
 

 

The role of neuronal KV7 channels in the 
antinociceptive action of paracetamol  

 
 

Doctoral thesis at the Medical University of Vienna 
for obtaining the academic degree 

 
Doctor of Philosophy 

 
 
 

Submitted by 
 

Sutirtha Ray, MBBS, MSc 
 
 
 

Supervisor: 
Univ. Prof. Dr. Stefan Böhm 

Department of Neurophysiology and –pharmacology 
Center for Physiology and Pharmacology 

Medical University of Vienna 
Waehringer Strasse 13A 

1090 Vienna 

 
 
 

 
 

Vienna, 03/09/2018 
	



 

Table of Contents 

List of figures ........................................................................................................................ I	

List of tables ........................................................................................................................ II	

List of abbreviations ........................................................................................................... III	

Acknowledgements ........................................................................................................... VII	

Declaration ....................................................................................................................... VIII	

Abstract .............................................................................................................................. IX	

Zusammenfassung ............................................................................................................. X	

1.	 Introduction ..................................................................................................................... 1	

1.1.	 Electrophysiological correlates of neuronal communication .................................. 1	

1.1.1.	Resting membrane potential (RMP) .................................................................... 1	

1.1.2.	Neuronal action potential ..................................................................................... 2	

1.1.3.	Synaptic transmission .......................................................................................... 3	

1.2.	 Pathophysiology of pain .......................................................................................... 4	

1.2.1.	Nociception and pain ............................................................................................ 4	

1.2.2.	Sensitization ......................................................................................................... 5	

1.2.3.	Bradykinin: A prototypical inflammatory mediator ............................................... 6	

1.3.	 The pain pathway .................................................................................................... 8	

1.3.1.	Nociceptors and primary afferent fibers ............................................................... 8	

1.3.2.	Neuronal circuitry in the spinal dorsal horn (SDH) .............................................. 9	

1.3.3.	Ascending tracts and supraspinal centers for pain processing ......................... 10	

1.3.4.	Brainstem modulation of pain through descending pathways ........................... 11	

1.4.	 Ion channels in nociceptors .................................................................................. 13	

1.4.1.	Ion channels involved in the detection of noxious stimuli.................................. 13	

1.4.1.1.	Transient receptor potential (TRP) channels .............................................. 13	

1.4.1.2.	Acid-sensing ion channels (ASIC) ............................................................... 16	

1.4.1.3.	Purinoceptors involved in nociception ......................................................... 16	



 

1.4.1.4.	Calcium activated chloride channels (CaCC) ............................................. 17	

1.4.1.5.	Two-pore potassium (K2P) channels ............................................................ 18	

1.4.1.6.	Other mechanically activated ion channels: DEG and Piezo ..................... 18	

1.4.2.	Ion channels involved in the transmission of noxious signals ........................... 19	

1.4.2.1.	Voltage gated sodium channels (VGSC or Na
V
 channels) ......................... 19	

1.4.2.2.	Voltage gated calcium channels (VGCC or Ca
V
 channels) ........................ 20	

1.4.2.3.	Potassium channels .................................................................................... 22	

1.4.2.3.1.	Voltage gated potassium channels (KV channels) ................................. 22	

1.4.2.3.2.	Ca2+ activated K+ channels (KCa) ............................................................ 24	

1.4.2.3.3.	Inward rectifiers (Kir) ............................................................................... 24	

1.4.2.4.	Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels ........ 25	

1.5.	 KV7 channels ......................................................................................................... 26	

1.5.1.	Subunit composition, tissue distribution and electrophysiological properties ... 26	

1.5.2.	Modulation of KV7 channels ............................................................................... 28	

1.5.3.	KV7 channels in nociception ............................................................................... 30	

1.6.	 Acetaminophen (APAP) ........................................................................................ 31	

1.6.1.	Pharmacokinetics and metabolism .................................................................... 32	

1.6.2.	Postulated mechanisms of action ...................................................................... 33	

1.7.	 Aims of the study ................................................................................................... 35	

2.	 Materials and Methods ................................................................................................. 37	

3.	 Results .......................................................................................................................... 38	

4.	 Discussion .................................................................................................................... 82	

Bibliography ...................................................................................................................... 90	

Curriculum Vitae ............................................................................................................. 122	

	



I 

List of figures 

Figure 1.1. Cellular and molecular mechanisms of peripheral sensitization ..................... 7	

Figure 1.2. Termination of primary afferents in the SDH ................................................. 10	

Figure 1.3. Main components of the pain pathway .......................................................... 12	

Figure 1.4 Structure and assembly of KV7 channels ........................................................ 26	

Figure 1.5. Modulation of KV7 channels by exemplary Gαq-coupled receptors ............... 30	

Figure 1.6. Central TRPV1 receptors are targets for AM404........................................... 35	

 

 

  



II 

List of tables 

Table 1.1. Major brain areas involved in pain processing ................................................ 11	

Table 1.2. Thermosensitive TRP channels ...................................................................... 13	

Table 1.3. KV7 channel subunits: Tissue distribution and associated channelopathies .. 27	

	
  



III 

List of abbreviations 

 
2-APB 2-aminoethoxydiphenyl borate 

3-GS-APAP 3'-(S-glutathionyl) acetaminophen 

4α-PDD 4α-phorbol 12,13-didecanoate 

5-HT 5-Hydroxytryptamine, serotonin 

7-NI 7-nitroindazole 

AA arachidonic acid 

ADPribose adenosine diphosphate ribose 

AITC allyl isothiocyanate 

AKAP A-kinase anchoring protein 

AM404 N-arachidonoylaminophenol 

ANO1 anoctamin 1 

AP action potential 

APAP acetaminophen 

APAP-CYS APAP-cysteine 

ASIC acid-sensing ion channel 

ATP adenosine triphosphate 

B1 bradykinin B1 receptor 

B2 bradykinin B2 receptor 

BDNF brain-derived neurotrophic factor 

Bk bradykinin 

BK big conductance KCa family 

Ca2+ calcium ion 

CaCC Ca2+-activated chloride channels 

cAMP cyclic adenosine monophosphate 

CaV voltage-gated Ca2+ channel 

CB1 cannabinoid receptor type 1 

CCI chronic constriction injury 

cGMP cyclic guanosine monophosphate 

CGRP calcitonin gene-related peptide 

Cl- chloride ion 

CNS central nervous system 

COX cyclooxygenase 



IV 

DAG diacylglycerol 

DEG degenerin 

DNA deoxyribonucleic acid 

DRG dorsal root ganglion 

DTX-K dendrotoxin-K 

EPSC excitatory postsynaptic current 

EPSP excitatory postsynaptic potential 

FAAH fatty acid amide hydrolase 

GABA gamma-amino butyric acid 

GDNF glial cell line-derived neurotrophic factor 

GIRK G-protein coupled Kir channel 

GLR glycine receptor 

GPCR G protein-coupled receptor 

GSH glutathione 

GST GSH S-transferase 

H2O2 hydrogen peroxide 

HCN hyperpolarization-activated cyclic nucleotide 

hNET human norepinephrine transporter 

IB4 isolectin B4 

IbTX iberiotoxin 

IFN-γ Interferon gamma 

IK  intermediate conductance KCa family 

iNOS inducible NOS 

IP3 inositol trisphosphate 

K+ potassium ion 

K2P two-pore K+ channel 

KATP ATP-sensitive K+ channel 

KCa Ca2+-activated K+ channel 

KCNA voltage-gated K+ channel subfamily A 

KCNE voltage-gated K+ channel subfamily E 

KCNQ voltage-gated K+ channel subfamily Q 

kDa kilodalton 

Kir inward rectifier K+ channel 

KO knockout 



V 

KV voltage-gated K+ channel 

LGIC ligand-gated ion channel 

LPS lipopolysaccharide 

M1 receptor muscarinic receptor 1 

MAPK mitogen-activated protein kinase 

mRNA messenger ribonucleic acid 

Na+ sodium ion 

NAPQI N-acetyl-p-benzoquinone imine 

NaV voltage-gated Na+ channel 

NEM N-ethyl maleimide 

NGF nerve growth factor 

NK1 neurokinin 1 

NMDA N-methyl-D-aspartate 

NMDAR NMDA receptor 

nNOS neuronal NOS 

NO nitric oxide 

NOS NO synthase 

NSAID nonsteroidal anti-inflammatory drug 

NSF NEM-sensitive factor 

OFC orbitofrontal cortex 

PAG periaqueductal gray 

PI3K phosphoinositide 3-kinase 

PIP2 phosphatidylinositol 4,5-bisphosphate 

PKC protein kinase C 

PLCβ phospholipase C beta 

PNS peripheral nervous system 

PPA paracetamol protein adducts 

Rab3 Ras GTPase superfamily 

rACC rostral anterior cingulate cortex 

RIM Rab3-interacting molecule 

RIM-BP RIM-binding protein 

RMP resting membrane potential 

ROS reactive oxygen species 

RTG retigabine 



VI 

SDH spinal dorsal horn 

SK small conductance KCa family 

SM-protein family Sec1/Munc18 protein family 

SNAP-25 synaptosome-associated protein, 25 kDa 

SNARE soluble NSF attachment protein receptor 

SP substance P 

Src kinase sarcoma family kinase 

SULT sulfotransferase 

SUR1 sulfonylurea receptor 

TM transmembrane  

TMEM16 transmembrane proteins with unknown function 16 

TRAAK TWIK-related arachidonic-acid stimulated K+ channel 

TREK TWIK-related K+ channel 

TrkA tropomyosin receptor kinase A 

TRP transient receptor potential 

TRPA TRP ankyrin 

TRPC TRP canonical 

TRPM TRP melastatin 

TRPML TRP mucolipin 

TRPN TRP no mechanoreceptor potential C 

TRPP TRP polycystin 

TRPV TRP vanilloid 

TTX tetrodotoxin 

TTX-R TTX-resistant 

TTX-S TTX-sensitive 

TWIK two-pore weak inwardly rectifying K+ channel  

UDP uridine diphosphate 

UGT UDP-glucuronosyltransferase 

VGCC voltage-gated Ca2+ channel 

VGSC voltage-gated Na+ channel 

WDR wIde dynamic range 

XE991 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone 

β-NAD β-nicotinamide adenine dinucleotide 

	



VII 

Acknowledgements 

I extend my heartfelt gratitude to my supervisor Prof. Stefan Böhm for accepting me as a 

doctoral candidate in his lab. He has been an excellent supervisor throughout my 

doctoral training, patient and willing to guide me at every step. I believe this is an 

incredible quality, something to learn from. 

Isabella Salzer, who guided me from the first day in the lab, has been an exceptional 

‘guru’. She has trained me to be a good electrophysiologist and to think critically. She 

offered help whenever sought, and was pivotal in ensuring that my interest in the field 

consolidated over these four years.  

I would like to thank Sylvia Pagler for assisting me from the time I applied to this 

program and ensuring that all administrative work went smoothly.  

I extend my gratitude to Gabi Gaupmann for making the workplace amiable, for her 

affection and for her help with preparation of primary neuronal cultures. 

I would like to thank Fatma Asli Erdem for being a constant source of companionship 

and motivation. I believe she has a major contribution in ensuring this journey was 

beautiful. 

My colleagues Shreyas, Manu, Florian, Klaus, Hend, Enkhbileg, Peter, Marco, Dagmar, 

Verena, Marco, Shahrooz and CCHD colleagues ensured that work was fun. I owe them 

a lot individually for their contributions to my journey as a doctoral student. 

I would like to thank the FWF and the Medical University of Vienna for funding the work. 

My family for being a constant source of support and motivation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



VIII 

Declaration 

Following co-authors contributed to the experimental work in the manuscript entitled   

“The paracetamol metabolite NAPQI reduces excitability in first and second order 

neurons of the pain pathway through actions on KV7 channels" submitted to Pain, 

included in this thesis: 

Isabella Salzer designed and performed the initial experiments for Fig.1 and Fig.2.  

Mira T Kronschläger performed the experiments for Fig.5. 

I have performed the rest of the experiments. 

  



IX 

Abstract 

Acetaminophen (APAP) or paracetamol is a commonly used drug to reduce pain and 

fever. Although multiple mechanisms have been proposed to explain its analgesic 

mechanism of action, a definitive answer remains elusive. The nociception-relevant KV7 

channel is expressed in neurons of the pain pathway. In this study, the effects of APAP 

and its metabolites on membrane excitability and KV7 currents were investigated in 

neurons of the rat dorsal root ganglia (DRG) and spinal dorsal horn (SDH), using the 

perforated patch-clamp technique.   

APAP, by itself did not change the membrane potential or excitability in either neuronal 

population, nor did it change the magnitude of KV7 currents. AM404 is a well-known 

analgesic metabolite of APAP. It is formed by the conjugation of p-aminophenol and 

arachidonic acid (AA) in neurons. AM404 did not alter the membrane potential, 

excitability or KV7 current amplitude in DRG or SDH neurons. Around 5-15 % of APAP 

on therapeutic dosing is converted into a reactive intermediate N-acetyl-p-

benzoquinoneimine (NAPQI) by cytochrome P450 enzymes. NAPQI hyperpolarized the 

membrane potential and reduced the excitability of both DRG and SDH neurons. 

Blocking KV7 channels with linopirdine abrogated the NAPQI-mediated 

hyperpolarization. NAPQI also enhanced the KV7 currents in both neuronal populations 

in a time and concentration-dependent manner. 

Modulators of KV7 channels are known to regulate synaptic transmission. NAPQI did not 

affect synaptic transmission between DRG and SDH neurons. Inhibition of KV7 channels 

is one of the mechanisms by which the algogenic mediator bradykinin enhances 

neuronal excitability in primary afferents. NAPQI abolished the bradykinin-mediated 

inhibition of these currents. These results indicate that the analgesic mechanism of 

APAP could be mediated by its metabolite NAPQI via its actions on KV7 channels. 
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Zusammenfassung 

Paracetamol, auch genannt Acetaminophen (APAP), ist eines der am häufigsten 

eingesetzten Schmerzmittel weltweit. Der Wirkmechanismus ist weitgehend ungeklärt, 

obwohl eine Reihe von möglichen Mechanismen vorgeschlagen wurde. Der in der 

Nozizeption relevante KV7 Kanal wird stark in Nervenzellen der aufsteigenden 

Schmerzbahnen exprimiert. In dieser Arbeit wurde der Effekt von APAP und seinen 

Metaboliten auf die Erregbarkeit von Neuronen des Spinalganglions (dorsal root 

ganglion, DRG) und des spinalen Hinterhorns (spinal dorsal horn, SDH) gemessen. 

Außerdem wurde untersucht, wie sich der Strom durch KV7 Kanäle durch diese 

Substanzen verändert. Beide Arten von Experimenten wurden in der perforated Patch-

Clamp-Technik durchgeführt.  

