pain perception is a complex process that involves a large network of areas and 

pathways, of which the individual functional contributions are still poorly understood. 
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Figure 4. Diagram of neural pain pathways. Noxious information sensed by the primary afferents (blue) is 

processed by the spinothalamic-cortical pathway (discriminative aspects of pain, green) and the 

spinoparabrachial-limbic pathway (affective-motivational aspects of pain, purple). There are also descending 

modulatory pathways (red). ACC: anterior cingulate cortex; PFC: prefrontal cortex; S1: primary somatosensory 

cortex; S2: secondary somatosensory cortex; NAc: nucleus accumbens; BNST: bed nucleus stria terminalis; 

PAG: periaqueductal gray; RVM: rostroventral medulla; TG: trigeminal ganglion; DRG: dorsal root ganglion; 

DM: dura mater. Modified from (Todd et al., 2018). 

During chronic pain, functional changes on different levels of the nociceptive system have 

been identified. At the peripheral level, nociceptive neurons reduce their activation threshold 

and increase sensory signalling (peripheral sensitization). For example, microneurography 

recordings from patients with phantom limb pain demonstrated ectopic spontaneous activity 

in the nerve stump (Nyström & Hagbarth, 1981). Furthermore, peripheral nerve block with 

lidocaine alleviated pain resulting from different neuropathies in humans (Galer et al., 1999; 

Gracely et al., 1992; Haroutounian et al., 2014; Khaliq et al., 2013; Wijayasinghe et al., 2016). 

All these results suggest an important role of the primary afferents in chronic pain. This 

sustained hyperexcitability from peripheral nociceptors provokes “central sensitization” that 

leads to an increased function of neurons and circuits within the CNS (see Woolf, 2011 for 

a review). 
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Peripheral nociceptors 

Most of the current knowledge of peripheral nociceptors comes from studies in rodents. 

Although peripheral nociceptors in rodents have smaller cell diameters compared to humans, 

the distribution of small and large neurons and neurochemical markers are similar (Josephson 

et al., 2001; Ray et al., 2018; Rostock et al., 2018).  

Nociceptors are classified according to the size of their cellular bodies or somas. Small-

diameter neurons (< 30 µm) are unmyelinated C-fibres with slow conduction velocity (<1 

m/s) or thinly myelinated Aδ-fibres with fast conduction velocity (1-14 m/s) (Lawson, 2002; 

Lawson & Waddell, 1991; McCarthy & Lawson, 1990). The receptive field of Aδ-fibres is 

small and provides accurate localization of the site of the noxious stimulus in comparison 

with C-fibres which are associated with large receptive fields and less precise localization of 

pain. C-fibres comprise about 70-80% of the fibres in a nerve (Schmalbruch, 1986). Large-

diameter neurons (>30 µm) are myelinated Aβ-fibres with ultrafast conduction velocity (14-

40 m/s). Although they mainly carry information from touch mechanoreceptors, a small 

proportion are nociceptors (Burgess & Perl, 1967; Nagi et al., 2019).  

Figure 5. Types of sensory fibres according to their conduction velocity. There are slowly conducting 

unmyelinated C-fibres, fast conduction thinly myelinated Aδ-fibres, and ultra-fast conducting myelinated Aβ-

fibres.  
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All primary afferent fibres use glutamate as their main excitatory neurotransmitter, but small-

diameter nociceptors are usually classed according to the presence or absence of 

neuropeptides as excitatory neurotransmitters.  

Peptidergic nociceptors contain mainly substance P (SP) and calcitonin gene-related 

peptide (CGRP) (Hökfelt et al., 1975; Ljungdahl et al., 1978; Wiesenfeld-Hallin et al., 1984). 

Activation of peptidergic nociceptors produces antidromic activation of their peripheral 

branches, which releases neuropeptides and initiates neurogenic inflammation (Bayliss, 1901). 

CGRP produces vasodilatation, whereas SP increases permeability and plasma extravasation, 

leading to a local inflammatory response (Edvinsson et al., 1987; Saria, 1984). Peptidergic 

nociceptors also express tyrosine kinase receptor A (trkA), the receptor for nerve growth 

factor (NGF) (Averill et al., 1995; Lawson et al., 2019).  The binding of NGF to trkA 

produces upregulation of neuropeptides and modulates the function of different ion 

channels (such as voltage-gated potassium channels, sodium channels and transient receptor 

potential channels), contributing to chronic pain conditions (Fang et al., 2005; Gould et al., 

2000; Jia et al., 2008; Zhang et al., 2005). 

Figure 6. Neurogenic inflammation and the axon reflex. Activation of peripheral peptidergic nociceptors 

by tissue injury or chemicals (e.g. capsaicin) produces the release of neuropeptides from their peripheral 

endings, which lead to vasodilation and extravasation of immune cells. Molecules released by immune cells bind 

and activate nociceptors, altering the function of nerve terminals and leading to increased firing of action 

potentials. This mechanism contributes to peripheral sensitization. TRP: transient receptor potential; CGRP: 

calcitonin-gene related peptide; SP: substance P; IL: interleukin; TNF: tumour necrosis factor; PGE: 

prostaglandin; GPCR: G-protein coupled receptor; AP: action potential. 
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On the other hand, the so-called non-peptidergic C-nociceptors, lack these neuropeptides 

but can be differentiated as they bind the isolectin B4 from Griffonia simplicifolia B4 (IB4) 

(Nagy & Hunt, 1982; Silverman & Kruger, 1988a, 1988b; Stucky & Lewin, 1999). Most of 

the non-peptidergic neurons express the glial-derived neurotrophic factor family ligand 

receptor Ret and the Mas-related G-protein coupled receptor member D (MrgprD) (Franck 

et al., 2011; Zylka et al., 2005). Some of them also express purinergic receptors such as the 

P2X purinoceptor 3 (Lawson, Fang and Djouhri, 2019). Conditional ablation of MrgprD in 

mouse nociceptors showed that these neurons contribute to the physiological perception of 

mechanical pain (Cavanaugh et al., 2009). Some studies have suggested that IB4+ C-fibres 

would contribute to the affective component of pain, as they project to limbic regions 

(Basbaum & Bráz, 2009).  

Recent studies using RNA sequencing (RNAseq) analysis have identified up to 10 subclasses 

of sensory neurons (Li et al., 2018; Li et al., 2016; Usoskin et al., 2015), including 4 subtypes 

of unmyelinated nociceptors and 1 group of myelinated nociceptors (see Figure 7) (Goswami 

et al., 2014; Thakur et al., 2014; Usoskin et al., 2015). These results pointed out the high 

heterogeneity of nociceptive neurons, most of which share molecular features that 

complicate their study.  

Figure 7. Transcriptomic profile of nociceptors. RNAseq analysis has provided evidence of 3 groups of 

non-peptidergic (NP1-3) neurons and 2 groups of peptidergic neurons (PEP1-2). P2X3: purinergic receptor; 

MRGPRD: Mas-related G-protein coupled receptor member D; TRKA: tyrosine kinase receptor A; RET: glial-

derived neurotrophic factor family ligand-receptor; TRPA: transient receptor potential ankyrin; TRPV: 

transient receptor potential vanilloid; Nav: sodium voltage-gated channel; SST: somatostatin; CGRP: calcitonin 

gene-related peptide; NEFH: neurofilament heavy. (Modified from Usoskin et al., 2015). 
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Transduction in peripheral nociceptors 

According to the respective adequate stimuli, nociceptors can be divided into mechanical, 

chemical, thermal, polymodal and silent nociceptors. The term polymodal refers to the ability 

to respond to several types of physical stimuli, while silent refers to the lack of response to 

any of the above-mentioned stimuli in physiological conditions. Most of the nociceptive C-

fibres are polymodal, whilst Aδ-nociceptors mainly carry mechanical and/or thermal noxious 

information (Cain et al., 2001; Emery et al., 2016; Raja et al., 1988; Schmidt et al., 1995).  

The proteins responsible for detecting a specific type of energy are termed transduction 

molecules. The first description of mechanosensitive channels appeared in 2010 with the 

proteins Piezo1 and Piezo2 (Coste et al., 2010). Although it has been suggested that Piezo2 

is required for mechanosensitivity in sensitized nociceptors, the role of these channels in 

mechanical nociception is unclear (Murthy et al., 2018; Prato et al., 2017; Zhang et al., 2019). 

Acid-sensing ion channels (ASICs) respond to protons and mediate acid-induced 

nociception (see Wemmie et al., 2013 for a review). Most of the knowledge of transduction 

mechanisms refers to temperature, mediated by different members of the transient receptor 

potential (TRP) channel family (Figure 8).  

The TRP superfamily is remarkably diverse, participating in a variety of transduction 

processes. All of them allow the entry of Na+ and Ca2+ into the cell, leading to action potential 

generation. Most of these channels are expressed in both DRGs and TGs from rodents and 

humans (Facer et al., 2007; Manteniotis et al., 2013; Ray et al., 2018; Rostock et al., 2018).   

Transient receptor potential vanilloid 1 (TRPV1) was the first mammalian thermo-

channel characterized, ten years after the identification of the first trp locus encoding the 

Drosophila TRP, which functions as phototransducer (Montell & Rubin, 1989). Vampire bats 

adapted the TRPV1 gene to sense infrared radiation (Gracheva et al., 2011). In the 

mammalian skin and mucous membranes, TRPV1 is widely expressed among small-diameter 

peptidergic nociceptors, in which the molecule acts as a noxious heat sensor. This channel is 

also named the capsaicin receptor, due to its sensitivity to the active substance in chilli 

peppers (Caterina et al., 2000; Caterina et al., 1997; Cavanaugh et al., 2009). TRPV1 is widely 

recognized as a marker molecule of nociceptors. 
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Figure 8. Representation of thermo-sensitive TRP channels expressed in sensory neurons. TRPM8 and 

TRPV1 respond to cold and heat, respectively. Furthermore, TRPA1 and TRPC5 respond to noxious cold 

(<17 ºC), and TRPV3 to noxious heat (>52 ºC). Below each channel, there are natural compounds (and a drawn 

of their origin) that activate them. 

The main transduction molecule for the detection of environmental cold in mammals is 

transient receptor potential melastatin 8 (TRPM8), because knockout mice showed 

reduced avoidance of innocuous cold temperature in the range of 27 and 15°C depending 

on the behavioural assay (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007; Touska 

et al., 2016). TRPM8, also termed the menthol receptor, due to its sensitivity to various 

cooling agents (McKemy, 2007; Peier et al., 2002),  seems also involved in the transduction 

of noxious cold temperatures, however its function overlaps with other ion channels and is 

less clearly resolved (see Viana, 2016 for a review). Neither peptidergic nor non-peptidergic 

mouse DRG nociceptors express TRPM8, and, it also does not colocalize with TRPV1 

(Dhaka et al., 2008; Jankowski et al., 2017). In TGs, TRPM8 is barely co-expressed with 

TRPV1 and CGRP (Abe et al., 2005).  

Transient receptor potential ankyrin 1 (TRPA1) is recognized as noxious cold sensor 

(Karashima et al., 2009; Story et al., 2003). Although its role in physiological cold pain was 

controversially discussed for a long time due to diverging results from different species and 

expression system (reviewed by Viana, 2016), it is clear that human TRPA1 is a cold 

transducer and intrinsically cold sensitive (Moparthi et al., 2014). In mice, synergy of TRPA1 

and TRPM8 seems to confer the avoidance to cool and damaging cold, because mice 
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deficient in both channels have a slowed avoidance behaviour in the entire range of 

temperature from 25 to 5°C, a behaviour which is not observed in the single knockouts 

(Winter et al., 2017). However, this channel also contributes to the detection of painful heat 

(Vandewauw et al., 2018), akin to its role as an infrared sensor in snakes (Gracheva et al., 

2010). TRPA1 is expressed in non-peptidergic nociceptors and highly co-expressed with 

TRPV1 (Barabas et al., 2012; Kobayashi et al., 2005). The channel is activated by several 

compounds, including pungent irritants and spices, like cinnamon, garlic, ginger, horseradish, 

menthol, and mustard oil and proalgesic agents like bradykinin (Jordt et al., 2004; Karashima 

et al., 2007; Takahashi & Mori, 2011).  

The most recent TRP channel to be included in the list of mammalian cold sensors was the 

transient receptor potential canonical 5 channel (TRPC5) (Zimmermann et al., 2011), 

although its role as a cold sensor in physiological and pathological conditions remains 

unresolved and probably happens through adaptation of TRPM8.



Orofacial Pain 

13 

Primary afferents in orofacial pain 

Most of the studies regarding transduction mechanisms have been performed in cutaneous 

nociceptors with cell bodies in the DRGs, but it is usual to observe differences among 

nociceptive populations innervating different tissues. For example, meningeal nociceptors 

are excited by lower intensities of mechanical stimuli than cutaneous nociceptors (Levy & 

Strassman, 2002; Schlegel et al., 2004).  

In general terms, orofacial pain refers to pain felt in the mouth, jaws and the face, but in 

several cases result from caries and dentin hypersensitivity (see West et al., 2013 for a review). 

Dental sensitivity is unique as, in contrast to other structures, stimulation of the teeth only 

produces pain (Jyväsjärvi & Kniffki, 1987). Intense thermal (heat or cold) stimulation applied 

on the intact tooth produces pain, which is used in the clinic to assess the vitality of the 

dental pulp (Jyväsjärvi & Kniffki, 1987; Närhi et al., 1992; Trowbridge, 1985). The most 

effective stimulus to produce pain is cold, which evokes pain in 85% of patients after removal 

of the enamel (Chidchuangchai et al., 2007). Furthermore, 75% of people with dentin 

hypersensitivity refer to pain after cold stimulation (Karim & Gillam, 2013; Miglani et al., 

2010; West et al., 2013). This suggests that teeth are the most cold-sensitive structures in 

humans, hence nociceptors innervating the teeth may present a functional adaptation to cold. 

Although some studies have used microneurography to elucidate oral sensitivity in humans 

only one of these studies evaluated the response to cold directly applied to the teeth and 

showed ~75% of the dental primary afferents responding to cold (Iwata et al., 1991). 

Teeth consist mainly of dentin (produced by odontoblasts) and the dental pulp (see Figure 

9). Each tooth is protected by enamel, which covers the exposed surface and cementum, 

which covers the non-exposed root. The periodontal ligament connects the tooth root with 

the alveolar bone, which is covered with gingiva and the mucous membranes of the mouth. 

The axons of the primary afferents innervating the teeth are located in the dental pulp (Närhi, 

1990). The nerves enter the dental pulp through the root tooth and radiate towards the 

coronal pulp to form the plexus of Raschkow. Most of the axons within the dental pulp are 

unmyelinated (70-90%), and some of them thinly myelinated (Fried et al., 1989; Johnsen & 

Johns, 1978; Paik et al., 2009; Walton & Nair, 1995). However, retrograde labelling of dental 

primary afferent with Fluorogold showed that most of the cell bodies in rats correspond to 

large myelinated fibres (Fried et al. 1989). Hence, it has been proposed that the teeth are 

innervated by myelinated neurons that disengage from their sheath upon arrival to the dental 

pulp and emerge as unmyelinated free nerve endings into the odontoblast layer and the 
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surrounding tubules of the predentin and dentin (Byers, 1985; Cadden et al., 1983; 

Trowbridge, 1985). Accordingly, some unmyelinated axons in the dental pulp showed 

immunoreactivity to myelinated nerves markers (Henry et al., 2012; Paik et al., 2010).  

Figure 9. Tooth structure. The visible part of the teeth is the crown which is covered with enamel. The lower 

part represents the tooth root and is covered with a thinner layer of cementum which is anchored via the 

periodontal ligament in the alveolar bone. Inside of the hard substances is the pulp tissue. Peripheral nerve 

endings are located within the dental pulp and irradiate forming the plexus of Raschkow until they reach the 

odontoblastic layer. The odontoblastic layer is in the outer surface of the dental pulp and presents the cell 

bodies of the odontoblasts, which produce dentin and preserve the dentinal fluid that fills the dentinal tubules 

which harbour the odontoblast processes.  

While transduction mechanisms from cutaneous nociceptors have been revealed in large 

detail as they are more easily accessible to experimental techniques, teeth nociceptors are not 

directly exposed to the external stimuli and the transduction mechanisms are therefore more 

difficult to investigate. Three different mechanisms for the origin of the pain messages in 

teeth have been proposed: 1) neural theory, in which the nerve endings become directly 

activated by external stimuli; 2) the hydrodynamic theory, wherein dentinal fluid movements 

within the dentinal tubules are detected by nerve endings; and 3) the odontoblast transducer 

theory, where odontoblasts themselves serve as pain transducers (see Chung et al., 2013 for 

a review). These theories are represented in Figure 10.  
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Figure 10. Three main hypotheses to explain tooth hypersensitivity. In the neural theory, transducers are 

in the nerve endings. The hydrodynamic theory suggests that movements of the dentinal fluid activate 

mechanoreceptors located in both neurons and odontoblasts. The odontoblast transducer theory proposed that 

noxious stimuli in the tooth activate transducers that are directly located in the odontoblasts, then the signal 

reaches the primary afferent, e.g.  through paracrine signalling processes involving small molecule 

neurotransmitters such as ATP. Modified from (Chung et al., 2013). 

