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Abstract 

Modulation of nociceptive synaptic transmission in the spinal cord dorsal 

horn plays a key role in the development and maintenance of pathological pain states 

and chronic pain diseases. Important role in this process play transient receptor 

potential vanilloid 1 receptors (TRPV1), present on presynaptic endings of primary 

afferents in the superficial spinal cord dorsal horn. Changes in TRPV1 activity have 

significant impact on nociceptive transmission. There are number of processes that 

influence the function of spinal TRPV1 receptors. This work is focused on the role of 

protease-activated receptors type 2 (PAR2), C-C motif chemokine ligand 2 (CCL2) 

and the effect of chemotherapeutic drug paclitaxel in modulation of synaptic 

nociceptive transmission and activation of TRPV1 receptors. 

PAR2 receptors belong to a family of four G-protein-coupled receptors 

activated by proteases. The role of PAR2 receptors in pain perception is closely 

related to their presence in a population of dorsal root ganglion neurons, where they 

are also co-expressed with TRPV1. Activation of PAR2 may lead to peripheral and 

central sensitization. Chemokine CCL2 and its main receptor CCR2 were suggested 

to be an important factor in the development of neuropathic pain after peripheral 

nerve injury. In our study we focused on the effect of CCL2 application on TRPV1 

receptor activation and nociceptive signalling. Paclitaxel is an antitumor drug which 

clinical use is limited by the appearance of neuropathic pain conditions. The aim of 

our study was to investigate paclitaxel effect on presynaptic TRPV1 receptors in 

the spinal cord dorsal horn.  

Experiments in this thesis were preferentially aimed to study the role of 

PAR2 receptors in nociceptive processing and modulation of synaptic transmission, 

using behavioural and electrophysiological techniques. We showed that intrathecal 

application of PAR2 activating peptide SLIGKV-NH2 caused hyperalgesia in naïve 

animals that was prevented by pre-treatment with TRPV1 antagonist SB 366791 and 

protein kinases inhibitor Staurosporine. Patch-clamp recordings of post synaptic 

excitatory currents from superficial dorsal horn neurons in acute spinal cord slices 

was used to demonstrate that activation of PAR2 receptors by SLIGKV-NH2 caused 

a decrease in the frequency of mEPSC, but increased the frequency of sEPSC and 

also increased the amplitude of dorsal root stimulation evoked EPSC. These effects 

were also significantly attenuated by application of SB 366791 and staurosporine. 

Our results suggest that presynaptic PAR2 receptors may play an important role in 

the modulation of nociceptive synaptic transmission in the spinal cord dorsal horn. 

Results of another study demonstrated that changes induced by CCL2 

application were largely mediated through activation of TRPV1 receptors, suggesting 

importance of PAR2 receptors in pain modulation. Paclitaxel application induced 

increased frequency of mEPSC currents that was prevented by TRPV1 receptors 

antagonist, implying their contribution to paclitaxel-induced acute and chronic 

neuropathic pain. 

Our results demonstrate an important role of spinal TRPV1 receptors in 

modulation of nociceptive transmission in the spinal cord dorsal horn. We have 

shown that activation of PAR2, application of CCL2 and paclitaxel induced changes 

which lead to modulation of synaptic transmission mediated primarily by TRPV1 

receptors. This further confirms the fundamental role of TRPV1 receptors in pain 

modulation at spinal cord level and supports their importance in pathological pain 

states. 
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Abstrakt 

 

Modulace nociceptivního synaptického přenosu v zadním rohu míšním hraje 

klíčovou úlohu v rozvoji a udržování zejména patologických a chronických 

bolestivých stavů. Důležitou roli v tomto procesu hrají vaniloidní receptory typu 1 

(TRPV1), které jsou přítomny na presynaptických zakončeních primárních 

aferentních neuronů v superficiálních oblastech zadního rohu míšního. Změny 

v aktivitě míšních TRPV1 receptorů mají velký dopad na nociceptivní přenos. 

Existuje celá řada procesů, jejichž účinek na nociceptivní přenos je zprostředkován 

TRPV1 receptory a které ovlivňují jejich funkci. Tato práce se zaměřila zejména na 

úlohu proteázou aktivovaných receptorů typu 2 (PAR2), chemokinu CCL2 

a chemoterapeutika paclitaxelu, spojeného s aktivací TLR4 receptorů.  

PAR2 patří do rodiny receptorů spojených s G proteiny a jsou aktivovány 

proteázami. Role PAR2 receptorů při vnímání bolesti je úzce spjata s jejich 

přítomností v populaci neuronů míšních ganglii kde jsou často exprimovány 

s TRPV1 receptory. Tato práce se proto soustředila na modulaci nociceptivní 

signalizace po aktivaci míšních PAR2 receptorů. Chemokin CCL2 se ukázal být 

důležitým faktorem v rozvoji neuropatické bolesti po poranění nervu. V provedených 

experimentech byl účinek aplikace CCL2 studován hlavně vzhledem k aktivaci 

míšních TRPV1 receptorů. Paclitaxel je protinádorový lék, jehož klinické využití je 

limitováno vznikem neuropatických bolestivých stavů. Cílem naší práce bylo 

studovat jeho vliv na TRPV1 a TLR4 receptory.  

Role míšních PAR2 receptorů byla studována za použití behaviorálních 

a elektrofyziologických technik. Prokázali jsme, že po intrathekálním podání PAR2 

aktivačního peptidu SLIGKV-NH2 dojde k rozvoji tepelné hyperalgesie, která je 

blokována podáním TRPV1 antagonisty SB 366791 nebo inhibitoru proteinkináz 

Staurosporinu. Snímání postsynaptických excitačních proudů ze superficiálních 

neuronů zadního rohu míšního ukázalo, že aplikace PAR2 aktivačního peptidu 

vyvolá snížení frekvence mEPSC, ale naopak nárůst frekvence sEPSC i amplitudy 

u evokovaných EPSC. Tyto účinky byly také významně zeslabeny aplikací SB 

366791 a staurosporinu. Presynaptické PAR2 receptory mohou hrát důležitou roli v 

modulaci nociceptivního synaptického přenosu v zadním rohu míchy.  

Další výsledky ukázaly že CCL2 také působí přes aktivaci míšních TRPV1 

a že tato aktivace hraje důležitou roli v modulaci nociceptivní signalizace. Dále bylo 

zjištěno, že aktivace TLR4 paclitaxelem vede k senzitizaci centrálních TRPV1 

receptorů, což muže přispívat k paclitaxelem vyvolané akutní a chronické neuropatii.  

Naše výsledky potvrdily důležitost míšních TRPV1 receptorů v modulaci 

nociceptivního přenosu v superficiální oblasti zadního rohu míchy. Ukázali jsme, že 

aktivace PAR2 receptorů a aplikace CCL2 nebo paclitaxelu v míše vede k modulaci 

synaptického nociceptivního přenosu zprostředkovaného zejména TRPV1 receptory. 

Tato aktivace a modulace TRPV1 receptorů může být důležitá zejména za 

patologických bolestivých stavů. Poznání funkce míšních TRPV1 receptorů může 

přispět k vývoji nových analgetik pro dosud velmi obtížně léčitelné stavy 

neuropatické bolesti. 
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1. INTRODUCTION 

The ability to provide information about the occurrence of tissue damage is one 

of the vital functions of the nervous system. By the International Association for 

the Study of Pain (IASP) definition, pain is “an unpleasant sensory and 

emotional experience associated with actual or potential tissue damage, or 

described in terms of such damage”. The sensation of pain has evolved to protect 

tissues against severe injury and disruption of the organism integrity and contributes 

to the surviving of the organism. It helps each individual to avoid situations that are 

likely to be damaging. Every individual perceives pain in a specific way; the same 

stimulus can trigger various levels of pain in different individuals. Pain perception 

depends on the experience and actual emotional and physical condition. Peripheral 

nervous system responds to noxious stimuli and provides alerts for the organism to 

avoid potential injury. The entire process, from detection in the peripheral tissues via 

processing in spinal cord and in the brain, is called nociception. But nociceptive 

signalling does not necessarily result in a sensation of pain. Only after nociceptive 

perception is processed in various centres of the brain, then we may perceive pain. 

Pain is also the prime symptom of many diseases and warns the organism that 

something is damaged or does not function properly. Pain, however, may fail to fulfil 

its protective function, and become a disease itself. Nociceptive signalling 

dysfunction can occur at any level of the nervous system and the result is 

a pathological pain. Pathological pain unlike physiological pain has a very negative 

influence on the organism, it is difficult to cure and leads to reduced quality of life. 

Nowadays by any measure, pain is still a significant health problem. Globally, it has 

been estimated that 1 in 10 adults suffers from chronic pain. In order to establish new 

effective methods of treatment for different types of pain, detailed understanding of 

the nociceptive signalling mechanisms is needed. Especially the changes that occur 

under pathological conditions are essential for understanding the underlying 

processes during pain manifestation. 

Like other sensory modalities, the potentially damaging stimuli are usually 

detected by specific receptors – nociceptors. Unlike most of other receptors, 

nociceptors do not respond till to very intense stimulus, and they do not show 

adaptation to a continuing stimulus, on the contrary, they may become more 

sensitive. The information from the peripheral nociceptors is further transmitted in 
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the form of action potential into the spinal cord and then into the brain. First synapse 

in dorsal horn of spinal cord is important for modulation of nociceptive transmission. 

Synaptic transmission depends on release of other transmitters and neuromodulators 

and the activation of many different receptors and channels. Important factor is also 

phosphorylation of receptors that regulates their biophysical properties and cellular 

localization.  

Spinal Transient receptor potential Vanilloid 1 (TRPV1) receptors were 

shown to have an important role in modulation of nociceptive transmission, 

especially under pathological conditions (Lappin et al., 2006, Spicarova and Palecek, 

2008, Chen et al., 2009, Spicarova and Palecek, 2009).  It was suggested that under 

these conditions, they become phosphorylated and increase their sensitivity 

to endogenous agonists (Spicarova and Palecek, 2008, 2009, 2010). There are 

number of processes that influence the function of spinal TRPV1 receptors present 

on the presynaptic endings of primary afferents in the superficial spinal cord dorsal 

horn. 

In this thesis we have focused on the role of Protease-activated receptor 

type II (PAR2), C-C chemokine receptor type 2 (CCR2) and Toll-like receptor 4 

(TLR4) that are co-expressed with TRPV1 in the DRG neurons and may influence 

their activity. 

PAR2 belongs to a family of G-protein-coupled receptors and they are 

cleaved and activated by proteases (Vergnolle, 2000, Ossovskaya and Bunnett, 

2004). PAR2 are involved in response to tissue injury, protease-driven inflammation, 

nociception and also in tissue repair. Within the CNS, the endogenous activators for 

PAR2 and the physiological significance of its activation remain unclear, but 

potential candidates include tryptase, trypsinogen IV and neurotrypsin (Bushell, 

2007). A large number of DRG neurons express PAR2 together with TRPV1 

(Steinhoff et al., 2000, Amadesi et al., 2004). PAR2 are also present in the spinal 

cord dorsal horn. The role of PAR2 in spinal nociceptive signalling modulation was 

the main subject of my experiments summarized in this dissertation. Detailed 

knowledge of spinal PAR2 and their signalling, in particular their interaction with 

TRPV1, may contribute to more effective new approaches in therapy of pain.  