Paracetamol selbst hatte weder einen Effekt auf die Erregbarkeit der getesteten 

Neurone, noch auf deren Ströme durch KV7 Kanäle. AM404 ist ein bekannter aktiver 

Metabolit von Paracetamol. Dieser wird durch Konjugation von p-Aminophenol und 

Arachidonsäure in Neuronen gebildet. Auch AM404 hat weder die neuronale 

Erregbarkeit noch die Ströme durch Kv7 Kanäle verändert. In etwa 5 – 15% einer 

therapeutischen Paracetamoldosis werden über Cytochrom P450-abhängige Enzyme in 

das reaktive Produkt N-Acetyl-p-benzoquinonimin (NAPQI) umgewandelt. Die 

Anwendung von NAPQI hat sowohl das Membranpotential hyperpolarisiert als auch die 

Aktionspotentialfrequenz in DRG und SDH Neuronen gesenkt. Die Blockade der KV7 

Kanäle durch Linopirdin verhinderte die NAPQI-vermittelte Hyperpolarisation. Des 

Weiteren verursachte NAPQI eine Vergrößerung des Stroms durch KV7 Kanäle in 

beiden Neuronen Populationen. Dieser Effekt war sowohl konzentrations- als auch 

zeitabhängig. 

Es ist bekannt, dass Modulatoren von KV7 Kanälen synaptische Transmitterfreisetzung 

verändern können. Dennoch hat NAPQI die synaptische Übertragung zwischen DRG 

und SDH Neuronen nicht beeinflusst. Der Entzündungsmediator Bradykinin erhöht die 

neuronale Erregbarkeit in primär afferenten Neuronen, unter anderem, durch Hemmung 

von KV7 Kanälen. Diese, durch Bradykinin verursachte Hemmung kann durch Gabe von 

NAPQI aufgehoben werden. Diese Resultate zeigen, dass die analgetische Wirkung von 

Paracetamol durch dessen Metaboliten NAPQI verursacht werden könnte und KV7 

Kanäle involviert sind.  
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1. Introduction 

1.1. Electrophysiological correlates of neuronal communication 

1.1.1. Resting membrane potential (RMP) 

Most cells in the plant and animal kingdom maintain a negative potential across the cell 

membrane (Wayne, 1994; Franks et al., 2002). The value of this potential in an 

unstimulated cell is referred to as the resting membrane potential (RMP). The 

extracellular environment is characterized by the presence of high concentrations of 

sodium and chloride ions, and low concentration of potassium ions akin to sea water, 

while the intracellular environment has the reverse distribution (A. L. Hodgkin and 

Huxley, 1952). The cell membrane acts as a diffusion barrier to ionic flow, however the 

presence of selective ion channels renders the cell membrane semi-permeable. To 

understand how the RMP is established, it is important to understand the concept of 

electrochemical equilibrium.  

The chemical gradient, in this case arises from concentration differences of ions in the 

cytoplasm versus the extracellular space, while the electrical gradient is established as 

soon as ions start shuttling between the two compartments. Equilibrium is established 

when the chemical and electrical gradients counterbalance each other. Biophysically, 

this is a state where there is no net movement of charges across the membrane. A 

simple scenario is to take individual ionic species into consideration. Opening of Na+ 

channels, for example, would lead to an influx of ions until the equilibrium potential for 

Na+ is reached. This essentially means that the membrane voltage is sufficiently different 

from the equilibrium potential to permit conduction of Na+ ions until the chemical and 

electrical potentials arising from such flow negate each other. The Nernst equation is 

used to calculate the equilibrium potential. The formula is depicted below: 

                                                        

∙ ln  

 
E (equilibrium potential measured in [V]), R (universal gas constant [8.3145 J mol-1K-1]), T	
(absolute temperature [K]),	 z	 (valence of the ion), F (Faraday’s constant [96,485 
coulombs·mol−1]), Co (extracellular ion concentration), Ci (intracellular ion concentration) 
 
Taking into account contributions of individual ions to the membrane potential and their 

permeabilities, the Goldman-Hodgkin-Katz equation (depicted below) is the appropriate 

formula to calculate the membrane potential (Goldman, 1943; Hodgkin and Katz, 1949). 
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		 	 ∙
	

∙
	

	. 	  

Em (membrane potential measured in [V]),	 PNa,	 PK,	 PCl (permeabilities for Na+, K+and 

Cl−), Ion o	(extracellular ion concentration), Ion i (intracellular ion concentration) 
 
Movement of ions across the cell membrane can change the value of the membrane 

potential. Depolarization is characterized by the membrane potential becoming more 

positive than the RMP; a negative deflection is referred to as hyperpolarization. 

The cell membrane permits flow of ions via three types of channels: leak channels, 

ligand-gated and voltage-gated ion channels. Leak channels allow movement of Na+ and 

K+ ions at resting state. Ligand-gated ion channels (LGICs) conduct ions through a 

channel pore on the binding of a chemical ligand, for example a neurotransmitter. 

Voltage-gated ion channels respond to differences in voltage across the membrane. At 

rest, these channels are typically closed; they open when a critical membrane voltage 

level is reached. These channels are crucial for action potential (AP) initiation and 

propagation in addition to neurotransmitter release (Alexander, Mathie and Peters, 

2011). The electrogenic pump Na+/K+-ATPase reverses these ionic fluxes across the 

membrane by utilizing one molecule of ATP to extrude 3 Na+ ions out and let 2 K+ ions 

into the cell (Clausen, 1998). Hence the gradients for these two ions are maintained 

across the cell membrane. The Na+ gradient generated by the activity of Na+/K+-ATPase 

provides energy to the Na+-K+-2Cl− cotransporter (NKCC), which drives Cl− into the 

neurons. The K+ gradient, on the other hand provides energy for the K+-Cl−cotransporter 

(KCC2), which drives Cl− out of the neurons (Delpire, 2000; Blaesse et al., 2009; Delpire 

and Staley, 2014). 

 
1.1.2. Neuronal action potential  

Action potentials (APs) are heralded by an increase in sodium permeability subsequent 

to depolarization of the neuronal membrane. Sodium is the crucial ion governing this 

process, since an absence of sodium in the external solution abolishes APs. The ratio of 

permeabilities of K+: Na+: Cl- changing from 1:0.4:0.45 (in the resting state) to 1:20:0.45 

(during depolarization) yields an AP of 97 mV in squid giant axons (Hodgkin and Katz, 

1949). A classical AP is characterized by the gradual depolarization of the membrane 

potential until threshold, a rapid rising phase, an overshoot, a repolarization phase 

followed by a brief undershoot (hyperpolarization). After this, the membrane potential 

goes back to the resting level. Changes in membrane potential arise from major 
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contributions of two distinct ionic currents, the sodium and the potassium current. 

Changes in sodium and potassium permeabilities in response to depolarization can be 

plotted as a function of their individual ionic conductances (Hodgkin and Huxley, 1952a). 

The sodium conductance rises rapidly, reaches a crest and then declines exponentially. 

On the other hand, the potassium conductance exhibits a slower rise along an S-shaped 

curve, and is maintained at a high level for longer periods of time. Remarkably, once the 

membrane potential is repolarized to the resting value, the potassium conductance 

returns to a low level (Hodgkin and Huxley, 1952b). The AP is followed by a refractory 

period, which depends on the inactivation of the sodium conductance and a delayed rise 

in the potassium conductance (Hodgkin and Huxley, 1952c). 

1.1.3. Synaptic transmission 

Orchestrated function in the nervous system depends on efficient and reliable means of 

neuronal communication. The two primary modalities of synaptic transmission are 

electrical and chemical, which function independently as well as have overlapping 

domains (Pereda, 2014). The transfer of information between neurons takes place at 

synapses. The speed and accuracy of chemical neurotransmission is based on the 

immediate availability of neurotransmitter-containing vesicles (Blakely and Edwards, 

2012). One can envisage that maintaining synaptic vesicle numbers and vesicular 

refilling require elegant mechanisms, suited to the activity of discrete neuronal 

ensembles (Edwards, 2007; Morgan et al., 2013). The site for exocytosis is the ‘active 

zone’ at the presynaptic nerve terminal. The active zone is composed of elaborate 

molecular machinery whose core members are the RIM, Munc13, RIM-BP, α-liprin, and 

ELKS proteins (Rizo and Rosenmund, 2008). Fast synaptic transmission involves 

release of vesicular content in four major steps. It starts with docking, whereby a fraction 

of vesicles come into close proximity with the membrane, and are ready for immediate 

release. The next step is priming, where the vesicles are rendered fusion-competent. 

The Ca2+ -triggering step involves sensing the signal followed by transduction to the 

fusion complex. This series of events culminates in vesicle fusion, where the 

neurotransmitter is released into the synaptic cleft (Wojcik and Brose, 2007). 

An incoming action potential triggers synaptic vesicle exocytosis and neurotransmitter 

release in less than a millisecond (Rizo and Rosenmund, 2008). This process is 

mediated by the influx of Ca2+ ions into the presynaptic terminal. Binding of Ca2+ ions to 

synaptotagmin, a Ca2+ sensor, triggers release by binding to a core fusion complex 
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constituted by SNARE (soluble NSF (N-ethylmaleimide-sensitive factor) attachment 

protein receptor) and SM (Sec1/Munc18 protein family) proteins (Südhof and Rothman, 

2009). At the synapse, the vesicular SNARE protein synaptobrevin and the plasma 

membrane SNARE proteins syntaxin-1 and SNAP-25 assemble to form the trans-

SNARE complex (Söllner et al., 1993). During fusion, the two membranes are tightly 

apposed due to sustained zippering of the SNARE complexes, which forms a four-helical 

structure. The SM proteins tightly tether these trans-SNARE complexes to mediate 

fusion (Söllner, Bennett, et al., 1993). Complexin adaptor proteins activate and clamp 

this core fusion complex, allowing synaptic vesicles containing synaptotagmin to position 

themselves at the active zone with the help of complexes containing RIM proteins. 

These RIM proteins are crucial in mediating docking and priming of synaptic vesicles on 

one hand, while simultaneously recruiting Ca2+ channels to active zones on the other. 

This elegant molecular architecture links primed synaptic vesicles to their interacting 

partners, the Ca2+ ions, and permits a tight temporal coupling between the incoming AP 

and neurotransmitter release (Südhof, 2012). NSF and SNAPs (soluble NSF-attachment 

protein) mediate the disassembling of the SNARE complex to allow further cycles of 

synaptic fusion (Wojcik and Brose, 2007). 

The binding of neurotransmitter to the postsynaptic membrane can either open an 

ionotropic receptor, i.e. LGIC, or activate a metabotropic receptor (G-protein coupled 

receptors (GPCR)). This can lead to different effects. Immediate changes in the 

postsynaptic neuron manifest as fluctuations in the membrane potential (postsynaptic 

potentials) which can either be excitatory or inhibitory.  On the other hand, activation of 

GPCRs can lead to downstream signaling cascades, which can mediate long-term 

effects. Cessation of neurotransmission is mediated by active reuptake by 

neurotransmitter transporters or enzymatic hydrolysis (Snyder, 2006). 

 

1.2. Pathophysiology of pain  

1.2.1. Nociception and pain 

The unpleasant emotional experience associated with potential or real tissue damage is 

described as pain (Merskey and Bogduk, 1994). Nociception includes physiological 

processes that culminate in the transfer of peripheral sensory information to the CNS 

(Loeser and Treede, 2008). The former involves an active emotional processing of 

sensory input, while the latter relies on an elaborate network of detection, transduction 

and transfer of encoded sensory signals. Owing to its perceptual nature, the feeling of 
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pain can occur without an active act of nociception; similarly nociception does not 

necessarily translate into pain (Merskey and Bogduk, 1994; Casey, 1999; Woo et al., 

2017). Pain is broadly categorized into nociceptive and neuropathic pain. Nociceptive 

pain develops after peripheral injury and concomitant nociceptor activation. Acute 

inflammatory pain is a subtype of nociceptive pain (Loeser and Treede, 2008). 

Nociceptive pain can be further divided into somatic and visceral pain. The former 

involves inputs from the skin and musculoskeletal organs while the latter from the 

internal organs (Sikandar and Dickenson, 2012). Neuropathic pain can involve the 

peripheral elements of the pain pathway (peripheral neuropathic pain) or central 

components (central neuropathic pain) (Loeser and Treede, 2008).  

  

1.2.2. Sensitization 

The process of sensitization is characterized by a decrease in the threshold and an 

increase in the magnitude of response to noxious stimuli (Gangadharan and Kuner, 

2013). Strong noxious stimuli resulting in tissue damage can alter the response to 

subsequent noxious input, resulting in hypersensitivity, which can be primary or 

secondary. Peripheral nociceptor sensitization results in increased sensitivity within the 

area of injury. Secondary hypersensitivity is marked by acquired sensitivity in the 

uninjured adjacent areas and relies on central sensitization (Basbaum et al., 2009a). The 

latter broadly encompasses an enhancement in neuronal responsiveness in the CNS, 

which contributes to pain amplification (Sandkuhler, 2009). Broadly speaking, the 

behavioral manifestations of such phenomena are hyperalgesia and allodynia. The 

former is a state of exaggerated response towards noxious stimuli that under 

physiological circumstances would yield a lesser pain response. In the latter, a non-

noxious stimulus is perceived as a painful one (Loeser and Treede, 2008). 

Tissue injury leads to ensuing inflammation that involves crosstalk between damaged 

endothelial cells, leukocytes, platelets, sympathetic efferents and sensory neurons. This 

further entails involvement of molecular players such as protons, ATP, prostaglandins, 

neurotrophins, cytokines, chemokines, neuropeptides, substance P, Bk, histamine, 

lipids, and different proteases (see Fig.1.1) (Gold and Gebhart, 2010; Ke Ren and 

Dubner, 2010; Pinho-Ribeiro, Verri and Chiu, 2017). Peripheral sensitization involves a 

positive feedback system where these mediators enhance further release, culminating in 

activation of specific signaling cascades, vasodilation and increased vascular 

permeability at the site of injury. This manifests as a plethora of signs at the site of injury, 
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which include swelling, redness, warmth, and nociception leading to symptoms of pain 

(Basbaum et al., 2009b; Gold and Gebhart, 2010; Gangadharan and Kuner, 2013). 

Behaviorally, this manifests as lowered thresholds for different stimuli to avert further 

damage in the inflamed area. Increased activity in the peripheral afferents is one of the 

mechanisms by which central sensitization is initiated and maintained. Under 

physiological conditions this marks an effective response to tissue damage. Under 

pathological conditions, the same response can lead to chronic and debilitating pain 

(Latremoliere and Woolf, 2009). 

1.2.3. Bradykinin: A prototypical inflammatory mediator 

Upon tissue injury, bradykinin (Bk) is released from high-molecular-weight plasma 

globulin kininogen precursors by kalikrein-mediated hydrolysis (Biyashev et al., 2006).  