Several ion channels have been reported to be expressed in dental primary afferents and 

odontoblasts of rodents and men (see Solé-Magdalena et al., 2018 for a review). Among 

them, TRP channels are believed to participate in the transduction mechanisms. For example 

different thermal transducers (TRPV1, TRPA1 and TRPM8) have been identified by calcium 

imaging, immunohistochemistry and PCR in odontoblasts from rodents (Okumura et al., 

2005; Sato et al., 2013; Tsumura et al., 2013). Similarly, dental primary afferent neurons 

(DPANs) express TRPV1, TRPA1 and TRPM8 (Kim et al., 2011; Park et al., 2006). In 

humans, odontoblasts express TRPV1, TRPA1 and TRPM8 at protein and mRNA levels 

(Egbuniwe et al., 2014; El Karim et al., 2011), while TRPA1 was also expressed in numerous 

axons branching in the dental pulp (Kim et al., 2012). These channels could also contribute 

to pathological pain, as upregulation of TRPA1 has been observed in trigeminal ganglia 

innervating injured teeth in rodents (Haas et al., 2011) and painful dental pulp in humans 

(Kim et al., 2012).  

Most of the functional studies regarding dental primary afferents have been done in 

dissociated mixed TG neurons in vitro using fluorometric assays (i.e. calcium imaging) and 

they have shown a proportion of neurons responding to cold stimulation (Madrid et al., 2006, 

2009; Thut et al., 2003).  However, it is important to consider that the TG contains neurons 
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innervating not only the skin but very diverse structures such as the teeth, the cornea, and 

the dura mater. Only a few studies have used retrograde labelling to study the expression of 

different proteins in identified DPANs in mice  (Michot et al., 2018), but there is no 

information about the viability of these cells,  something fundamental as the dye used for 

retrograde labelling (Fluorogold) has been described as neurotoxic (Naumann et al., 2000).
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Primary afferents in neuropathic pain 

Neuropathic pain is caused by direct damage to the somatosensory nervous system at the 

peripheral (peripheral neuropathy) or central level (central neuropathy). Up to 7-10 % of the 

population presents neuropathic pain, and the annual cost per patient in terms of medical 

treatment and work force is extremely high (~10,000 €) (Liedgens et al., 2016; Van Hecke et 

al., 2014). Neuropathic pain has different aetiologies, i.e. secondary to diabetes or to infection 

with herpes zoster virus, but most commonly arises from trauma/compression to nerve 

tissues (i.e. carpal tunnel syndrome, trigeminal neuralgia). A traumatic injury (transection) to 

a peripheral nerve, produces the formation of a neuroma (disorganized structure of axons, 

fibroblasts and Schwann cells) at the proximal end of the transected nerve (Ramón Y Cajal 

et al., 2012). Despite the different aetiology, patients share a series of common symptoms, 

so it is postulated that treatment should be based on the sensory profile instead of the 

aetiology (Forstenpointner et al., 2018; Truini et al., 2013; Vollert et al., 2017). This explains 

the need to understand the pathophysiological mechanisms that underlie each of the positive 

symptoms.  

Allodynia is defined as pain due to a stimulus that does not normally provoke pain, whilst 

hyperalgesia is defined as increased pain sensitivity to a stimulus that normally provokes 

pain. Both mechanical and thermal allodynia/hyperalgesia have been described in patients, 

and there are plenty of animal models evaluating and quantifying them. Spontaneous pain 

is among the most frequently reported symptoms by patients (51-90%), but only a few animal 

studies have focussed on it (Attal, 2019; Bouhassira et al., 2005; Bouhassira & Attal, 2018; 

Truini, 2017). 

Spontaneous pain appears in the daily life of patients and is described as pain without an 

apparent cause. Usually, spontaneous pain is referred to as “burning” (or “hot”), and 

“shooting” (or “electrical shocks”, “paroxysmal pain”). Stimulation of C-fibres in healthy 

volunteers evokes a burning pain sensation (Ochoa, 2010), so it is believed that abnormal 

spontaneous activity in C-fibres underlies ongoing burning pain. In accordance, 

microneurography studies in patients with painful neuropathy have shown a direct 

relationship between spontaneous pain and spontaneous firing in C-fibres (Kleggetveit et al., 

2012; Serra et al., 2012). Electric shock-like pain in patients with postherpetic neuralgia or 

carpal tunnel syndrome has been associated with the aberrant activity of non-nociceptive 

Aβ-fibres (Truini et al., 2008, 2009). Focal demyelination of Aβ-fibres might induce high-
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frequency bursts of action potentials in these fibres, interpreted by the CNS as electric shock-

like pain.   

Various animal models of neuropathic pain described the development of spontaneous 

activity in different types of peripheral nerve fibres (Ali et al., 1999; Amir et al., 2005; 

Burchiel, 1984; Study & Kral, 1996; Wu et al., 2001; Wu et al., 2002). Supposedly,  nerve 

damage provokes the development of ectopic spontaneous and/or evoked discharges in 

both axotomized and neighbouring intact fibres, which occurs in both A- and C-fibres (Ali 

et al., 1999; Li et al., 2000; Michaelis et al., 2000; Wu et al., 2001, Bernal et al. 2016, Bernal & 

Roza 2018). 

As neuronal excitability depends on the presence of different ion channels regulating 

membrane potential threshold, hyperexcitability may be explained by altered expression of 

ion channels in peripheral nerves.  

Figure 11. Types of ion channels and transduction molecules located in the cell membrane of a 

nociceptor. In the peripheral nerve endings, there are different transduction molecules (Piezo2, ASIC3) and 

ion channels (e.g. Kv7.2/3/5, HCN, Nav1.7-9). In chronic pain conditions, there is an up or down-regulation 

of these transduction molecules and ion channels that change the membrane excitability, leading to a 

hyperexcitable state. KV: voltage-gated potassium channels, HCN: hyperpolarization-activated cyclic 

nucleotide-gated channels, NaV: voltage-gated sodium channels. 
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Ion channels involved in membrane excitability  

There are several pieces of evidence on the contribution of voltage-gated sodium channels 

(NaV) to neuropathic pain (Devor, Govrin-Lippmann and Angelides, 1993; Matzner & 

Devor, 1994; Roza et al., 2004). Most recently, evidence pointed out the contribution of 

hyperpolarization-activated cyclic nucleotide-gated (HCN) and voltage-gated potassium 

subfamily members KQT (Kv7) channels to spontaneous pain.  These channels are reviewed 

in detail below. 

Hyperpolarization-activated cyclic nucleotide-gated channels 

HCN channels are cation channels permeable to K+ and Na+ that open at voltages near the 

resting membrane potential and are responsible for the Ih current.  There are four isoforms 

(HCN 1-4) with different activation kinetics and sensitivity to cyclic nucleotides, such as 

cyclic adenosine monophosphate (cAMP). cAMP binds to the intracellular cyclic nucleotide-

binding domain (CNBD) located at C-terminal and shifts the conductance voltage curve 

towards positive voltages (see Figure 12). Subtypes HCN2 and HCN4 are very sensitive 

HCN1 is less sensitive to cAMP, and HCN3 is insensitive to cyclic nucleotides (Chen et al., 

2001). HCN channels are expressed mainly in the heart and the nervous system and are 

referred to as ‘pacemakers’ as they underlie pacemaker activity in the sinoatrial node (Santoro 

et al., 2000; Seifert et al., 1999). Within the nervous system, they are vital for normal neuronal 

excitability and become important in pathological states such as pain or epilepsy (Emery et 

al., 2011; Jung et al., 2007).  

Although there is evidence of expression of different HCN subunits in nociceptors, their 

contribution to pain is not fully understood. In small-diameter nociceptors, HCN2 is highly 

expressed with lower expression of HCN4 (Momin et al., 2008). A smaller subgroup 

expresses HCN1 (Chaplan et al., 2003; Momin et al., 2008). Studies in mice demonstrated 

that HCN2 deletion in nociceptors  did  not alter the pain threshold but precluded the 

development of heat hyperalgesia after inflammation and nerve injury (Emery et al., 2011). 

Knockout mice for HCN1 showed less cold allodynia than wild-type littermates in 

neuropathic pain (Momin et al., 2008). Pharmacological block of HCN channels with ZD-

7288 decreased mechanical hyperalgesia in neuropathic pain models (Chaplan et al., 2003; 

Jiang et al., 2008; Luo et al., 2007; Tsantoulas et al., 2017; Young et al., 2014). Furthermore, 

block of HCN channels reduced spontaneous activity in myelinated A-fibres (Chaplan et al., 

2003; Jiang et al., 2008). Using electrophysiology, western blot and immunohistochemistry, 
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we and others have shown up-regulation of functional Ih currents in peripheral nerves after 

nerve injury (Chaplan et al., 2003; Jiang et al., 2008; Mazo et al., 2013).  

Figure 12. Activity of HCN channels in physiological conditions and pathological states. During 

inflammation or nerve injury there is an increase in cAMP concentration, leading to hyperactivity of HCN 

channels. Modified from Emery et al. (2012). 

Several HCN blockers are available, such as ZD-7288 or ivabradine, but these drugs inhibit 

all HCN isoforms with the same potency. As a result, when applied systemically these 

compounds have powerful side-effects on the rhythmic activity of the heart, limiting their 

usefulness for non-cardiac indications such as pain. For this reason, it is important, first, to 

understand the role of each isoform on pain and then, develop isoform-specific compounds 

devoid of side effects.  

Kv7 potassium channels 

Kv7 potassium channels comprise five subunits (Kv7.1-7.5, encoded by KCNQ1-KCNQ5 

genes) and form heteromultimers that underlie the M-currents (IM). When the cell membrane 

potential depolarizes, these channels open and allow passive flow of K+ ions along the 

gradient, out of the cell, which contributes to the repolarization in direction of the resting 

membrane potential of neurons (Delmas & Brown, 2005; Du et al., 2018; Du & Gamper, 

2013; Huang & Trussell, 2011). The inhibition of the channel leads to increased excitability 

in central and peripheral neurons (Wulff et al., 2009). Figure 13 illustrates the effects of Kv7 
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channel modulation. Several years ago, it was reported that KCNQ gene mutations lead to 

peripheral nerve hyperexcitability (Wuttke et al., 2007). 

Figure 13. Potassium channels activity in physiological and pathological conditions. Changes in the 

ability of Kv channels to generate action potentials leads to neurological disfunction. Increases in the frequency 

of firing lead to pathological states of hyperexcitability (e.g. pain, seizures, anxiety), in which Kv channels 

activator restore normal firing. Modified from (Wulff et al., 2009). 

Several studies in rodents have revealed expression of Kv7.2, Kv7.3 and Kv7.5 in DRGs, 

with Kv7.2 as the higher expressed in nociceptors (Passmore et al., 2012; Rose et al., 2011). 

The contribution of these channels to the development of pain has been widely verified. For 

example, inhibition of Kv7channels by intraplantar injection of XE991, a potent and 

selective Kv7 channel blocker, induces moderate pain in rats (Linley et al., 2008). Previous 

studies from our laboratory have shown increased expression of Kv7.2 in nerve-end 

neuromas of mice (Roza et al., 2011). Furthermore, retigabine (a Kv7 channel opener) 

reduced neuropathic pain symptoms (Blackburn-Munro & Jensen, 2003; Djouhri et al., 

2019), maybe due to its ability to abolish ectopic activity (Roza & Lopez-García, 2008).   

In the last decades, the focus on Kv7 as a pharmacological target for different pathologies 

has increased. Nowadays, the World Intellectual Property Organization lists more than a 

hundred patents related to Kv7 channel openers. Among those, retigabine belongs to the 

triaminopyridine family and is a non-selective Kv7 channel opener that targets all except for 

the Kv7.1 subunit (Tatulian et al., 2001). For several years retigabine was clinically approved 

as antiepileptic drug and for the treatment of other neurologic conditions (i.e. tinnitus, 

migraine, and neuropathic pain). However, in 2017, its use was clinically restricted to adjuvant 

therapy due to the high risk of skin discolouration, retinal pigmentation, urinary retention, 
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sedation and changes in heart parameters (Daniluk et al., 2016). Nevertheless, retigabine 

remains a useful research tool in animal pain models and Kv7 channels are interesting targets 

for novel analgesic treatments. 
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The global objective of this thesis focusses on the study of primary afferent nociceptors in 

chronic pain conditions. The thesis has been divided into two sections and the specific 

objectives are explained in detail below.  

Section I 

Orofacial pain is frequently related to cold stimulation of the teeth. However, there is little 

information with respect to the transduction mechanisms in this system, as studies 

performed in TG neurons of mice have not properly identified neurons with peripheral 

terminals in the teeth, probably due to anatomical and technical restrictions. In order to 

identify changes during chronic pain, it is mandatory to understand first cold transduction 

mechanisms in physiological conditions. 

Therefore, we aimed to overcome the difficulties and allow for the identification of TG 

neurons with terminals in the teeth by retrograde labelling from the dental pulp of mice. We 

then examined the expression of TRPM8 in dental primary afferent neurons and evaluated 

the viability of retro-labelled dental neurons by calcium imaging.  

Section II 

Spontaneous pain, the main symptom reported by patients with neuropathic pain, is caused 

by spontaneous activity in peripheral nociceptors. As spontaneous pain is refractory to 

treatments, it is important to identify new pharmacological targets.  

Therefore, using experimental models of peripheral neuropathy in mice, we aimed to 

characterize the effect of pharmacological modulation of HCN and Kv7 channels on 

spontaneous activity in peripheral nociceptors. 
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SECTION I: CHAPTER 1

Fluorescent labeling and 2-Photon imaging of mouse tooth pulp 

nociceptors 
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Introduction
Recent RNA sequencing efforts have revealed substantial 
diversity of functionally distinct neuron subtypes in the pri-
mary sensory system. Based on their unique transcriptional 
fingerprint, 11 types can be distinguished and serve mechano-
reception, proprioception, thermosensation, itch, and nocicep-
tion (Usoskin et al. 2015). Briefly, via single-cell sampling in 
combination with sequencing and grouping of related expres-
sion profiles, cell types can be classified in an unbiased fash-
ion. The resulting catalog of somatic sensation unveiled a 
previously unknown level of complexity devoid of morpho-
logic and functional information. Linking sensory subtype 
classification to functional and organ-specific information can 
be achieved only by direct and unambiguous labeling of neuro-
nal subpopulations. This goal is commonly achieved by retro-
grade labeling with lipophilic carbocyanine dyes, which label 
sensory neuron cell bodies by retrograde transport when 
applied to locally restricted sites of innervation. The dye inter-
calates into nerve terminal membranes or at sites of axonal dis-
continuation; it is transported to the soma by axoplasmic 
transport; and it does not measurably interfere with cell viabil-
ity and physiologic parameters (Honig and Hume 1986, 1989). 
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Fluorescent Labeling and 2-Photon Imaging 
of Mouse Tooth Pulp Nociceptors
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Abstract
Retrograde fluorescent labeling of dental primary afferent neurons (DPANs) has been described in rats through crystalline fluorescent 
DiI, while in the mouse, this technique was achieved with only Fluoro-Gold, a neurotoxic fluorescent dye with membrane penetration 
characteristics superior to the carbocyanine dyes. We reevaluated this technique in the rat with the aim to transfer it to the mouse 
because comprehensive physiologic studies require access to the mouse as a model organism. Using conventional immunohistochemistry, 
we assessed in rats and mice the speed of axonal dye transport from the application site to the trigeminal ganglion, the numbers of stained 
DPANs, and the fluorescence intensity via 1) conventional crystalline DiI and 2) a novel DiI formulation with improved penetration 
properties and staining efficiency. A 3-dimensional reconstruction of an entire trigeminal ganglion with 2-photon laser scanning 
fluorescence microscopy permitted visualization of DPANs in all 3 divisions of the trigeminal nerve. We quantified DPANs in mice 
expressing the farnesylated enhanced green fluorescent protein (EGFPf) from the transient receptor potential cation channel subfamily 
M member 8 (TRPM8EGFPf/+) locus in the 3 branches. We also evaluated the viability of the labeled DPANs in dissociated trigeminal 
ganglion cultures using calcium microfluorometry, and we assessed the sensitivity to capsaicin, an agonist of the TRPV1 receptor. 
Reproducible DiI labeling of DPANs in the mouse is an important tool 1) to investigate the molecular and functional specialization of 
DPANs within the trigeminal nociceptive system and 2) to recognize exclusive molecular characteristics that differentiate nociception in 
the trigeminal system from that in the somatic system. A versatile tool to enhance our understanding of the molecular composition and 
characteristics of DPANs will be essential for the development of mechanism-based therapeutic approaches for dentine hypersensitivity 
and inflammatory tooth pain.

Keywords: TRPM8, TRPV1, retrograde labeling, dental primary afferent, carbocyanine dye, Fluoro-Gold
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In contrast to Fluoro-Gold (FG), carbocyanine dyes allow 
long-term staining of tissue (Honig and Hume 1986) and have 
emissions at variable wavelengths to allow double-labeling 
strategies. Other advantages of carbocyanines are that 1) they 
do not transfer from labeled to unlabeled cells (unless mem-
branes are disrupted), 2) their emission wavelengths are inde-
pendent of tissue pH, and 3) unlike FG, they are not neurotoxic 
(Naumann et al. 2000).

While the methodological basis for retrograde labeling has 
been established for decades (Honig and Hume 1986), the 
labeling of molar teeth and dental primary afferent neurons 
(DPANs) with crystalline DiI have been described only for rats 
(Eckert et al. 1997; Kim et al. 2011). In the mouse, molars can 
hold less dye, and fewer molars can be accessed. Here, we 
aimed to optimize this technique to enable use in the mouse 
and permit access to transgenic animal models for functional 
studies without side effects on physiologic function. We char-
acterized the speed of axonal dye transport to the trigeminal 
ganglion, the numbers of stained DPANs, and the fluorescence 
intensity by using conventional crystalline DiI and NeuroTrace, 
a novel DiI formulation with improved membrane uptake and 
superior staining efficiency. We describe how to achieve reli-
able DiI labeling of DPANs in the mouse, and we illustrate our 
findings with results from cryosections, 2-photon excitation 
microscopy, and calcium microfluorimetry in live cultures of 
trigeminal ganglion (TG) neurons.