CCR2 is the main receptor for chemokine (C-C motif) ligand 2 (CCL2). 

The importance of CCL2, was established especially in the process of neuropathic 

pain development after peripheral nerve injury which triggered CCL2 release from 

http://topics.sciencedirect.com/topics/page/Phosphorylation
http://topics.sciencedirect.com/topics/page/Endogeny
http://topics.sciencedirect.com/topics/page/Agonist


17 

 

the central endings of primary nociceptive neurons and attenuated pain (Gao et al., 

2009b). CCL2 was shown to be present in predominantly small and medium size 

DRG neurons, co-expressed with substance P (SP), calcitonin gene-related peptide 

(CGRP) and TRPV1 receptors (Dansereau et al., 2008). In our experiments we have 

studied the effect of CCL2 application and TRPV1 activation on nociceptive 

signalling and modulation of synaptic transmission.  

TLR4 receptors are responsible for activating innate immune system and are 

best known for recognizing lipopolysaccharide (LPS) and other ligands. TLRs are 

involved in pain transmission at the spinal cord level, especially in the transition of 

inflammatory pain to chronic status and in promoting the generation of nerve injury 

pain (Christianson et al., 2011). Stimulation of TLR4 initiates a series of signalling 

cascades that result in the activation of nuclear factor kappa-B (NF-κB) and mitogen-

activated protein kinases (MAPKs) (Stokes et al., 2013). In our experiments we have 

studied activation of TLR4 and TRPV1 receptors by chemotherapeutic drug 

paclitaxel in a model of peripheral neuropathy.  

Our results demonstrate an important role of spinal TRPV1 receptors in 

modulation of nociceptive transmission in the spinal cord dorsal horn under different 

conditions. We have shown the importance of PAR2 activation for pain modulation 

at the spinal cord level. Presented results also suggest that changes in nociceptive 

synaptic transmission after application of CCL2 and paclitaxel are mediated 

primarily by modulation of TRPV1 receptors function. This further confirms the 

fundamental role of TRPV1 receptors in pain modulation at spinal cord level and 

may contribute to more effective approaches in pain therapy. 

  

https://en.wikipedia.org/wiki/Lipopolysaccharide
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2. STATE OF ART  

 

2.1 Classification of pain 

Pain can serve different purposes. One of them is an early-warning 

physiological protective system, essential to detect and minimize contact with 

damaging or noxious stimuli - nociceptive pain. The second type of pain is also 

adaptive and protective. By enhancing sensory sensitivity after unavoidable tissue 

damage, this pain support in healing of the injured body part by creating a situation 

that discourages physical contact and movement (Wall et al., 2006). Pain 

hypersensitivity, reduces further risk of damage and promotes recovery, as after 

an inflamed joint or in surgical wound, where normally innocuous stimuli now elicit 

pain. And then there is pathological pain that is not protective but maladaptive, 

resulting from abnormal functioning of the nervous system. This pathological pain 

which is not a symptom of any disorder but rather a disease state of the nervous 

system, can occur after a damage to the nervous system (neuropathic pain), but also 

in situations when there is no such damage or inflammation (dysfunctional pain). 

Conditions that evoke dysfunctional pain include fibromyalgia, irritable bowel 

syndrome, tension type headache, interstitial cystitis, and other syndromes that are 

characterized by substantial pain but no presence of a noxious stimulus and minimal 

peripheral inflammatory pathology (Woolf, 2010).  

Pain is a subjective, psychological state that can only be described by verbal 

or magnitude scaling methods (Figure 1) (Breivik et al., 2008, Gelinas et al., 2008). 

The IASP also calls attention to the subjectivity of pain perception stating that if 

people consider their experience as pain and if they report it in the same ways as pain 

caused by tissue damage, it should be accepted as pain. Classifying pain is helpful to 

guide assessment and treatment. There are many ways to classify pain and different 

classifications may overlap.  

Pain can be classified from many different points of view, temporal and 

physiological being the most common (Weiner, 2002; Wall et al., 2006).  

Based on different mechanisms of development we distinguish between 

nociceptive, inflammatory and neuropathic pain. Nociceptive pain represents the 

normal response to a noxious insult or injury of tissues such as skin, muscles, 

visceral organs, joints or bones. Nociceptive pain is divided into somatic (superficial 
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or deep) or visceral.  Neuropathic pain is initiated or caused by a primary lesion or 

disease in the somatosensory nervous system. Inflammatory pain is a result of 

activation and sensitization of the nociceptive pathway by a variety of mediators 

released at the site of tissue inflammation (Scholz and Woolf, 2002). 

 

Figure 1. This pain assessment tool is intended to help patient care providers assess 

pain according to individual patient needs. Presents a 0-10 scale for patient self-

assessment and use pictograms to express pain intensity. Adopted and adjusted from 

(https://openclipart.org/detail/218053/pain-scale, 26.1.2017) 

According to the duration we usually distinguish acute, sub-chronic, and 

chronic pain. Acute pain is usually caused by direct stimulation of nociceptors due 

to damage to body tissue, a disease or a surgical intervention. Its duration is 

short-term. Subacute pain lasts longer – it is a matter of hours or days. After restoring 

the integrity of the organism it usually disappears. Chronic pain persists for a long 

time, even with no apparent cause, or is due to any cause disproportionately large. 

Generally, pain is considered as chronic pain when its last  three to six months and 

longer (Millan, 1999).  

Another possible criterion of division is origin of pain. Based on this 

criterion pain can be divided into somatic and visceral. Pain originating from the 

skin, muscles and the walls of body cavities (thoracic and abdominal wall) is 

considered somatic, while the visceral pain is induced in visceral organs in the body 

cavities (Cervero and Laird, 1999). 

Pain is often characterized by a state of increased intensity of pain sensation 

induced by either noxious or ordinarily innocuous (non-noxious) stimulation of 

https://openclipart.org/detail/218053/pain-scale
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peripheral tissue (Sandkuhler, 2009). We are talking about allodynia and 

hyperalgesia (Figure 2). 

Allodynia ("other pain") occurs when pain is felt after non-painful stimulus. 

Allodynia trigger pain response from stimuli which do not normally provoke pain.  

Thermal or mechanical stimuli can provoke allodynia, which may manifest as 

burning sensation and it often occurs after injury (Koltzenburg et al., 1992, Seal et 

al., 2009). 

Hyperalgesia ("over pain") is an increased sensitivity to pain, which may be 

caused by damage to nociceptors, peripheral nerves or after central changes. It is 

characterised by increased pain sensation to painful stimuli. Temporary increased 

sensitivity to pain can also occur as part of sickness behaviour, the evolved response 

to infection (Sandkuhler, 2009, Clark et al., 2011). 

 

 

Figure 2. The normal pain response as a function of stimulus intensity is depicted by 

the curve at the right, where only strong stimuli are experienced as pain. However, 

a traumatic injury or a disease can shift the curve to the left. Then, noxious stimuli 

become more painful (hyperalgesia) and typically painless stimuli are experienced 

as pain (allodynia). Adopted from Textbook of Pain 2006 (Wall et al., 2006). 
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2.2 Anatomy and Physiology of Pain  

Pain has much in common with other sensory modalities. Specific pain 

receptors on peripheral nerve endings are present in most body tissues, and respond 

only to damaging or potentially damaging stimuli. Subsequently these noxious 

stimuli are transmitted by specific nerve - fibres called primary afferent nociceptors 

through dorsal root ganglions (DRG) to the spinal cord. The primary afferent 

nociceptor contacts second-order neurons in the spinal cord. The spinal second-order 

neurons relay the message through ascending pathways to higher centres, including 

brain stem reticular formation, thalamus, somatosensory cortex, and limbic system. It 

is thought that the processes underlying pain perception involve primarily thalamus 

and cortex. 

2.2.1 Detection and signalization of pain 

In 1906, a hundred and ten years ago Sherrington assumed the existence of 

somatosensory neurons that are excited only in situation of tissue damage or injury. 

The sequence of nociceptive events, culminating in pain perception, starts with 

nociceptive stimulus activating nociceptors at the peripheral ending, of the first 

afferent neuron where the transduction into action potentials and encoding into trains 

of action potentials takes place (Kandel et al., 2000).  

Nociception is a neural process that involves transducing mechanisms by 

which nociceptors detect and convey information about noxious stimuli to the CNS. 

Pain is usually felt when the nociceptors are irritated by damaging or potentially 

damaging stimulus, but it can be caused also by direct trauma of nociceptive fibers, 

or by injury in various areas of the CNS. Pathological pain may also arise 

independently from the stimulation of nociceptors, or incentives that are usually 

painless.  

Electrophysiological studies have confirmed this hypothesis by identifying the 

primary sensory neurons that could be excited by stimuli inducing pain, such as high 

temperature, excessive pressure or chemical irritants, but conventional non-painful 

irritation did not cause their activation (Burgess and Perl, 1967). These primary 

nociceptive neurons are distinct from other sensory neurons and have higher specific 

threshold for activation. It was supposed, that acute pain is a sensory modality based 

on a similar principle as for example sight or smell. The mechanisms of transmission 
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of the information applied to specific neurons receptive properties, which detect the 

quality or intensity of the stimulus (Julius and Basbaum, 2001). Stimuli from the 

external and internal environment are detected by peripheral projections of primary 

sensory neurons whose bodies are located in dorsal root ganglions. Neurons can 

respond to either one or more types of stimuli, and, accordingly they are divided into 

unimodal or polymodal (Julius and Basbaum, 2001).  

Detection of a painful stimulus is carried through by specialized receptors - 

nociceptors. IASP defines nociceptors, as "high threshold sensory receptors of the 

peripheral nervous system, which are able to detect and transmit information about 

noxious stimuli "(IASP, 2011). Nociceptor - a sensory receptor that is capable of 

transducing and encoding noxious stimuli (Loeser and Treede, 2008). Nociceptors 

are peripheral endings of the primary afferent fibers of HD neurons (Aδ and C). 

C fibers are slowly conducting - velocity of signal transmission is 0.5 - 2.0 ms
-1

, 

small diameter, unmyelinated fibers responsible for delayed, blunt and burning pain 

(Figure 3) (Millan, 1999). Aδ fibers are myelinated, fast-conducting - 12-30ms
-1

, 

fibers are associated with experience of sharp pain (Millan, 1999). Although, non-

nociceptive receptors may also respond to noxious stimuli, only nociceptors are 

capable of encoding the stimuli, with relevant properties like intensity and location 

(Woolf and Ma, 2007). 