Inflammatory exudates are enriched with Bk (Armstrong et al., 1957). Bk activates two 

GPCRs, the Gαq-coupled B1 and B2 receptors. The B1 receptor is expressed primarily in 

the cell-bodies of IB4 positive neurons in the dorsal root ganglion (DRG) (Wotherspoon 

and Winter, 2000). The B2 receptor which is the key mediator of Bk–induced nociception 

is expressed in the cell bodies of DRG ganglia, as well as the peripheral terminals of the 

afferent neurons (Prado et al., 2002). Strong immunoreactivity has been reported for the 

B2 receptor in neonatal rat trigeminal ganglion (TG) neurons, while B1 receptors exhibit 

weak immunoreactivity (Kawaguchi et al., 2015). Both receptors are expressed in the 

spinal dorsal horn (SDH) (Wotherspoon and Winter, 2000; Ongali et al., 2004; Wang, 

2005). Activating the B2 receptor in DRG neurons results in depolarization and increased 

firing APs; this leads to nociception in vivo. This is mediated by the action of two distinct 

ion channels, the KV7 and the Ca2+-activated chloride channels (CaCCs) (Liu et al., 

2010). Bk produces vasodilation (Brown, Moppett and Mahajan, 2003) and dose-

dependent pain in humans (Greaves and Shuster, 1967; Manning et al., 1991). In 

addition to its role in peripheral sensitization, it also plays a role in central sensitization 

as shown by different behavioral pain tests (Chapman and Dickenson, 1992; Ferreira et 

al., 2002); an example of this is the Bk-mediated potentiation of spinal cord 

glutamatergic synaptic transmission (Wang, 2005). 
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Figure 1.1. Cellular and molecular mechanisms of peripheral sensitization 

Noxious input in the periphery is detected and transduced by certain ion channels. 
TRPV1 channels detect heat, protons (H+) and capsaicin, TRPA1 channels sense 
environmental irritants. The ASIC3 channels also sense protons and the 
purinoceptor P2X3 channel responds to ATP. The TRP and P2X3 channels are non-
selective for cations and permit the entry of Na+ and Ca2+ ions while ASIC3 allows 
entry of Na+ ions. This leads to depolarization of the membrane potential. The 
opening of NaV channels in response to the depolarizing membrane potential leads 
to the generation of action potentials which are transmitted to higher centers via the 
pain pathway. The release of neuropeptides SP and CGRP lead to vasodilation. In 
an inflammatory state, various cytokines and chemokines are released by damaged 
cells, tissue-resident and recruited immune cells. Degranulation of mast cells and 
the contribution of macrophages, neutrophils and T cells produces a cocktail that 
majorly involves interleukin-5 (IL-5), serotonin (5-HT), histamine (H), tumor necrosis 
factor alpha (TNFα), prostaglandin E2 (PGE2), leukotriene B4 (LTB4), interleukin-1β 
(IL-1β), interleukin-6 (IL-6), nerve growth factor (NGF) and interleukin 17A (IL-17A). 
This cocktail acts on their respective receptors which include interleukin-5 receptor 
(IL-5R), serotonin (5-HT2R), histamine receptors (H1 and H2), tumor necrosis factor 
alpha receptor (TNFR1), prostaglandin E2 receptors (EP1-4), leukotriene B4 
receptor 1 (BLT1), interleukin-1β receptor (IL-1R), glycoprotein 130 (gp130), 
tropomyosin receptor kinase A (TrkA) and interleukin 17A receptor (IL-17AR). This 
cocktail acts on nociceptor peripheral nerve terminals and sensitizes them. The 
activation of downstream signaling cascades lead to post-translational modifications 
(e.g. phosphorylation of ion channels). ASIC- Acid-sensing ion channels; ATP- 
adenosine triphosphate; CGRP- calcitonin gene-related peptide; SP- substance P; 
TRPA1- transient receptor potential cation channel subfamily A member 1; TRPV1-
transient receptor potential cation channel subfamily V member 1. Adapted from 
Gold and Gebhart, 2010; Ke Ren and Dubner, 2010; Pinho-Ribeiro, Verri and Chiu, 
2017. 
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1.3. The pain pathway   

1.3.1. Nociceptors and primary afferent fibers 

Nociceptors are specialized sensory end organs in the skin, muscle, joints and viscera 

which selectively respond to potentially damaging stimuli and transduce them into 

electrical signals that are relayed onto higher pain processing areas. Conventionally, 

nociceptors have been classified based on the following parameters: structural 

attributes, threshold, cellular content of receptors and neuropeptides, and response to a 

stimulus modality. A nociceptor encompasses the axon, soma and the central terminals 

associated with a specific end organ. There are two major categories of nociceptors. The 

first include Aδ nociceptors that have myelinated fibers. They mediate the “first” or fast 

pain, which is well localized. The “second” or poorly localized slow pain is mediated by C 

nociceptors that have unmyelinated fibers (Dubin and Patapoutian, 2010; Gold and 

Gebhart, 2010). The cell bodies of these nociceptors reside in the DRG. Fast and slow 

pain have distinct cortical representations in humans (Ploner et al., 2002). The 

transduction of noxious stimuli into electrical signals takes place at the terminal 

unencapsulated branches of the main axon (Woolf and Ma, 2007).  

Aδ nociceptors are further sub-divided into two classes depending on their threshold to 

different stimuli. Type I have the capacity to respond to both chemical and mechanical 

stimuli and have high threshold to heat (>50oC). On the other hand, Type II nociceptors 

have a high mechanical threshold but a lower heat threshold (Traub and Mendell, 1988). 

Amongst them, some nociceptors exclusively respond to heat, mechanical stimuli or 

noxious cold (Cain, Khasabov and Simone, 2001; Lewin and Moshourab, 2004). 

Depending on their response profiles to various stimuli, C fibers are classified as C-M 

(mechanical), C-H (heat) and CMH  (heat and mechanical) fibers; the latter constitute 

the largest percentage and are referred to as polymodal nociceptors (Weidner et al., 

1999). Similarly, those that respond to mechanical and cold stimuli are referred to as C-

MC (mechanical and cold) fibers. The C fibers are also classified based on their 

molecular characteristics into peptidergic and non-peptidergic populations. The signature 

molecules of the former include substance P and calcitonin-gene related peptide 

(CGRP). These neurons express the tropomyosin receptor kinase A (TrkA) receptor, the 

target of nerve growth factor (NGF). The non-peptidergic population is characterized by 

the expression of c-Ret neurotrophin receptor that responds to glial cell line-derived 

neurotrophic factor (GDNF), neurturin and artemin. A substantial fraction of these 

neurons are isolectin B4 (IB4) positive (Snider and McMahon, 1998). 
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Primary afferent fibers exhibit a wide range of conduction velocities while transmitting 

the encoded nociceptive signal depending on their myelination. C fibers, which transmit 

slow and diffuse pain are unmyelinated, have high activation thresholds and conduction 

velocities less than 2 ms-1. The Aδ fibers, which have a wider range of threshold for 

activation, are sparsely myelinated and have conduction velocities in the range of 5-15 

ms-1. These fibers relay the sensation of fast and sharp pain in an acute setting. On the 

other hand, Aβ fibers which transmit non-noxious stimuli, are highly myelinated and 

permit rapid signal conduction. They are characterized by low activation thresholds and 

are responsible for conveying the feeling of light touch (Dubin and Patapoutian, 2010). 

 

1.3.2. Neuronal circuitry in the spinal dorsal horn (SDH) 

The central terminals of various primary afferent fibers synapse with secondary afferent 

neurons in the SDH. Through its actions on ionotropic glutamate receptors, namely the 

AMPA receptors (AMPARs) and kainate-type receptors (KARs), glutamate mediates fast 

excitatory synaptic transmission in the pain pathway. Glutamate also plays a role via its 

actions on the ionotropic NMDA receptors (NMDARs), which are constitutively blocked 

by Mg2+ ions. However, sustained activation of AMPARs and KARs removes the 

blockade by Mg2+ ions in pathological pain states leading to a glutamate-dependent slow 

excitatory synaptic response (Luo, Kuner and Kuner, 2014). DRG neurons release SP, a 

neuropeptide in response to incoming noxious input, which interacts with neurokinin 1 

(NK1) receptor-expressing neurons in lamina I of the superficial spinal dorsal horn (SDH) 

(Todd et al., 2002). SP enhances glutamatergic excitatory synaptic transmission 

between first and second order neurons of the pain pathway (Randic et al., 1993). Long-

term potentiation (LTP) can be induced in nociceptive pathways at different synapses. 

Strengthening of synapses result in hyperalgesia subsequent to noxious input during 

inflammation (Sandkuhler, 2009).  

The SDH is histologically divided into ten layers referred to as the Rexed laminae, 

extending from the superficial to the deep part. Most of the nociceptive Aδ and C fibers 

terminate in the superficial laminae (I and II) while some ramify at deeper levels (Todd, 

2010). The Aβ fibers form synapses in the deeper laminae (III-VI) (see Fig.1.2) (Todd, 

2001). In addition to monosynaptic connections for nociceptive and proprioceptive 

inputs, the SDH is characterized by the presence of a third type of neuron, the wide 

dynamic range (WDR) which receives polysynaptic input from various sensory fibers and 

respond to a wide range of stimuli. These neurons exhibit a graded neuronal firing 
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pattern depending on stimulus; on repetitive firing of peripheral afferents this translates 

into a form of short-term synaptic plasticity called ‘wind-up’ (Dickenson and Sullivan, 

1987). The SDH has a complex, interlacing network of excitatory and inhibitory 

interneurons, which processes the signal and determines the output of sensory 

information onto supraspinal pain centers (D’Mello and Dickenson, 2008; Punnakkal et 

al., 2014). While glutamate mediates fast excitatory neurotransmission, the 

neurotransmitters GABA and glycine mediate fast inhibitory synaptic transmission in the 

SDH by acting on the postsynaptic ionotropic GABAA and glycine receptors (Luo et al., 

2002). The GABAB receptor is a G-protein-coupled receptor (GPCR), which mediates 

inhibition presynaptically. This inhibition is characterized by slow-onset and long-lasting 

effects (Yang and Ma, 2011). Glial cells such as astrocytes and microglia are also known 

to modulate pain processing in SDH (Gosselin et al., 2010).  

 

1.3.3. Ascending tracts and supraspinal centers for pain processing 

Spinal projection neurons relay the output of SDH upwards towards higher pain centers 

in the brain via ascending tracts. Most of these neurons are found in lamina I of the 

SDH; around 80% of them express the neurokinin 1 (NK1) receptor that responds to 

substance P. The rest of the projection neurons are found in in deeper laminae of the 

SDH (Todd, 2002). There are two primary ascending pathways in the spinal cord: the 

spinothalamic and the spinoreticular tracts. In the former, secondary afferents decussate 

within a range of few spinal segments after entering the spinal cord, crossover and 

ascend on the contralateral side to finally terminate in thalamic nuclei. The primary 

Figure 1.2. Termination of primary 
afferents in the SDH 

Central terminals of primary afferents 
arborize in the spinal dorsal horn in an 
organized fashion in the Rexed 
laminae (I-X).  The termination is 
governed by the fiber diameter and 
neuropeptide content of the afferents. 
Peptidergic fibers terminate in lamina I 
and IIo (outer zone). Non-peptidergic C 
fibers terminate in the central part of 
lamina II. Aδ hair follicle afferents 
terminate on either side of the lamina 
II/III border. Aβ tactile and hair 
afferents end mainly in laminae III-VI 
with occasional ramifications in lamina 
IIi (inner zone). Adapted from Todd, 
2010.
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function of this tract is to mediate pain localization. In the spinoreticular tract, the fibers 

decussate and ascend on the contralateral side to reach the reticular formation in the 

brainstem, followed by projections to the thalamus (see Fig.1.3) (Almeida, Roizenblatt 

and Tufik, 2004). This pathway governs the emotional aspects of pain (D’Mello and 

Dickenson, 2008). Nociceptive information is relayed from the thalamus onto various 

cortical regions, which are activated differentially by these incoming signals and 

contribute to the collective experience of pain. These areas constitute the ‘pain matrix’ 

which broadly comprises of the primary and secondary somatosensory, insular, anterior 

cingulate, and prefrontal cortices (see Table 1.1) (Tracey and Mantyh, 2007). 

In the supraspinal areas of pain processing, GABA is the major inhibitory 

neurotransmitter (Zhuo, 2008). Other inhibitory neuromodulators in these areas are 

glycine, cannabinoids, opioids and adenosine that act via activation of glycinergic 

receptors (GLR), cannabinoid type 1 receptors (CB1), μ-opioid receptors, and adenosine 

A1 receptors, respectively (Luo, Kuner and Kuner, 2014; Kuner and Flor, 2016). 

 

Table 1.1. Major brain areas involved in pain processing 
Brain area Function 

Primary (S1) and secondary (S2) 
somatosensory cortices 

coding intensity and localization of pain 

Rostral anterior cingulate cortex (rACC) pain modulation, response selection, 
reward associated with pain relief 

Insula relay of sensory information to the limbic 
system, autonomic regulation 

Amygdala 
 

defense mechanism involved in 
recruitment of descending inhibition 

Hippocampus  
 

aversive drive and motivational aspects of 
pain 

Orbitofrontal cortex (OFC) 
 

evaluation of noxious events and 
motivation to respond, anticipation of pain 
relief 

Periaqueductal gray (PAG) pain modulation 

Adapted from:	 Tracey and Mantyh, 2007; Mirchandani and Akhtar, 2010; Garland, 2012; 
Fuchs et al., 2014; Spiegel et al., 2017. 
 

1.3.4. Brainstem modulation of pain through descending pathways  

Descending pathways from the brainstem that can produce facilitatory or inhibitory 
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effects, modulate the experience of pain. The perception of pain is altered in different 

behavioral and disease states based on these influences. During conditions of intense 

stress, there is decreased responsiveness to noxious input, hinting towards descending 

inhibition. On the other hand, hyperalgesia during inflammation is reflective of 

descending facilitation (K. Ren and Dubner, 2010). Descending facilitation of spinal 

nociception is a major contributor to central sensitization and the development of 

secondary hyperalgesia (Millan, 2002). The primary CNS regions that mediate 

descending control are the periaqueductal gray (PAG) and rostral ventromedial medulla 

(RVM). The major neurotransmitters in the descending pathways are serotonin and 

norepinephrine (Ossipov, Morimura and Porreca, 2014). 

 

 

	

Figure 1.3. Main components of the pain pathway

The noxious input from the primary afferents (first order neurons) is processed in the 
DRG and relayed on to the second order neurons in the SDH. The axons of the second 
order neurons ascend in two different tracts. The tract responsible for localization of 
pain is called the lateral spinothalamic tract. The axons that constitute this tract 
decussate within a few segments of the spinal cord, crossover and ascend on the 
contralateral side to terminate in the thalamus. Some collaterals are sent to the 
midbrain reticular formation. The other major tract is the spinoreticular tract where 
axons of the second order neurons decussate and ascend contralaterally to reach the 
brainstem reticular formation, before ramifying into the midbrain and thalamus. The 
ventral posterolateral lateral nucleus (VPL) relays the input to the primary 
somatosensory cortex (S1). In addition to the VPL, the VPM sends information to the 
secondary somatosensory cortex (S2).  This tract provides input to the cingulate cortex 
and limbic system for mediating the emotional aspects of pain. DRG: dorsal root 
ganglion, SDH: spinal dorsal horn. Adapted from Almeida, Roizenblatt and Tufik, 2004. 
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1.4. Ion channels in nociceptors 

1.4.1. Ion channels involved in the detection of noxious stimuli 

1.4.1.1. Transient receptor potential (TRP) channels 

The first reports of TRP channel involvement in sensory transduction came from studies 

in fruit flies (Drosophila melanogaster). Photoreceptors in trp-mutant ones exhibited a 

transient elevation of the membrane potential in response to light while the wild-type 

ones showed a sustained activity in these cells with the same stimulus (Cosens and 

Manning, 1969; Montell and Rubin, 1989). TRP channels serve to encode various 

environmental stimuli and are responsible for a wide range of sensory modalities such 

as olfaction, vision, taste as well as thermo-, mechano- and osmosensation (Clapham, 

2003). Members of the TRP family share a common molecular architecture with six 

transmembrane segments and intracellularly located amino and carboxy termini. They 

assemble as tetramers with homomers being the commonest configuration (Clapham, 

Runnels and Strübing, 2001). There are seven known subfamilies of these channels:	

TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPML (mucolipin), TRPP 

(polycystin), TRPA (ankyrin) and TPRN (no mechanoreceptor potential C or nompC). 6 

of them (other than TRPN) are expressed in mammals where they constitute 28 different 

channels, out of which 11 are thermosensitive. The stimulus modality, temperature 

threshold and other stimuli that activate or regulate these channels are enlisted in Table 

1.2. 