Methods

Animals

A total of 19 Wistar rats (40 to 81 d) and 14 C57BL/6J mice (61 
to 121 d) of both sexes were included in the study. One 
TRPM8EGFPf/+ mouse expressing the farnesylated enhanced green 
fluorescent protein (EGFPf) from the TRPM8 locus, (Dhaka et 
al. 2008) was used and genotyped as previously described (Vetter 
et al. 2013). Mice and rats were housed in an in-house open cage 
facility in a 12-h light-dark cycle according to the European 
Parliament Council (directive 2007/526/EG). The animal ethics 
committee and the local district government approved the proto-
col for in vivo surgical interventions. All experiments were con-
ducted in accordance with the guidelines and regulations of 
animal care of the European Parliament Council (directive 
2010/63EU). The study conforms to the ARRIVE (Animal 
Research: Reporting of In Vivo Experiments) guidelines.

Maxillary Molar Surgery

The anesthesia was induced with sevoflurane (Abbot) and 
maintained with 90 mg/kg of ketamine (Ketavet; Pharmacia) 
and 6 mg/kg of xylazine (Rompun 2%; Bayer). Carprofen (4 
mg/kg, Rimadyl; Pfizer) and enrofloxacin (7.5 mg/kg, Baytril 
5%; Bayer) were applied postoperatively after 12 h and every 
24 h for the following 48 to 120 h. The anesthetized animal 
was in supine position, and the mouth was spread open, with 
the head kept in position by retractors and eventually rubber 
bands held by magnetic fixators. Molars were drilled verti-
cally under microscope control until reaching the dentin-pulp 

border. Pulp bleeding, injury, and contamination of the peri-
odontal tissue must be avoided. DiI (1,1′-dioctadecyl-3,3,3′3′-
tetramethylindocarbo-cyanine perchlorate) and NeuroTrace 
DiI were from Molecular Probes. Molar holes were filled with 
the maximal amount of dye and occluded with adhesive and 
resin-based composite. Both were subsequently applied onto 
the intact enamel around the cavity and need to be light cured 
with a halogen 470-nm light source (750 mW/cm2; Translux 
CL) for 15 and 20 s, respectively. The surgical procedure took 
40 min. An appendix with extended surgical procedures is 
available in the online version of this article.

Collection of TGs and Confocal Microscopy

Fourteen mice and 19 rats were euthanized with 50 mg/kg of 
thiopental and perfused with 4% fresh paraformaldehyde 
(PFA) in phosphate-buffered saline (PBS) at the respective 
time points after dye application. Following fixation, the ani-
mal was decapitated, the skull opened, and the brain removed. 
Both TGs were detached from the skull base, with intact 
branches and dura mater surrounding the ganglia. Ganglia 
were stored for 4 h in PFA 4% at 4 °C, washed twice for 30 min 
in PBS, transferred to 30% sucrose in PBS, and stored at 4 °C 
overnight. The TGs were frozen on dry ice with Tissue-Tek 
OCT Compound (Sakura) and cut into 14-µm longitudinal sec-
tions with a cryostat (Leica CM3050S; Leica Biosytems). The 
sections were stained with DAPI and mounted onto poly-l-lysine-
coated glass slides with glycerin-free mounting fluid (Fluoro-
mount; Sigma-Aldrich) and cover slips. The sections were 
micrographed after mounting to prevent dissemination of dye 
through ruptured membranes.

The immunofluorescent images were acquired with a con-
focal laser scanning microscope (LSM 710; Carl Zeiss 
MicroImaging), ZEN 2010 software (Carl Zeiss MicroImaging), 
and ImageJ 1.48. DiI was examined with a rhodamine filter  
(λ = 561 nm), and an FITC filter (493 to 555 nm) was used to 
recognize lipofuscin autofluorescence and to map the overall 
structure of the section. Images were taken with a 20× objec-
tive (0.8 numerical aperture). Images from adjacent sections 
were compared. The fluorescence level (corrected total cell 
fluorescence) was calculated with the following formula: inte-
grated density of the selected cell – (area of the selected cell × 
mean fluorescence of the background readings).

Parameters were extracted from regions of interest edging 
labeled cells and background areas.

Two-Photon Microscopy and 3-dimensional 
Reconstruction

The TRPM8EGFPf/+ mouse was euthanized by cervical disloca-
tion 5 d postsurgery and decapitated. The skull was opened, the 
brain removed, and the skull base preparation exposed to 4% 
PFA overnight. The TG was removed with intact branches and 
mounted in 1.0% low-melting agarose in a plastic-bottomed 
culture dish. Image stacks were acquired with a Zeiss LSM 880 
NLO equipped with a 680- to 1,300-nm tunable and fixed 
1,040-nm 2-photon laser from Newport Spectra-Physics and a 
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20× W-Plan Apochromat objective lens. Fluorophores were 
excited at 1,040 nm (DiI) and 920 nm (EGFPf), and fluoro-
phore emissions were detected with nondescanned GaAsP 
detectors at 575 to 610 nm (DiI) and 500 to 550 nm  (EGFPf). 
To achieve 3-dimensional reconstruction of the ganglion, 646 
Z-slices with 650-nm distance were acquired. Fiji ImageJ was 
used to process the data and the Cell Counter plug-in for 
ImageJ to quantify the cells.

Cell Cultures and Calcium Microfluorimetry

Four mice were euthanized by cervical dislocation 5 d postsur-
gery, and TGs were removed with intact branches. Ganglia 
were transferred in sterile DMEM (Thermo Fisher Scientific) 
and cut into small pieces. DMEM was subsequently replaced 
with combined dispase (Gibco; purchased from Thermo Fisher 
Scientific) and collagenase (Sigma-Aldrich) in TNB medium, 
and the ganglia were incubated at 37 °C and 5% CO

2
 for 45 

min. The cell suspension was then washed with DMEM and 
TNB 100 medium, supplemented with TNB 100 lipid–protein 
complex (Biochrom), 100 µg/mL of streptomycin/penicillin 
(Thermo Fisher Scientific), and 1nM nerve growth factor 7S 
(Alomone Labs). Cell clusters were triturated in TNB to 
achieve a cell suspension, and 100 µL of suspension was applied 
per 1 poly-d-lysine-coated FluoroDish (World Precision Instru-
ments). Dishes were incubated in 1 mL of TNB for 15 to 18 h at 
37 °C and 5% CO

2
, and after 12 to 18 h in culture, neurons were 

loaded with Fura-2AM (Invitrogen). Fura-2AM was dissolved in 
extracellular solution (ECS) containing 145mM NaCl, 5mM 
KCl, 1mM MgCl

2
, 1.25mM CaCl

2
, 10mM Hepes, and 10mM 

glucose; at pH 7.4, the cells were incubated for 30 min and then 
washed for 15 min in ECS. An automated fast solution changer 
designed by V. Vellani (CV Scientific) was used to superfuse 
the cells with ECS, capsaicin (3 µM), and KCl (145 mM). 
Capsaicin sensitivity was considered for an increase in the cal-
cium response, measured as an area under the curve (AUC) 
increase >15% over the AUC of the baseline. For baseline and 
capsaicin response, 120-s time frames were included. The AUC 
was calculated with the following formula, with x representing 
the time and f the amplitude:

AUC f x dx= ( )∫ .

In vivo calcium imaging experiments were made with an 
Olympus IX83 inverted microscope and an Olympus UApoN340 
20x water immersion objective. Fura-2AM-loaded cells (3 µm 
supplemented with 0.02% pluronic dissolved in ECS) were 
excited with a xenon lamp (Lambda DG-4; Sutter Instrument) 
at 340 and 380 nm and the emission examined at 510 nm. An 
ORCA-Flash 4.0 LT digital camera (C11440; Hamamatsu 
Photonics) was used for image acquisition at a rate of 1/s. DiI 
was excited at 556 to 590 nm and examined at 602 to 664 nm.

Data Analysis and Statistics

Data in figures are presented as mean ± SEM. Values in text are 
given as mean ± SD. Unpaired Student’s t tests and 1-way 

analysis of variance were calculated for statistical analysis 
with Statistica 7.1 (Stat Soft). Differences with P values <0.05 
were regarded as statistically significant.

Results
Mouse maxillary bone and molars are less than a quarter of the 
size as those in the rat, and the molars can hold only a fraction 
of the dye harbored in rat molars. Using crystal DiI in the 
mouse maxillary molars, we never succeeded in applying suf-
ficient dye quantities to achieve a fluorescence intensity to 
allow reliable distinction of DPANs from the background. In 
addition, the third maxillary molar in the mouse is inaccessi-
ble. These constraints argue for labeling of fewer mouse 
DPANs with higher overall intensities. We revisited the rat to 
evaluate axonal dye diffusion and fluorescence levels to opti-
mize these parameters.

We evaluated the amount of stained DPANs in the trigemi-
nal ganglion after 48, 72, 96, 120, and 168 h of axonal dye 
transport for DiI crystal and a new DiI gel called NeuroTrace. 
The average number of labeled neurons in the TG increased, 
with longer diffusion times for both formulations. Most DPANs 
were found after 120 h (Fig. 1A): Crystal DiI stained 44 ± 11 
(n = 2 ganglia, 2 rats), 62 ± 66 (n = 4 ganglia, 3 rats), 49 ± 67 
(n = 4 ganglia, 2 rats) and 78 ± 34 (n = 3 ganglia, 2 rats) after 
48, 72, 96, and 120 h, respectively. In contrast, NeuroTrace 
labeled 18 ± 17 (n = 3 ganglia, 3 rats), 19 ± 12 (n = 2 ganglia, 
1 rat), 19 ± 3 (n = 2 ganglia, 2 rats), and 56 ± 14 (n = 3 ganglia, 
3 rats) after 48, 72, 96, and 120 h, respectively. Using paste, we 
also assessed the number of DPANs after 168 h and found 61 ± 
11 DPANs (n = 2 ganglia, 2 rats, not illustrated); presumably, 
120 h represents the most efficient time frame. Both approaches 
yielded similar, not statistically different, results. Nevertheless, 
staining with NeuroTrace appeared more reliable, as it pro-
duced a smaller SD of the sampling distribution (Fig. 1A).

To quantify differences in fluorescence intensity, we 
assessed corrected total cell fluorescence and found that fluo-
rescence obtained with NeuroTrace was statistically (Fig. 1B) 
and visibly (Fig. 1C, D) more intense at almost all diffusion 
times and that it accumulated over time, reaching a peak at 120 h 
(Fig. 1B).

In the mouse, NeuroTrace successfully stained DPANs, and 
the average number of neurons increased with time similar to 
that of the rat (Fig. 2A): NeuroTrace labeled 8 ± 2 (n = 4 gan-
glia, 4 mice), 12 ± 8 (n = 2 ganglia, 2 mice) 23 ± 10 (n = 5 
ganglia, 5 mice) and 31 ± 21 (n = 4 ganglia, 3 mice) after 48, 
72, 96 and 120 h, respectively. Numbers of labeled DPANs per 
ganglion ranged between 1 and 52, with 6 ganglia having no 
labeled DPANs. Because mouse molars contain less fluores-
cent material, the fluorescence intensity remained lower but 
sufficient to allow an unambiguous distinction from back-
ground (Fig. 2B, C). Size distribution histograms of the cross-
sectional area show similar size distributions in rats and mice, 
and the largest proportion of DPANs were small-diameter 
nociceptors (Fig. 2D).

Our quantitative assessment of immunofluorescent detec-
tion focused on the maxillomandibular area. To study the 
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spatial distribution of maxillary DPANs, we reconstructed an 
entire mouse TG from image stacks obtained with a 2-photon 
microscope. Figure 3 illustrates DPANs in a TRPM8EGFPf/+ TG. 
We identified a total of 176 DPANs and mapped the distribu-
tion in the 3 subregions of the TG. Briefly, more than half of 
the DPANs (n = 100, 57%) are located in V3, the mandibular 
division; 38% (n = 67) are contained in V2, the maxillary divi-
sion; and the remaining 5% (n = 9) are spread throughout the 
ophthalmic division. Remarkably, the largest cluster of DPANs 
is aggregated in the anterior part of the mandibular division, 
and it contains the majority—that is, two-thirds of the TRPM8-
containing DPANs (Fig. 3D, E).

Last but not least, we tested whether the staining of mouse 
DPANs with DiI was also appropriate for functional assess-
ment, using in vivo calcium imaging with the ratiometric cal-
cium dye Fura-2AM. In dissociated TG cultures, fluorescent 
DPANs were well discernable (Fig. 4A–C). DiI-labeled cells 
were subjected to stimulation with 3µM capsaicin in ECS. 
Subsequently, high-potassium solution was applied to differen-
tiate neurons from glia (Fig. 4D). The increase in intracellular 

calcium of the DPANs was not different from the nonlabeled 
adjacent neurons (Fig. 4E; P = 0.4, t test)

Discussion
Retrograde labeling of tooth pulp afferents is a key method to 
investigate the properties of tooth nociceptors. Yet, this method 
has been predominantly used in the rat through crystal DiI 
(Taddese et al. 1995; Eckert et al. 1997; Chaudhary et al. 2001; 
Park et al. 2006; Kim et al. 2011; Vang et al. 2012). In the 
mouse, so far only FG was employed successfully and applied 
with pulp access to the 2 front maxillary molars (Lin et al. 
2015) or to the dentinal surface of 1 molar (Chung et al. 2011, 
2012). In contrast to the carbocyanine dyes (Honig and Hume 
1989), FG is neurotoxic (Naumann et al. 2000), but it out-
matches DiI in its brighter and longer-lasting fluorescence and 
its greater uptake by axonal membranes (Schmued and Fallon 
1986), which makes it similar to NeuroTrace and may explain 
why both, in contrast to crystal DiI, allowed successful mouse 
DPAN staining despite the anatomic limitations.

An unexpected finding was the occurrence of the majority 
of maxillary molar DPANs in the mandibular and also, to a 

Figure 2. Retrograde labeling of mouse maxillary dental primary 
afferent neurons (DPANs) with NeuroTrace DiI paste. (A) The mean ± 
SEM number of cells stained per trigeminal ganglion (TG) as a function of 
the DiI diffusion time (15 ganglia were included from 14 mice) is lower 
in the mouse because only 2 instead of 3 molars can be accessed for 
labeling. (B) The fluorescence intensity is significantly lower in mouse 
DPANs as compared with the rat, irrespective of the diffusion time 
(*P < 0.01, t test) because the mouse molars contain less fluorescent 
material. The fluorescence intensity was determined as corrected total 
cell fluorescence (CTCF) and calculated as described in Methods. (C) 
Confocal photomicrograph of a cryosection of a mouse TG with DPANs 
stained with NeuroTrace DiI tissue-labeling paste (arrowheads). (D) 
Size distribution of labeled DPANs in bins per 50 µm2 and determined 
as cross-sectional area for mouse (black) and rat (red). Tooth pulp 
afferents are a highly enriched population of small diameter nociceptors.

Figure 1. Retrograde labeling characteristics of rat maxillary dental 
primary afferent neurons (DPANs) with crystalline DiI and NeuroTrace 
DiI, a new DiI paste composed of an inert water-resistant gel with 
improved membrane penetration properties. (A) Mean ± SEM number 
of cells stained per trigeminal ganglion (TG) as a function of the DiI 
diffusion time (23 ganglia were included from 19 rats). Dye diffusion 
time of 5 d provided the highest amount of fluorescent cells in ganglia 
for both crystal and paste. The reproducibility was superior with the 
paste, resulting in a smaller SEM. (B) Fluorescence intensity of labeled 
trigeminal neurons as a function of the DiI diffusion time for paste (red) 
and crystal (light red). The fluorescence intensity was determined as 
corrected total cell fluorescence (CTCF) and calculated as described 
in Methods. NeuroTrace DiI paste stained the neurons with a higher 
fluorescence intensity, which resulted in a better distinction from 
background than crystal dye at nearly all time points (*P < 0.05, t test). 
(C, D) Confocal photomicrographs of cryosections of TG with DPANs 
labeled with (C) crystal or (D) NeuroTrace DiI tissue-labeling paste 
(labeled cells marked with arrowheads).
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minor extent, the ophthalmic parts of the 
reconstructed TG. One earlier study uti-
lized horseradish peroxidase (HRP) depos-
ited in cat canine dental pulp, and it found 
that innervating neurons were indeed 
occasionally located in the mandibular and 
ophthalmic areas (Anderson and Rosing 
1977); yet, another study described sepa-
rate locations for cell bodies innervating 
lower and upper cat canines in the man-
dibular and maxillary divisions (Arvidsson 
1975). For cat and monkey, a somatotopic 
organization of the trigeminal ganglion, 
foremost for tactile information, is in good 
agreement with earlier physiologic and 
anatomic studies (Kerr and Lysak 1964; 
Beaudreau and Jerge 1968; Lende and 
Poulos 1970). For the rat, chromatolytic 
changes following trigeminal nerve branch 
transection showed that dental afferent 
innervation follows a predominant medio-
lateral but no dorsoventral somatotopic 
pattern (Mazza and Dixon 1972; Gregg 
and Dixon 1973). Our large cluster of 
DPANs identified in the anterior part of the mandibular divi-
sion, with some continuation in the maxillary division, is in 
accordance with this finding. Although species differences 
may account for a progressive reduction of somatotopy in 
rodents, the concept of vertebrate jaw development provides 
an additional convincing explanation for the distribution of the 
DPANs. In the craniofacial developmental program, the upper 
jaw develops as a composite structure, and the ophthalmic 
nerve is not segregated (Higashiyama and Kuratani 2014). The 
rostral part of the upper jaw is derived from the premandibu-
lar domain, which receives innervation from ophthalmic 
nerve branches, while the posterior part arises from the man-
dibular arch, innervated by the maxillomandibular compo-
nent (Higashiyama and Kuratani 2014).