The cell bodies of primary afferent nociceptors are located in the dorsal 

root ganglion (DRG) and their central synapses lie mainly in superficial laminae of 

the spinal cord dorsal horn (Figure 3). Based on the responses to the peripheral 

stimuli, dorsal horn neurons involved in pain transmission are classified, as wide 

dynamic range responding to low and also high-intensity impulse as painful 

stimuli - A fibers, and high threshold nociceptive neurons responding to high 

intensity stimuli - C fibres (Wall et al., 2006). Low-threshold neurons respond to 

low intensity stimuli that under normal conditions are not perceive as painful 

(Basbaum et al., 2009). However, under pathological conditions, their activation by 

innocuous stimuli can be detected as painful. Molecular markers are often used for 

more detailed classification of primary sensory neurons. Small cells of spinal ganglia 

that form C- fibres are further divided into two basic categories peptidergic and 

non-peptidergic (Hunt and Rossi, 1985, Snider and McMahon, 1998). Peptidergic 

neurons are named according to the expression of neuropeptides such as CGRP 

(peptide derived calcitonin gene) and SP (substance P). For the so-called 
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non-peptidergic cell is typical the binding site for the plant lectin IB4. Moreover, 

these cells express receptors for glial nerve growth factor (GDNF) and purinergic 

P2X3 receptors for ATP.  

 

Figure 3. a) Nociceptive signals are transmitted from the periphery by nociceptive 

sensory neurons (first-order primary afferent neurons) which peripheral terminals 

are express different ion channels. b) Action potentials are conducted along the 

axons of nociceptive fibres, through the cell body in the dorsal root ganglion to the 

axonal terminals, which form the presynaptic element of central synapses of the 

sensory pathway in the spinal dorsal horn or hindbrain. The central terminals of 

Aβ- and C- fibres form synapses with interneurons and second-order nociceptive 

projection neurons, primarily within the superficial laminae of the spinal dorsal 

horn. c) Third-order neurons in the thalamus project to several cortical and 

subcortical regions that encode sensory-discriminative - somatosensory cortex, 

emotional - anterior cingulate cortex, amygdala and insular cortex, and cognitive - 

pre-frontal cortex aspects of pain. Several brainstem sites also contribute to the 

descending modulation of pain - periaqueductal grey, locus coeruleus and rostral 

ventromedial medulla. Adopted from (Grace et al., 2014) 

Peripheral projections of peptidergic neurons innervate the deepest layer of 

the skin stratum spinosum, and their central projections are localized in lamina I and 
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the outer part of lamina II. Non-peptidergic neurons innervate the superficial layer of 

the skin stratum granulosum, and their central projections end preferably in the inner 

part of lamina II or III in the dorsal horn of spinal cord (Snider and McMahon, 1998, 

Zylka et al., 2005). The capability of nociceptors to detect different qualities of 

stimuli was made possible thanks to different receptors and ion channels on the cell 

surface and the specific set of expressed receptors that characterize individual 

populations of nociceptors.  

In the dorsal horn of spinal cord are localized the first synaptic connections of 

the nociceptive pathway. For PAF, the glutamate is considered as the main 

neurotransmitter that binds to ionotropic and metabotropic glutamate receptors at 

postsynaptic neurons. Additionally neurons also synthesize a variety of molecules 

that can act as neuromodulators but their role is rather minor and modulating. These 

are neuropeptides SP and CGRP, ATP, NO diffusing gas; phospholipid metabolites 

Prostaglandins (PG); neurotrophins (such as NGF or GDNF) and other peptides (e.g. 

galanin, cholecystokinin (CCK) or neuropeptide Y) (Millan, 1999). First synapses 

allow pivotal modulation of the signal intensity coming from the periphery. This 

modulation may even cause extinction or amplification of signal and generate further 

action potentials on the secondary projection neurons.  

2.2.2 Nociceptive processing at spinal cord level 

The nociceptive information undergoes significant modulation at the spinal 

cord level in which both inhibitory and excitatory pathways play an important role. 

From the spinal cord level is nociceptive information further transmitted by 

projection – second order neurons to the brain. 

The dorsal horn of the spinal cord is divided into six parallel layers (laminae) 

I - VI based on differences in the size and density of neurons (Rexed, 1952). 

Lamina I (marginal zone) engages most of the central terminals of Aδ fibers and 

contains most projection neurons. The bodies of projecting neurons are generally 

larger than the bodies of interneurons. Lamina II (substantia gelatinosa) is 

dominated by interneurons. Lamina II is subdivided in to an inner and an outer part 

IIi (inner) / IIo (outer). Laminae I and II are often referred to as the superficial layers 

of dorsal horn spinal cord, and they are the main projection areas of primary 

nociceptive neurons. Laminae III – IV are grouped under the name proprius nucleus. 

Some neurons in laminae V – VI, which represent the deep layers of spinal cord, are 
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also involved in nociceptive signalling. The anterior horn of the spinal cord is 

divided into laminae VII – IX that mostly feature neurons transmitting signal to 

motorneurons. Lamina X surrounds the central channel.  

According to the response to the activity from PAF, projection neurons are 

divided into low threshold (LT), high threshold (HT) and a "wide dynamic 

range "(WDR) neurons. Low-threshold projection neurons respond preferentially, to 

non-noxious stimulation, such as light tactile stimuli conducted by Aβ primary 

fibers. High threshold neurons respond to painful stimuli transmitted by specific 

nociceptive neurons - C and Aδ fibers. They are concentrated in lamina I (IIo) and 

rarely occur in the deep layers (IV – VI). Neurons with wide dynamic range respond 

to signals ranging from painless to painful. They are excited by mechanical, thermal 

and chemical stimuli transmitted by C Aδ and Aβ fibers. Significant convergence of 

inputs occurs at these projection neurons. They are localized mainly in laminae 

IV-VI, and rarely in laminae I, IIo and X (Rexed and Strom, 1952, Millan, 1999). 

Interneurons are traditionally divided into excitatory and inhibitory 

according to the principal neurotransmitters they release. The largest population of 

interneurons in the spinal cord is localized in lamina II. Excitatory interneurons allow 

primarily indirect polysynaptic activation of projection neurons. They release 

excitatory amino acids and a variety of neuropeptides. Inhibitory interneurons are in 

direct contact with projection neurons and primary afferent fibers, which allows the 

application of presynaptic and postsynaptic mechanisms of inhibition of nociceptive 

signalling coming from primary sensory neurons. They are distinguished based on 

the neurotransmitters they release – either GABA or glycine (Spike et al., 1993). 

Interneurons play a huge role in regulation of nociceptive signalling on spinal cord 

level. 

2.2.3 Nociceptive processing in the brain 

The highly complex ascending pain projection pathways can be divided into 

two types (Almeida and Lima, 1997, Millan, 1999). Monosynaptic pathways project 

directly in to cerebral structures (spinothalamic tract) whereas polysynaptic pathways 

possess a relayed to the third-order neurons (spinoreticular or postsynaptic dorsal 

column pathways). Somatosensory cortex is involved in the discriminatory aspect of 

pain and areas with association cortex projections are related to affective responses 

involving both somatic and autonomic motor systems(Millan, 1999). Many 
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supraspinal control areas – reticular formation, midbrain, thalamus, hypothalamus, 

amygdala, cingulate cortex, basal ganglia and cerebral cortex also modulate pain 

perception (Tracey and Mantyh, 2007). Neurons originating from these areas may 

activate neurons of the descending spinal pathways, which terminate in the DH. This 

network of cortical, subcortical, and brainstem structures also includes prefrontal 

cortex, anterior cingulate cortex, insula, periaqueductal grey, rostral ventromedial 

medulla, and dorsolateral pons/tegmentum (Tracey and Mantyh, 2007, Garland, 

2012). The coordinated activity of these brain structures modulates nociceptive 

signals via descending projections to the spinal dorsal horn. The central nervous 

system can selectively control signal transmission from specific parts of the body 

(Garland, 2012).  

The descending pain modulatory system has both anti- and pro-nociceptive 

effects. The descending pain modulatory system represents the means by which 

the central nervous system inhibits nociceptive signals at the spinal outputs 

(Heinricher et al., 2009). Was observed that direct electrical stimulation of the 

periaqueductal grey  (PAG) could produce remarkable analgesic effects as evidenced 

by the ability to undergo major surgery without pain (Reynolds, 1969).
 
Yet, this 

system can also facilitate nociception. Projections from the periaqueductal grey to 

the rostral ventromedial medulla have been shown to enhance spinal transmission of 

nociceptive information from peripheral nociceptors (Carlson et al., 2007). 

2.2.4 Synaptic plasticity 

In the mature nervous system, synaptic transmission can be modulated, 

potentiated or suppressed, in many ways. Synaptic strength describes the magnitude 

of post-synaptic currents or potentials in response to a pre-synaptic action potential 

and may be modified in an activity-dependent manner. 

Synaptic plasticity is the ability of neural circuits to undergo changes in 

function or structural organization due to previous activity. It is considered to 

underlie both adaptive as well as maladaptive learning processes (Scholz and Woolf, 

2002). It is important for normal events like memory formation and pathological 

processes such those underlying chronic pain and neurodegenerative disorders 

(Scholz and Woolf, 2002, Bredesen, 2009, Wang et al., 2009). A general rule of 

synaptic plasticity describes a basic mechanism of an increase in synaptic efficacy 

arises from the presynaptic neurons repeated and persistent stimulation of 
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the postsynaptic cell, and states. Echoing activity in transient assemblies of neurons 

carries a memory trace that becomes permanently laid down as changes in synaptic 

weights when a presynaptic neuron repeatedly or persistently takes part in firing 

towards the postsynaptic neurons (Bliss and Lomo, 1973). The rule implies both 

temporal and spatial constraints on storage of information manifested as synaptic 

plasticity (Froemke and Dan, 2002). It was demonstrated that the fundamental factors 

inducing synaptic plasticity involve temporal order of the synaptic input and the 

postsynaptic spikes within a narrow temporal window, back propagating action 

potential serving as a global signal for synaptic plasticity and a specific temporal 

patterns of postsynaptic activity burst (Paulsen and Sejnowski, 2000). Potentiation 

can occur even in the absence of the postsynaptic somatic spikes (Mehta, 2004). 

2.2.5 Central sensitization 

Prior to the discovery of central sensitization, the predominant view on pain 

processing in the central nervous system was of a mostly passive neural relay that 

conveys the information of the onset, duration, intensity, location and quality of 

peripheral noxious stimuli, encoded in action potentials - much like a telephone wire, 

from one site to another. Ongoing research showed that nociceptive peripheral 

terminals could be sensitized after injury by reducing their threshold, mainly to heat 

stimuli, and only at the site of injury, where the terminals were exposed to 

inflammatory modulators (Perl et al., 1976, LaMotte et al., 1982). This phenomenon 

is clearly a very important contributor to inflammatory pain hypersensitivity but it 

cannot account for dynamic tactile allodynia, the temporal summation of pain, or the 

secondary hyperalgesia. Some other explanation was needed. This turned out to be 

the increased synaptic function triggered within the CNS by nociceptive inputs 

(Woolf, 1991, Treede et al., 1992, Woolf and Salter, 2000). 