 
Table 1.2. Thermosensitive TRP channels 

Stimulus TRP 
channel

Temperature 
threshold 

Tissue distribution Chemical stimuli/ 
physiological regulators 

Heat TRPV1 >42oC sensory neuron, 
brain, skin 

capsaicin, proton, 
shanshool, allicin, camphor,  
resiniferatoxin, vanillotoxin, 
2-APB, propofol,  
anandamide, arachidonic 
acid by-products, NO, 
extracellular cations 

 TRPV2 >52oC sensory neuron, 
brain, spinal cord, 
lung, liver, spleen, 
colon, heart, 
immunocyte 

probenecid, 2-APB, 
cannabidiol, mechanical 
stimulation 
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Warm 
 

TRPV3 >32oC skin, sensory 
neuron, brain, 
spinal 
cord, stomach, 
colon 

camphor, carvacrol, 
menthol, eugenol, thymol, 2-
APB 

 TRPV4 
 

>27–41oC skin, sensory 
neuron, brain, 
kidney, 
lung, inner ear, 
bladder 

4α-PDD, 
bisandrographolide, citric 
acid, arachidonic acid by-
products, anandamide, 
hypoosmolality, mechanical 
stimulation 

 TRPM2 >36oC brain, 
immunocyte, 
pancreas 

cyclic ADPribose, β-NAD,  
H2O2, intracellular Ca2+ 

 TRPM3 Warm-
noxious heat 

brain, sensory 
neuron, pancreas, 
eye 

pregnenolone sulfate, 
nifedipine, clotrimazole 

 TRPM4 
 

Warm heart, liver, 
immunocyte, 
pancreas 

intracellular Ca2+ 

 TRPM5 Warm gustatory cell, 
pancreas 

intracellular Ca2+ 

Cold TRPM8 <27oC sensory neuron eucalyptol, icilin, menthol  

 TRPC5 
 
 

Cold brain, sensory 
neuron, liver, 
heart, 
kidney 

DAG, Gd3+ 

 
 

TRPA1 
 

<17oC sensory neuron, 
spinal cord 

allyl isothiocyanate, 
carvacrol, cinnamaldehyde, 
allicin, diallytrisulfide, 
miogadial, miogatrial, 
capsiate, acrolein, icilin, 
tetrahydrocannabinol, 
menthol, formalin, H2O2, 
alkalization, intracellular 
Ca2+, NSAIDs, propofol, 
isoflurane, desflurane, 
etomidate, octanol, hexanol 
etc. 

2-APB- 2-aminoethoxydiphenyl borate, NO- nitric oxide, 4α-PDD- 4α-phorbol 
didecanoate, ADPribose- adenosine diphosphate ribose, β-NAD- β-nicotinamide 
adenine dinucleotide, DAG- diacylglycerol, H2O2- hydrogen peroxide, NSAIDs- non-
steroidal anti-inflammatory drugs. Adapted from Uchida and Tominaga, 2011; Klein et 
al., 2015. 
 
For the purpose of this thesis, I will describe the TRPV1 and TRPA1 channels in detail 
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because of their relevance to context. The transient receptor potential vanilloid 1 

(TRPV1) channel was first identified as the receptor for capsaicin, the pungent element 

of hot peppers. This non-selective cation channel was cloned and shown to be activated 

by heat in the noxious range, bringing into focus an ion channel that could explain 

painful chemical and thermal nociception (Caterina et al. 1997). During inflammation, 

NGF is retrogradely transported to the soma of C-fiber nociceptors where it activates 

p38 Mitogen-activated protein kinase (MAPK). Subsequently, TRPV1 channels are 

selectively transported to the peripheral but not the central C fiber terminals. At the 

cellular level, the maintenance of enhanced protein levels of TRPV1 in peripheral 

terminals contributes to the phenomenon of thermal hypersensitivity (Ji et al., 2002). The 

sensitization of TRPV1 receptors is dependent on NGF-mediated activation of TrkA. 

Concomitant activation of phosphoinositide 3-kinase (PI3K) and sarcoma-family kinase 

(Src kinase) leads to the phosphorylation of TRPV1 at a single tyrosine residue (Y200) 

that leads to insertion of TRPV1 channels into the membrane (Zhang, Huang and 

McNaughton, 2005). 

TRPV1-positive fibers selectively degenerate in neuropathic pain models (Lauria et al., 

2006). TRPV1 knockout (KO) mice have normal responses to noxious mechanical 

stimuli, but impaired responses to noxious heat. They also exhibit reduced thermal 

hyperalgesia in an inflammatory setting (Caterina et al., 2000). In a clinical context, 

TRPV1 is decreased in intra- and sub-epidermal fibers as determined by skin biopsies in 

patients suffering from diabetic neuropathy. This is proposed as the underlying 

mechanism for hyposensitivity to noxious stimuli in these patients (Facer et al., 2007). 

TRPV1 is also postulated to play a role in mediating analgesia in the supraspinal pain 

centers. Upon TRPV1 stimulation, ventrolateral PAG neurons release glutamate into the 

RVM, activating descending analgesic pathways (Starowicz et al., 2007). 

TRPA1 channels are crucial regulators of neurogenic inflammation and neuropeptide 

release. They are co-expressed with TRPV1 channels in a subset of C-fiber nociceptors 

(Story et al., 2003). A wide variety of chemicals activate mammalian TRPA1 channels, 

for example, allyl isothiocyanate (AITC), cinnamaldehyde, and allicin, which are 

compounds found in mustard, cinnamon, and garlic, respectively (Bautista, Pellegrino 

and Tsunozaki, 2013). Different endogenously produced inflammatory mediators also 

target the TRPA1 channel. The products of reactive oxygen species (ROS)-mediated 

lipid peroxidation in inflamed tissue activate the TRPA1 channel (Trevisani et al., 2007; 

Taylor-Clark et al., 2008). TRPA1 activation is also modulated by G protein–coupled 
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receptors (GPCRs) by downstream signaling cascades, for example, Bk acts via the B2 

receptor to activate this channel (Bandell et al., 2004). 

TRPA1 was initially proposed to be the ion channel responsible for detection of noxious 

cold (Story et al., 2003). At the cellular level, cultured TG neurons have no significant 

difference in the number of cold-sensitive neurons or magnitude of response to low 

temperatures between wild type and TRPA1 KO mice, leading to discordance about the 

role of TRPA1 as a detector of noxious cold (Bautista et al., 2006). Like many other ion 

channels, membrane phosphatidylinositol 4, 5-biphosphate (PIP2) levels are known to 

modulate TRPA1 function. Supplementing intracellular PIP2 delays the desensitization of 

the channel. On the other hand, neomycin, a PIP2 scavenger, accelerates the process 

(Karashima et al., 2008). 

 

1.4.1.2. Acid-sensing ion channels (ASIC) 

These channels are a subfamily of the ENaC/Deg superfamily of ion channels. In 

sensory neurons, ASIC channels mediate a desensitizing inward current in response to 

low pH (Krishtal and Pidoplichko, 1981). Four different ASIC subunits: ASIC1a, ASIC1b, 

ASIC2a, and ASIC3 have been reported in mammals where they assemble into 

functional homomeric channels (Gründer and Pusch, 2015). (Escoubas et al., 2000). 

ASIC transcripts in small-diameter rat DRG neurons are upregulated in the presence of 

inflammation. The currents through these channels are inhibited by a variety of 

nonsteroidal anti-inflammatory drugs (Voilley et al., 2001). Three ASIC subunits, 

ASIC1a, ASIC2a, and ASIC2b are expressed in the rat spinal dorsal horn; the two 

former ones are upregulated in response to peripheral inflammation (Wu et al., 2004).  

It has been proposed that ASICs are the primary sensors of acidic cutaneous pain in 

humans based on psychophysical experiments. On injection of acidic solution into 

human skin, the ensuing pain can be blocked by amiloride, an unselective ASIC channel 

blocker (Ugawa et al., 2002). ASIC3 KO mice do not develop secondary hyperalgesia 

induced by repetitive injections of acid into the muscle. This finding highlights the role of 

this channel in central sensitization (Sluka et al., 2003). 

 

1.4.1.3. Purinoceptors involved in nociception 

A family of ligand gated ion channels called the P2X receptors respond to ATP. There 

are seven known subtypes of this channel, which exist as homo- or heterotrimers 

(Burnstock, 2000). TG and small diameter DRG neurons are enriched with P2X3 
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receptors (Xiang, Bo and Burnstock, 1998); in the latter they are expressed in the sub-

population that expresses IB4 (Bradbury, Burnstock and McMahon, 1998). Cultured 

DRG neurons exhibit an inward current and a rise in internal calcium concentration in 

response to ATP (Bouvier, Evans and Benham, 1991). Intraplantar injections of ATP 

elicits nocifensive behavior in rats in a dose-dependent manner, and produces localized 

thermal hyperalgesia (Hamilton, Wade and McMahon, 1999). An interaction of P2X3 

receptor with TRPV1 channels has been implicated in mechanical hyperalgesia 

(Saloman, Chung and Ro, 2013). P2X4 receptors in spinal microglia are upregulated 

after nerve injury (Tsuda et al., 2013). Metabotropic P2Y receptors are expressed in rat 

DRG neurons; P2Y1 and P2Y2 mRNAs were detected in 15% and 24% of these neurons 

(Kobayashi et al., 2006). Ionotropic P2X3 receptors are inhibited by P2Y1 receptors via 

activation of G proteins (Gerevich, Müller and Illes, 2005). P2X7 is another important 

receptor in the spinal microglia. P2X7 antagonists attenuate mechanical hyperalgesia 

induced by intrathecal injection of lipopolysaccharide (LPS) (Clark et al., 2010). 

 

1.4.1.4. Calcium activated chloride channels (CaCC) 

These channels are activated by a rise in intracellular Ca2+ levels and mediate a wide 

range of physiological functions. The channel was originally named transmembrane 

proteins with unknown function 16 (TMEM16A), based on the encoding gene (Caputo et 

al., 2008). This was further renamed as anoctamin 1 (ANO1) based on the prediction 

that it has eight transmembrane (TM) segments (Yang et al., 2008). These channels are 

expressed in small-diameter DRG neurons and are activated by temperatures > 44 °C. 

This activation by heat is a direct effect since it holds true even without intracellular Ca2+ 

ions (Cho et al., 2012). The opening of a chloride channel can lead to depolarization or 

hyperpolarization depending on the intracellular chloride concentration. The activation of 

these channels leads to depolarization in DRG neurons since the equilibrium potential of 

chloride is more positive than the resting membrane potential of the cell (Alvarez-

Leefmans 2010). There is a functional coupling of TRPV1 and ANO1 channels in 

sensory neurons. Ca2+ entry into the cell consequent to TRPV1 channel activation, 

opens the ANO1 channel, which leads to an efflux of Cl- ions contributing to membrane 

depolarization (Takayama et al., 2015). Pharmacological inhibition of the channel or 

conditional deletion of ANO1 reduces thermal hyperalgesia in mice (Cho et al., 2012). 
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1.4.1.5. Two-pore potassium (K2P) channels  

This family of potassium channels assembles as dimers and contains two pore domains. 

Under physiological conditions, these channels produce leak currents that hyperpolarize 

the cell membrane and maintain them below the threshold for neuronal firing (Jones, 

1989). Hence, they play a very important role in pain perception and modulation. Various 

factors are known to regulate the activity of these channels like neurotransmitters 

(Watkins and Mathie, 1996), variability in oxygen tension (Buckler, 1997) and 

extracellular pH (Nattel et al., 1981). K2P channels are classified according to their 

functional properties with 15 known isoforms (Bayliss and Barrett, 2008).  

K2P 2.1 (TREK-1) and K2P 4.1 (TRAAK) channels play an important role in 

mechanosensation. K2P 2.1 channels can be activated by different factors like heat, 

stretch, and lipids, making them key players in polymodal pain perception (Li and 

Toyoda, 2015). They are targets for volatile anesthetics and play a neuroprotective role 

in models of epilepsy and ischemia (Heurteaux et al., 2004). They are expressed in 

small sensory neurons where they co-localize with TRPV1 channels. K2P 2.1 KO mice 

exhibit thermal and mechanical hyperalgesia in an inflammatory setting (Alloui et al., 

2006). K2P 4.1 channels are expressed in medium and large-diameter DRG neurons 

(Marsh et al., 2012; Pollema-Mays et al., 2013). They are activated by membrane stretch 

and various polyunsaturated fatty acids (Maingret et al., 1999). K2P 4.1 KO mice exhibit 

hypersensitivity to mechanical stimuli (Noël et al., 2009).  

 

1.4.1.6. Other mechanically activated ion channels: DEG and Piezo 

Research into mechanosensitive channels was pioneered by the discovery of the 

degenerin (deg) genes in Caenorhabditis elegans (C.elegans) worms. Mutations in these 

genes were accompanied by behavioral phenotypes whereby the worms did not escape 

on being poked (Chalfie and Sulston, 1981). In vivo experiments revealed that the 

C.elegans touch receptor neurons were activated by direct application of external force, 

and the currents through these channels were carried by sodium ions, and were 

reversibly blocked by amiloride (O’Hagan, Chalfie and Goodman, 2005).  

Piezo1 and Piezo2 channels were identified as fast adapting mechanically activated 

(MA) currents in mouse neuroblastoma cell lines. Overexpression experiments in mice 

with Piezo 1 and 2 showed that they had unique electrophysiological properties with 

distinct kinetics (Coste et al., 2010). The mechanosensitivity of Merkel cells is completely 

dependent on the Piezo2 channel. Mice, selectively lacking the Piezo2 in the skin but not 
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in sensory neurons exhibit decreased responses to gentle touch. This is accompanied 

by reduced firing in the Merkel cell–neurite, an anatomical junction where Merkel cells 

and innervating afferents come together to function as mechanosensors (Woo et al., 

2014). A subset of DRG neurons that receive input from low-threshold 

mechanoreceptors in the skin such as lanceolate endings and Meissner corpuscles, 

express the Piezo2 channel. Mice lacking Piezo2 in sensory neurons as well as Merkel 

cells show a distinct loss in the sensation of touch (Ranade et al., 2014). The 

contribution of these channels to the detection of noxious stimuli remains unclear.  

 

1.4.2. Ion channels involved in the transmission of noxious signals 

1.4.2.1. Voltage gated sodium channels (VGSC or Na
V
 channels)  

Sodium channels in mammalian cells assemble as heterotrimers, with a central pore-

forming alpha subunit and two auxiliary beta subunits (Isom, 2001). The α-subunit, a 

220-260kD polypeptide, confers functionality to the ion channel (Shah et al., 2000). 