Immunohistochemistry yielded a large variability of DPAN 
cell counts among individual experiments but also in compari-
son with the 3-dimensional reconstruction. Technical short-
comings—including inhomogeneous distribution of different 
dye quantities and, hypothetically, some leak through the root 
apical foramen—may contribute to the observation; previous 
labeling studies based on HRP transport also saw substantial 
variation in DPAN counts, but this concerned the overall 
amount of cells harbored in 1 TG, which is why these are most 
likely highly individual parameters. In 2 studies, the total cell 
number of 1 rat TG ranged between 23,258 and 46,713 
(Aldskogius and Arvidsson 1978) and 40,910 to 62,030 (Gregg 
and Dixon 1973); in the latter study, cell bodies associated with 
maxillary or mandibular molar innervation accounted for ~1% 
of TG cells, as quantified by chromatolysis after root apex 
transection (Gregg and Dixon 1973). Comparable with our 
experiments—in which we observed a 50% failure rate (i.e., 14 
mice with labeled DPANs in at least 1 ganglion were included, 

but in another 14 animals, the surgery yielded no labeled 
DPANs)—a work with HRP in the cat reported a rate of 30% 
failed experiments, with no labeling after HRP exposure 
(Arvidsson 1975). Nevertheless, with the high level of manual 
and technical skills required for this particular surgery in the 
mouse, we consider a 50% success rate a reproducible approach 

Figure 3. Spatial distribution of the dental primary afferent neurons (DPANs) of the first 2 
maxillary molars in the 3 sections of the trigeminal ganglion of a TRPM8EGFPf/+ mouse. The DPANs 
were visualized from a 3-dimensional reconstruction of image stacks obtained with a 2-photon 
laser scanning microscope. (A) Transmitted light photomicrograph of the trigeminal ganglion 
highlighting the ophthalmic (V1), maxillary (V2), and mandibular (V3) sections. (B–D) Two-photon 
laser scanning microscope images of the trigeminal ganglion showing the retrograde-labeled 
DPANs in red (B), TRPM8 in farnesylated enhanced green fluorescent protein (EGFPf; C), and a 
merged view of both images (D). The sections were identified following (Boada 2013).  
(E) Quantification of DPANs with and without TRPM8 in 3 sections of the trigeminal ganglion. An 
appendix with a 3-dimensional view is available online.

Figure 4. Capsaicin sensitivity of mouse DiI-labeled maxillary 
dental primary afferent neurons (DPANs) in TG cultures. (A–C) 
Photomicrographs of mouse TG neurons in cell culture with DiI in 
red discerning the DPANs. (D) Representative calcium transient of 
capsaicin-sensitive and capsaicin-insensitive (3 µM) DPANs depicted as 
ratio. Potassium chloride (KCl, 145 mM) was applied to identify neurons. 
(E) The increase in intracellular calcium in response to capsaicin (3 µM) 
is not different in presence or absence of DiI. Data are from 4 male 
C57BL/6J mice, and ganglia from 2 mice were used for each culture. 
Values are presented as mean ± SEM.
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for DPAN visualization, especially because the number of 
dropouts decreased noticeably with practice and experience. In 
this study, the number of cells with HRP granula was between 
5 and 136 per tooth—quite similar to the variability in our 
hands. Another HRP study estimated 163 cells to innervate 1 
feline canine tooth (Anderson and Rosing 1977) and a third 
one, as much as 199 cells (Pearl et al. 1977). Two previous 
studies with DiI in the rat found that 1) 30 to 50 DPANs are 
labeled, albeit counted in dissociated TG cultures and after 
crystal DiI exposure of all maxillary molar pulps (Taddese et al. 
1995; Eckert et al. 1997) and 2) about 136 ± 58 were counted 
from immunohistochemical analysis in the rat following HRP 
labeling (Sugimoto et al. 1988). In a further study, where 1 rat 
mandibular molar was exposed to HRP, the counted cells 
ranged from 142 to 288 (Aker 1987). Our 2-photon reconstruc-
tion, which we regard as the most accurate method to date, 
identified 176 DPANs from 2 mouse maxillary molars.

Our model is appropriate for morphologic studies using 
immunohistochemistry and functional studies of single cul-
tured neurons, such as patch clamp, calcium microfluorimetry, 
and polymerase chain reaction (Taddese et al. 1995; Cook et al. 
1997; Chung et al. 2011; Kim et al. 2011; Vang et al. 2012). 
The model does rely on the fact that only dental primary affer-
ents appear labeled. Although the tooth constitutes a natural 
barrier, dye leakage and dissemination via the root or disinte-
grated mucosal and periodontal tissue represent a realistic con-
cern, and the periodontal ligament in particular has abundant 
sensory innervation (Arvidsson 1975). In our hands, applica-
tion of dye to bleeding pulp resulted in few or no labeled cells; 
similarly, application to uninjured pharyngeal mucosa yielded 
no staining. Under microscope control, dye leakage and injury 
to the adjacent periodontal ligament/tissue can be excluded. 
Our control experiments are supported by previous findings 
that DiI in the bloodstream does not contribute to labeling and 
that only axons with disintegrated membrane serve to uptake 
dye (Eckert et al. 1997). Nevertheless, a dissemination of dye 
through the root apical foramen into periodontal tissue cannot 
be controlled for but should matter only in case of injury; even 
then, it is highly likely that uptake of the dye in dental pulp and 
root nerves occurs in these cases as well.

In rats, DiI labeling allowed patch clamp recordings and led 
to recognition of the majority of dental primary afferents as 
nociceptors with capsaicin sensitivity and a characteristic 
hump in the action potential shape (Kim et al. 2011). 
Immunofluorescence identified nociceptors as IB4 binding and 
verified expression of TRPV1 and specific ligand-gated ion 
channels for ATP (P2X

2
, P2X

3
). Based on reverse transcription 

polymerase chain reaction, TRPM8, TRPA1, and the nociceptor-
specific sodium channel subtype Na

V
1.8 (Cook et al. 1997; 

Kim et al. 2011; Vang et al. 2012) were detected. In our recon-
struction from a C57BL/6J mouse, we found that 49% of the 
DPANs expressed TRPM8. In contrast, in rat TGs, single-cell 
reverse transcription polymerase chain reaction identified 
mRNA from TRPM8 in 35% of the DPANs. The difference 
may be due to alterations under culture conditions or may be 
species dependent (Kim et al. 2011). Mainly nociceptors and 

only a few Aβ-like DPANs were identified by staining with the 
neurofilament 200 marker in the rat (Vang et al. 2012), which 
also matches the size distribution histogram established in our 
study for both species.

In summary, our study provides first-time evidence that 
specific retrograde labeling from mouse dental afferents is pos-
sible with carbocyanine dyes. We regard the possibility of ret-
rograde labeling of dental afferents in mice as an enabling 
technology. In particular, future studies can now combine the 
strength of transgenic mouse models and single-cell transcrip-
tomics with morphology and functional characterization of 
neuronal subpopulations. Such integrative studies are neces-
sary to recognize the mechanistic basis of how tooth pain seg-
regates from trigeminal, somatic, and visceral pain and to 
support the development of therapeutic approaches for dentine 
hypersensitivity and tooth pain.
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Abstract

Background: Neuropathic pain is thought to be mediated by aberrant

impulses from sensitized primary afferents, and the temporal summation

of the discharges might also influence nociceptive processing.

Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels (Ih

current) generate rhythmic activity in neurons within the central

nervous system and contribute to nociceptors excitability in neuropathic

pain.

Methods: We searched for single fibres with ectopic spontaneous

discharges from an in vitro preparation in mice containing a neuroma

formed in a peripheral branch of the saphenous nerve together with the

undamaged branches.

Results: Both damaged (axotomized) and undamaged fibres (putative

intact) developed ectopic spontaneous activity with different temporal

spike trains: Clock-like, Irregular or Bursts. The Ih current blocker,

ZD7288, significantly suppressed ectopic spontaneous discharges in

nociceptive fibres (3/5 Ad- and 24/31 C-units and 1 nonclassified) by

64%. Additionally, ZD7288 changed the spike patterns of 5/7 Clock-like

and 3/4 Burst units to Irregular. Exogenous cAMP produced a significant

~65% increase in the ectopic firing in 5 Irregular fibres, which was

restored by ZD7288. In six additional fibres (three Clock-like and three

Irregular), exogenous cAMP had no further effect, but co-application

with ZD7288 decreased their discharge by half. These units showed

significant higher levels of discharges than the cAMP-sensitive ones.

Conclusions: Our data suggest that HCN channels modulate ectopic

spontaneous firing in C-nociceptors and shape their temporal patterns of

discharge which will, ultimately, modify the nociceptive message

received and processed by second-order neurons.

Significance: We show an involvement of HCN channels in the

modulation of ectopic spontaneous discharges from C-nociceptors. This

finding exposes a mechanism of nociceptive transmission enhancement

and highlights the clinical relevance of peripheral HCN blockade for

spontaneous pain relief during neuropathy.

1. Introduction

Spontaneous pain, the main symptom reported by

patients with peripheral neuropathies (Truini et al.,

2013; Vollert et al., 2017), seems to originate and

prevail through aberrant spontaneous discharges

fired by peripheral afferents (Baron et al., 2013;

Meacham et al., 2017). The ectopic reorganization of

different Nav and Kv channels renders hyperexcitable

© 2018 European Pain Federation - EFIC� Eur J Pain 22 (2018) 1377--1387 1377
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membranes leading to abnormal firing (Campbell and

Meyer, 2006; Devor, 2006). Among these entities,

experimental evidences point to a fundamental role

of the Ih current in this pathology. The Ih current,

driven by hyperpolarizing-activated cyclic nucleotide chan-

nels or HCN channels, is increased in medium and

large diameter size DRG and trigeminal neurons after

nerve injury (Chaplan et al., 2003; Yao et al., 2003;

Kitagawa et al., 2006). Pharmacological blockade of

HCN channels decreases mechanical hyperalgesia in

different neuropathic pain models (Chaplan et al.,

2003; Luo et al., 2007; Jiang et al., 2008; Young

et al., 2014; Tsantoulas et al., 2017) and reduces

spontaneous activity in myelinated A-fibres after

nerve damage when applied locally (Chaplan et al.,

2003; Jiang et al., 2008).

Hyperpolarization-activated cyclic nucleotide-gated

channels are referred to as ‘pacemaker channels’ as

they underlie rhythmic activity within groups of exci-

table cells. Their activation favours the probability of

subsequent AP firing shaping neuronal responsiveness

and the temporal spike trains of the neuronal dis-

charge (L€uthi and McCormick, 1998). Primary affer-

ent fibres are quiescent unless stimulated, however,

upon nerve damage they became spontaneous and

may exhibit different temporal patterns of discharge

(Tal and Eliav, 1996; Michaelis et al., 2000; Bernal

et al., 2016). A redistribution of HCN channels after

nerve damage would have a decisive influence on

these spike trains. It has long been suggested that both

the magnitude and the quality of pain sensation are

encoded by the temporal summation of the nocicep-

tive discharge (Koltzenburg and Handwerker, 1994;

Cho et al., 2016) and that different responses before

and after a nerve injury might be associated with the

temporal patterns of spontaneous spikes (Sandk€uhler,

1996). However, the relevance of the temporal pat-

terns of ectopic discharges in the nociceptive message

has never been examined in depth before.

Microneurographic studies in neuropathic pain

patients described the presence of spontaneously

active C-fibres, which correlate with the presence of

pain (Kleggetveit and Jørum, 2010; Kleggetveit et al.,

2012; Serra et al., 2012). Although impulse barrage

from sensitized afferents seems relevant during neuro-

pathic pain (Pitcher and Henry, 2008; Haroutounian

et al., 2014), the characterization of the effects of

HCN channel peripheral blockade on ectopic C-fibres

has not been attempted before. To address this ques-

tion, we performed a series of experiments in a mice

model of partial axotomy of the saphenous nerve,

which renders ~20%–30% of the C-fibres sponta-

neously active when examined in vitro, exhibiting

discharge rates suitable for pharmacological studies

(Bernal et al., 2016). We examined the effect of the Ih

blocker ZD7288 on spontaneously active fibres alone

or in combination with an exogenous cAMP donor,

which is a modulator of HCN excitability (Stieber

et al., 2005) known to up-regulate in models of neu-

ropathic pain (Tsantoulas et al., 2017).

2. Materials and methods

2.1 Animals

Adult outbred CD1 female mice (n = 36, body weight

26–55 g) were used. European Union and State legis-

lation for the regulation of animal experiments was

followed, and the local Animal Care Facility and

Regional Government approved the experimental

protocols (project licence: ES280050001165).

2.2 Spared saphenous nerve injury (SSNI)

Nerve-end neuromas were induced by section of one

of the peripheral branches of the saphenous nerves in

28 mice as previously described (Bernal et al., 2016).

Briefly, under deep anaesthesia with isoflurane

(~3.5%–4% in pure O2), the saphenous nerve was

exposed at the mid-thigh level. One of the branches

was dissected free and tightly ligated with 8-0 silk,

and its distal end was inserted in a 2-mm-long sili-

cone tube (0.44 mm internal diameter) to prevent

lateral innervation of surrounding tissue. The incision

was closed. Neuromas were created in both paws.

Animals were housed in groups of four and inspected

periodically for infections or abnormal behaviour.

Mice had access to water and food ad libitum.

Most of the experiments were performed ~4 week

after the surgery (median 27 days, range 15–57).
Mice were killed by cervical dislocation, and the

saphenous nerve with the neuroma attached to the

skin flap was excised and pinned down to a Syl-

gard�-based recording chamber, corium side up. At

the recording chamber, preparations were superfused

with oxygenated synthetic interstitial fluid (SIF, see

composition below) at a rate of 5 ml/min and main-

tained at 32 � 1 °C by means of a Peltier device

(Warner Instruments, Hamden, CT, USA). The sili-

con tube around the neuroma was removed, and the

neuroma was placed into a glass suction electrode.

2.3 Electrical recordings and fibre
characterization

The electrical activity from sensory fibres was recorded

by means of suction microelectrodes engineered from

1378 Eur J Pain 22 (2018) 1377--1387 © 2018 European Pain Federation - EFIC�
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glass pipettes (20–30 lm external tip diameter) filled

with SIF as previously described (Roza and Lopez-Gar-

cia, 2008). The microelectrode tip was carefully placed

in contact to the proximal end of the nerve trunk

under visual guidance using a micromanipulator and

after applying negative pressure. Experiments were

run only when a single fibre was recorded or clearly

differentiated from background discharges based on

spike amplitude and shape.

The microelectrode was left for a minimum of

1 min to record spontaneous activity (which was

defined as a discharge rate >0.03 Hz, 2 spikes/min).

Then, controlled electrical pulses of variable duration

and intensity (0.2–0.5 ms pulse width, maximum

strength 1 mA) were delivered to the neuroma – via

a glass suction electrode or neuroma electrode – or to

the nerve trunk distal to the neuroma – with a bipo-

lar tungsten electrode or field electrode (WPI, World

Precision Instruments, Sarasota, FL, USA) – to iden-

tify the origin of the fibres and classified them as

axotomized or putative intact fibres, respectively.

Mechanosensitivity was explored by gently touch-

ing the neuroma or the skin flap with a smooth-

tipped glass rode (diameter = 0.5 mm). No attempts

were made to establish mechanical thresholds in

order to avoid mechanical sensitization. For those

fibres presenting mechanical receptive fields in the

skin, electrical stimulation was subsequently applied

on the receptive field.

Thermal stimulation was only tested when

recorded fibres presented spontaneous activity. Tem-

perature increments up to ~45 °C or decrements

down to ~15 °C were applied by means of a custom-

designed manual thermal stimulator. Our device

consisted of a small hollow metal cube (~ 9 mm2

contact surface), which allowed circulation of hot or

cold water. The stimuli were ramp-shaped, and the

desired temperatures were reached in ~25 s. The

probe/skin temperature was measured with a ther-

mopar, which was fed to the computer via a temper-

ature controller (Physitemp BAT-12, Physitemp

Instruments, Clifton, NJ, USA).

Electrical signals were recorded by means of a

Dagan EX4-400 amplifier (Dagan, Minneapolis, MS,

USA), digitized at 20 KHz (Power 1401, CED, Cam-

bridge Electronic Design, Cambridge, UK) and stored

for offline analysis. Fibres were classified according

to their conduction velocity into Ad-units (CV >
1 < 16 m/s) or C-units (CV < 0.9 m/s) based on pilot

experiments using whole nerve recordings, which

showed a CV of 0.8 m/s for the C-fibre volley.

When a second preparation from the same animal

was used (within the same day), it was stored in

oxygenated SIF at 4 °C. There were no detectable

differences in results between the first and second

preparations studied.