Transformative breakthrough was the first description of long term 

potentiation (LTP) in the hippocampus (Bliss and Lomo, 1973). Brief high frequency 

coincident input produced a persistent increase in synaptic efficacy. Central 

sensitization represented a progressively increasing output during the course of 

a train of identical stimuli (Woolf, 2011). This way the input in one set of nociceptor 

sensory fibers amplified subsequent responses to other non-stimulated nociceptor or 

non-nociceptor fibers (Thompson et al., 1993).  
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The underlying neurobiological basic mechanism for central sensitization is 

that for most central circuits, the receptive field properties of neurons defined by the 

firing of action potentials is only the “tip of the iceberg”. Most of the synaptic input 

to neurons is subthreshold (Woolf and King, 1989) Increasing synaptic strength by 

presynaptic increase in the excitatory transmitter release, by increase of  

post-synaptic response to the transmitter, by reducing inhibition or increasing 

membrane excitability can strengthen these normally subthreshold inputs to 

suprathreshold action potentials, producing profound changes in functional properties 

(Woolf and King, 1990, Woolf et al., 1994, Takazawa and MacDermott, 2010). More 

recently it has become realized that in addition to activity-dependent synaptic 

plasticity, changes in microglia, astrocytes, gap junctions, membrane excitability and 

gene transcription all can contribute to the maintenance of central sensitization 

(Chacur et al., 2009, Chang and Waxman, 2010, Chiang et al., 2010, Rivera-

Arconada and Lopez-Garcia, 2010).  

Central sensitization manifests as pain hypersensitivity, particularly dynamic 

tactile allodynia, secondary punctate or pressure hyperalgesia, aftersensations, and 

enhanced temporal summation.  

2.3  Modulation of synaptic nociceptive transmission at spinal cord level 

Chemically or physically activated peripheral nociceptive afferent fibres of 

DRG neurons transmit nociceptive signal to the dorsal horn of the spinal cord. After 

arrival of action potential, a diverse array of neurotransmitters, neuromodulators and 

other neuroactive substances can be released from the presynaptic central terminals, 

and bind simultaneously to different types of receptors on the postsynaptic 

membrane of spinal neurons and also on the presynaptic membrane itself (Millan, 

1999, Willis and Coggeshall, 2004). These compounds can modulate neuronal 

excitability in a very complex manner.  

Transmission may be affected by the amount of released transmitter or 

neuromodulator, by the density, types and kinetic characteristics of presynaptic and 

postsynaptic receptors or by, opening and closing of ion channels and activity of 

transporters. Each of these factors may be subject to a number of regulatory effects. 

Fast excitatory synaptic transmission is ensured by an outpouring of glutamate from 

the DH neurons, and binding to the postsynaptic ionotropic glutamate receptors. 

Action potential coming from the periphery can cause excitatory postsynaptic 
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currents (EPSC) that are mediated primarily by AMPA receptors. Postsynaptic 

NMDA receptors are also involved in rapid transmission, but they can be tonically 

inhibited by Mg
2+

 ions. The activation can occur only after removal of bound Mg
2+

 

from the channel receptor, this depending upon depolarization of plasma membrane. 

Slow excitatory synaptic transmission is mediated by metabotropic receptors, 

activated either by glutamate or neuropeptides such as substance P and CGRP 

(Woolf and Salter, 2000). 

     2.3.1.   Glutamate receptors 

The main neurotransmitters at excitatory synapses are the excitatory amino 

acid (EAA) L-glutamate together with EAA L-aspartate. Glutamate acts as 

an agonist on a large family of glutamate receptors that can be divided in two basic 

groups on ionotropic and metabotropic receptors. Ionotropic glutamate receptors 

can be further divided based on their specific agonists into three groups of AMPA, 

kainate and NMDA receptors. Since modulation of excitatory postsynaptic 

transmission is mediated by AMPA receptors in the dorsal horn spinal cord, 

following chapters described in detail. 

The AMPA receptors are important elements of synaptic plasticity involving 

AMPA receptors phosphorylation and trafficking. Functional properties of AMPA 

receptors, depends on their subunit composition, phosphorylation state, and the 

interaction with other membrane proteins (Hollmann and Heinemann, 1994). GluR 

subunits have consensus region for phosphorylation by calcium/calmodulin-

dependent protein kinase II and PKC (CaMKII, PKC) (Barry and Ziff, 2002, Boehm 

and Malinow, 2005). Four subunit GluR1-GluR4 forms in various ratios heteromeric 

tetramers, different combinations of subunits represent different receptor subtypes. 

GluR2 subunit is crucial to the channel selectivity, if it is incorporated in the 

structure of the receptor, channel pass only monovalent cations. Without GluR2 are 

AMPA receptors permeable to sodium, potassium and to a much lower extent to 

calcium. It is known that presence of the GluR2 subunit, make it AMPA receptors 

impermeable for calcium and protecting neurons against excitotoxicity (Angulo et 

al., 1997, Kim et al., 2001) which implies its possibly significant role in synaptic 

plasticity. The AMPA receptors are the main charge carriers during excitatory 

postsynaptic potential (EPSP) generation.  



31 

 

At the spinal cord dorsal horn neurons the AMPA receptors are expressed in 

lamina I, IIi, IIo and activated by EAA binding and briefly depolarize the neuronal 

membrane (Antognini et al., 2002), which often leads to generation of an action 

potentials in second-order neurons. The activation of AMPA receptors is regulated 

by rapid onset of glutamate desensitization and together with action of excitatory 

amino acid transporters (EAATs) create neuronal protective mechanism guarding 

neurons against glutamate-induced excitotoxicity (Yamada and Tang, 1993, 

Matthews et al., 2003).  

The NMDA receptor (N-methyl D-aspartate) is another important ionotropic 

glutamate receptor. The NMDAR consists of two NR1 and two NR2 subunits with 

four different isoforms (A-D) and a related gene family of NR3 A and B subunits 

have an inhibitory effect on receptor activity. Subunit and isoform composition 

influences  function and permeability of receptor (Lakhan et al., 2013). NR1 and 

NR2 subunit types are needed for proper NMDA receptor function (Cull-Candy et 

al., 2001). The NMDA receptors are a cation channels, permeable to sodium, 

potassium and calcium. NMDA receptors also integrate neuronal circuitry and 

modulate synaptic plasticity. They have exceptionally high Ca
2+

 permeability and 

voltage-dependent sensitivity to Mg
2+

 block, which prevents NMDA receptor 

function at resting membrane potential. NMDA receptor-mediated Ca
2+

 fluxes occur 

only when Mg
2+

 block is removed by increasing AMPA receptor-mediated 

depolarization (around 0 mV) (Malenka and Bear, 2004). NMDA are requiring 

co-activation by two ligands, glutamate and glycine. This event leads to longer 

duration of the depolarization up to several hundred milliseconds (Lester et al., 

1990). NMDA can act as a detector for membrane depolarization and synaptic 

transmission and can trigger synaptic plasticity (Rao and Sejnowski, 2001). The 

NMDA receptors are modulated by many endogenous and exogenous activators and 

play a key role in a wide range of physiological and pathophysiological processes 

including pain, where they are responsible for a pain amplification (Popik et al., 

2000, Bespalov et al., 2001). 

 

 

https://en.wikipedia.org/wiki/Gene
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2.4 Transient receptor potential channels 

The chemical, thermal or mechanical signals are transduced into action 

potentials by specialized receptors that are expressed in the free nerve endings.  

Transient Receptor Potential (TRP) channels have been identified as one of 

the key molecular transducers of thermal and painful stimuli. In humans, twenty 

seven TRP channels are expressed in diverse types of cells and tissues. Among them, 

eleven were described as temperature-sensitive: vanilloid receptors 

TRPV1-TRPV4, melastatin receptors TRPM2, TRPM3, TRPM4, TRPM5 and 

TRPM8, TRPA1 and TRPC5 (Fernandez-Carvajal et al., 2011, Vriens et al., 2011, 

Saito and Tominaga, 2015). These so called “thermoTRPs” display distinct thermal 

thresholds. TRPV3 and TRPV4 are sensitive to moderate temperatures (25 – 35  °C) 

(Guler et al., 2002, Smith et al., 2002, Benham et al., 2003) while the capsaicin 

receptor TRPV1 (Figure 4.) to noxious hot temperatures above 43 °C (Caterina et 

al., 1997, Tominaga et al., 1998). The thermal threshold for the activation of the 

TRPV2 channel, which is structurally similar to TRPV1, is even above 

52 °C(Macpherson et al., 2007). Melastatin receptors TRPM2 – TRPM5 were 

described as heat sensors (Talavera et al., 2005, Togashi et al., 2006, Vriens et al., 

2011) whereas TRPM8 and TRPC5 are known to be activated by cold. The 

temperature threshold for TRPC5 activation is between 37 and 25 °C (Zimmermann 

et al., 2011) while TRPM8 receptor is activated by cooling agents such as menthol 

and icilin and noxious cold temperatures below 25 °C (McKemy et al., 2002). 

2.4.1 Physiological role of TRPV1 

TRPV1 receptor (transient receptor potential vanilloid Type 1) was  the first 

molecularly identified and cloned member of vanilloid subfamily of TRPV channels 

(Caterina et al., 1997). Vanilloid subfamily of TRPV channels consist of six 

members TRPV1-6 amongst which 4 were confirmed to be involved in nociceptive 

transmission -  apart from TRPV1 also TRPV2, TRPV3 and TRPV4 receptor.  

TRPV1 structure corresponds with the typical structure of TRP channels. It 

is a homotetramer (Figure 4) and each subunit has six transmembrane intersections 

(S1-S6) with a hydrophobic loop between α-helix S5 and S6, which is involved in 

formation of the central pore of the channel. In terms of the structure and the 

function the C- and N-terminus of the receptor are equally important. Both ends are 
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hydrophilic, aimed into the cytoplasm and constitute 70% of the receptors total mass 

(Moiseenkova-Bell et al., 2008). 

N-terminus represents more than a half of one subunits size (in the rat it is 

formed by 432 amino acids). The N-terminus contains a proline-rich sequence and 

six ankyrin domains (Caterina et al., 1997). One ankyrin domain consists of 33 

amino acids organized in two antiparallel α-helices, separated by a loop (Figure 5). 

In TRPV1 receptor, ankyrin domains are involved in ATP and Ca
2+

 / calmodulin 

binding (Lishko et al., 2007).  

 

Figure 4. TRPV1 symmetric architecture. Ribbon diagram of TRPV1 atomic model 

with each of the four identical subunits color-coded, showing views from side 

(a and b). Ribbon diagram focusing in on side (c) view of S5-P-S6 pore with TRP 

domains. Bottom view focusing on transmembrane core (d), including S1–S4, 

S5-P-S6, and TRP domains. Adapted from (Liao et al., 2013).  

C-terminus is very important for sensitization and desensitization of receptor 

(Figure 5), because it contains a calmodulin binding site, PIP2 and ATP binding 

domains and amino acid residues for phosphorylation (Touska et al., 2011). Deletion 
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of the distal part of the C-terminus (31 or 42 amino acids) had no significant effect 

on the sensitivity to a specific receptor agonist capsaicin or low pH, but strongly 

affected TRPV1 receptor sensitivity to thermal stimuli. Such deletions reduced the 

threshold by 3-9 °C. Whole C-terminus deletion leads to complete loss of sensitivity 

to chemical, thermal and voltage stimulus (Vlachova et al., 2003). In the proximal 

part of the C-terminal segment is located the domain responsible for tetramerization 

of TRPV1 subunits, and for this segment is characteristic the presence of TRP box 

with a highly conserved amino acid sequence (Garcia-Sanz et al., 2004).  