Sodium channel β subunits play an important role in channel modulation and regulation 

of channel density, in addition to stabilization of the α-subunits in the membrane and 

their localization to specific membrane domains (Isom, 2001). There are nine distinct 

voltage-gated sodium channel α-subunits (NaV1.1-1.9) cloned from mammals (Goldin et 

al. 2000). The α-subunit folds into four domains (I-IV), each of which contains six α-

helical transmembrane segments (S1-S6). S1-S4 constitutes the voltage-sensing 

domain while a re-entrant loop between helices S5 and S6 nested forms the space-

restricted ion-selective filter at the extracellular end of the pore. The wider end of the 

pore is located intracellularly, constituted by the four S6 segments (Yu and Catterall, 

2003). Currents through these channels can be terminated within about the same time-

scale as their activation, by a process referred to as fast-inactivation during which the 

cytoplasmic loop occludes the flow of sodium ions by obstructing the pore (West et al., 

1992). Sodium currents in different tissues respond differently to tetrodotoxin (TTX) 

(Ritchie, 1980). DRG neurons express complex Na+ currents which have a TTX-

sensitive (TTX-S) rapidly inactivating component and a relatively slowly inactivating TTX-

resistant (TTX-R) component (Kostyuk, Veselovsky and Tsyndrenko, 1981).  

NaV1 α-subunits are localized in different tissues with specific developmental 

underpinnings (Trimmer and Rhodes, 2004). Various combinations of these ion channels 

have been reported in adult DRG neurons (Amaya et al., 2000). One of the most 

important contributors to nociception is the NaV1.7 channel. Rat and human dorsal root 
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ganglia are enriched with this ion channel (Black et al., 1996), especially in the 

nociceptive C-fibers (Djouhri et al., 2003). The electrophysiological properties of currents 

from cloned human NaV1.7 resembles the TTX-S ones present endogenously in small 

diameter DRG neurons (Cummins, Howe and Waxman, 1998). Point mutations in the 

SCN9A gene, which codes for the NaV1.7 channel cause a form of painful inherited 

neuropathy called erythromelalgia (Dib-Hajj et al., 2005). Another autosomal dominant 

chronic pain syndrome, paroxysmal extreme pain disorder (PEPD) is attributed to 

missense mutations in NaV1.7 (Fertleman et al., 2006). Furthermore, individuals 

harboring mutations in the SCN9A gene exhibit congenital insensitivity to pain (Goldberg 

et al., 2007). 

NaV1.8 channels are found in small as well as large-diameter DRG neurons 

(Ramachandra et al., 2013) and yield TTX-R currents. NaV1.8 currents exhibit slow rates 

of activation as well as fast-inactivation as compared to TTX-S currents and have a 

relatively more depolarized voltage dependence (Akopian, Sivilotti and Wood, 1996). 

This biophysical characteristic in turn makes them more likely to activate after the TTX-S 

currents in response to stimuli. The continuous firing activity of primary sensory neurons 

during sustained depolarization can be attributed to such voltage dependence 

(Renganathan, Cummins and Waxman, 2001). Na
V
1.8-null mice have decreased 

responses to noxious thermal and mechanical stimuli and delayed onset of inflammatory 

hyperalgesia (Akopian et al., 1999). The presence of NaV1.8 explains the phenomenon 

of spontaneous activity in damaged sensory axons (Roza et al., 2003). Another TTX-R 

channel, the NaV1.9 is expressed in small-diameter DRG neurons (Dib-Hajj et al., 1999). 

The channel is active near resting membrane potential and plays a crucial role in 

regulating excitability of primary sensory neurons (Cummins et al., 1999; Rush et al., 

2005). In behavioral experiments, NaV1.9 has been shown to be important in maintaining 

hypersensitivity to noxious thermal stimuli and generating spontaneous pain behavior in 

the setting of peripheral inflammation (Priest et al., 2005). 

 

1.4.2.2. Voltage gated calcium channels (VGCC or Ca
V
 channels) 

VGCCs are classified based on their voltage activation properties into high or low-

voltage activated ion channels. The VGCCs are further classified based on their 

structural similarities of the α1-subunit (CaV1, CaV2, CaV3) or their amenability to 

pharmacological inhibition (L, N, P/Q, R and T-type). The high-voltage activated VGCCs 
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encompass the following: L- (CaV1.1, CaV1.2, CaV1.3, CaV1.4), P/Q- (CaV2.1), N- 

(CaV2.2) and R- (CaV2.3) type channels; on the other hand, the low-VGCCs include T-

type (CaV3.1, CaV3.2, CaV3.3) channels. The former group classically forms 

heteromultimers with the channel-forming α1 subunit along with auxiliary β, α2δ and γ-

subunits (Catterall et al., 2005). Electrophysiological experiments and cloning studies 

have revealed the low-voltage activated VGCCs to be exclusive α-subunit monomers 

(Perez-Reyes, 2003). VGCCs exhibit tissue-specific distribution; their biophysical 

properties and coupling to downstream signaling pathways make them indispensable in 

the physiological processing of sensory input (Park and Luo, 2010). VGCCs play an 

important role in determining neuronal excitability in the first and second order neurons 

of the pain pathway (Diaz and Dickenson, 1997; Yusaf et al., 2001), hence modulating 

the load of sensory information transmitted to higher brain areas for pain processing. 

L-type calcium channels, CaV1.2 and CaV1.3 are downregulated in rat DRG neurons 

after chronic constriction injury (CCI) of the sciatic nerve (Kim et al., 2001). Specific 

knockdown of the CaV1.2 ion channel reverses mechanical hypersensitivity associated 

with neuropathy in rats (Fossat et al., 2010). In mice, CaV2.1 of the P/Q-type subfamily 

mediates antinociceptive effects in tests with non-damaging noxious thermal stimuli, but 

has a pronociceptive role in the setting of inflammation. This points towards a key role in 

central sensitization (Luvisetto et al., 2006). N-type VGCCs play a major role in the 

modulation of synaptic transmission by regulating the release of pain-relevant 

neurotransmitters namely substance P, CGRP and glutamate (Evans, Nicol and Vasko, 

1996). In a model employing sciatic nerve ligation, CaV2.2 channels were up-regulated in 

the rat SDH suggesting that such an adaptation enables initiation and maintenance of 

pain states after peripheral nerve damage (Cizkova et al., 2002). SNX-482, a selective 

antagonist of R-type CaV2.3 channels blocks C- and Aδ-fiber-mediated SDH excitability 

and concomitant neuropathic pain states in rats (Matthews et al., 2007). T-type channels 

are pivotal in shaping action potentials and regulating neuronal firing patterns (Iftinca 

and Zamponi, 2009). CaV3.2 channels are omnipresent in primary afferent terminals and 

dorsal root ganglia where they play a major role in nociceptive modulation (Bourinet et 

al., 2005). These ion channels are amenable to redox modulation; the endogenous 

reducing agent, L-cysteine is a potent enhancer of the channel currents and induces 

thermal hyperalgesia. On the other hand, the oxidizing agent 5,5'-dithio-bis-(2-

nitrobenzoic acid) inhibits these currents in DRG neurons and relieves hyperalgesia 

(Todorovic et al., 2001). The gabapentinoids, gabapentin and pregabalin target the α2δ-1 
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subunit of the CaV channels and provide relief in neuropathic pain (Gee et al., 1996; Li et 

al., 2011; Patel, Montagut-Bordas and Dickenson, 2017). Specifically, gabapentin 

inhibits the axonal trafficking of the α2δ-1 subunit which is elevated in primary afferents 

that are injured (Bauer et al., 2009; Dolphin, 2016). A selective blocker of CaV2.2 

channels, ziconotide is used in the management of chronic refractory pain (Sanford, 

2013). 

 

1.4.2.3. Potassium channels 

Potassium channels are ubiquitously expressed in neurons where they influence the 

threshold for neuronal firing, in addition to the waveform and frequency of action 

potentials (MacKinnon, 2003). The opening of these channels is determined by a wide 

variety of factors ranging from changes in membrane voltage, intracellular levels of ions, 

various proteins and some small molecular messengers (Roosild, Lê and Choe, 2004). 

The International Union of Pharmacology (IUPHAR) proposed a classification scheme 

that categorizes these channels based on their structural and phylogenetic similarity at 

the proteomic level (Gutman, 2003). Broadly, they can be classified into four distinct 

categories, namely voltage-gated (KV), calcium-activated (KCa), inward rectifier (Kir) and 

two-pore (K2P) potassium channels. The biophysical profile and sub-cellular 

compartmentalization of these sub-types in neurons of the pain pathway determines 

their special role in modulating nociception. The opening of these channels results in the 

inhibition of excitability in peripheral neurons by counteracting action potential initiation 

at nerve terminals, reduction in the number of action potentials conducted along the 

axon, and a concomitant decrease in the amount of neurotransmitter released at central 

terminals (Tsantoulas and McMahon, 2014). 

 

1.4.2.3.1. Voltage gated potassium channels (KV channels) 

KV channels are the most abundant group amongst potassium channels with about 40 

genes coding for the subunits, which are further divided into 12 families of  subunits 

that exist as homo- or heterotetramers (Gutman, 2003). Association with auxiliary  

subunits and different post-translational modifications further compounds their functional 

diversity. The first four transmembrane segments (S1–S4) of each monomer 

constitute the voltage-sensing domain which is connected by the S4–S5 linker helix to 

the other two transmembrane segments (S5 and S6).	 This assembles with the rest of 

the three monomers to form a functional channel with a central pore through which K+ 
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ions can pass. KV1-KV4, KV7 and KV10-KV12 are characterized by the presence of a 

pore, whereas KV5, KV6, KV8, and KV9 do not conduct ions unless associated with pore-

forming subunits (Coetzee et al., 1999). The selectivity filter formed by a five-residue 

sequence TVGYG, ensures the specificity of these ion channels to transmit potassium 

ions exclusively (Doyle, 1998).  

Currents arising from different KV channels have been reported in small-diameter 

neurons in rat TG (Matsumoto et al., 2010) and DRG neurons (Everill, Rizzo and Kocsis, 

1998). KV1.1 and KV1.2 are delayed rectifiers, which contribute to the transient slowly 

inactivating ID current. KV1.1 channels play a crucial role in regulating neuronal 

excitability; mutations in the coding gene KCNA1 lead to episodic ataxia which is 

characterized by hyperexcitability states manifesting as seizures (Browne et al., 1994). 

Kv1.1 null mice exhibit an increased sensitivity to noxious stimuli in different behavioral 

pain tests (Clark and Tempel, 1998).  The selective blocker of the KV1.1 channel, 

dendrotoxin-K (DTX-K) increases the excitability in small-diameter DRG and decreases 

the threshold for neuronal firing (Chi and Nicol, 2007). KV2.1 and KV2.2 channels are 

expressed in small and medium-diameter rat DRG neurons; inhibition of these channels 

reduces the duration of after-hyperpolarization, which translates into shorter spike 

intervals. Inhibition of these channels improves the fidelity of AP conduction in DRG 

neurons during repetitive high frequency stimulation (Tsantoulas et al., 2014). KV1.1 and 

KV2.2 mRNA is downregulated in DRG neurons after CCI in rats (Kim et al., 2002). 

Cortical down regulation of KV2.2 channels is incriminated as a mechanism underlying 

pain chronicity in a model of oxaliplatin-induced neuropathic pain (Thibault et al., 2012). 

KV3 channels contribute to the delayed rectifier current in small-diameter neurons of 

mouse DRG neurons (Bocksteins et al., 2012). These channels regulate the AP 

threshold in fast spiking neurons (Rudy and McBain, 2001). The KV1.4, KV3.4 channel 

and members of the KV4 family give rise to the transient so called A currents (IA) which 

play a key role in determining neuronal firing. These channels were shown to be 

involved in neuropathic pain associated with bone cancer in rats (Duan et al., 2012). 

KV3.4 channels accelerate repolarization in sensory neurons which is postulated to 

restrict Ca2+-dependent neurotransmitter release at central terminals (Ritter et al., 2012). 

Intrathecal injections of antisense oligodeoxynucleotides targeting the KV3.4 and KV4.3 

channels in lumbar DRG neurons leads to the development of thermal hypersensitivity in 

rats (Chien et al., 2007). Presynaptic KV3.4 channels play a crucial role in regulating 

glutamatergic synaptic transmission in rat SDH neurons (Muqeem et al., 2018). KV7 
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channels are discussed in detail in a separate section (see 1.5). 

 

1.4.2.3.2. Ca2+ activated K+ channels (KCa) 

These channels translate altered levels of intracellular calcium into changes in 

membrane K+ conductance. They are sub-classified according to their conductance into 

BK (KCa1.1; big conductance), IK (KCa3.1; intermediate conductance) and SK (KCa2.1, 

KCa2.2, KCa2.3; small conductance) (Stocker, 2004). SK and IK channels co-localize with 

CGRP and IB4 in small-diameter rat DRG neurons. KCa2.2 channels are present in the 

superficial laminae of the rat SDH (Mongan et al., 2005). In small-diameter DRG 

neurons, SK channels open in response to intracellular calcium influx subsequent to 

activation of NMDA receptors, contributing to the regulation of neuronal excitability 

(Pagadala et al., 2013). BK channels are present in medium and small-diameter rat DRG 

neurons. Iberiotoxin  (IbTX), a blocker of these channels significantly increases the 

excitability in these neurons without affecting the RMP or threshold for AP generation 

(Zhang, Gopalakrishnan and Shieh, 2003). BK channels are functionally coupled with 

TRPV1 channels in DRG neurons. The opening of TRPV1 channels leads to an influx of 

Ca2+ ions, which increases intracellular levels of the cation, in turn activating BK 

channels. This serves to repolarize the membrane potential of the nociceptor as a 

negative feedback to depolarization after TRPV1 activation (Wu et al., 2013). The 

expression levels of BK channels are markedly reduced in rat DRG neurons after 

neuropathic injury. This is accompanied by a redistribution of these channels in SDH 

neurons (Chen, Cai and Pan, 2009). 

 

1.4.2.3.3. Inward rectifiers (Kir) 

Inward rectifiers are characterized by their ability to conduct larger inward currents at 

membrane voltages negative to the equilibrium potential of K+ in comparison to the 

outward currents at voltages positive to it, in lieu of the occlusion of the central pore by 

intracellular Mg2+ and polyamines (Nichols and Lopatin, 1997; Yamada et al., 1998; Guo 

et al., 2003). The RMP of a typical neuron is positive to the equilibrium potential of K+; 

hence modulation of the small outward K+ current through these channels by 

endogenous and exogenous molecules, contributes to changes in neuronal excitability 

(Lüscher and Slesinger, 2010). 

These channels subserve a variety of functions depending on their tissue localization. 

There are seven sub-families, broadly clubbed into four functional groups: the 
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constitutively active Kir channels (Kir 2.x), G protein-gated channels (Kir3.x or GIRK), 

ATP-sensitive channels (Kir6.x/SURx or KATP) and other transport channels (Kir1.x, 

Kir4.x, Kir5.x, and Kir7.x) (Hibino et al., 2010).  

Neuronal Kir3.x channels play an important role in mediating spinal analgesia. Various 

opioids and endocannabinoids are known to target these channels (Ocaña et al., 2004). 