2.4 Control experiments in intact fibres

In a separate series of experiments performed in

eight mice, the saphenous nerve was dissected in

continuity with the skin flap and placed in the

recording chamber. Electrophysiological recordings

and mechanical/thermal stimulation were performed

following the same protocol described above for

putative intact units.

2.5 Testing the effects of Ih current modulation
on spontaneous activity

ZD7288 (4-ethylphenylamino-1,2-dimethyl-6-methy-

laminopyrimidinium chloride) has been shown to be

a specific HCN channel blocker when used at low

concentration in our experimental conditions (Mazo

et al., 2013). We tested its effect in a proportion of

fibres with ectopic spontaneous discharges. Following

a baseline period of ~30 min in which the fibre

exhibited stable firing, ZD7288 was superfused for

30 min to the whole preparation. To establish

changes in spontaneous activity, the firing frequency

was measured 5 min prior to ZD7288 – baseline –
and compared with the firing frequency for the last

5 min just before washout. A reduction >35% in the

mean instantaneous or peak frequencies of the dis-

charge was considered as an effect. In an additional

set of experiments, we aimed to evaluate the extent

to which the effect of Ih blockade on ectopic sponta-

neous firing could be further modulated by cAMP.

We tested the effects of the cAMP donor 8-bromoade-

nosine 30,50-cyclic monophosphate sodium salt (8-Br-

cAMP) in a proportion of fibres with ectopic sponta-

neous discharges before or after ZD7288 superfusion.

8-Br-cAMP (100 lmol/L) was applied alone (before

ZD7288), in combination with ZD7288 or after

ZD7288 and left for 40 min. The firing frequency of

the fibre was calculated during the last 5 min of per-

fusion. An increase/decrease of 35% in the mean fre-

quency of discharge was considered an effect.

Finally, the effect of ZD7288 was tested in a pro-

portion of cold-responsive fibres with ongoing dis-

charges in skin-nerve preparations obtained from

na€ıve mice.

2.6 Solutions

SIF composition was (mmol/L) as follows: 108 NaCl,

3.48 KCl, 0.7 MgSO4, 26 NaHCO3, 1.7 NaH2PO4,

© 2018 European Pain Federation - EFIC� Eur J Pain 22 (2018) 1377--1387 1379
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1.53 CaCl2, 9.6 sodium gluconate, 5.55 glucose and

7.6 sucrose.

Stock solutions of 10�2 mol/L ZD7288 (Tocris,

Bristol, UK) and 10�3 mol/L 8-Br-cAMP (Sigma-

Aldrich, St. Louis, MI, USA), prepared in ultrapure

water, were stored in aliquots at �20°C. On the day

of the experiment, the drugs were freshly diluted in

SIF to their final concentrations: 10 lmol/L for

ZD7288 and 100 lmol/L for 8-Br-cAMP.

2.7 Data analysis

Waveforms were analysed offline with Spike 2 soft-

ware (CED, Cambridge Electronic Design). Mean fre-

quency of spontaneous discharges was measured

during an undisturbed 5-min period. Autocorrelo-

gram histograms (ACHs) were plotted from the

spikes recorded during that period of time, and con-

tamination of the refractory period (2 ms) after spike

sorting was assessed. Only data obtained from

unequivocally classified units were further analysed.

The pattern of spontaneous activity was established

using the algorithm Gaussian Locking to a free Oscil-

lator (GLO) that allows identification of regularity in

the patterns of spontaneous discharges. Briefly, GLO

analyses the instant frequency of individual spikes to

characterize the regularity of the spike train. This is

determined by the b1 and b2 values (for complete

details, see Ref. (Bingmer et al., 2011)) and the ACH

shape. Some of the neurons were characterized by

the presence of firing grouped in bursts with differ-

ent characteristics that were analysed by a customer

algorithm called Burst Analyser (BAR). BAR is based

on the interspike interval (ISI) obtained from the

spike trains of individual neurons and detects the

spikes that are fired within a burst. This algorithm

allows a characterization of the spike train based on

the proportion of spikes fired within a burst, the

intraburst frequency and the number of spikes per

burst. A fibre that shows at least half of its spikes in

burst was classified as Burst. Fibres with simple

spikes were classified as Clock-Like (b1 < 0.35 and

ACH with at least two peaks) or Irregular (fibres that

did not fit in any of the previous groups). For fur-

ther characterization of the spike patterns, we

assessed ISI distribution and interburst intervals – or

interval between the first spikes of consecutive

bursts – before and after ZD7288.

Statistical analyses were performed in GraphPad

Prism 6.0 (GraphPad Software, San Diego, CA, USA)

on the raw data using t-test or one-way ANOVA, fol-

lowed by a post hoc test when appropriate. The level

of statistical significance was set at p < 0.05. Values

are quoted as mean � standard error of the mean

(SEM).

3. Results

The aim of this work was to understand the contri-

bution of the Ih current in the development of ecto-

pic spontaneous discharge and its role in shaping the

different patterns of ectopic spontaneous discharges

in C-fibre nociceptors after partial damage to the

saphenous nerve. We searched for fibres present

with ectopic spontaneous activity and examined the

effect of ZD7288 alone or in combination with 8-Br-

cAMP on 54 ectopic spontaneously active fibres (48

C-, 5 Ad-fibres and 1 nonclassified) with inputs from

the neuroma (n = 8) or the intact skin (n = 46).

3.1 Characteristics of nociceptors with ectopic
spontaneous discharges

In the SSNI model, ectopic spontaneous discharges

develop in axotomized C-fibres but also in C-fibres

with mechanical inputs from the skin (distant from

the neuroma), which were subsequently named ‘pu-

tative intact’ fibres – see Ref. (Bernal et al., 2016).

The general electrophysiological properties of axo-

tomized fibres (n = 8) and putative intact fibres

(n = 46) presented with ectopic spontaneous dis-

charges are summarized in Table 1.

As shown in Fig. 1, visual inspection of the ectopic

discharges unveils the presence of a variety of tem-

poral patterns. Automatic classification, based on our

algorithms and ISI distribution, defined three groups

(see Fig. 1D). Most of the recorded units (n = 38)

were classified as Irregular, as they presented an

erratic firing pattern during the recording period (see

Fig. 1C). Ten further fibres were classed as Clock-like

as they presented regular discharges (see Fig. 1A).

For analysis and representation purposes, the mean

discharge frequency values are given for these two

groups of units and are presented in Table 2. The

remaining six fibres fired in burst and were classed

as Burst (see Fig. 1B). Since bursts are clusters of

action potentials separated by silent periods, peak

frequencies and interburst intervals described better

this temporal pattern of discharge (Bingmer et al.,

2011). These values are given in Table 2.

3.2 Effects of Ih blockade on ectopic
spontaneous discharges

ZD7288 was applied in a total of 37 fibres with dif-

ferent temporal patterns. The spontaneous activity

was significantly reduced in most of the fibres tested
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(28/37) without affecting their conduction velocity

(0.52 � 0.03 vs. 0.52 � 0.03 m/s, n = 15, p = 0.98).

The effects were similar among the axotomized and

putative intact population and also between the C-

and Ad-fibres. Hence, for clarity and readability pro-

poses, the effects of ZD7288 are shown separately for

each of these temporal patterns (see Fig. 2).

ZD7288 significantly reduced by 61% the mean

discharge (from 0.40 � 0.15 to 0.20 � 0.10, n = 3/5

Ad- and 14/21 C-fibres) of the Irregular units. For

the Clock-like units, the mean discharge was

reduced by 64% in the seven fibres tested (from

0.46 � 0.07 to 0.15 � 0.03, six C-fibres and one

nonclassified). Moreover, ISI was significantly

increased in all of them (from 2.29 � 0.04 to

6.6 � 0.34 s) and five of the units became irregular.

The peak discharge of the Burst units was reduced in

the presence of ZD7288 (from 12.47 � 3.22 to

4.32 � 3.11, n = 4 C-fibres), which, in addition,

increased Interburst intervals in two of the units and

impaired bursting in the remaining two (Fig. S1).

Fig. 3 shows a representative example of the effect

of ZD7288 in fibres with different patterns of dis-

charge.

Table 1 Electrophysiological properties of fibres with ectopic spontaneous discharges.

Origin of the fibres C-fibres Ad-fibres Non-classified

Axotomized (n = 8) 6 2

Conduction velocity (m/s) 0.51 � 0.07 3.32 � 1.46

Mechanical stimulation of the neuroma 6 (100%) 2 (100%)

Putative intacts (n = 46) 42 3 1

Conduction velocity (m/s) 0.49 � 0.02 5.56 � 2.12

Without response to natural stimuli 3 (8%) 1 (33%)

With responses to natural stimuli

Mechanical 17 (40%) 2 (67%)

Heat-Cold 1 {20 & 40 °C} (2%)

Mechano-Heat 17 {41 °C} (40%)

Mechano-Cold 2 {21 °C} (5%)

Mechano-Heat-Cold 2 {25 & 42 °C} (5%) 1 {20 & 40 °C}

Numbers in brackets refers to thermal threshold and in parenthesis percentage of fibres.

A B C

D

Figure 1 C-nociceptors exhibit different temporal patterns of spontaneous ectopic discharges after peripheral nerve damage. (A) shows the typi-

cal regular spike train of a Clock-like unit (C-mechano putative intact fibre, CV: 0.60 m/s, mean frequency: 0.65 Hz). Note that all spikes are fired at

a similar interspike interval around 1 s. The inset expands a minute of the recorded trace to appreciate the regularity. (B) shows an example of a

Burst unit (C-mechano-heat putative intact fibre, CV: 0.30 m/s, peak frequency 3.9 � 0.39 Hz, interburst interval of 14.17 � 0.96 s), which accord-

ing to DER had 91% of the action potentials fired within a burst. The inset expands a minute of the recorded trace to appreciate individual bursts.

(C) shows an example of an Irregular unit (C-mechano axotomized fibre, CV: 0.41 m/s with a mean firing rate of 0.10 Hz). The activity of the fibres

is presented as the original recordings (mV) and as and ISI plot in a logarithmic y-scale (Log ISI). (D) ISI distribution for the CL (blue), Burst (black)

and Irregular (red) fibres abovementioned.
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In a separate series of control experiments, we

probed for the presence of C-mechano-cold nocicep-

tors (C-MC), which, although rare, might exhibit

ongoing activity at physiological temperature (Zim-

mermann et al., 2009). A total of 50 fibres were

recorded from na€ıve skin-nerve preparations (18 A@-

and 32 C-units, with mean conduction velocities of

3.66 � 0.66 and 0.50 � 0.03 m/s, respectively). Only

three C-units that responded when the temperature

of their receptive fields was lowered (mean threshold:

21 � 2 °C) presented ongoing irregular discharges.

The spontaneous firing of these C-MC fibres was unal-

tered in the presence of ZD7288 (from 0.36 � 0.25 to

0.26 � 0.15 Hz, p > 0.05, data not shown).

Together, these results demonstrate that functional

HCN channels play a key role in the generation of

the ectopic spontaneous discharges after axotomy,

but their contribution in shaping the temporal pat-

terns of discharge on pain fibres made them attrac-

tive elements to understand neural coding and

peripheral discharge impact on central sensitization.

3.3 Ih modulation with 8-Br-cAMP had
differential effects on ectopic spontaneous
activity

To decipher which subunit could be involved in the

development of ectopic spontaneous activity, we

evaluated the impact of cAMP of the ectopic

discharges using the permeable hydrolysis-resistant

cAMP analog 8-bromoadenosine 30,50-cyclic mono-

phosphate (8 Br-cAMP, 100 lmol/L) in 14 C-units

with spontaneous activity and different temporal pat-

terns.

In five Irregular units, 8-Br-cAMP increased the

mean discharge by ~65% (from 0.12 � 0.03 to

0.19 � 0.04 Hz) and this effect was reversed by

ZD7288 in all of them (to 0.12 � 0.04 Hz). In the

remaining nine fibres, 8-Br-cAMP was devoid of effect

on mean instantaneous frequency. However, upon

application of ZD7288, the ectopic firing was reduced

by ~48% (from 0.54 � 0.1 to 0.28 � 0.06 Hz) in

three Irregular and three Clock-like (for analysis and

presentation purposes, the data of these two groups

have been plotted together, see Fig. 4A). The remain-

ing three units with irregular patterns were unaffected

by any of the compounds and might represent a popu-

lation of neurons, in which spontaneous discharges

are independent of functional HCN, in accordance

with the data presented above in point 3.2.

In a group of the units tested with ZD7288 (see Results

3.2 above), 8-Br-cAMP was co-applied immediately after

to assess whether the described excitatory effects were

mediated via HCN channels. In six units, the inhibition

of the spontaneous activity by ZD7288 was maintained

upon application of 8-Br-cAMP (100 lmol/L). The

Table 2 Number units and their discharge frequency (in Hz) according to their temporal spike patterns.

Spike-train patterns

Axotomized Putative intacts

Non-classifiedC-fibres A-fibres C-fibres A-fibres

Irregular (Inst. Fq.) 0.19 � 0.04 (n = 5) 1.35 � 1.24 (n = 2) 0.26 � 0.05 (n = 28) 0.11 � 0.04 (n = 3)

Clock-like (Inst. Fq) 0.26 (n = 1) 0.60 � 0.08* (n = 8) 0.37 (n = 1)

Burst (n = 6)

Inst. Fq. 0.78 � 0.16

Peak Fq. 19.52 � 8.03

Intraburst Fq. 2.48 � 0.53

Interburst Fq. 0.16 � 0.01

Spikes/burst 12 � 1.62

Inst. Fq., instantaneous frequency.

*p < 0.05 Mann–Whitney test Clock-like versus Irregular.

A B C

Figure 2 The graphs show the effect of ZD7288 (10 lmol/L) on the mean frequency of discharge for Irregular (A, n = 17), Clock-like (B, n = 7) and

Burst (C, n = 4) fibres. White circles accounts for axotomized fibres, and black circles account for putative intact. *p < 0.05, Wilcoxon matched pairs.
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effects were similar for the three Irregular and one

Clock-like unit (0.38 � 0.1 Hz control, 0.13 � 0.04

ZD7288 and 0.1 � 0.03 Hz ZD7288 + 8-Br-cAMP,

n = 4, shown in Fig. 4B) and for the two Burst units

which peak discharges dropped from 17.42 � 0.5 to

7.92 � 5.66 Hz with ZD2788 and to 4.23 � 2.82 Hz

with ZD7288 + 8-Br-cAMP (data not shown).

In terms of cAMP sensitivity and levels of spontaneous

discharges, our data suggest the presence of, at least, two

population of fibres, which might present a differential

expression in their HCN subtype composition.

4. Discussion

In our study, we have shown that the blockade of HCN

channels reduces ectopic spontaneous discharges in a

large population of C-fibres innervating experimental

neuromas as well as in neighbouring C-fibres innervat-

ing intact skin. We have also shown that HCN channels

help to shape the temporal patterns of the ectopic

spontaneous discharges, consequently adjusting the

nociceptive processing of second-order neurons. The

sensitivity to 8-Br-cAMP suggests differential expres-

sion and/or functionality of HCN channels at the site of

damage.

4.1 Role of HCN in the development of ectopic
spontaneous discharges

In our experiments, the pan-HCN blocker ZD7288

applied at 10 lmol/L significantly inhibited ectopic

spontaneous discharges in a large percentage of the

examined nociceptive fibres (3/5 Ad- and 24/31 C-

units). These results are in agreement with previous

A

B

C

D

Figure 3 HCN channel blockade alters the firing pattern of sensitized C-nociceptors. (A) shows the recordings of spontaneous activity of three fibres

recorded within the same filament before (left panel) and after application of ZD7288 (right panel). Fibre 1 is a nonclassified Clock-like unit (mean dis-

charge frequency: 0.37 Hz). Fibre 2 is a C-mechano-heat Burst unit, which according to DER has 95% of the action potentials fired within a burst (peak

frequency: 11.58 � 1.12 Hz and interburst interval: 9.53 � 0.37 s). Fibre 3 is a C-heat-cold Irregular unit (mean discharge frequency: 0.48 Hz). Note

that ZD7288 reduced the discharges and changed the temporal patterns of fibres 1 and 2. The activity is presented as the original recordings (mV) and

as ISI plot in a logarithmic y-scale (Log ISI). Gap [] represents a ~30-min interval. (B) The upper graph shows the template shapes of the sorted spikes

plotted superimposed in a 5-min period (fibre 1: blue, fibre 2: green and fibre 3: red). The bottom panel shows the three clusters clearly differentiated

upon using principal components analysis (PCA) in Spike 2. (C) ISI distribution before (black) and after ZD7288 (red). (D) Representation of the prepara-

tion with the mechanical receptive field of fibre 2 indicated by the grey circle. The black rectangle represents the neuroma.
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data describing an inhibitory effect of locally adminis-

trated Z7288 on ectopic spontaneous discharges from

myelinated A-fibres recorded in vivo after peripheral

nerve damage or inflammation (Chaplan et al., 2003;

Jiang et al., 2008). Similarly, single axotomized C-

axons recorded in vitro exhibited a marked reduction

in the conduction velocity evoked by repetitive elec-

trical stimulation, which was largely dependent on

up-regulation of functional Ih currents (Mazo et al.,

2013). These observations point out an increased

expression of functional HCN channels at the site of

injury and/or along the peripheral nerve in both fast

and slow conducting primary afferents (Chaplan

et al., 2003; Jiang et al., 2008; Mazo et al., 2013;

Young et al., 2014), which, based on our observa-

tions, is not restricted to the damaged neurons. These

changes are likely to influence central processing. For

example, a recent study in diabetic mice showed an

increased c-fos expression in second-order neurons,

which was reversed upon pharmacological blockade

of peripheral HCN channels and by deleting HCN2

channels in small nociceptive neurons (Tsantoulas

et al., 2017). This would suggest that ongoing activity

from C-fibres is enough to trigger central sensitization.