 

Figure 5. A schematic diagram of a TRPV1 subunit in a bilayer. The subunit has six 

transmembrane domains (red) and a pore loop. The functional TRPV1 receptor is 

believed to form a tetramer. Residues involved in vanilloid binding (orange). “A” 

indicates ankyrin repetitions (yellow). Residues susceptible of phosphorylation 

(green). Two calmodulin-binding regions in the N- and C-termini are indicated by 

“CaM.” Blue residues in the pore loop represent proton a table amino acids. 

Cysteine residues in the P-loop are susceptible of reduction (purple). PIP2 is shown 

to bind to the region indicated in the C-terminus. The TRP box represents the TRP 

domain. Adopted an adjusted from (Tominaga and Tominaga, 2005). 

TRPV1 has been widely studied in connection with pain mechanisms. It is 

located on subsets of nociceptors and is activated by numerous stimuli that are 

perceived as painful or noxious, including capsaicin, the active ingredient in hot chili 

peppers, as well as by protons, heat > 42 °C, and a family of endogenous-

inflammation-associated lipids (Figure 6) (Nagy et al., 2014). The sensation evoked 

in humans by activation of TRPV1 in skin by capsaicin is burning (Simone et al., 

1989); whereas, when applied into muscle, it is perceived as deep aching or cramping 
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pain (Marchettini et al., 1996) matching  patient complaints associated with 

paclitaxel treatment (Boyette-Davis and Dougherty, 2011, Boyette-Davis et al., 

2013). Consistently with these observations, TRPV1 expression is increased in rat 

dorsal root ganglia (DRG) after paclitaxel treatment when thermal hyperalgesia is 

observed and the use of a TRPV1 antagonist was shown to reduce this 

hypersensitivity (Hara et al., 2013). Ligands of guanine nucleotide binding 

protein-coupled receptors (GPCR) that activate phospholipase C (PLC) leading to 

hydrolysis of phosphatidylinositol 4,5, bisphosphate (PIP2) disinhibit the TRPV1 

channels (Huang et al., 2002). TRPV1 sensitization resulting in neuropathic pain 

depends on channel phosphorylation by protein kinase C (PKC) or protein kinase A 

(PKA) (Rathee et al., 2002) and this process may be triggered by products of 

inflammation, including prostaglandin E2 (PgE2), bradykinin, adenosine 

triphosphate (ATP), and serotonin (5-HT). Nerve growth factor (NGF) acting via 

tyrosine kinase A (trkA) receptors increases TRPV1 expression (Cesare et al., 1999, 

Premkumar and Ahern, 2000, Vellani et al., 2001).  

TRPV1 receptor is expressed in different amount in the entire organism. In 

humans, the TRPV1 receptor was detected in DRG, brain, kidney, pancreas, testis, 

uterus, spleen, stomach, small intestine, lung, liver and numerous of others organs. 

Surprisingly it was found that expression of TRPV1 mRNA in brain and peripheral 

tissues is much lower than in the DRG (Hayes et al., 2000). TRPV1 positive central 

endings in the spinal cord are mainly located in laminae I and II, while the inner 

lamina IIi contains larger quantities than lamina IIo (Guo et al., 1999, Valtschanoff et 

al., 2001).Distribution of TRPV1 receptors is not constant over the life time. 

Changes of TRPV1 expression in DRG neurons were documented during ontogeny 

and adolescence (Cavanaugh et al., 2011b). After numerous studies showed that the 

TRPV1 is also expressed in the brain and the spinal cord (Jancso-Gabor et al., 1970, 

Szallasi and Blumberg, 1991, Szallasi et al., 1994, Szallasi et al., 1995), scientists 

began investigating their role in the CNS. The main question was, how are the 

TRPV1 receptors activated in these areas? Under normal circumstances, there are no 

dramatic changes in inner environment of the CNS (such as changes in temperature, 

pH, presence of high concentrations of alkaloids, injury etc.) that are considered to 

activate TRPV1 receptors in periphery. Neurotransmitter anandamide was the first 

documented endogenous activator of TRPV1 receptors (Zygmunt et al., 1999). 
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Figure 6. TRPV1 is activated by noxious heat (up to 43 °C), low pH (<5.9), 

eicosanoids, anandamide, and capsaicin and phosphorylated by protein kinases. 

Adapted and adjusted from (Benarroch, 2008). 

 

Furthermore, it was found that some eicosanoids and leukotrienes may 

function as endogenous activators of TRPV1 – such as lipidic substances derived 

from arachidonic acid (AA). Also some products of lipoxygenases can block effect 

of the antagonist capsazepine, which suggests that they compete for the same binding 

site with capsaicin (Hwang et al., 2000). Another endogenous activator is the 

20-hydroxyeicosatetraenoic acid (20-HETE), which is also a derivate of arachidonic 

acid. The 20-HETE activates the TRPV1 receptor through a binding site other than 

the one for capsaicin. Activating effects of 20-HETE can be reduced by 

administration of selective inhibitor of protein kinase A (PKA) and C (PKC).  

TRPV1 can be also endogenously activated by linoleic acid metabolites that can 

contribute to the formation of inflammatory hyperalgesia (Patwardhan et al., 2009). 

Other endogenous agonists of the TRPV1 receptors are N-arachidonoyl-dopamine 

(NADA) and N-oleoyl-dopamine (OLDA). Both these substances induce massive 

influx of Ca
2+

 into the cell and their effect can be blocked by capsazepine. Their 

intradermal administration results in decrease of thermal threshold and development 

of thermal hyperalgesia in rats (Huang et al., 2002, Chu et al., 2003). OLDA can 

significantly influence synaptic transmission in the DH spinal cord (Spicarova and 

Palecek, 2009). Results suggest that the activation of TRPV1 receptors by low 

concentrations of endogenous agonists, such OLDA, can have a significant effect on 

the modulation of synaptic transmission in the DH especially during 

pathophysiological conditions when TRPV1 are sensitized. 
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2.4.2. TRPV1 receptor in nociceptive transmission 

TRPV1 receptors are well recognized as molecular integrators 

of nociceptive stimuli at peripheral nerve endings (Matta and Ahern, 2007) . The vast 

majority of spinal TRPV1 receptors are located on central branches of small and 

medium size DRG neurons in the superficial dorsal horn of spinal cord (Guo et al., 

1999, Cavanaugh et al., 2011b). Spinal TRPV1 receptors were shown to have 

an important role in modulation of nociceptive transmission, especially under 

pathological conditions (Lappin et al., 2006, Spicarova and Palecek, 2008, Chen et 

al., 2009, Spicarova and Palecek, 2009).  It was suggested that they 

become phosphorylated and increase their sensitivity to endogenous agonists 

(Spicarova and Palecek, 2008, 2009, 2010). 

TRPV1 receptors have been also identified as the molecular integrator of 

inflammatory pain (Cortright and Szallasi, 2004). TRPV1 receptors are located on 

peripheral and also central terminals of primary nociceptive neurons. Peripheral 

TRPV1 receptors are activated by thermal stimuli and protons, while many other 

substances can sensitize TRPV1 receptors and moderate their expression. 

Inflammatory mediators, such as bradykinin, can reduce the threshold for TRPV1 

activation to the temperature within physiological values (Sugiura et al., 2002). NGF 

also affects the sensitivity of TRPV1 receptors, which is supported by the fact that 

the thermal hyperalgesia induced by NGF does not develop in TRPV1
-/-

 knock out 

mice. TRPV1 receptors have a pivotal role in inflammation-induced thermal 

hyperalgesia (Caterina et al., 2000). The number of TRPV1 receptors may be 

increased by application of NGF during inflammation (Ji et al., 2002). After 

experimentally induced inflammation it was also observed that the number of 

unmyelinated peripheral fibers immunopositive labelled for TRPV1 receptors 

increase (Carlton and Coggeshall, 2001). This is consistent with increased axonal 

transport of mRNA encoding TRPV1 receptors associated with increased sensitivity 

of primary afferents to capsaicin and the finding that activated PKC causes rapid 

insertion of TRPV1 receptors to the plasma membrane (Tohda et al., 2001, 

Morenilla-Palao et al., 2004).  

Thermal hyperalgesia induced by nerve growth factor nerve (NGF) is at least 

partially caused by the phospholipase C and protein kinase C dependent 

phosphorylation of TRPV1 receptors. Activation of PLC leads to hydrolysis of 

http://topics.sciencedirect.com/topics/page/Nociception
http://topics.sciencedirect.com/topics/page/Phosphorylation
http://topics.sciencedirect.com/topics/page/Endogeny
http://topics.sciencedirect.com/topics/page/Agonist
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membrane phospholipid phosphatidylinositol-4,5-bisphosphate (PIP2) (Huang et al., 

2002). Sensitization of TRPV1 receptors by activation of PKA may also have an 

important role in inflammation induced hyperalgesia. PKA takes part in a signal 

cascade leading to activation of metabotropic receptors for prostaglandins (Rathee et 

al., 2002). There are also other mediators of inflammation that can activate TRPV1 

receptors through an indirect route via products of lipoxygenase like bradykinin. 

Bradikinin binds to B2 receptor and excites nociceptors via the production of 

arachidonic acid metabolites (12-HPETE), which then activate TRPV1 receptors 

(Hwang et al., 2000). 

TRPV1 receptor channels are permeable to monovalent cations (Na
+
) as well 

as for Ca
2+

. Their influx into the cytosol activates protein kinase dependent on Ca
2+

 

and calmodulin (CaMKII), which, like the PKA and PKC phosphorylation, sensitizes 

TRPV1 receptors. The influx of Ca
2+

 ions also contributes to the change of 

distribution of positive and negative charges on the inner and outer side of the 

plasma membrane, which leads to its depolarization and may subsequently induce 

formation of action potential. TRPV1 receptors significantly contribute to the 

sensitization of free nerve endings and thus greatly facilitate the transmission of 

nociceptive signals to the CNS. The desensitization phase that occurs after TRPV1 

receptors activation is also important for pain transmission. This loss of sensitivity to 

activators is mostly dependent on the intracellular concentration of Ca
2+

 ions (Koplas 

et al., 1997). A significant role in the process of desensitization of TRPV1 receptors 

plays the regulation of calcineurin (Docherty et al., 1996). Activation of TRPV1 

receptors on peripheral nociceptors by capsaicin in high concentration leads to 

desensitization and possible degeneration of sensory endings, and can induce 

prolonged local anesthesia (Simone et al., 1998, Uchytilova et al., 2014). 