The phosphorylation of tyrosine residues in Kir3.1 channels in SDH neurons have been 

reported in mice subjected to noxious stimuli (Ippolito et al., 2005).The coupling of Kir3.x 

channels to μ-, δ- and κ- opioid receptors has been shown in vitro (Kobayashi et al., 

1997). In a rat model of neuropathic pain, morphine and oxycodone were shown to 

mediate analgesic effects via Kir3.x channels (Kanbara et al., 2014). Kir6.1 or Kir6.2 

subunits co-assemble with sulfonylurea receptor (SUR) subunits 1 and 2 to form 

functional KATP channel octamers (Seino, 1999). The KATP channel activator pinacidil 

reverses Bk-induced hyperexcitability in rat DRG neurons (Du, Wang and Zhang, 2011).  

 

1.4.2.4. Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels 

These channels are activated by membrane hyperpolarization and exhibit a mixed cation 

current carried by Na+ and K+ ions called the Ih current. Cyclic nucleotides (cAMP, cGMP) 

facilitate the activation of these channels by a direct interaction. These channels play a 

crucial role in regulating neuronal excitability. The HCN family has 4 members (HCN 1-4)	

that are expressed in the heart and nervous system (Benarroch, 2013). HCN1 is the 

predominant subtype in DRGs and is expressed in medium and large-diameter neurons 

in the isolectin B4 (IB4) negative population. The rest of the members are expressed in 

all DRG neurons, albeit at a lower level (Wan, 2008). During CCI, these channels 

accumulate at the sites of axonal damage. This aberrant accumulation is responsible for 

generation of ectopic discharges and nocifensive behavior in rats. A specific HCN 

blocker, ZD7288, significantly suppresses these ectopic discharges and alleviates 

concomitant mechanical allodynia (Jiang et al., 2008). Chronic inflammatory pain in mice 

induces an increase in HCN2 channels in the peripheral and central terminals of first 

order neurons. Global HCN2 KO mice exhibit thermal and mechanical hypersensitivity 

as opposed to peripheral HCN2 mutants which only exhibit mechanical hyperalgesia 

(Schnorr et al., 2014).  
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1.5. KV7 channels 

1.5.1. Subunit composition, tissue distribution and electrophysiological properties 

There are five members of the KV7 family (KV7.1-KV7.5), encoded by the KCNQ1-5 

genes (Gutman, 2003) which exhibit a molecular architecture typical of KV channels 

(described in 1.4.2.3.1). KV7 channels are characterized by a long C-terminal end, which 

has several regulatory domains (see Fig.1.4A) (Haitin and Attali, 2008). There are four α-

helices called helix A-D, out of which A and B are binding regions of calmodulin (CaM) 

(Yus-Nájera, Santana-Castro and Villarroel, 2002; Telezhkin et al., 2013).	 KV7.2 subunits 

have two known PIP2 binding sites in the C-termius; one is located next to the C-terminal 

end of the S6 (Zhang et al., 2003; Telezhkin et al., 2013) and the other is present in the 

linker region between Helix A and B (Hernandez, Zaika and Shapiro, 2008). Helix C 

determines the surface expression of these channels (Schwake et al., 2013) while helix 

D enables the tetrameric assembly of the subunits (Smith et al., 2001). Two other PIP2 

binding sites involved in channel gating were identified in KV7.2 channels, one in the S2-

S3 linker region and the other in the S4-S5 linker region. When the channel is in a 

closed state, PIP2 binds to the former; upon channel activation it interacts with the latter 

(Zhang et al., 2013). 

 

 

Figure 1.4 Structure and assembly of KV7 channels 

(A) representative neuronal KV7.2 channel subunit with 6 transmembrane segments 
(S1-S6). S1-S4 form the voltage sensing domain and S5-6 constitute the pore for K+ 
conduction. The long C-terminal end has four helices, which play a role in the 
function and assembly of the channel. The PIP2 binding sites in the channel are 
indicated. Helix A and B (marked in light green) are sites for the binding of 
calmodulin. Helix C and D (marked in dark green) enable the assembly of the 
channel. (B) representation of a heterotetrameric neuronal KV7 channel with two 
subunits of KV7.2 and KV7.3 each. Figure adapted from Delmas and Brown, 2005; 
Haitin and Attali, 2008; Telezhkin et al., 2013.  
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Currents through these channels were first reported in frog sympathetic neurons, and 

were shown to be inhibited by activation of muscarinic acetylcholine receptors (Brown 

and Adams, 1980). This is where the commonly used term ‘M current’ stems from. KV7.2 

and KV7.3 channels were the first reported molecular correlates of the M current, 

encoded by the KCNQ2 and KCNQ3 genes (Wang, 1998). Further investigations led to 

the discovery of the KV7.4 (Kubisch et al., 1999) and KV7.5 channels (Lerche et al., 

2000). The co-assembly of KV7.1 and KCNE1 subunits in the heart yield the IKs (slow 

delayed rectifying K+ current), which determines repolarization in the cardiac action 

potential (Nerbonne and Kass, 2005). The tissue distribution of the five subunits and 

diseases arising from mutations thereof, are enlisted in Table 1.3. 

  

Table 1.3. KV7 channel subunits: Tissue distribution and associated channelopathies  

Subunit Tissue distribution Human channelopathies 
KV7.1 heart, marginal cells of the stria vascularis in 

the inner ear, small intestine, pancreas, 
thyroid gland, lung, gastrointestinal tract, 
ovaries, smooth and skeletal muscle 

Long QT Syndrome (LQT); 
Short QT Syndrome (SQT) 

KV7.2 hippocampus, neocortex, striatum, globus 
pallidus, cerebellum, peripheral sensory and 
sympathetic ganglia 

Benign Familial Neonatal 
Seizures (BFNS) 

KV7.3 hippocampus, neocortex, striatum, globus 
pallidus, cerebellum, amygdala, thalamus and 
peripheral sensory and sympathetic ganglia 

BFNS 

KV7.4 cochlear and vestibular hair cells of the inner 
ear, central auditory pathways, smooth and 
skeletal muscle 

Nonsyndromic hearing loss 

KV7.5 hippocampus, dorsal striatum, piriform and 
entorhinal cortices, auditory system, peripheral 
nervous system, smooth and skeletal muscle 

Epileptic encephalopathy 

Adapted from Maljevic et al., 2010; Miceli et al., 2011; Lehman et al., 2017 

 
KV7 channels assemble in homotetrameric or heterotetrameric configuration (see 

Fig.1.4B). KV7.3 is the sole subunit that is able to form heteromers with the rest of the 

subunits (Robbins, 2001). The current emanating from these channels activate at 

voltages in the subthreshold range (around -60 mV). These currents activate slowly, do 

not inactivate and generate a steady voltage-dependent outward current (Brown and 

Passmore, 2009). The currents generated by KV7 channels have a sizeable impact on 
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the resting membrane potential (Brown and Passmore, 2009). These currents also play 

a pivotal role in regulating neuronal excitability (Marrion, 1997). Blocking these channels 

enhances neuronal excitability; this is accompanied by a reduction in the rheobase, 

spike frequency adaptation and interspike interval (Filippov, 2006; Shah et al., 2008). 

Activating these channels produces the opposite effect, a reduction in neuronal firing 

(Passmore et al., 2003).  

 
1.5.2. Modulation of KV7 channels  

KV7 channels are amenable to modulation by a wide range of endogenous and 

exogenous compounds. Many neurotransmitters and neuropeptides modulate channel 

function via GPCR signaling, specifically of the Gαq class (Brown and Yu, 2000).  One of 

the well-known pathways in this context is the cholinergic inhibition of the KV7 currents 

mediated by the muscarinic M1 receptor which is a Gαq-coupled protein (Selyanko et al., 

2000). Upon receptor activation, phospholipase Cβ (PLCβ) catalyzes the hydrolysis of 

the membrane phospholipid (PIP2) into inositol-1,4,5-trisphosphate (IP3) and 

diacylglycerol (DAG) (see Fig.1.5). KV7 channels need PIP2 in order to enter the open 

state and close when membrane PIP2 levels are depleted (Suh and Hille, 2005). 

Wortmannin, a compound that blocks PIP2 replenishment, prevents recovery from 

channel inhibition. Moreover, muscarinic agonist-induced inhibition in recombinant KV7 

channels can be reversed by supplementation of PIP2 (Zhang et al., 2003). Another 

study revealed that receptor-mediated inhibition became irreversible when active pools 

of PIP2 were blocked by lipid kinase inhibitors (Suh and Hille, 2002).  

Bk via its actions on the B2 receptor, a Gαq-coupled receptor, mediates inhibition of KV7 

currents (Higashida and Brown, 1986). It was originally proposed that the inhibition of 

KV7 currents in sympathetic neurons was mediated by IP3-mediated release of Ca2+ ions 

from intracellular stores (Cruzblanca, Koh and Hille, 1998). As opposed to the 

muscarinic M1 receptor, where PIP2 depletion is the primary mechanism of KV7 channel 

inhibition, the B2-receptor mediated inhibition was additionally attributed to intracellular 

Ca2+ release and CaM binding (Gamper and Shapiro, 2003). This is because the B2 

receptors are closely apposed to the endoplasmic reticulum (ER) where IP3 can reach 

and mobilize the Ca2+ reserves (see Fig.1.5) (Delmas and Brown, 2005). Additionally, 

the Bk-mediated rise in intracellular calcium activates the neuronal Ca2+ sensor protein 

(NCS1), further activating phosphatidylinositol 4-kinase (PI4-kinase), the enzyme 

responsible for PIP2 synthesis (Loew, 2007). However, on further investigation, it was 
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revealed that Bk-mediated inhibition could also be attributed to PIP2-depletion and the 

governing factor for substrate (PIP2)- versus product (Ca2+)-mediated inhibition was 

contingent upon Ca2+ availability and rate of PIP2 synthesis (Brown et al., 2007). 

However, another study in a heterologous system using the Gαq-coupled receptors P2Y2 

and M1 revealed that an increase in intracellular calcium does not determine channel 

inhibition, and the process is entirely dependent on the availability of PIP2  

(Falkenburger, Dickson and Hille, 2013).  

The C-terminus of the KV7 channels is a target for phosphorylation mediated by various 

protein kinases. For example, the KV7.2 C-terminus assembles in a trimeric complex with 

A-kinase-anchoring protein AKAP150 and protein kinase C (PKC). This assembly is 

important in the receptor-mediated inhibition of currents (Hoshi et al., 2003). Another 

way of targeting the KV7 channel C-terminus is by tyrosine phosphorylation, which is 

mediated by receptor and non-receptor tyrosine kinases (Haitin and Attali, 2008). The 

non-receptor tyrosine kinase Src decreases current amplitude in recombinantly 

expressed KV7.3-KV7.5 subunits and in native currents in rat sympathetic neurons 

(Gamper, Stockand and Shapiro, 2003). The depression of KV7 currents by Src kinase is 

mediated by a decrease in the open probability of channels (Li et al., 2004). 

The intrinsic regulation of the KV7 currents by endogenous compounds has been 

reported in various studies. Somatostatin enhances KV7 currents in hippocampal 

neurons (Moore et al., 1988). Kappa-selective opioids like dynorphin A that are present 

endogenously in hippocampal neurons have different responses on the KV7 current 

depending on the concentration tested; at low concentrations they enhance the current, 

but inhibit it at higher concentrations (Moore et al., 1994).  

Various pharmacological compounds modulate KV7 channel function. This primarily 

affects neuronal excitability and neurotransmitter release, for example, serotonergic and 

dopaminergic neurotransmission in the CNS (Hansen et al., 2008). Linopirdine and 

XE991, well established blockers of KV7 channels, depolarize the RMP and enhance 

excitability in different neurons (Lamas, Selyanko and Brown, 1997; Passmore et al., 

2003). Retigabine (RTG) produces a hyperpolarizing shift in the activation curves of the 

neuronal isoforms of KV7 channels expressed in heterologous systems as well as on 

native Kv7 currents in neurons. Furthermore, the concomitant hyperpolarization has a 

significant effect in decreasing neuronal excitability (Tatulian et al., 2001). Upon channel 

opening, RTG binds to a hydrophobic pocket located between the cytoplasmic parts of 

the TM segments 5 and 6; a single tryptophan residue at position 236 is the key 
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determinant of this process (Schenzer, 2005; Wuttke, 2005). 

 

  

1.5.3. KV7 channels in nociception  

There are a plethora of studies which have established the presence and function of KV7 

channels in the first and second order neurons of the pain pathway (Passmore et al., 

2003, Devaux, 2004). The KV7.2, KV7.3 and KV7.5 subunits are expressed in cultured rat 

DRG neurons (Passmore et al., 2003). Transcriptional downregulation of the KV7.2 

subunit has been reported in a neuropathic pain model in rats (Rose et al., 2011). The 

activation of the protease-activated receptor (PAR2) in an inflammatory setting inhibits 

KV7 currents in DRG neurons. Such inhibition leads to depolarization of the membrane 

potential in these cells, leading to increased firing, which culminates in nociception 

(Linley et al., 2008). Similarly, pharmacological blockade of these channels with 

intraplantar injection of XE991 behaviorally manifests as mechanical allodynia in rats 

(Zheng et al., 2013).  

Figure 1.5. Modulation of KV7 channels by exemplary Gαq-coupled receptors 

The Gαq-coupled receptors M1 muscarinic receptor and B2 bradykinin receptor 
modulate KV7 channels in response to respective agonists. Phospholipase Cβ (PLCβ) 
catalyzes the hydrolysis of the membrane phospholipid phosphatidylinositol 4,5-
biphosphate (PIP2) into inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) on 
receptor activation. Depletion of PIP2 levels leads to inhibition of KV7 channels. B2 
bradykinin receptors are closely apposed to the endoplasmic reticulum (ER). IP3 

mediates release of Ca2+ from intracellular stores. Ca2+ binds to calmodulin (CaM) 
and inhibits KV7 channels. Adapted from Delmas and Brown, 2005. 
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Mice, in which sensory neurons are rendered devoid of KV7.2 channel subunits exhibit 

increased thermal hyperalgesia and mechanical allodynia (King et al., 2014). 

Enhancement of KV7 currents with RTG inhibits hyperexcitable DRG neurons and 

ameliorates thermal hyperalgesia and mechanical allodynia in rats with bone cancer pain 

(Zheng et al., 2013b). In vivo, RTG decreases C- and Aδ-evoked responses in rat SDH 

neurons in a dose-dependent manner, in addition to suppressing ‘wind up’ (Passmore et 

al., 2003). RTG hyperpolarizes SDH neurons and reduces excitability, an effect which 

can be completely reversed by XE991 (Rivera-Arconada and Lopez-Garcia, 2005).  

The site of action of KV7 channel-mediated analgesia has been attributed to their 

presence at the central as well as the peripheral sites of the pain pathway. In mice, 

blocking KV7 channel channels in the forebrain leads to hyperexcitabilty, which manifests 

as visceral hyperalgesia; central application of RTG reverses this effect (Bi et al., 2011). 

Intracerebroventricular injection of RTG has been shown to reverse mechanical 

allodynia in rats with inflamed temporomandibular joint (TMJ) (Xu et al., 2010). 