Here, we show for the first time the involvement of

HCN channels in the development of ectopic sponta-

neous discharges in C-nociceptors. In the context of

neuropathic pain, it is to note that spontaneously

active C-fibres correlates with the presence of pain in

patients (Kleggetveit and Jørum, 2010; Kleggetveit

et al., 2012; Serra et al., 2012).

The conduction velocity of the fibres was unal-

tered, which suggests that the action of ZD7288 was

devoid of unspecific effects on Nav channels (Wu

et al., 2014). Furthermore, in similar experimental

conditions, compound action potentials of A- and C-

fibres recorded from intact nerves were unaffected

by concentrations of 100 lmol/L ZD7288 (Mazo

et al., 2013).

4.2 Role of HCN in neural coding in peripheral
nociceptors

One of the most interesting observations in this

report is the description of different patterns of dis-

charge recorded extracellularly from C-nociceptors,

comparable to those described in the spinal cord

(Roza et al., 2016). Similar patterns of discharge

have been already described in large myelinated

fibres after axotomy (Tal and Eliav, 1996; Michaelis

et al., 2000). Our data show for the first time that Ih

currents play a role in shaping the temporal patterns

of discharge in C-nociceptors, unequivocally altering

the message received and processed at the spinal

cord. Since 1926, the basic coding element of a neu-

ral code was established as the number of spikes

fired in a fraction of time (Adrian and Zotterman,

1926a,b). However, it has long been accepted that a

much more complex code arises when neurons are

able to emit temporal patterns of spikes whose tim-

ing is reliable on a short timescale (Fellous et al.,

2004). It is remarkable that spike patterns are con-

served in homologous regions across species (Mochi-

zuki et al., 2016), suggesting a key role of spike

trains in neuronal coding. Unfortunately, data on

the role of primary afferents’ firing patterns in neu-

ral coding have been barely reported (Orio et al.,

2012).

About ~20% of the C-fibres exhibited a pattern of

regular discharges, which resembles pacemaker-like

activity. Remarkably, by blocking HCN channels, the

A

B

Figure 4 (A) Application of 8-Br-cAMP (100 lmol/L) revealed the pres-

ence of fibres with different sensitivity to exogenous cAMP which, in

addition, was correlated with the basal levels of spontaneous dis-

charges (#p < 0.05, Mann–Whitney test). Note that exogenous cAMP

was unable to further excite the group of units with significantly

higher rates of ectopic Clock-like or Irregular discharges (n = 6) but

increased the discharge in those with lower rates (n = 5 Irregular

units). Co-application of 8-Br-cAMP with ZD7288 (10 lmol/L) reduced

the discharge firing to a similar degree (~55%) in both groups of fibres,

reaching basal levels in the exogenous cAMP-sensitive group

(*p < 0.05, one-way ANOVA). (B) The effect of 8-Br-cAMP is likely

HCN-specific as it was devoid of effect when HCN channels were previ-

ously blocked by ZD7288. The graph shows the inhibitory effect of

ZD7288 on the mean frequency of discharge of four individual noci-

ceptors (one Clock-like and three Irregular fibres, *p < 0.05, One-way

ANOVA).
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regular pattern of pacemakers was modified to an

irregular spiking mode. An attractive aspect of the Ih

current is its widespread contribution to the genera-

tion of ‘pacemaker’ potentials in several nuclei of the

CNS where it contributes to the generation of rhyth-

mogenic behaviours of neural networks (L€uthi and

McCormick, 1998). We proposed that the presence of

Ih currents is also responsible for the rhythmic activ-

ity of the Clock-like C-nociceptors, which develops

after nerve damage. The regular patterns of discharge

from cold-sensitive corneal endings depend on the

expression of functional Ih currents (Orio et al.,

2012). Although the physiological relevance of these

patterns is still unclear, in terms of coding, regular fir-

ing can be advantageous because downstream neu-

rons achieve higher signal-to-noise ratio (i.e. regular

firing would be more efficient than irregular firing in

transmitting nociceptive message to the relay neurons

in the spinal cord). For example, the percentage of

dorsal horn neurons with Clock-like patterns and

high rates of spontaneous discharge were significantly

increased after peripheral nerve damage, a likely indi-

cator of central sensitization (Roza et al., 2016).

A small proportion of the C-fibres (~12%) showed a

pattern of ectopic spontaneous discharges in bursts of

low intraburst frequency but peak discharges of

~20 Hz. We also observed that HCN blockade rendered

some of those fibres nonbursty. Early studies already

showed that a small proportion of spontaneous activity

in forms of burst in Ab-fibres after nerve injury were

modified by ZD7288 (Jiang et al., 2008). In neural

coding, a burst of action potentials increases the possi-

bility of neurotransmitter release in comparison with

single spike firing, i.e. favouring message propagation

– see Ref. (Lisman, 2011) for a review. For example,

burst patterns of activity can produce synaptic plastic-

ity in hippocampal neurons (Huerta and Lisman,

1995). In our context, burst of activity from C-noci-

ceptors would favour integration of nociceptive infor-

mation by second-order neurons, hence potentiating

central sensitization (Roza et al., 2016).

4.3 HCN subtypes involved in the generation of
ectopic spontaneous discharges

The four members of the HCN family (HCN1 to HCN4)

form homo- or heterotetramers yielding Ih current

with different activation kinetics and sensitivity to cyc-

lic nucleotides (Chen et al., 2001; Stieber et al., 2005).

HCN1 and 2 are the dominant isoforms expressed in

sensory neurons (Moosmang et al., 2001; Chaplan

et al., 2003; Momin et al., 2008; Acosta et al., 2012),

but it is generally accepted that HCN2 has a relevant

role in the development of positive neuropathic pain

symptoms, as HCN2 deletion from Nav1.8 expressing

nociceptors completely precluded the development of

mechanical and thermal hyperalgesia in experimental

models of neuropathic pain (Emery et al., 2011; Young

et al., 2014; Tsantoulas et al., 2017).

In the presence of cAMP, HCN2 subunit shifts

towards more positive membrane potentials, whilst

HCN1 remains unaltered (Stieber et al., 2005). The

effect of the exogenous cAMP donor 8-Br-cAMP on

the aberrant spontaneous activity in our experimen-

tal model revealed the presence of two types of units

within those present with HCN channels (sensitive

to ZD7288). Around 45% of them were sensitive to

cAMP, in agreement with the expression of HCN2.

In the remaining fibres, cAMP had no effect, which

could be explained by the expression of functional

HCN1. However, as this group of C-fibres showed

significantly higher rates of discharge and included

all of the Clock-like units, it could be possible that

they present HCN2 channels already modulated by

elevated levels of endogenous cAMP, as it has been

described to occur after peripheral nerve damage

(Allodi et al., 2012) and diabetic-induced neuropa-

thy (Tsantoulas et al., 2017).

We believe that our results suggest the presence of

different HCN subunits at the site of damage, which

would influence differently the levels of spontaneous

discharges but also adjust the temporal trains. For

example, both HCN1 and HCN2 determine firing

patterns from cold-sensitive endings in the cornea

(Orio et al., 2009, 2012).

4.4 Role of HCN channels in neuropathic pain

As one of the characteristic symptoms in patients

with peripheral neuropathies is the development of

spontaneous pain (Vollert et al., 2017), blocking

aberrant ongoing activity from irritable C-nociceptors

should prevent the onset of neuropathic pain. The

data presented here, together with previous observa-

tions (Chaplan et al., 2003; Jiang et al., 2008; Mazo

et al., 2013; Young et al., 2014; Tsantoulas et al.,

2017), support a peripheral accumulation of func-

tional HCN channels at the site of injury, which con-

tributes to generation of aberrant spontaneous

discharges in axotomized and putative intact C-

fibres. As Ih current also determines the specific

temporal patterns of the ectopic discharges in noci-

ceptors, peripheral blockade of HCN channels would

also affect spike-time-dependent plasticity in second-

order neurons (Caporale and Dan, 2008; Poo and Bi,

2016).
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Altogether, Ih seems as a valuable peripheral tar-

get worth exploring for the clinical treatment of

spontaneous pain of neuropathic origin. Moreover,

studying HCN modulation would provide interesting

tool to understand the neural coding in peripheral

nociceptors. In this regard, the evaluation of poten-

tial analgesics should include an evaluation of the

effects on the temporal spike patterns as well as

effects on total discharge.
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Figure S1. Effect of ZD7288 (10 lmol/L) on the percent-

age of spikes in trains (A), number of trains (B), intra-burst

mean frequency (C) and inter-burst interval (D) from the

4 burst fibres tested. Note in A and B that two fibres

stopped firing in bursts and only their basal activity is rep-

resented in C and D.

© 2018 European Pain Federation - EFIC� Eur J Pain 22 (2018) 1377--1387 1387

L. Bernal, C. Roza Ih and discharge patterns in sensitized C-nociceptors

45



46



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SECTION II: CHAPTER 2 

 

Spontaneous activity in C-fibres after partial damage to the saphenous 

nerve in mice: Effects of retigabine 

  

47



ORIGINAL ARTICLE

Spontaneous activity in C-fibres after partial damage to the
saphenous nerve in mice: Effects of retigabine
L. Bernal, J.A. Lopez-Garcia, C. Roza

Dpto. Biolog�ıa de Sistemas, Edificio de Medicina Universidad de Alcal�a, Alcal�a de Henares, Madrid, Spain

Correspondence

Carolina Roza

E-mail: carolina.roza@uah.es

Funding sources

This study was supported by the Spanish

Government (BFU 2012-37905) and Universi-

dad de Alcal�a (CCG2014/BIO-020).

Conflicts of interest

None declared.

Accepted for publication

17 December 2015

doi:10.1002/ejp.858

Abstract

Background: Spontaneous pain is the most devastating positive

symptom in neuropathic pain patients. Recent data show a direct

relationship between spontaneous discharges in C-fibres and

spontaneous pain in neuropathic patients. Unfortunately, to date there

is a lack of experimental animal models for drug testing.

Methods: We recorded afferent fibres from a new experimental model

in vitro. The preparation contains a neuroma formed in a peripheral

branch of the saphenous nerve together with the undamaged branches,

which maintain intact terminals in a skin flap.

Results: Fibres with stable rates of ectopic spontaneous discharges were

found among axotomized (5 A- and 18 C-fibres, mean discharge

0.48 � 0.08 Hz) and ‘putative intact’ fibres (12 C-fibres, mean discharge

0.28 � 0.08 Hz). A proportion (~9%) of axotomized fibres had

mechanical receptive fields in the skin far beyond the site of injury.

Collision experiments demonstrated that action potentials evoked from

neuroma and skin travelled by the same fibre, indicating functional

cross-talk between neuromatose and putative intact fibres. Retigabine,

the specific Kv7 channel opener, depressed spontaneous discharges by

70% in 15/18 units tested. In contrast, responses to mechanical

stimulation of the skin were unaltered by retigabine.

Conclusions: Partial damage to a peripheral nerve may increase the

incidence of spontaneous activity in C-fibres. Retigabine reduced

spontaneous activity but not stimulus-evoked activity, suggesting an

important role for ion channels in the control of spontaneous pain and

demonstrating the utility of the model for the testing of compounds in

clinically relevant variables.

What does this study add?: Our in vitro experimental model of

peripheral neuropathy allows for pharmacological characterization of

spontaneously active fibres. Using this model, we show that retigabine

inhibits aberrant spontaneous discharges without altering physiological

responses in primary afferents.

1. Introduction

Chronic damage to a peripheral nerve commonly

results in spontaneous pain and mechanical allodynia

(Truini et al., 2013). These positive sensory symptoms

are thought to be produced by ectopic activity origi-

nated at the site of injury and/or at the neuronal soma

of both injured and their adjoining uninjured fibres.

This persistent aberrant activity from the periphery

triggers and maintains central sensitization (Campbell

and Meyer, 2006). As most forms of neuropathic pain

are refractory to analgesic treatments, there is an

urgency to explore new targets for pain therapy.

© 2016 European Pain Federation - EFIC� Eur J Pain �� (2016) ��–�� 1
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Recent reports have established a direct relation-

ship between the occurrence of spontaneous pain

and the presence of C-fibres with spontaneous activ-

ity in neuropathic patients (Kleggetveit et al., 2012;

Serra et al., 2012). Besides, most electrophysiological

characterization of fibres recorded from different ani-

mal models includes a proportion of units with spon-

taneous discharges from both damaged and

neighbouring intact branches (Wu et al., 2001;

Gorodetskaya et al., 2003; Amir et al., 2005; Djouhri

et al., 2006; Hulse et al., 2010). However, the low

proportion of spontaneous C-fibres as well as their

low and/or irregular firing frequency have precluded

the possibility of performing proper pharmacological

studies. For example, in our hands, different sets of

data obtained from the saphenous nerve-end neu-

roma in mice generated small proportions of sponta-

neously active C-fibres (~5–10%) generally with

firing rates below 0.01 Hz (Roza et al., 2003, 2006;

Roza and Lopez-Garcia, 2008; Mazo et al., 2013).

Still, the peripheral input after nerve damage

seems crucial in the maintenance of neuropathic

pain. In experimental neuropathic rats, dorsal horn

hyperexcitability was reversed by application of lido-

caine along the peripheral damaged nerve (Pitcher

and Henry, 2008). Consistently, a recent study

showed that peripheral nerve block resulted in com-

plete abolition of spontaneous pain in neuropathic

patients (Haroutounian et al., 2014). The ectopic

incorporation of Nav and Kv channels at the site of

injury or at DRG cells has been proposed to underlie

abnormal hyperexcitability following axonal damage

(Campbell and Meyer, 2006; Devor, 2006); hence,

targeting specifically molecules responsible for the

hyperexcitability in the primary afferents may be a

promising strategy for the treatment of neuropathic

pain. For instance, the IM current enhancer retiga-

bine showed a strong inhibitory effect on ectopic

discharges from neuromatose endings (Roza and

Lopez-Garcia, 2008) and reduced excitability in

unmyelinated fibres from human patients suffering

from vascular disease or polyneuropathy (Lang et al.,

2008).

In the clinic, partial nerve injuries are more fre-

quently seen than complete denervation, and most

of the knowledge about neuropathic pain arises from

models of partial injury, particularly performed at

the sciatic nerve (Toia et al., 2015). In this context,

we have developed an in vitro model comprising of a

skin-flap attached to the intact saphenous nerve

except for one of its terminal branches, which had

been previously sectioned to produce a neuroma. As

motor integrity remains, bilateral manipulations can

be performed in the same animal.

2. Materials and methods

2.1 Animals

Adult outbred CD1 female mice (n = 27, body

weight 25–49 g) and breed at the University Animal

House were used (the animals came from Harlan,

Spain). European Union and State legislation for the

regulation of animal experiments was followed. All

experimental protocols were approved by the

University of Alcala Committee on Animal Research

and the Regional Government (project licence:

CEI:2011/01/CEI01/20111209).

2.2 Creation of a neuroma by section of a
branch of the saphenous nerve

Nerve-end neuromas were produced by total section

of one of the peripheral branches of the saphenous

nerve. The surgeries were performed under sterile

precautions and deep anaesthesia with isoflurane

(~3–3.5% in pure O2). In the absence of withdrawal

reflexes, a small incision was made in the skin at the

level of the mid-thigh to expose the saphenous

nerve. One of the peripheral branches was dissected

free and tightly ligated with 8-0 nylon monofila-

ment, and its distal end was inserted in a 1.5-mm-

long polyethylene tube (0.44-mm internal diameter)

to prevent lateral innervation of surrounding tissue.

The neuromas were created in both paws, however,

in ~5% of the paws, none of the peripheral branches

could be clearly separated without damaging nearby

branches and axotomy was discarded. The incision

in the skin was closed with silk 5-0 sutures and

Betadine� was topically applied. The total duration

of the surgery was ~20 min per mouse, and the

recovery from anaesthesia was completed in ~5 min.

The animals were housed in groups of 4 and given

access to food and water ad libitum. The animals

were inspected periodically for infections, weight

lost, abnormal behaviour or autotomy.

2.3 Surgical extraction and maintenance of the
neuroma-skin flap

Experiments were performed 16–53 days after neu-

roma induction (mean 28 days). Mice were killed by

cervical dislocation, and the saphenous nerve

together with the neuroma and the skin flap were

excised and pinned down to a Sylgard�-based
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recording chamber, corium side up. The silicon tube

around the neuroma was carefully removed and the

neuroma was placed into a glass suction electrode

which diameter was adjusted to produce minimal

mechanical stimulation of the neuroma. At the

recording chamber, preparations were superfused

with oxygenated synthetic interstitial fluid (SIF,

composition – in mmol/L: 108 NaCl, 3.48 KCl, 0.7

MgSO4, 26 NaHCO3, 1.7 NaH2PO4, 1.53 CaCl2, 9.6

sodium gluconate, 5.55 glucose and 7.6 sucrose) at a

rate of 5 mL/min. Recording temperature was moni-

tored and maintained at 32 � 1 °C by means of a

Peltier device (Warner Instruments, Hamden, CT,

USA).

A second preparation from the same animal was

stored in oxygenated SIF at 4 °C and used if

required, in the same day. There were no detectable

differences in results between the first and second

preparations studied.