2.4.3 Mechanisms of modulating TRPV1 receptor 

TRPV1 receptors are often called molecular integrators of nociceptive 

stimuli. They not only directly detect the nociceptive stimuli, but also have big 

influence on activation through second messengers. Among the modulators acting 

indirectly included e.g. ATP, bradykinin, glutamate, histamine, trypsin, serotonin, 

nerve growth factor (NGF), prostaglandins, tumor necrosis factor (TNF), glial nerve 

growth factor (GDNF), insulin and insulin derived from growth factor 1 IGF-1 

(Gunthorpe and Chizh, 2009, Premkumar and Abooj, 2013). These substances 
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activate TRPV1 receptors and trigger the signal cascade that leads to the activation of 

protein kinases that in their turn phosphorylate the receptor. Thus cause the 

sensitization e.g. protein kinase C (PKC), the cAMP-dependent protein kinase A 

(PKA), Ca
2+

 / calmodulin-dependent kinase II (CaMKII), mitogen-activated protein 

kinase (MAPK) or phosphatidylinositol-3 kinase (PI3K). 

Equally important role have also those modulators which are directly 

connected with TRPV1 receptors. These include primarily intracellular ATP, 

calmodulin, and phosphatidylinositol-4,5-bisphosphate (PIP2). Many inflammatory 

mediators play an important role in the hyperalgesia as well. One of them is 

Bradykinin. The main effect of bradykinin is the modulation of TRPV1 receptor 

through PLC and PLA2 (Ferreira et al., 2004). PKC phosphorylates the TRPV1 and 

causes the sensitization of nociceptors by decreasing the temperature threshold 

required for TRPV1 receptor activation within physiological values (Cesare and 

McNaughton, 1996, Sugiura et al., 2002), whereas PLA2 cleaves membrane 

phospholipids, produces AA and this process results in endogenous activation of 

TRPV1 receptor (Thayer et al., 1988). Bradykinin is capable not only to increase the 

sensitivity of TRPV1 receptors for thermal stimuli (Sugiura et al., 2002), but also to 

increase their response to capsaicin in DRG neurons (Vellani et al., 2001). 

Another modulator of TRPV1 is adenosine triphosphate (ATP), which can 

influence the receptor in several ways – the extracellular ATP through metabotropic 

P2Y1 receptors and the intracellular ATP by direct interaction with TRPV1 

(Tominaga et al., 2001, Lishko et al., 2007). In rat DRG cells was observed that the 

extracellular ATP can trigger a cascade of second messengers via P2Y1 receptor 

leading to the activation of PKC. Consequently, it phosphorylates the TRPV1 

receptor and reduces the threshold for activation from ~43 °C to only 35 °C 

(Tominaga et al., 2001). In contrast, the intracellular ATP induces sensitization 

through direct binding to the TRPV1 receptor. A binding site was found in the first to 

third ankyrin domains at the N-terminus. This binding site can be occupied not only 

by ATP but also by calmodulin (CaM) in complex with Ca
2+

. These two substances 

compete for the same binding site and have the opposite effect on the receptor. While 

ATP induces sensitization, Ca
2+

/CaM have more inhibitory effects (Lishko et al., 

2007). Eicosanoids, leukotrienes and prostaglandins (PGs) are lipid substances 

produced by cyclooxygenase from AA. PG interacts with TRPV1 through 

metabotropic receptors coupled with trimeric G proteins that modulates its 
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properties. Prostaglandin E2 (PGE2) and prostaglandin I2 (PGI2) have the greatest 

influence on the processing of painful sensations and development of hyperalgesia 

via the PGE2 - EP1-4 receptor and the PGI2 - IP receptor. The EP1 receptor 

stimulates PLC which causes the mobilization of intracellular stores of Ca
2+

 and 

enhances PKC activity. EP2 and EP4 activate the adenylate cyclase (AC), which 

produces cyclic adenosine monophosphate (cAMP) and activates PKA. The IP 

receptor activates AC as well as PLC (Narumiya et al., 1999, Kawabata, 2011). The 

sensitization of TRPV1 receptors can be also induced by the nerve growth factor 

(NGF) (Shu and Mendell, 1999). NGF acts via the TrkA receptor with tyrosine 

kinase activity. After the activation by NGF, a complicated signalling pathway is 

trigger. The activation of PI3K and MAPK has proven to be particularly crucial for 

sensitization of TRPV1 receptor to capsaicin after acute administration of NGF. 

TrkA receptor activation leads to the activation of PLC and PKC (Bonnington and 

McNaughton, 2003, Zhu and Oxford, 2007). An important modulator of TRPV1 

receptor is also membrane phospholipid phosphatidylinositol-4,5-bisphosphate 

(PIP2), and his secondary messengers IP3 and DAG. PIP2 binding site is located in 

the proximal part of the C-terminus and in the intracellular loop between 

transmembrane subunits S4 - S5. Effect of PIP2 on the TRPV1 receptor is still 

considered to be little controversial. 

Low pH has also a significant modulatory effect on TRPV1 receptor. 

H
+
 themselves have the ability to activate TRPV1 receptor, but decreased pH (from 

pH 7.6 to pH 6.3) markedly enhances the receptors response to capsaicin (Caterina et 

al., 1997). Reduced pH also affects the activation threshold for thermal stimuli, for 

example at pH ≤ 5,9 TRPV1 receptors are activated already at room temperature 

(22 °C) (Tominaga et al., 2001). From these observations it follows that milder 

acidosis, occurring during ischemia and inflammation, sensitizes TRPV1 receptor 

while significant decrease of pH can directly activate the receptors. 

The function of TRPV1 receptors in central endings of primary nociceptive 

neurons may be also modulated by glutamate alone. Glutamate is released from 

central presynaptic endings of DRG neurons in the spinal cord and can also activate 

presynaptically localized metabotropic mGluR5 receptors. These can subsequently 

activate PLC and cause enhanced production of DAG and IP3. The activation of 

mGluR5 receptors results in increased frequency of mEPSC in spinal neurons. This 

increase was completely inhibited when TRPV1 were blocked (Kim et al., 2009b). 
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2.5 PAR2 in modulation of nociceptive signalling at the spinal cord level 

Extracellular proteases such as thrombin, trypsin, serin protease 1 and 

coagulation factors VII and Xa can regulate target cells by cleaving and activating 

receptors that belong to a family of G-protein-coupled protease-activated receptors 

(PARs) (Brass and Molino, 1997, Corvera et al., 1997, Molino et al., 1997, Camerer 

et al., 2000, Vergnolle, 2000). This receptor family has at least four members 

(PAR1–4). Mechanism of receptor triggering involves proteolytic unmasking of 

a cryptic N-terminal sequence on the extracellular membrane that acts as a tethered 

receptor-activating ligand (Figure 7). In general, several proteases can activate 

a single PAR by cleaving it at specific site and exposing the tethered ligand domain. 

For example, trypsin, tryptase, coagulation factors VIIa and Xa and certain 

membrane-anchored proteases can all cleave and activate PAR2, although with 

varying potencies (Cenac et al., 2003, Chen et al., 2011, Rothmeier and Ruf, 2012).  

 There are short specific synthetic peptides, based on the tethered ligand 

sequences, designed  as PARs 1,2 and 4  agonists (Brass and Molino, 1997). Some 

authors consider PAR3 as a co-factor for the activation of other PARs and it has no 

selective activating peptide (Noorbakhsh et al., 2003, Zhao et al., 2014). These 

synthetic peptides have been shown to activate the specific receptors and mimic the 

effects of the activating proteases for example for PAR2 are frequently used 

SLIGKV-NH2 or 2-Furoyl-LIGRLO-amide. Due to these selective peptides, the 

physiological consequences of activating different PARs may be studied and 

distinguished accurately (Hollenberg et al., 1997, Kawabata et al., 1999). For the 

purpose of research was also developed a compounds with are able acting as 

antagonists of PAR2 e.g. FSLLRY-NH2 or GB83. 

PARs are present in most body tissues, with the highest expression in the 

epithelium (lungs, liver, digestive tract, skin, blood vessels) and they are also present 

in the peripheral and central nervous system (Dery et al., 1998, Vergnolle et al., 

2001b, Hollenberg and Compton, 2002). The physiological effect of their activation 

varies in different tissues.  
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Figure 7. Activation of PAR2. The tethered ligand (red), exposed through cleavage 

by proteases, folds back onto extracellular loop 2 (ECL2) and/or a specific 7TM 

region to activate the receptor. Adapted from (Yau et al., 2013) 

 

 PAR2 receptors are known to play important roles in the organism response 

to tissue injury, notably in the process of inflammation and repair (Dery et al., 1998). 

In particular, agonists of PAR2, tryptase and trypsin released from different cell 

types including mast cells, have widespread proinflammatory effects in part via 

a neurogenic mechanism (Saifeddine et al., 1996, Vergnolle et al., 1999, Steinhoff et 

al., 2000, Seeliger et al., 2003). PAR2 are expressed on a subset of primary sensory 

neurons and PAR2 agonists stimulate release of substance P (SP) and calcitonin 

gene-related peptide (CGRP) in peripheral tissues via activation of peripheral nerve 

endings (Steinhoff et al., 2000). It was also reported that PAR2 activation can 

sensitize adult rat dorsal root ganglion (DRG) neurons in vitro (Steinhoff et al., 

2000). Intraplantar injection of subinflammatory doses of PAR2 agonists in rat and 

mice induced thermal and mechanical hyperalgesia and elevated Fos protein 

expression in the spinal cord (Vergnolle et al., 2001a). All these changes indicate an 

important role for PAR2 in nociceptive transmission. 

2.5.1 Mechanisms of PAR2 activation and intracellular signal transduction 

PARs are G-protein-coupled receptors (GPCRs), a family of receptors with 

large seven-transmembrane helical domain protein that sense molecules outside the 
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cell and activate intracellular signalling pathways (Nystedt et al., 1994, Hoogerwerf 

et al., 2001, Macfarlane et al., 2001). Thrombin and trypsin are usually regarded as 

the main activators of PARs. PAR2 is a target for trypsin and other serine proteases, 

such as mast-cell tryptase, but is not activated by thrombin (Nystedt et al., 1995, 

Nystedt et al., 1996, Molino et al., 1997). PAR2 lacks a hirudin-like 

thrombin-binding domain, but trypsin cleavage site was detected in its extracellular 

N-terminus domain (Nystedt et al., 1995). PAR2 is activated by proteolytic cleavage 

of its extracellular amino terminus (Hollenberg et al., 1997, Steinhoff et al., 2000). 

These receptors can be also activated by exogenous proteases, as well as 

non-proteolytically by exogenous peptide sequences that mimic the final amino acids 

of the tethered ligand (Hollenberg et al., 1997, Al-Ani et al., 1999).  

The signalling pathways that are triggered by PAR2 activation through the 

binding to activation molecules on G-proteins (Gq/11, Gi/o) may activate several 

signalling pathways including phospholipases, Jun N-terminal kinase and p44/42 

mitogen-activated protein kinase (MAPK), ERK1/2, phosphatidylinositol 3-kinase 

(PI3K), adenylate cyclase (AC), protein kinase C (PKC), protein kinase A (PKA) and 

members of the SRC-family of tyrosine kinases (Kanke et al., 2001, Suen et al., 

2010, Chen et al., 2011, Suen et al., 2014, Bao et al., 2015). These signaling 

pathways can affect various cellular activities – proliferation, gene transcription, 

morphological changes, motility and survival (Macfarlane et al., 2001, Kawabata et 

al., 2004). PAR2 activation was also reported to result in up/down-regulation of 

about 2500 genes that are important mainly for cell metabolism (around 1000), cell 

cycle, complement and MAPK pathway, sirtuin enzymes, histone deacetylases and 

inflammatory cytokines (Suen et al., 2010).  