Peripheral administration of RTG through intraplantar injection, inhibits formalin-induced 

nocifensive behavior (Hayashi et al., 2014). Flupirtine is a well-established KV7 channel 

activator with translational use in clinical pain management (Szelenyi, 2013). RTG until 

recently was approved for adjunct therapy for management of drug-resistant chronic 

epilepsy (Martínez-Lizana et al., 2017; Kanner et al., 2018).  

 

1.6. Acetaminophen (APAP) 

Acetaminophen also called paracetamol in Europe/UK is a commonly used analgesic 

and antipyretic drug across the globe (Smith, 2009). The chemical name of the 

compound is N-acetyl-p-aminophenol. Before the widespread usage of APAP set in, two 

other compounds were used to treat fever, namely phenacetin and acetanilide. These 

compounds also had well documented analgesic effects. However, their use was limited 

by concomitant side effects; acetanilide toxicity resulted in methemoglobinemia and 

phenacetin caused analgesic nephropathy after prolonged use. It was later revealed that 

APAP was the primary active metabolite of both these compounds, and the fever and 

pain reducing properties were attributed to it (Brodie and Axelrod, 1948). McNeil 

Laboratories introduced APAP into the market in 1955 for therapeutic use (Jozwiak-

Bebenista and Nowak, 2014). 
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1.6.1. Pharmacokinetics and metabolism  

APAP has an oral bioavailability of 88%. The compound itself is not highly bound to 

plasma proteins and around 3% of the drug is excreted in the urine without any 

modifications. The total body clearance is about 5 ml·min-1·kg-1 and volume of 

distribution is 0.8 l·kg-1. A 20 mg·kg-1 oral dose yields mean peak plasma concentrations 

of around 20 μg·ml-1; the average time to achieve this peak is around 19.8 min 

(Toussaint et al., 2010). 0.6 mg APAP, given intravenously in rats, produces 

concentrations in the brain which are around 10-20% of the plasma levels (Lambrecht et 

al., 2006). APAP, on nasogastric administration in pediatric patients at a dosage of 40 

mg·kg-1, yields CSF concentrations of 15 μg·ml-1 (Anderson et al., 1998).  

Most of APAP is conjugated via glucuronidation (50-70%) and sulfation (25-35%) 

reactions in the liver. These metabolites are rendered water-soluble by such enzymatic 

actions and eliminated in the urine. Glucuronidation is mediated by UDP glucuronosyl 

tranferase (UGT) enzymes, of which the isoforms UGT1A1, UGT1A6 and UGT1A9 are 

particularly relevant in humans (Court et al., 2001). The sulfotransferase (SULT) 

enzymes SULT1A1, SULT1A3/4 and SULT1E1 catalyze the sulfation process (Adjei et 

al., 2008). 

After a therapeutic dose of APAP, around 5-15% of the compound is converted into a 

reactive electrophilic metabolite called N-acetyl-p-benzoquinoneimine (NAPQI). 

Cytochrome P-450 (CYP) enzymes catalyze this reaction. The CYP2E1, CYP1A2, 

CYP3A4 and CYP2D6 are the major isoforms mediating this process (Dahlin et al., 

1984; Raucy et al., 1989; Thummel et al., 1993). NAPQI binds to the cysteine thiol 

groups of glutathione (GSH); this process has been shown to occur spontaneously as 

well as enzymatically, mediated by glutathione-S-transferases (GST). The reduction 

product of this process is 3-GS-APAP (3'-(S-glutathionyl) acetaminophen) (Coles et al., 

1988). In toxic doses, NAPQI depletes glutathione reserves in the liver and forms 

adducts with mitochondrial proteins which leads to oxidative stress, eventually 

culminating in hepatic necrosis (Ramachandran and Jaeschke, 2017). Approximately 

0.01% of APAP is deacetylated to p-aminophenol, which is conjugated with arachidonic 

acid (AA) by the enzyme fatty acid amide hydrolase (FAAH) to form the metabolite N-

arachidonoylphenolamine (AM404) (see Fig. 1.6) (Högestätt et al., 2005). Exposure to 

APAP yields a specific biomarker in blood and urine samples, called acetaminophen-

cysteine adducts (APAP-CYS) (Kennon J Heard et al., 2011). 
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1.6.2. Postulated mechanisms of action 

Different mechanisms have been proposed for the analgesic and antipyretic effects of 

APAP. Most of them are centered on the parent compound, while others describe these 

effects via its active metabolites. In different studies, the pain relevant cyclooxygenase 

enzymes (COX-1 and COX-2) were shown to be APAP targets (Smith, 2009). A 

combined study using KO mice investigated the role of each of these isoforms in APAP 

analgesia. All three isoforms are expressed in the same brain regions. On systemic 

administration of APAP, both writhing responses to acetic acid and prostaglandin E2 

(PGE2) levels in the brain were reduced in COX-1 KO but not in COX-2 KO mice. 

Moreover, unlike diclofenac, which is a classical NSAID and reduces prostaglandin 

synthesis at the central and peripheral levels, APAP specifically decreases it centrally 

(Ayoub et al., 2006). This field garnered momentum and the canine COX-3, a splice 

variant of COX-1, was shown to be inhibited by APAP and proposed to mediate its 

analgesic and antipyretic effects (Chandrasekharan et al., 2002). Additional 

investigations in rodents and humans revealed that proteins encoded by COX-3 were 

devoid of any function (Kis, 2005). Furthermore, COX-3 did not mediate the 

hypothermic/antipyretic effects of APAP in mice (Li et al., 2008). Another study revealed 

that APAP inhibits COX-2 in ex vivo whole blood samples comparable to NSAIDs (Hinz, 

Cheremina and Brune, 2007). APAP is a more potent inhibitor of COX-2 in the presence 

of reducing agents (Ouellet and Percival, 2001). However, a lack of consensus about the 

site of action, distribution within the CNS and different targets for antipyretic versus 

analgesic effects ruled out any specific COX enzyme as the primary mediator of APAP 

analgesia (Toussaint et al., 2010). Other studies have hinted at an indirect action on 

COX enzymes. APAP is a reducing agent and can scavenge peroxide radicals such as 

peroxynitrite, which are formed in inflamed tissue. Locally produced peroxides can 

activate COX enzymes. APAP can neutralize the peroxide tone caused by low amounts 

of peroxynitrite, but is saturated at higher concentrations (Schildknecht et al., 2008).  

Nitric oxide (NO) is an important gaseous neurotransmitter with established role in 

nociception. Different isoforms of the enzyme nitric oxide synthase (NOS) catalyze its 

formation in different tissues (Cury et al., 2011). APAP inhibits inducible NOS (iNOS) 

mRNA/protein expression and consequently NO production in macrophages stimulated 

with lipopolysaccharide (LPS) and interferon-gamma (IFN-γ) (Ryu et al., 2000). 7-

nitroindazole (7-NI), a selective neuronal NOS (nNOS) inhibitor, potentiates the 

analgesic activity of APAP on intrathecal injection (Bujalska, 2003). The serotonergic 
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system is also involved in APAP-mediated analgesia. APAP significantly increases the 

serotonin content in pontine and cortical areas in rats. Chemical depletion of brain 

serotonin levels abrogates the analgesic action of APAP (Pini, Sandrini and Vitale, 

1996). 5-HT2A receptors are down-regulated in rat cortices after acute and chronic APAP 

administration (Srikiatkhachorn, Tarasub and Govitrapong, 1999). Tropisetron, a 5-HT3 

agonist, inhibits the analgesic action of APAP (Alloui et al., 1996).		

The analgesic action of APAP may involve the opioidergic system. Administration of 

naltrexone, an opioid antagonist reverses the APAP-mediated hypoalgesia in a rat 

model of inflammatory pain (Rezende et al., 2008). The endocannabinoid system has 

garnered a lot of attention recently in understanding the analgesic action of APAP. 

APAP’s metabolite AM404 is an endocannabinoid transport inhibitor. AM404 elicits 

dose-dependent analgesia in rat models of inflammatory and neuropathic pain. 

Rimobanat, an antagonist of the cannabinoid receptor CB1, abolishes this effect (La 

Rana et al., 2006). There is an overlap of FAAH and TRPV1 expressing neurons in the 

PAG (Maione et al., 2006). Since AM404 is also an agonist at TRPV1 receptors, it is 

proposed that the supraspinal activation of TRPV1 receptors stimulates bulbospinal 

descending inhibitory pathways, mediating the antinociceptive action of APAP (see Fig. 

1.6) (Mallet et al., 2010). AM404-mediated inhibition of supraspinal CaV3.2 channels is 

also proposed as one of the mechanisms of APAP analgesia. Recently, CB1 receptors in 

the RVM have been identified as the target for AM404-mediated analgesia (Klinger-

Gratz et al., 2018). NAPQI, the reactive by-product of APAP, targets spinal TRPA1 

receptors and mediates analgesia in rats on intrathecal administration (Andersson et al., 

2011). The hypothermic effects of APAP are attributed to the activation of TRPA1 

channels (Gentry, Andersson and Bevan, 2015). Similarly, peripheral TRPV1 channels 

are also targeted by NAPQI (Eberhardt et al., 2017). APAP exerts anticonvulsant effects 

in certain mice models of induced seizures (Suemaru et al., 2017). This is attributed to 

the activation of TRPV1 channels by AM404 (Suemaru et al., 2018).  

 



35 

 

 

1.7. Aims of the study 

Although TRPV1 and TRPA1 channels are targeted by NAPQI, as is evident by 

enhanced currents in voltage-clamp experiments, none of the aforementioned papers 

(see section 1.6.2) conclusively show results in terms of how this translates into 

modulation of neuronal excitability.  

Hence, the main aims of the project can be summarized in the following: 

1. Do therapeutic concentrations of APAP and its metabolites AM404 and NAPQI 

affect the membrane potential and excitability of DRG and SDH neurons? 

2. Do therapeutic concentrations of APAP and its metabolites AM404 and NAPQI 

affect the magnitude of KV7 currents in DRG and SDH neurons? 

Experiments fulfilling the first two aims revealed that NAPQI reduced excitability and 

hyperpolarized the membrane potential in DRG and SDH neurons. Moreover, NAPQI 

enhanced KV7 currents unlike APAP and AM404. This consolidated the need for 

investigating this further. In light of the fact that both TRPV1 and TRPA1 activation would 

depolarize the membrane potential, the observed hyperpolarization was a novel finding. 

To further investigate the link between the observed enhancement of KV7 currrents and 

reduced excitability, and additionally characterize each of these effects further, led to the 

following aims: 

3. How do different concentrations of NAPQI affect KV7 currents in DRG and SDH 

neurons? 

Figure 1.6. Central TRPV1 receptors are 
targets for AM404 

Acetaminophen (APAP) is metabolized in 
the liver into p-aminophenol. This crosses 
the cell membrane of central neurons in 
pain-processing regions such as the 
periaqueductal gray (PAG). These neurons 
express the enzyme fatty acid amide 
hydrolase (FAAH), which conjugates p-
aminophenol with arachidonic acid to from 
N-arachidonoylaminophenol (AM404). 
AM404 activates TRPV1 channels leading 
to activation of the descending pathways. 
This mechanism is postulated to mediate 
APAP analgesia via AM404 as the active 
metabolite. Adapted from Mallet et al., 
2010. 
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4. Does KV7 channel blockade in DRG and SDH neurons change the NAPQI-

mediated effects on membrane potential and excitability? 

5. Does NAPQI affect synaptic transmission between DRG and SDH neurons? 

6. Does NAPQI affect bradykinin-mediated inhibition of KV7 channels in DRG 

neurons? 
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2. Materials and Methods 

Materials and Methods are included in the methods section of the manuscript entitled 

“The paracetamol metabolite NAPQI reduces excitability in first and second order 

neurons of the pain pathway through actions on KV7 channels". 
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3. Results 

Results are included in the results section of the manuscript entitled “The paracetamol 

metabolite NAPQI reduces excitability in first and second order neurons of the pain 

pathway through actions on KV7 channels". 
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4. Discussion 

The mechanism of action of APAP-mediated analgesia has been elusive since decades, 

although various targets have been proposed at peripheral and central sites of the pain 

pathway. The present results reveal that one pivotal nociception-relevant ion channel, 

KV7, is targeted by the APAP metabolite NAPQI. The first and second order neurons of 

the pain pathway which express this ion channel, collect, modulate and transmit the 

nociceptive input from the periphery to the higher centers of pain processing. From the 

results in Fig.1, it becomes clear that NAPQI hyperpolarizes the membrane potential and 

reduces the excitability in the somata of both these neuronal populations, as opposed to 

APAP and the active analgesic metabolite AM404, which fail to cause similar effects. 

Moreover, recordings in the voltage-clamp mode (see Fig.2) revealed that the currents 

through KV7 channels are enhanced irreversibly in these neurons in the presence of 

NAPQI. Additionally, these currents were inhibited by the application of XE991, a 

selective blocker of KV7 channels. Over the past decade, compounds that were thought 

to mediate analgesia exclusively via COX enzyme inhibition have been revealed to be 

openers of KV7 channels. These include diclofenac, meclofenamic acid and celecoxib 

(Peretz et al., 2005; Peretz et al., 2007; Du et al., 2011; Mi et al., 2013). Similarly, 

benzobromarone (BBR), a urate transport inhibitor used in the management of gout is an 

activator of peripheral KV7 channels. It was shown to be a potent analgesic drug in 

inflammatory pain models in rats (Zheng et al., 2015).  

My findings in the first two figures entail a discussion on the presence and functional 

relevance of KV7 channels in neurons of the pain pathway. The first order neurons 

express KV7 channels in all the functional parts that govern encoding and transfer of 

nociceptive signals. These include free nerve endings, nodes of Ranvier, and the 

somata of DRG neurons (Rivera-Arconada, 2009). Since I conducted patch-clamp 

experiments on the latter, I would like to discuss this foremost. Various studies have 

shown that KV7 channels are expressed in the somata of DRG neurons where they 

regulate neuronal excitability and can be modulated by application of different 

compounds (Passmore et al., 2003; Linley et al., 2008). The cell bodies of DRG neurons 

lie in the paraspinal space attached to the periphery by a conducting axon and to the 

SDH by a short stem axon. This pseudounipolar geometry results in a t-shaped 

bifurcation, referred to as the t-junction (Devor, 1999).  The somata of primary sensory 

neurons are invaded by incoming APs from the peripheral terminals. Owing to special 

biophysical properties, the membrane excitability in this region is particularly relevant in 
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transmission of the afferent spikes onto the SDH (Amir and Devor, 2003). Computational 

modeling has revealed that enhancing the conductance through KV7 channels at the t-

junction decreases the chances of spike propagation into the short stem axon (Sundt, 

Gamper and Jaffe, 2015). 