2.4 Electrophysiological procedures

The electrical activity from sensory fibres was

recorded by means of suction microelectrodes

obtained from glass pipettes (20–30 lm external tip

diameter) filled with SIF as previously described

(Roza and Lopez-Garcia, 2008). The microelectrode

tip was carefully placed in contact to the proximal

end of the nerve trunk under visual guidance by

using a micromanipulator and after applying nega-

tive pressure, the electrode was left for a minimum

of 1 min in order to record spontaneous activity

(which was defined as a discharge rate >2 spikes/

min). Experiments were run only when a single

fibre was recorded or clearly differentiated from

background discharges on the basis of spike ampli-

tude and shape. Then, controlled electrical pulses of

variable duration and intensity (0.2–0.5 ms pulse

width, maximum strength 1 mA) were delivered to

the neuroma via a suction electrode in order to iden-

tify the number of fibres present in the filament and

to establish the origin of the spontaneously active

units in the neuroma-skin flap preparation. Finally,

the suction electrode was carefully removed from

the neuroma, and mechanosensitivity was explored

by gently touching the neuroma and the skin flap

with a smooth-tipped glass rode (diameter =
0.5 mm). Repetitive insertion/extraction of the neu-

roma from the glass electrode had no effect on spon-

taneous activity, and this procedure confirmed that,

if present, spontaneous activity was not an artefact

induced by the stimulating electrode. If a mechanical

response was evoked from the skin, electrical pulses

of variable duration and intensity (0.5 ms, maximal

strength up to 10 mA) were applied with a field

electrode (a thin bipolar tungsten electrode; WPI,

World Precision Instruments, Sarasota, FL, USA).

Stimuli were applied at the most sensitive spot of

the receptive field (RF) to identify the fibres on the

basis of their conduction velocity (CV). No attempts

were made to establish mechanical thresholds in

order to avoid mechanical sensitization.

Thermal stimulation was tested only when the

recorded fibres presented spontaneous activity.

Increases up to ~45 °C (in ~60 s) or decreases down

to 15 °C (in ~90 s) were applied by means of the

Peltier device, affecting the whole preparation. Direct

application on top of the neuroma of heated

(~42 °C) or cooled (~15 °C) SIF by means of a syr-

inge helped us to define whether the thermal

responsiveness originated at the neuroma.

Electrical signals were recorded by means of a

Dagan EX4-400 amplifier (Dagan, Minneapolis, MS,

USA), digitized at 20 KHz (Power 1401, CED, Cam-

bridge Electronic Design, Cambridge, UK), and

stored for off-line analysis. Fibres were classified

according to their conduction velocity into A-units

(CV > 1 m/s) or C-units (CV < 0.8 m/s) on the basis

of pilot experiments using whole nerve recordings,

which showed a CV of 0.8 m/s for the C-fibre

volley.

2.5 Collision techniques

Collision techniques were applied in a proportion of

fibres with an electrical input from the neuroma that

presented as well a mechanical RF in the peripheral

skin. As the action potentials (AP) generated at one

site propagates antidromically to other branches,

when two AP initiation sites are activated simultane-

ously, collision occurs and only the AP from the

shortest latency site reaches the recording electrode.

For this protocol, electrical suprathreshold pulses

were simultaneously applied to the neuroma (site A,

glass suction electrode) and the peripheral RF (site

B, field electrode). When collision occurred only one

spike was recorded; hence, the stimulation interval

was increased until two spikes were recorded (colli-

sion avoided). This procedure was performed stimu-

lating site A first (delay in B) and then site B first

(delay in A). For one of the units, we used the

marking technique: site A was stimulated electrically

while site B was mechanically stimulated at a con-

stant force with a gravity driven vFrey (Klein et al.,

2006) positioned on a micromanipulator. When the

electrically evoked impulse is slowed by a naturally
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evoked burst of action potentials, the spikes belong

to the same unit (Peng et al., 1999; Zimmermann

et al., 2009).

2.6 Testing the effects of Retigabine on
spontaneous activity and mechanical
responses

The Kv7 channel opener N-2-amino-4-4-fluoroben-

zylamino phenylcarbamic acid ethylester (kindly

donated by NeuroSearch, Ballerup, Denmark), reti-

gabine, was dissolved in DMSO at 10�2 mol/L and

stored in aliquots at �20 °C. Retigabine was diluted

in SIF to their final concentration of 10 lmol/L

immediately prior to use. The concentration was

chosen according to previous reports to obtain near

maximal effects while retaining a good selectivity

(Passmore et al., 2003; Rivera-Arconada and Lopez-

Garcia, 2006).

Retigabine was tested in a proportion of fibres

with spontaneous activity. For those units with a

mechanical RF in the skin, the effects of retigabine

on mechano-responsiveness were also assessed. In

order to reproduce mechanical stimulation in both

intensity and location, gravity-driven vFrey probes

were mounted on a micromanipulator and moved

down until the probe tip (0.6 mm diameter) con-

tacted perpendicularly the most sensitive spot of the

RF. A probe, twice vFrey threshold, was applied for

~5 s three times at 5-min intervals to determine the

stability of the response. Due to the tight experi-

mental arrangements, it was not feasible to reach

the RF of a few fibres in this way, and hence,

mechanical responses were obtained by manual

application of the vFrey or a glass rode. Then, reti-

gabine was superfused for 30 min to the whole

preparation, and the controlled mechanical stimuli

were repeated at least twice in the presence of reti-

gabine and again twice during wash-out. The mag-

nitude of each mechanical response was quantified

as the total number of spikes counted during the

5 s of the stimulation. Mean values of the repetitive

responses were taken for statistical analysis and rep-

resentation.

To establish changes in spontaneous activity, the

mean firing frequency was measured in periods of

5 min. The baseline level (5 min prior to retigabine

superfusion) was compared with the firing frequency

just before washing out and ~30 min after that. For

analysis and representation purposes, the maximum

effect of retigabine within 30 min of perfusion and

the maximum recovery within 30 min of drug wash

out were taken.

2.7 Data analysis

Waveforms were analysed off-line with Spike 2 soft-

ware (CED, Cambridge Electronic Design). Autocor-

relograms were performed for each of the recorded

fibres to assess the goodness of the spike sorting. Sta-

tistical analyses were performed in Graphpad Prism

6.0 (GraphPad Software, San Diego, CA, USA) on

the raw data using Mann–Whitney, Wilcoxon

Matched and one-way ANOVA, following by Dunn’s

post hoc test as appropriate. The level of statistical sig-

nificance was set at p < 0.05. Values are quoted as

mean � standard error of the mean (SEM).

3. Results

A total of 27 mice were used in this study and none

of the animals showed signs of autotomy, infection

or unusual behaviour. A total of 100 fibres were

fully characterized and studied in three sets of exper-

iments as follows: 75, 5 and 16 units were used for

Experiment #1, #2 and #3, respectively. Data

obtained from the remaining 4 units were used for

both Experiments #2 and #3.

3.1 Incidence of spontaneous activity in
axotomized fibres

Experiment #1 aimed at evaluating the incidence of

spontaneous activity in axotomized fibres after par-

tial nerve damage of the saphenous nerve; hence,

only fibres with electrical or mechanical inputs from

the neuroma were fully characterized. Occasionally

spontaneous fibres without inputs from the neuroma

were also observed during this characterization, but

no attempt was made to further evaluate those units

as our focus of interest was the axotomized units.

We recorded a total of 75 units classified according

to their CV as C- (0.33 � 0.01 m/s, range: 0.12–
0.64, n = 60) or A-fibres (CV: 2.60 � 0.78 m/s,

range 1.12–9.17 m/s, n = 12). The remaining 3 units

were not electrically identified, but responded to

mechanical stimulation of the neuroma.

Spontaneous activity at baseline temperature was

present in 14/60 C-fibres (23%) and their properties

are summarized in Table 1. Most of these units

showed irregular ongoing discharges (mean fre-

quency 0.35 � 0.10 Hz; range, 0.1–1.23 Hz; n = 11).

Fig. 1 shows an original example. The remaining

three fibres fired in bursts (mean frequency

0.82 � 0.14 Hz; range 0.63–1.09 Hz and mean intra-

burst frequency 1.78 � 0.37 Hz), which contained

between 8 and 40 spikes. Only one of the A-fibres

(~8%) fired spontaneously at 2.5 Hz.
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Thermal responsiveness was only evaluated in

fibres with spontaneous activity and was present in

7/15 spontaneous fibres. Five of the units were poly-

modal nociceptors, 3 of which showed putative burst

discharges at 32 °C (an original example is shown in

Fig. 2). Moreover, one of the C-fibres was a heat

nociceptor, and the remaining unit was the sponta-

neous A-fibre that behaved as a warm receptor,

increasing their firing rate upon heating (between

35 and 40 °C) and silencing upon cooling below

20 °C. According to previous data from fibres inner-

vating normal skin (Zimmermann et al., 2009),

spontaneous activity in the units recorded here can

be regarded as abnormal.

The presence of ectopic mechanosensitivity was

assessed in all of the units. Twenty-six units (20 C-,

3 A-fibres and the 3 nonclassified units) responded

to mechanical stimulation of the neuroma. A further

group of 7 C-fibres (5 of which presented sponta-

neous discharges) apparently responded to mechani-

cal stimulation of skin areas far apart from the

neuroma, thus AP shapes evoked from both sites

were conspicuously similar.

3.2 Axotomized fibres stimulated from the skin

Experiment #2 was designed to explore our prelimi-

nary observations regarding fibres activated from the

neuroma as well as from the skin far beyond the site

of injury. Hence, we searched for axotomized fibres

with an additional input from the skin and used col-

lision techniques to confirm or discard whether both

inputs travelled within the same fibre (Peng et al.,

1999).

We examined a total of 9 units (8-A and 1

C-fibre), all but one had mechanical RFs in the skin,

the remaining unit was a mechano-insensitive

axotomized A-fibre with a response to electrical

stimulation of the skin. For 8 units, simultaneous

electrical stimulation of the neuroma (site A) and

the skin (site B) produced only one spike (evoked

from the neuroma, according to its latency), indicat-

ing a positive collision and hence a functional inter-

connection. Increasing the interval between stimuli

presentation eventually led to the recording of a sec-

ond action potential (Supporting Information

Fig. S1A for a representative example). We observed

that the minimum interval to avoid collision was lar-

ger than the estimated according to CV and distance

between A and B (Supporting Information Table S1).

For the remaining unit, an Ad D-hair, we used the

marking technique. As this fibre type is extremely

Table 1 Properties of axotomized fibres with spontaneous activity.

Fibre type C (n = 14) A (n = 1)

CV (m/s) 0.32 � 0.03 7.33

Without response to

natural stimuli

4b

With responses to natural stimulation of the neuroma

Mechanical 4b

Polymodal (MH) 3 (42–45 °C)1a�2b

Polymodal (MC) 1 (25 °C)a

Polymodal (MHC) 1 (21 °C & 41 °C)a

Heat 1 (40 °C)b 1 (A warm; 35 °C)b

MH, mechano-heat; MC, mechano-cold; MHC, mechano-heat-cold.

Numbers in parenthesis refers to thermal thresholds.
aSpontaneous activity in burst.
bIrregular ongoing spontaneous activity.

Figure 1 Representative example of an axotomized C-fibre with ongo-

ing spontaneous activity (mean frequency, 0.78 Hz). (A) The upper

panel shows the original recording which is represented as instanta-

neous frequency in the middle panel. The lower panel in (a) shows the

simultaneous temperature change in the recording chamber. Note the

absence of a clear response to heating and cooling. (B) Response to

electrical stimulation of the neuroma indicates a latency of 32 ms (as

the recording distance was 14 mm, the calculated CV of the unit was

0.4 ms). The inset shows the spike shape averaged from the sponta-

neous activity. The arrow indicates stimulus artefact. (C) The autocor-

relogram histogram of the recorded unit shows the goodness of spike

sorting.

© 2016 European Pain Federation - EFIC� Eur J Pain �� (2016) ��–�� 5

L. Bernal et al. Retigabine dampens aberrant spontaneous activity

52



sensitivity to mechanical stimulation (Lechner and

Lewin, 2013), the placement of the field electrode

over the skin produced mechanical responses that

contaminated responses to the electrical stimulus. In

this case, mechanical stimulation of the skin pro-

duced a delay in the latency of the action potential

induced by electrical stimulation of the neuroma

(~4 ms). The RF distribution of the examined fibres

(except for the Ad D-Hair unit, as 1 mN vFrey,

suprathreshold for these types of units, evoked a

response regardless the stimulated spot along the

whole skin) is shown in Supporting Information

Fig. S1B.

Only in one case in which the spike shape of

evoked responses from skin and neuroma was very

similar, simultaneous stimulation of the neuroma

and the skin evoked two spikes, indicating that

responses came from two disconnected fibres (as no

further data were obtained from these two units,

they do not add to the total number of examined

units).

According to the results obtained here, we infer

that the 7 C-axotomized fibres described in 3.1

which were evoked by mechanical stimulation of the

skin indicate the presence of a functional cross-talk

between axotomized and intact fibres in ~9% of the

axotomized units.

3.3 Pharmacological studies on spontaneously
active units

3.3.1 Origin of the spontaneous fibres tested

For Experiment #3, we searched exclusively for

fibres with spontaneous activity to test the feasibility

of pharmacological experiments. We recruited 4 C-

(mean CV 0.52 � 0.1 m/s) and 4 A-fibres (mean CV

3.46 � 1.1 m/s) with electrical inputs from the neu-

roma (axotomized units). Four of them (1 C- and 3

A-fibres) also presented a mechanical RF in the skin

(verified by collision experiments), but did not

respond to mechanical stimulation of the neuroma.

Seven of the fibres showed ongoing discharges

(mean frequency 0.43 � 0.18 Hz) and a remaining

C-fibre fired in bursts (mean frequency 0.52 Hz).

Thermal responses were not tested.

In addition, we recorded from 12 spontaneously

active C-fibres which were not evoked by stimula-

tion of the neuroma but presented a mechanical RF

in the skin. Ten of the units showed ongoing dis-

charges (mean frequency 0.25 � 0.09 Hz) and the

remaining two units fired in bursts (mean frequency

0.48 � 0.26 Hz, and mean intra-burst frequency

2.1 � 0.4 Hz). Only three of these fibres responded

to thermal stimulation (1 C-MH, 42 °C threshold

Figure 2 Representative example of an axotomized C-polymodal nociceptor with spontaneous activity in bursts (intraburst frequency, 2.29 Hz).

(A) The upper panel shows the original recording which is represented as instantaneous frequency in the middle panel. The bottom graph shows

simultaneous recording temperature. The heat threshold of the unit was ~40 °C. In (B), an expanded burst (*) and the spike shape averaged from

the spontaneous activity is shown. (C) Response to electrical stimulation of the neuroma indicates a latency of 36.5 ms (as the recording distance

was 11 mm, the calculated CV of the unit was 0.30 m/s). (D) The autocorrelogram of the recorded unit shows the goodness of spike sorting.
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and 2 C-MC, with 17 and 20 °C thresholds). Accord-

ing to what has been previously described for fibres

innervating normal skin (Zimmermann et al., 2009),

spontaneous activity in these units is aberrant. These

units were termed ‘putative intacts’.

3.3.2 Effects of retigabine on spontaneous and

evoked activity

The effects of bath application of retigabine

(10 lmol/L) were tested in 6 axotomized (4C- and

2A-fibres) and 12 putative intact C-units. Retigabine

reduced spontaneous discharges by ~70% in all ato-

mized fibres and most of the putative intact fibres

(9/12; Fig. 3 for an original example). Although reti-

gabine appeared to have a stronger effect on

axotomized fibres than on putative intacts (~80%,

from 0.35 � 0.11 Hz to 0.12 � 0.07 Hz vs. ~63%,

from 0.21 � 0.07 to 0.08 � 0.03 Hz, respectively),

this difference did not reach statistical significance

(Fig. 4A).

In six of those units (3 putative intact and 3 axo-

tomized), the effects of retigabine on their mechani-

cal responses were quantitatively evaluated (vFrey

hair range 4–32 mN). For these 6 units, retigabine

reduced significantly their spontaneous discharges

but had no effect in their mechanical responses

(p < 0.05, and p = 0.25, respectively, one-way-

ANOVA; Fig. 3 for an original example and Fig. 4B).

Similar results were obtained in five other units (3

putative intact and 2 axotomized) upon qualitative

exploration of their mechanosensitivity with a glass

rode.

4. Discussion

Here, we report data from a new in vitro model of a

terminal branch axotomy which contains neuro-

matose endings together with fibres in neighbouring

branches that have functional receptors in the skin

flap.

Our model allows for stimulation of the neuroma

as well as a putative intact skin flap while recording

from a common saphenous nerve. Using this model,

we found that ~23% of the axotomized C-fibres

recorded showed ectopic spontaneous discharges. In

addition, we also recorded a group of spontaneous

fibres with a receptor field in the skin flap. Both

injured and intact fibres presented stable rates of

spontaneous activity and both showed a mean dis-

Figure 3 (A) Original recording from an axotomized A-fibre showing spontaneous ongoing activity and presenting a mechanical receptive field in

the skin (1 mN threshold). Note that the spontaneous discharge (0.4 Hz) was completely abolished in the presence of retigabine. The arrows indi-

cate the application of controlled mechanical stimuli to the RF in the skin (4 mN vFrey), and the insets in 1 and 2 show mechanical responses in

detail before (1) and during perfusion of retigabine (2). The fibre had the typical pattern of a rapidly adapting mechanoreceptor responding with a

burst of ~10 spikes upon application and removal of the vFrey (~75 and ~120 Hz, respectively, in three consecutive control responses and two

more under retigabine). We believe that the few spikes fired at ~0.6 Hz within the time of application of the stimulus in 1 are a continuation of the

ongoing activity and not evoked by the stimulus. Bars \\ in (A) indicate a 45-min interval. (B) Simultaneous electrical stimulation from the neuroma

and the skin precluded the action potential from the skin. Collision was avoided with a 9-ms delay between stimuli. The CVs calculated from the

neuroma and skin were 5 and 4.38 ms, respectively. (C) The autocorrelogram shows the goodness of spike sorting. The total recording time for

this unit was 165 min. The mechanical RF of the unit is depicted in Supporting Information Fig. S1 (marked with *).
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charge rate of ~0.38 Hz, hence allowing for pharma-

cological characterization. Retigabine, the specific

Kv7 opener, significantly depressed ectopic sponta-

neous discharges but preserved mechanical responses

in the peripheral skin when present.