2.5.2 Expression of PAR2 in the nervous system  

 High density expression of PAR2 receptors was documented in neurons of 

hippocampus, cortex, amygdala, thalamus, hypothalamus, striatum and in DRG 

neurons in rats (Striggow et al., 2001). All four PARs are also present in astrocytes 

culture from rat brain (Wang et al., 2002a). PAR2 are expressed on neurons 

and astrocytes also in human CNS (D'Andrea et al., 1998, Noorbakhsh et al., 2006). 

Localization on guinea-pig myenteric and submucosal neurons was demonstrated 

earlier (Corvera et al., 1999). For the presence of PAR2 in the spinal cord dorsal horn 

exist mainly functional electrophysiological evidence (Alier et al., 2008, Fujita et al., 

javascript:void(0);
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2009, Huang et al., 2011), while recently PAR2 were detected also using western 

blot analysis in the rat spinal cord tissue (Chen et al., 2015). PAR2 were 

immunohistochemically detected in many small-sized and some medium- to 

large-sized DRG neurons (Steinhoff et al., 2000, Dai et al., 2004). Significant 

population of small DRG neurons expressing TRPV1 receptors, also showed 

expression of PAR2 (Amadesi et al., 2004, Dai et al., 2004), suggesting possible 

interactions between them. 

2.5.3 Activation of PAR2 in neuronal tissue 

 Trypsin, tryptase are known as the main PAR2-activating proteases. 

Potentially, the main source of tryptase to activate neural PAR2 are mast cells that 

have been found in the choroid plexus, in the parenchymal and perivascular areas in 

the CNS and in close contact with peripheral nerves (Stead et al., 1987). Mast cell 

tryptase, although being less potent than trypsin, can regulate neuronal activity by 

cleaving PAR2 (Steinhoff et al., 2000, Reed et al., 2003) and other receptors. 

Selective PAR2 antagonist (FSLLRY-amide) was able to block paclitaxel induced 

neuropathic pain that was accompanied by mast cell tryptase activity in spinal cord 

and DRG in mice (Chen et al., 2011). Tryptase is thus a strong candidate for 

neuronal PAR2 activation. There is a number of other possible PAR2 activators, such 

as P22, another trypsin-like serine protease with PAR2-activating capacity that has 

been detected in rat brain  (Sawada et al., 2000). Precursors of trypsin 

(trypsinogen-IV, trypsinogen-III) and other PAR2 activators (factor X) are also 

expressed in brain and human neural cell lines (Wiegand et al., 1993, Shikamoto and 

Morita, 1999). 

2.5.4 Function of PAR2 in the nervous system  

All four PARs are expressed throughout the peripheral and central nervous 

system and were suggested to play many different roles in neurogenic inflammation, 

pain perception, pruritus sensation, nerve regeneration, secretory functions and Ca
2+

 

mobilization (Corvera et al., 1999, de Garavilla et al., 2001, Linden et al., 2001, 

Noorbakhsh et al., 2003). The role of PAR2 on the peripheral terminals of 

nociceptive DRG neurons is relatively well known. They have been implicated in the 

activation and/or modulation of nociceptor function (Vergnolle et al., 2001a, Fiorucci 

and Distrutti, 2002, Cenac and Vergnolle, 2005). The peripheral nerve endings may 

be activated by proteases which are generated and released during tissue trauma and 
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inflammation. Increased PAR2 immunoreactivity has been reported on primary 

afferent nerve fibers in the skin in patients with atopic dermatitis. Intracutaneous 

injection of a PAR2 agonist provoked an itch response in these patients (Steinhoff et 

al., 2003).  

 PAR2 agonists induced and prolonged hyperexcitability of guinea-pig 

submucosal neurons (Reed et al., 2003). PAR2 activation rapidly increased cytosolic 

concentration of Ca
2+ 

from intracellular stores, whereas sustained Ca
2+

 elevation was 

dependent on the influx from extracellular space in adult rat DRG neurons in vitro 

(Steinhoff et al., 2000). Over 60% of DRG neurons coexpressed PAR2 with SP and 

CGRP, and PAR2 agonists stimulated the release of these peptides in peripheral 

tissues and in the spinal cord (Steinhoff et al., 2000). The release of these 

neuropeptides is important for nociceptive transmission. Intraplantar administration 

of subinflammatory doses of PAR2 agonists enhanced and prolonged hyperalgesia 

and induced activation of second-order nociceptive neurons at a spinal cord level in 

rodents. Also experiments in PAR2-deficient mice proved that PAR2 activation 

significantly contributes to inflammatory hyperalgesia (Vergnolle et al., 2001a).  

 Activation of PAR2 receptors triggers several intracellular signalling 

cascades, one of them is associated with G-protein and PLC/Ca
2+

/PKC signalling 

pathway (Bohm et al., 1996, Seatter et al., 2004) and another one is associated with 

β-arrestin including MAPK (ERK1/2) signalling (DeFea et al., 2000, Rothmeier and 

Ruf, 2012). Activation of PKC may lead to the activation and nuclear translocation 

of NF-κB in neurons (Lilienbaum and Israel, 2003). Activation of NF-κB - mediated 

signalling increased the histone acetylation and facilitated the expression of BDNF in 

the central neurons (Peng et al., 2011). Some groups observed that activation of 

PAR2 signalling was required for the inflammation induced BDNF release from 

microglia (Yuan et al., 2010, Fan et al., 2014).  

2.5.5 The role of PAR2 at the spinal cord level  

 Although PAR2 are known to be expressed on neurons and astrocytes in 

rodent and human CNS (Noorbakhsh et al., 2006), their expression in the spinal cord 

was not proved by immunohistochemical methods (Alier et al., 2008). However, 

functional studies on spinal cord slices suggested PAR2 presence on the central 

terminals of primary afferent nerve fibers and in dorsal horn neurons (Fujita et al., 

http://d360prx.biomed.cas.cz:2082/science/article/pii/S0006899311018051#200006623
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2009, Huang et al., 2011). Very recently PAR2 were detected by western blot 

analysis in the superficial dorsal horn tissue (Chen et al., 2015). 

 PAR2 are co-localized with proinflammatory neuropeptides, such as SP and 

CGRP, in DRG sensory neurons. Trypsin, tryptase and selective agonists of PAR2 

stimulate the release of both CGRP and SP from C-fibers in peripheral tissues and in 

the spinal cord (Steinhoff et al., 2000). Peripheral administration of trypsin, tryptase 

and PAR2-activating peptide caused SP and CGRP release from sensory nerves. It 

caused massive edema that could be prevented by NK1R and CGRP1 receptor 

inhibition (Steinhoff et al., 2000).  

 Further studies at spinal cord level demonstrated that intrathecal (i.t.) 

application of PAR2 agonist induced mechanical allodynia and thermal hyperalgesia 

in healthy animals and augmented increased sensitivity present in a peripheral 

inflammatory pain model (Alier et al., 2008, Huang et al., 2011). PAR2-induced 

hypersensitivity was mediated by PGE2 release via COX activation in the spinal cord 

(Koetzner et al., 2004). In a paclitaxel-induced neuropathic pain model, i.t. 

application of PAR2 antagonist reversed mechanical allodynia and heat hyperalgesia 

(Chen et al., 2011).  

 Electrophysiological study with whole-cell recordings from young rat 

substantia gelatinosa neurons, showed no increase in sEPSC frequency or neuronal 

excitability following application of synthetic PAR2 agonists or trypsin. Moreover, 

trypsin slightly decreased sEPSC frequency in the dorsal horn (Alier et al., 2008). In 

comparison, another study showed that PAR2 agonist significantly enhanced 

frequency of sEPSC in a similar preparations from adult rats, suggesting involvement 

of PAR2 receptors in modulation of nociceptive synaptic transmission at the spinal 

cord level (Fujita et al., 2009). Direct activation of PAR2 in the spinal cord was 

suggested also in a study demonstrating decrease of spontaneous 

inhibitory postsynaptic currents frequency and amplitude in substantia gelatinosa 

neurons, implicating that PAR2 activation in the spinal cord may potentiate 

nociception by affecting the inhibitory rather than the excitatory transmission in the 

spinal dorsal horn neurons (Huang et al., 2011).  

 Altogether, this published evidence suggests that PAR2 play an important 

role in the process of nociceptive transmission and in neurogenic inflammatory 

mechanisms both in the periphery and at the spinal cord level. The precise role and 

http://d360prx.biomed.cas.cz:2082/science/article/pii/S0006899311018051#200014021
http://d360prx.biomed.cas.cz:2082/science/article/pii/S0006899311018051#200020666
http://d360prx.biomed.cas.cz:2082/science/article/pii/S0006899311018051#200003553
http://d360prx.biomed.cas.cz:2082/science/article/pii/S0006899311018051#200019757
http://d360prx.biomed.cas.cz:2082/science/article/pii/S0006899311018051#200007743
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exact importance for spinal nociceptive modulation is not completely understood and 

needs further research.  

2.5.6 PAR2-induced activation of downstream protein kinases and other 

enzymes in neural tissue 

PAR2 are expressed in nociceptive DRG neurons (Dai et al., 2004) and 

co-localizes with PKC and PKA, which are activated downstream of PAR2 receptors 

(Amadesi et al., 2006). The PKC activation cascade involves PAR2-induced 

activation of PLC leading to production of diacylglycerol and inositol 

1,4,5-trisphosphate (Figure 8) which increases intracellular concentration of Ca
2+

 and 

activates PKC (Mule et al., 2002). The PKA activation cascade involves 

PAR2-induced mobilization of cAMP (Amadesi et al., 2006).  

A selective PAR2 agonist can induce phosphorylation and activation of 

protein kinase D (PKD) in cultured rat DRG neurons (Amadesi et al., 2009). DRG 

neurons express all three isoforms of PKD, PKD1 (also known as PKCμ), PKD2 and 

PKD3. PKDs are downstream targets of diacylglycerol (DAG) and PKCs, which may 

be induced by PAR2 activation (Amadesi et al., 2009). PKD1 directly interacts with 

TRPV1 in cell lines and primary sensory neurons, suggesting that PKD may regulate 

TRPV1 activity (Wang et al., 2004) .  

PAR2 activation leads to increased PLC activity and generation of IP3 and 

mobilization of Ca
2+

 in neurons and astrocytes (Rothmeier and Ruf, 2012), which 

can result in PLA2 activation and increased production and release of arachidonic 

acid (AA), which is the substrate for COX (Poole et al., 2013). An increase in AA 

production leads also to increased synthesis and release of PGE that through 

stimulation of AC may increase intracellular cAMP. Subsequently these steps lead to 

neuronal hyperexcitability and hyperalgesia (Koetzner et al., 2004).  

 PAR2 agonists lead to activation of ERK1/2 MAP kinases in multiple ways. 