The presence and functional relevance of KV7 channels in subcellular regions of DRG 

neurons other than the somata is discussed next. KV7.2 channels have been detected in 

sensory nerve endings in paw skin of rats by immunohistochemical stainings. This was 

spread over both myelinated and unmyelinated fibers, without any predilection for 

nociceptive or non-nociceptive terminals (Passmore et al., 2012). The role of KV7 

channels in encoding cutaneous nociceptive stimuli is debatable. One study revealed 

that only a small fraction of intact nerve endings in the skin responded to XE991, while 

none responded to RTG. However, axotomized fibers with aberrant sensory discharges, 

respond to RTG, which hyperpolarizes the membrane potential and reduces their 

excitability. This finding indicates that KV7 channels may have a minor role in the 

encoding of noxious stimuli at cutaneous nerve endings but become relevant in the 

setting of neuropathic injury (Roza and Lopez-Garcia, 2008). Another study, using a rat 

skin-saphenous nerve preparation revealed that XE991 selectively sensitizes Aδ fibers 

but not C-fibers to noxious heat stimulation (Passmore et al., 2012). Axotomy of 

peripheral afferents increases the anterograde axonal transport of KV7.2 channels, which 

lead to decreased expression in the soma and an accumulation at the sites of injured 

fiber endings (Cisneros et al., 2015). KV7.2 channels are expressed in the axon initial 

segments (AIS) and nodes of Ranvier of myelinated neurons where they colocalize with 

ankyrin-G and NaV channels (Devaux, 2004). Immunohistochemical stainings revealed 

that the nodes of large afferents were exclusively constituted by KV7.2 subunits, while 

nodes of approximately half of the small and intermediate sized fibers were double 

positive for KV7.2 and KV7.3 subunits. Currents through these channels were amenable 

to modulation by RTG and XE991 (Schwarz et al., 2006).  

Unlike DRG neurons, where literature abounds with respect to KV7 channels, the SDH 

neurons have been rarely investigated. ‘M-like’ currents were reported in SDH neurons 

in the Rexed laminae II-IV in recordings from spinal cord slices (Murase, Ryu and 

Randić, 1986). RTG has been shown to hyperpolarize SDH neurons and decrease their 

intrinsic excitability, an effect that could be completely reversed by application of XE991 

(Rivera-Arconada and Lopez-Garcia, 2005). KV7 currents have also been reported in 

dissociated neuronal cultures of the rat SDH; these currents were enhanced by flupirtine 
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(Klinger et al., 2015). A mix of projection neurons, excitatory and inhibitory interneurons, 

constitutes the neuronal circuitry in the SDH. Although the SDH has been investigated 

extensively in the past decade, a decisive identity and functional role of neurons therein 

remains elusive. Interneurons outnumber projection neurons in the SDH (Todd, 2017). 

Both excitatory and inhibitory interneurons are postulated to play a role in processing 

nociceptive input (Labrakakis et al., 2009; Kato et al., 2013). Experiments with 

transgenic mice have revealed that there are electrophysiological differences between 

excitatory and inhibitory interneurons. The former cannot be excited as readily as the 

latter (higher rheobase), and shoot lesser number of APs on prolonged depolarization 

(Punnakkal et al., 2014). In the current electrophysiological experiments with dissociated 

SDH cultures, I could not pinpoint the identity of individual neurons. This is a major 

shortcoming of the study, and leaves several questions unanswered. One could 

speculate that the expression of KV7 channels differs between excitatory and inhibitory 

interneurons with plausible functional relevance. Moreover, in current-clamp 

experiments, NAPQI decreased excitability in all tested neurons obviating the question: 

what does this decrease in excitability mean in terms of nociception and pain?  The role 

of inhibitory interneurons in shaping the afferent input is broadly referred to as ‘lateral 

inhibition’. This phenomenon fine-tunes the signal in a way that the incoming stimuli can 

be precisely localized (Quevedo et al., 2017). Extrapolating my results to a functional 

correlate of the effects of dampened firing on either the excitatory or inhibitory 

interneuron subpopulations is beyond the scope of discussion because of the myriad 

effects they may entail. Simplistically put, a decrease in excitability of projection neurons 

alone would translate into decreased input to the higher centers of pain processing and 

hence an overall analgesic effect.  

It becomes evident that in lieu of their functional relevance in the pain pathway, KV7 

channels are promising targets for pharmacological modulation. I have introduced this 

previously in section 1.5.3, and would like to further discuss other relevant dimensions. 

The initially proposed selective openers of neuronal KV7 channels, RTG and flupirtine, 

with indications as antiepileptic and analgesic drugs respectively, were revealed to be 

non-selective as they additionally targeted GABAA receptors (Rundfeldt and Netzer, 

2000; Klinger et al., 2012; Treven et al., 2015). This propelled the field of pharmaceutical 

drug design in focusing efforts towards developing new compounds that would target 

KV7 channels in a subunit-specific manner (Wickenden and McNaughton-Smith, 2009). 

The compound ICA-069673 was proposed to be a specific opener of KV7.2/7.3 channel 
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heteromers (Amato et al., 2011).  Another compound ML213 was proposed as a specific 

opener of the KV7.2 and KV7.4 subunits (Yu et al., 2011). Further studies revealed that 

these drugs also act on other KV7 subunits in addition to what they were originally 

proposed to target (Brueggemann et al., 2014). Another molecule that has been 

investigated in mice is SF0034, which is a fluorinated derivative of RTG. This compound 

has been proposed to selectively target KV7.2/7.3 heteromers. It is more potent and less 

toxic than RTG with comparable anticonvulsant and anti-tinnitus effects in mice (Kalappa 

et al., 2015). 

It is pertinent to ask: which other ion channels does NAPQI target? NAPQI activates 

heterologously expressed mouse and human TRPA1 channels (Andersson et al., 2011). 

NAPQI also activates heterologously expressed rat and human TRPV1 channels, in 

addition to evoking a TRPV1-dependent increase of intracellular calcium and an 

enhancement in heat-evoked currents in mouse DRG neurons (Eberhardt et al., 2017). 

Activation of TRP channels leads to depolarization of the membrane potential and 

decreased firing in neurons (Raisinghani, Pabbidi and Premkumar, 2005; Raisinghani et 

al., 2011; Kheradpezhouh et al., 2017). In current-clamp experiments in DRG neurons 

(see Fig.1B, left panel), the membrane potential of the cells transiently depolarized 

before steadily hyperpolarizing in the presence of NAPQI, an effect that was not 

observed in SDH neurons. NAPQI exclusively hyperpolarized the membrane potential of 

the SDH neurons. Moreover, on blocking the KV7 channels with linopirdine, the 

membrane potential of DRG neurons depolarized during concomitant application with 

NAPQI (see Fig. 4A, top panel). It is conceivable that such depolarization is mediated by 

the conjoint activation of the TRPV1 and TRPA1 channels. However, in the current set of 

experiments, this was not accompanied by a significant decrease in neuronal excitability 

(see Fig. 4B, top panel). Extending this discussion to the second-order neurons, it is 

known that a small percentage of SDH neurons also express TRPV1 channels 

(Valtschanoff et al., 2001). However, in my experiments, the NAPQI-mediated 

hyperpolarization was completely abrogated and the excitability remained unaltered in 

SDH neurons when linopirdine was co-applied with NAPQI (see Fig.4A and B, bottom 

panels). This finding makes a strong point for KV7 channels being the primary mediators 

of decreased neuronal firing after exposure to NAPQI. 

The next impending question is: how does NAPQI modify KV7 channel proteins? One 

could think of specific amino acid residues that could be potential NAPQI targets. 

Conjugation with cysteines is a well-known mechanism by which various compounds 
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modulate ion channel function. Different compounds target cysteines in the TRPV1 and 

TRPA1 channels and modulate their function (Hinman et al., 2006; Macpherson et al., 

2007; Chen et al., 2008; Chuang and Lin, 2009). The effects of NAPQI-mediated TRPV1 

activation are mediated by intracellular cysteines (Eberhardt et al., 2017). The hallmark 

of TRPA1 channels is an elaborate number of N-terminal ankyrin repeat domains, which 

are rich in cysteine residues. These in turn, are targets for modification by various 

compounds such as AITC, hydrogen peroxide and reactive carbonyl compounds like 

acrolein (Bautista, Pellegrino and Tsunozaki, 2013). Similarly a triple cysteine module 

present in the S2-S3 linker region of the KV7 channels was shown to modulate channel 

function by nitric oxide and reactive oxygen species (Ooi et al., 2013). Another amino 

acid residue targeted by NEM is histidine (van Iwaarden, Driessen and Konings, 1992). 

NEM irreversibly inhibits ligand binding by the human norepinephrine transporter 

(hNET), an effect mediated by a single histidine residue in the extracellular loop (Wenge 

and Bönisch, 2013). Since the KV7 channel protein is enriched in cysteines and 

histidines, it is possible that these amino acid residues mediate the enhancement in 

current upon application of NAPQI. Additionally, NAPQI can covalently bind to 

tryptophan, tyrosine and methionine residues (Leeming et al., 2015). Further 

experiments have to be performed with recombinantly expressed channels to pinpoint 

which residues are modified by NAPQI.  

The next question that comes up is: how does NAPQI reach the DRG and SDH 

neurons? Is it systemically available after formation in the liver or is it locally produced in 

these neurons? The CYP2E1 isoform, which mediates the conversion of APAP into 

NAPQI, is present in the rat and human spinal cord (Bhagwat et al., 1995). Another 

isoform, the CYP3A4 is expressed in human DRGs (De Graan et al., 2013). The 

CYP3A4 enzyme is the most efficient enzyme amongst all the known isoforms that 

mediate the synthesis of NAPQI with the highest bioactivation capacity both at 

therapeutic and toxic APAP concentrations, assessed experimentally in liver 

microsomes (Laine et al., 2009). Taking into account such corroborative facts, one can 

deduce that NAPQI maybe produced locally in the DRG and SDH, where it may interact 

with KV7 channels upon formation. Theoretically, it is also possible that NAPQI formed in 

the liver targets KV7 channels in the first-order neurons, albeit it is difficult to conceive 

what concentrations of free NAPQI would be available, considering its highly reactive 

nature. Whether NAPQI targets KV7 channels in the first-and second-order neurons from 

inside or outside remains a matter of speculation at the moment.  
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In the current experiments, the concentrations that are possibly achieved after a 

systemic administration of APAP in DRG and SDH neurons were not investigated. In 

fact, to comment on the exact concentrations is rather difficult, owing to the reactive 

nature of NAPQI. In a clinical setting paracetamol protein adducts (PPA) are an 

established biomarker for APAP exposure (Davern 2nd et al., 2006; Heard et al., 2018). 

PPA is quantified by the amount of paracetamol-cysteine/acetaminophen-cyteine 

(APAP-CYS) adducts. Blood concentrations above 1.1 μ·mol·l-1 indicate APAP-induced 

hepatotoxicity. However, these adducts are also detectable after therapeutic dosing of 

APAP (Heard et al., 2011). Moreover, the NAPQI metabolite L-cysteinyl-S-

acetaminophen is detectable in the rat spinal cord after systemic administration of APAP 

(Andersson et al., 2011). 

In the present set of experiments, time course recordings with different concentrations of 

NAPQI on KV7 currents in both DRG and SDH neurons revealed that such effects are 

irreversible (see Fig.3). To determine concentration-response curves in this scenario is 

difficult since the law of mass action is not obeyed. Albeit, it is clear that when individual 

concentrations are tested, the response reaches a plateau after a certain period of time 

in both DRG and SDH neurons (see Fig.3). Most of the therapeutic compounds that 

enhance KV7 currents have reversible effects (Peretz et al., 2005; Du et al., 2011). The 

irreversible effects seen with NAPQI are akin to the effects of the cysteine-alkylating 

agent N-ethylmaleimide (NEM) on KV7 currents. The effect of NEM in enhancing KV7 

currents in heterologous systems as well as in neurons is mediated by two different 

mechanisms. The increase in amplitude of KV7.2 currents can be attributed to enhanced 

open probability of these subunits via cysteine-modification, which is a voltage-

independent effect. The other mechanism is a shift in the voltage dependence of 

activation (Roche et al., 2002). It is plausible that the enhancement of currents in the 

present experiments is attributable to these mechanisms as well. 

The results with dissociated cultures paved way for the next question: does NAPQI 

affect synaptic transmission between the first- and second order neurons. To this end, 

experiments were performed in transverse spinal cord slices with the dorsal roots 

attached. As opposed to the concentration of NAPQI (1 M) used for current-clamp 

recordings in dissociated neuronal cultures, a higher concentration of NAPQI (10 M) 

was resorted to for these experiments to be sure that sufficient amounts reached the 

synapses. The present results reveal that NAPQI did not alter monosynaptic C-fiber 

evoked responses or spontaneous EPSCs in lamina I neurons of the SDH (see Fig.5). In 
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a study investigating the activation of KV7 channels by the compound NH6 in cultured 

hippocampal neurons, the frequency of spontaneous excitatory (sEPSC) and inhibitory 

(sIPSC) postsynaptic currents was reduced. Activation of KV7 currents also reduced the 

frequency of miniature excitatory (mEPSC) and inhibitory (mIPSC) currents without 

altering their amplitude. It was inferred that the modulation of presynaptic KV7 channels 

inhibits glutamate and GABA release (Peretz et al., 2007). The presence and role of 

presynaptic KV7 channels in modulating neurotransmission is well-established (Cooper 

et al., 2000; Vervaeke et al., 2006). Inhibition of KV7 currents in pyramidal neurons of the 

prefrontal cortex (PFC) leads to an increase in the amplitude of excitatory postsynaptic 

potentials (EPSPs), without any effect on the mEPSC frequency (Peng et al., 2017). In 

the SDH, central terminals are the gatekeepers of sensory transmission to the second 

order neurons. The lack of any definitive evidence that KV7 channels are expressed in 

the central terminals could be a plausible explanation for the lack of effect of NAPQI on 

synaptic transmission in the spinal cord. 

In the last set of experiments (see Fig.6), NAPQI reversed Bk-mediated inhibition of KV7 

currents in DRG neurons, hinting towards a possible analgesic role in a physiological 

setting. It is known that RTG, upon injection into rat DRGs decreases nocifensive 

behavior induced by injection of Bk into the hindpaw (Du et al., 2014). Moreover, KV7 

subunits and the B2 receptor are expressed in extrinsic sensory neurons supplying the 

colon. In these peripheral visceral afferents, RTG has been shown to inhibit Bk-mediated 

afferent activation (Peiris et al., 2017).  

The results put together suggest neuronal KV7 channels as targets for APAP-mediated 

analgesia via its reactive metabolite NAPQI with implications in physiological 

nociception. It is clear from the voltage-clamp experiments that NAPQI enhances 

currents in a concentration and time-dependent manner, while the current-clamp 

experiments unequivocally show that NAPQI hyperpolarizes the membrane potential and 

reduces excitability in both the DRG and SDH neurons. The fact that the KV7 channel 

blocker linopirdine abrogated the NAPQI-mediated effects in current-clamp experiments 

in both DRG and SDH neurons conclusively highlights the relevance of neuronal KV7 

channels as novel targets for this APAP metabolite. Moreover, the fact that NAPQI 

reversed Bk-mediated KV7 current inhibition in DRG neurons makes a strong point for 

the physiological relevance of such an action. Of course, it is imperative that certain 

shortcomings of the study such as the identification of SDH neurons and the effects of 

NAPQI thereof, be addressed in future experiments. Moreover behavioral pain tests that 
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reflect the present electrophysiological findings would consolidate the relevance of the 

present experiments. Overall, I would like to conclude that with these findings it becomes 

clear that NAPQI, which was hitherto considered a toxic metabolite of APAP, could 

indeed be another active analgesic metabolite of this very commonly used drug. 
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