This study shows that the existence of mechanical

responses in intact skin after peripheral nerve dam-

age is not sufficient criteria to discriminate intact

from axotomized fibres.

4.1 Increased incidence of spontaneous activity
after partial damage of the saphenous nerve

An interesting issue arising from our data is the nat-

ure of the mechanisms underlying the increase of

spontaneous activity in C-fibres (~23%) as compared

with our model of total axotomy (≤10%) (Roza

et al., 2003, 2006; Roza and Lopez-Garcia, 2008;

Mazo et al., 2013). Following axotomy, neuronal

phenotypes switch from a ‘transmitting’ to a ‘regen-

erative state’ triggering the activation of cellular

components involved in neuronal survival and axo-

nal regeneration. The regenerative process is medi-

ated by trophic factors, such as NGF which is locally

released at the site of injury (Heumann et al., 1987).

Interestingly, NGF is involved in the induction and

maintenance of chronic pain. For example, NGF

induces C-fibre firing and sensitization in animal

models (Moalem et al., 2005; Hirth et al., 2013) and

hypersensitivity to mechanical stimuli when injected

in humans (Deising et al., 2012; Rukwied et al.,

2013). In addition, further insult on NGF-sensitized

skin areas was able to provoke mild spontaneous

pain (Rukwied et al., 2013). NGF influence on axo-

nal excitability rely in its modulation of Nav and Kv

channels (Zhang et al., 2002), including Kv7 (Jia

et al., 2008). Following axotomy, NGF and other

sensitizing substances may produce similar effects. In

fact, the lack of tachyphylaxis to chemical stimula-

tion described for axotomized fibres (Roza and

Lopez-Garcia, 2008) could be taken as an indicator

for nociceptor hyperexcitability. Supporting this

interpretation, the levels of NFG immunoreactive

fibres were larger in painful neuromas as compared

with normal nerves or nonpainful relocated neuro-

mas (Atherton et al., 2006).

Adequate nerve regeneration requires a permissive

growth environment, including the sustained pres-

ence nerve growth factors and mechanical cues

which are more likely found in partial nerve damage

(Chen et al., 2007; Allodi et al., 2012).

4.2 Axotomized afferents with peripheral
inputs

Ram�on y Cajal (DeFelipe and Jones, 1991) already

described sprouting from severed axons and/or their

demyelinated nodes. Since then, several experimen-

tal studies in animal models and humans have

shown that sprouting takes place in both intact and

severed axons (Bajrovic et al., 2002; Rajan et al.,

2003; Kovacic et al., 2007; Cobianchi et al., 2014),

and this could explain our finding of units with dual

inputs from the skin and the neuroma. If the sprout

from an intact unit enters the neuroma, the CV of

that branch should be equal or slower than the par-

ental axon, which was not the case. The alternative

sprouting from an axotomized unit along the intact

neural tube towards the periphery seems more

agreeable with our results regarding conduction

velocity values. Besides, the rate of neural growth in

mice is ~4 mm/day (Griffin et al., 2010) and most of

the RF in these fibres run parallel to the peripheral

nerve branches. In our collision experiments, the

intervals needed to record two spikes were, by far,

larger than the expected ones. As previously

described in cutaneous nociceptors, antidromic prop-

agation of an AP to their sister branches leads to a
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Figure 4 (A) Retigabine (10 lmol/L) significantly inhibited the spontaneous activity in 15/18 fibres tested (* and #, p < 0.001, one-way ANOVA).

Graph in (B) shows the lack of effect of retigabine on mechanical responses of the skin flap.
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decrease in the excitability of the terminals, which

become refractory for even tens of milliseconds

(Peng et al., 1999). But for some of our fibres, the

refractory periods varied drastically depending on

which site was stimulated first, indicating a differen-

tial channel distribution at each initiation site.

Alternatively, axotomized-induced demyelination

could also favour electrical coupling between pairs of

fibres at the axonal level, as suggested in early

reports (Lisney and Pover, 1983; Blumberg and

Janig, 1984; Meyer et al., 1985; Amir and Devor,

1992). The electrical coupling implies that the stimu-

lation at the peripheral skin is able to cross-excite

neighbouring fibres innervating the neuroma and

vice versa. From our data, we cannot discern

whether the responsiveness in the skin arises from a

regenerated sprout or electrical coupling. Although a

detailed evaluation of these phenomena was beyond

the scope of our study, our in vitro model allows for

a precise characterization in future studies.

4.3 Possible relation with sensory symptoms of
pain in humans

In view of the described fibre cross-talk, the distinc-

tion between intact and injured units cannot only

rely on the presence of a peripheral receptive field,

at least when the partial damage is performed

peripherally. Spontaneously active C-fibres were

encountered among axotomized and ‘putative intact’

units in a similar proportion and with similar pat-

terns and rate of discharge, hence both are likely

contributors for positive symptoms of neuropathic

pain. A constant discharge from a primary afferent,

whether arising from the neuroma or the neighbour-

ing intact branches, might well influence nociceptor

encoding and central excitability; noteworthy, persis-

tent peripheral input is a key factor for the mainte-

nance of spontaneous pain in human patients

(Haroutounian et al., 2014).

In addition, extraterritorial spread of sensory phe-

nomena has been documented in patients and it is

believed to depend on central sensitization (Tal and

Bennett, 1994; Zanette et al., 2010). However, our

data support the likelihood of a peripheral mecha-

nism, which has been little explored to date.

4.4 M-current regulates ectopic spontaneous
discharges in C-fibres

Retigabine acts as a potent opener of all Kv7 sub-

units expressed in neurons with good specificity

when used at low concentration (Rundfeldt, 1997).

Retigabine induces spike frequency adaptation and

stabilizes the resting membrane potential in a num-

ber of neuronal types involved in pain transmission.

It has been proven as an effective analgesic in differ-

ent models of neuropathic pain; see Rivera-Arconada

et al. (2009) for a review. Using electrophysiological

techniques, it has been shown that retigabine blocks

ectopic mechanical discharges from axotomized C-

fibres from mice (Roza and Lopez-Garcia, 2008) and

reduces excitability in unmyelinated fibres from

human patients suffering from vascular disease or

polyneuropathy (Lang et al., 2008). In our experi-

ments, we have demonstrated that retigabine was

able to reduce spontaneous discharges originating

from both axotomized and putative intact units;

hence, reinforcing the hypothesis that IM modulation

may be a peripheral target for the treatment of neu-

ropathic pain.

However, responses to mechanical stimulation of

the skin were preserved in the presence of retiga-

bine. As previously described for lidocaine (Kirillova

et al., 2011), retigabine also exhibits a differential

effect on spontaneous activity and mechanical

responsiveness, at least when evoked at distal sites

from the damage. We should expect a greater action

of retigabine on activity originating from sites in

which Kv7 are prone to accumulate like axotimized

endings (Roza et al., 2011; Cisneros et al., 2015). In

contrast, intact receptor endings do not accumulate

Kv7 channels and are not affected by retigabine.

Fibres with a receptive field in the skin may develop

spontaneous activity due to electrical coupling at

demyelinated zones with axotomized fibre. Alterna-

tively, axotomized fibres may grow and develop nor-

mal receptor endings while keeping spontaneous

ectopic activity. Data from the collision experiments

suggest differences in channel distribution between

the neuroma and the terminals in the skin flap.

Our experiments suggest that by modulating IM
current, we could dampen specifically the aberrant

discharge and still maintain ‘normal’ responsiveness.

These observations are consistent with previous

work from our laboratory (Roza and Lopez-Garcia,

2008).

5. Conclusions

Partial damage of a peripheral nerve increases the

incidence of C-fibres with stable and relatively high

rates of spontaneous activity in axotomized and

intact units, allowing for pharmacological characteri-

zation. The enriched milieu in growth factors

and mechanical guidance present at the site of

injury might well favour fibre sprouting, functional
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cross-talk and the development of spontaneous

activity in both damaged and intact afferents. The

effects of retigabine, which specifically inhibited

ectopic spontaneous discharges, reinforce IM modula-

tion as a peripheral target to treat neuropathic pain.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article at the publisher’s web-site:

Figure S1 Representative example of a collision experi-

ment. (A) The electrical stimulation from the peripheral

skin (site B; hollow arrow) or neuroma (site A, filled

arrow) produced one AP that propagates orthodromically

to the recording site R. Simultaneous stimulation from

both sites – shown in the third panel – precludes the AP

originated in the more distant site: collision is likely occur-

ring at the peripheral segment. Increasing the interval

between stimuli allows the AP propagation past the initia-

tion site A (forth panel) or site B (fifth panel) then both

AP reach the recording point R. The inset shows the aver-

aged spike shape evoked from the skin and the neuroma.

(B) Representation of the mechanical receptive fields in

the skin of the axotomized fibres (in grey RF of the C-fibre

used for this example in A, and punctate RF for A-fibres,

n = 6). Black dots: sites for electrical stimulation. White

dot: site for electrical stimulation for the mechano-insensi-

tive unit. X: site for mechanical stimulation of the D-hair.

Black cylinder represents the neuroma – stimulation site

A-. *Marks the RF of the fibre which original recordings

are shown in Fig. 3. Note the widespread distribution, sizes

and the distance from neuroma.

Table S1 Conduction Velocity from axotomized fibres with

inputs from the skin and interval values to avoid collision.

Table S2 Properties of C-fibres with spontaneous activity.
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Supplementary Table 1. Conduction Velocity from axotomized fibers with inputs from the skin and interval 

values to avoid collision.  

Conduction velocity (CV) values from the skin were significantly slower that those calculated from the neuroma 

(Wilcoxon matched pair, p < 0.05). Fiber’s CV recorded from the skin and the distance between both initiation 

sites were used to estimate the minimum delay to avoid collision. The recorded values were higher that the 

estimated, regardless which initiation site was stimulated first.  * marks units with spontaneous activity. D.P.S 

days post surgery. n.t. not tested. 

CV (m/s) obtained from Minimum Delay (ms) 

Unit Neuroma (A) Skin (B) Estimated 1st stim (A) 
1st stim 

(B) 

D.P.S

.

1* 0.78 0.55 10.0 200 50 36 

2 1.29 0.88 6.8 30 n.t. 32 

3 1.9 1.06 6.6 20 230 20 

4* 2.34 1.56 10.9 15 20 43 

5 4.82 1.28 5.5 20 16 22 

6* 5.0 4.38 1.6 19 9 21 

7 5.88 1.12 8.0 40 20 32 

8 11.25 3.43 1.5 10 n.t. 42 
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Supplementary Table 2.  Properties of C-fibers with spontaneous activity 

The table compares the mean discharge frequencies and CV of the whole population of C-fibers with ectopic 

spontaneous discharges recorded along Experiment #1 and Experiment #3 (which are indicated as #1 and #3 

respectively in nº of units). The mean discharge frequency, which accounts for all of the units, regardless their 

patter of discharge (irregular ongoing vs burst), did not reach statistical significance. On the other hand, CV of 

“putative intact C-fibers” was significantly larger than axotomized C-units without projection to the skin (*p < 

0.05, one-way ANOVA).  

C-fibers

nº of units CV 
Mean Fq. 

(Hz) 
nº ongoing nº burst 

Axotomized 

Only Neuroma 9#1 + 3#3 0.35 ± 0.04 0.53 ± 0.11 8 4 

Projection to 

skin 
5#1 + 1#3 0.38 ± 0.08 0.26 ± 0.06 6 

Putative intacts 12#3 0.52 ± 0.03 * 0.28 ± 0.08 10 2 
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Natural compounds, such as coca leaves and opium, are purported analgesic treatments since 

1500 B.C. (Sabatowski et al., 2005). However, in 2020 after decades of research on the 

molecular mechanisms of pain, we are still lacking adequate treatment options for chronic 

pain, a problem of serious concerns for the present and next generation of pain physicians 

and scientists. Although the knowledge on the pathophysiology of pain chronification has 

increased in the last decades, the lack of a breakthrough in medication might in part be due 

to the tools or methodological approaches that scientists use. 

Regarding orofacial pain, retrograde labelling of tooth pulp afferents is a key method to 

investigate tooth nociceptors within TG neurons. For years, this method has been widely 

used in the rat (Eckert et al., 1997; Park et al., 2006; Vang et al., 2012), limiting the use of 

transgenic animals to elucidate specific transduction mechanisms. In the mouse, so far only 

Fluorogold (FG) was used to label tooth afferents (Chung et al., 2011; Lin et al., 2015; Michot 

et al., 2018), despite its neurotoxicity (Naumann et al., 2000). This is a limitation for the use 

of FG-labelled neurons for functional analysis in live cells, as they enter degenerative 

processes (Hu et al., 2013) that will probably affect the function or expression of ion 

channels. The reason why only FG was used in mice was that the restricted functional 

anatomy poses grave problems as the molars are too small to fit a sufficient amount of other, 

less bright fluorescent dyes. We demonstrated that retrograde labelling or molar teeth in the 

mouse is possible with enhanced new generation carbocyanines, with heightened affinity to 

neuronal membranes. We show that the dye does not produce cell death, and the number of 

stained cells and brightness is sufficient to perform various types of experiments in live 

neurons. Another important result from our study was that not only the area of the TG 

corresponding to the maxillary branch (V2) showed labelled neurons from maxillary molars, 

but also the mandibular (V3) and, to a very small degree, the ophthalmic area (V1), possibly 

as result of jaw development (Higashiyama and Kuratani, 2014). Hence, focusing on specific 

areas, V1, V2 or V3, in non-labelled TG alone is not recommended and will not be 

representative for specific neuron populations; therefore retrograde labelling with non-toxic 

dyes from the origin of the receptive fields is mandatory when studying subpopulations of 

trigeminal sensory neurons .  

Several animal models have been developed in the last decades aiming to mimic the 

symptoms of neuropathic pain in patients. However, none of the existing preclinical models 

are unique and develop all the symptoms and alterations observed in a single patient. For 

example, allodynia and hyperalgesia are observed in most of the animal models (see (Jaggi et 

al., 2011) for a review), but spontaneous pain is difficult to assess in experimental models 



Discussion 

64 

(Tappe-Theodor and Rohini, 2014). Hence, choosing the adequate model based on the 

phenomena to study is fundamental to understand the underlying changes of chronic pain. 

The model described in this thesis provides for the first time a valid tool to study 

spontaneous activity in C-fibres in vitro due to their high incidence and firing rates. 

Additionally, this model allows a clear distinction of damaged and intact fibres (with their 

receptive fields) helping us to elucidate the contribution of each type of fibre to spontaneous 

activity and other phenomena, such as cross-excitation. As previously described, our results 

suggest an abnormal function of HCN and KV7 channels after injury (Jiang et al., 2008; Mazo 

et al., 2013; Roza et al., 2011; Roza and Lopez-Garcia, 2008; Tsantoulas et al., 2017) as the 

cause of spontaneous activity in C-fibres. However, other channels implicated in membrane 

excitability such as NaV or CaV are also altered in neuropathic conditions (Chen et al., 2018; 

Kang et al., 2018; Lai et al., 2002; Li et al., 2017, 2018; Roza et al., 2003). This suggests that 

spontaneous activity is probably caused by multiple coinciding mechanisms and not the 

modulation of a single channel alone, but most probably a combination of therapeutics with 

more than one target may alleviate spontaneous pain.  

In summary, it is important to understand the limitations of scientific models and to apply 

adequate tools and preclinical models to investigate nociceptor characteristics in 

physiological and pathological conditions. In order to develop new therapeutic approaches 

to alleviate chronic pain it will be indispensable to recognize the functional differences of 

trigeminal, somatic, or visceral pain sensory populations. 
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Specific conclusions from Section I 

1. Specific retrograde labelling from dental primary afferents in mice is feasible with non-toxic 

carbocyanine dyes in formulations of improved membrane diffusibility. 

2. Cell bodies of neurons innervating the maxillary molars of the mouse are located in the territory 

of the mandibular and the maxillary branch in the TG.  

3. Almost half of the dental primary afferents expressed TRPM8, and retrolabelled neurons 

responded to capsaicin in calcium imaging similar to non-retrolabelled neurons.  

4. This method is now validated and available for future studies of molecular transduction 

mechanisms in nerves innervating teeth. 

 

 

 

Specific conclusions from Section II 

1. Both HCN and Kv7 channels contribute to the generation of ectopic spontaneous activity in C- 

and Aδ-nociceptors after nerve damage.  

2. HCN channels shape the discharge firing pattern of C-nociceptors. 

3. There was a high proportion of “putative intact” units that developed spontaneous activity and 

other ectopic behaviours (post-discharges, collision at the peripheral terminals) which may 

contribute to neuropathic pain. 

4.  
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