It is known that the ERK/MAPK activation can contribute to increased nociceptive 

responses in the dorsal horn and DRG neurons following inflammation or nerve 

injury (Ji et al., 2009). Activation of PAR2 induces assembly of a MAPK signalling 

cascade by a mechanism that depends on β-arrestins (DeFea et al., 2000). 

Beta-arrestin dependent endocytosis of PAR2 is required for intracellular targeting of 

activated ERK1/2, which is retained in the cytosol instead to be translocated to the 

nucleus. The concentration of ERK1/2 in cytosol depends on the formation of 
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a signalling complex that includes internalized PAR2, β-arrestin 1, Raf-1 and 

pERK1/2 (DeFea et al., 2000). 

 

 

 

Figure 8. Proposed pathways for PAR2 activation phosphorylated TRPV1 Following 

inflammation or injury, proteases from multiple cellular sources can cleave PAR2 on 

primary afferent nerve terminals (DRG nerve ending). Following PAR2 cleavage, G 

protein signalling mechanisms lead to the production of second messengers and 

activation of the TRPV1 ion channel. This includes PLC-dependent PIP2 hydrolysis 

into diacylglycerol (DAG) and IP3 to trigger Ca
2+

 mobilization from intracellular 

stores, PLA2 mediated breakdown of phospholipids into arachidonic acid (AA). PKC 

phosphorylation of Ser824 and PKA activity also contributes to TRPV1. These result 

in enhanced influx of Ca
2+ 

ions and elevated release of prostaglandin E (PGE) 

CGRP and SP, witch result in enhanced transmission of nociceptive signals (Poole et 

al., 2013). 

 

2.7.7 Transient receptor potential channels sensitization by PAR2 

 PAR2 is highly co-expressed with TRPV1 receptors in the DRG neurons 

(Amadesi et al., 2004, Hoogerwerf et al., 2004). PAR2 activation leads to TRPV1 

sensitization via PLC (Amadesi et al., 2004) and via two key kinases PKCε and PKA 

that phosporylate TRPV1 receptor (Amadesi et al., 2006, Spicarova and Palecek, 

2008). Sensitized TRPV1 receptor could be subsequently activated by endogenous 

agonists (Spicarova and Palecek, 2009, Spicarova et al., 2014b). PAR2 activation 
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enhanced TRPV1 agonist capsaicin stimulated neuropeptides (SP, CGRP) release 

within the spinal cord dorsal horn (Amadesi et al., 2004). In vivo, intraplantar 

injection of PAR2 agonist induced thermal hyperalgesia dependent on TRPV1 

receptor activation (Amadesi et al., 2004). TRPV1 mediated DRG and spinal neurons 

activation in paclitaxel inducted neuropathic pain (Li et al., 2015) It was also shown 

that spinal TRPV1 activation mediates CCL2 or plantar incision-induced 

hyperalgesia (Spicarova et al., 2014a, Uchytilova et al., 2014). Recently it was 

demonstrated that blocking of spinal PAR2 and TRPV1 receptors attenuated 

oxaliplatin-induced neuropathic pain and this effect was mediated by decreased 

release of SP and CGRP in the superficial dorsal horn of the spinal cord (Chen et al., 

2015). 

PAR2 co-expression in rat DRG neurons with TRPV4 receptors and 

neuropeptides SP and CGRP was also demonstrated (Grant et al., 2007, Poole et al., 

2013). Activation of PAR2 sensitized TRPV4 receptors to agonist application due to 

PLC-β, PIP2, IP3, PLA, PKA, PKC and AA activation (Grant et al., 2007, Poole et 

al., 2013). These authors also showed that TRPV4 activation promoted SP and 

CGRP release from afferent nerves in the spinal cord and this process was enhanced 

by PAR2 agonist pretreatment. In vivo, intraplantar injection of PAR2 agonist 

resulted in mechanical hyperalgesia that was prevented in TRPV4 knock-out mice. 

The same PAR2 agonist treatment robustly enhanced hyperalgesia induced by the 

injection of TRPV4 agonist (Grant et al., 2007).  

PAR2 is co-expressed with TRPA1 in small DRG neurons (Dai et al., 2007). 

TRPA1 receptors could be activated by chemical compounds occurring in mustard, 

wasabi, garlic, onion or cinnamon, they are potential sensors for noxious cold and 

they are also known for ability to transduce mechanical stimuli (Hill and Schaefer, 

2007, Laursen et al., 2014). Electrophysiological studies have shown that PAR2 

sensitizes TRPA1, and this effect can be blocked by a PLC inhibitor (Dai et al., 

2007). Similarly it was shown that PAR2 activation of PKA and PLC also participate 

in TRPA1 mediated sensitization in nociceptive transmission (Wang et al., 2008). In 

vivo it has been demonstrated that PAR2 mediates paclitaxel-induced mechanical, 

heat and cold hypersensitivity through the activation of TRPA1 (Chen et al., 2011). 

http://d360prx.biomed.cas.cz:2082/science/article/pii/S0022510X15001604#200006247
http://d360prx.biomed.cas.cz:2082/science/article/pii/S0022510X15001604#200022288
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2.5.8 Role of PAR2 in inflammatory, neuropathic and cancer pain  

 Critical involvement of PAR2 in the pathogenesis of several types of 

inflammatory or neuropathic pain was demonstrated previously (Bao et al., 2014a). 

PAR2 signalling is involved in the sensitization of peripheral nociceptors and dorsal 

horn neurons in several pathological pain states (Dai et al., 2007, Grant et al., 2007, 

Chen et al., 2011). 

 PAR2 are present in many cells involved in inflammation, their activation 

provokes the release of numerous inflammatory mediators, such as prostaglandins, 

SP, CGRP or cytokines (interleukine-1 and TNF-α), that in turn may induce or 

modulate pain perception (Steinhoff et al., 2000, Vergnolle et al., 2001a, Cenac et al., 

2002). PAR2-deficient mice developed significantly less pronounced inflammatory 

hyperalgesia in response to intraplantar injection of formalin or the mast cell 

degranulator compound 48/80 (Vergnolle et al., 2001a). PAR2 agonist-mediated 

hyperalgesia was also dependent on a mechanism involving central activation of 

neurokinin-1 receptors, and release of prostaglandins (Vergnolle et al., 2001a). 

Neuropathic pain often develops after peripheral and central nervous system 

injuries, local inflammation, diabetic neuropathy, viral infection, major surgeries, 

stroke and after chemotherapy application (Woolf and Mannion, 1999, Ji and 

Strichartz, 2004). In a chemotherapy (paclitaxel) induced model of neuropathic pain, 

increased mast cell tryptase activity on the periphery, DRG as well as in spinal cord 

was demonstrated in mice (Chen et al., 2011). Intrathecal administration of PAR2 

antagonist prevented paclitaxel-induced mechanical allodynia and thermal 

hyperalgesia and attenuated cold hypersensitivity, while it was also selectively 

blocked by systemic administration of TRPV1, TRPV4 and TRPA1 receptors 

antagonists. All these TRP receptors were also shown to be sensitized after PAR2 

activation, probably due to the activation of PKC and PKA pathways (Chen et al., 

2011).  It was shown that PAR2 activation may mediate the increased cAMP and 

PKA activity and cAMP-dependent neuronal hyperexcitability in the model of 

prolonged compression of DRG. The application of PAR2 antagonist resulted in 

blocking of the activation of the cAMP-PKA pathway, which contributes to the 

hyperalgesia (Huang et al., 2012).  

 Proteases and their receptors may be also involved in cancer pain. Since 

carcinomas and associated inflammatory cells (mast cells) produce and secrete 
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proteases during carcinogenesis. PAR2 activation was identified as a novel 

mechanism of cancer-dependent allodynia which was abolished by serine protease 

inhibition, diminished by mast cell depletion and it was absent in PAR2-deficient 

mice (Lam et al., 2012). Further the proportion of neurons that exhibited 

PAR2-immunoreactivity was also increased in this model (Lam et al., 2012). It was 

suggested that serine protease inhibitors and PAR2 antagonists may be useful for 

treatment of cancer pain (Lam and Schmidt, 2010).  

 In the model of bone cancer pain, induction and persistence of pain behaviour 

correlated with tumor cell implantation and induced up-regulation of PAR2 in sciatic 

nerve and DRG. PAR2 knock-out or intrathecal administration of PAR2 antagonist 

prevented and in same case reversed the bone cancer-related pain behaviour and 

related neurochemical changes in the DRG and spinal cord dorsal horn (Liu et al., 

2013). PAR2 was suggested to be an important mediator for peripheral sensitization 

of bone cancer pain and inhibiting PAR2 activation as a new therapeutic target in 

bone cancer pain development and therapy (Liu et al., 2013).  
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2.6 Pro-inflammatory chemokine CCL2 in nociceptive transmission 

Chemokines are a family of small cytokines with chemotactic activity whose 

main function is to regulate cell migration. It is a low molecular weight (8-10 kDa), 

structurally very similar peptides that are classified according to common structural 

characteristics and the presence of four cysteine residues in conserved regions into 

four categories: CC, CXC, CX3C, and C chemokines (Fernandez and Lolis, 2002).  

These four groups of chemokines are distinguished not only structurally but also 

functionally. Each group has the ability to chemotaxis other types of leukocytes.  

Under certain pathological conditions glia and immune cells located in the 

spinal cord may, released proinflammatory cytokines and participating in the 

modulation of nociceptive signalling. Some chronic pain states induced by injuries of 

the central and peripheral nervous systems leading to hypertrophy of microglia and 

astrocytes, which are frequently produce cytokines, chemokines and other 

pro-nociceptive substances. The mechanisms regulating neuro-glial communication 

during neuropathic pain are considered very important as they represent a potential 

source of new therapeutic targets. Especially chemokines are now in the spotlight as 

they were shown to play a crucial role in mediating the transmission of activity 

between neurons and glial cells on spinal cord level which leads to increased 

nociception. The chemokine CCL2 in particular is considered pivotal during 

neuropathic pain states. The chemokine-mediated augmentation of neuron-microglia 

communication critically contributes to the amplification of nociceptive transmission 

that occurs during neuropathic pain. Greater understanding of neuron–microglia 

interactions during chronic pain states has led to the identification of new therapeutic 

targets, including chemokines and their receptors. 

CCL2, formerly known as monocyte chemoattractant protein-1, and its main 

receptor CCR2 (Figure 9) was studied and recognized their importance, especially in 

the process of neuropathic pain development after peripheral nerve injury (Zhang et 

al., 2007, Zhang et al., 2012).  In chronic constriction of the sciatic nerve model was 

detected upregulation of CCL2 in dorsal root ganglion (DRG) neurons and the 

superficial dorsal horn (DH) of the spinal cord  associated with pain hypersensitivity 

(Zhang and De Koninck, 2006). The intrathecal application of exogenous CCL2 

induced mechanical allodynia and thermal hyperalgesia in rats and mice while CCR2 

knockout mice did not show any change in acute pain sensation (Tanaka et al., 2004, 

http://topics.sciencedirect.com/topics/page/CCL2
http://topics.sciencedirect.com/topics/page/CCR2
http://topics.sciencedirect.com/topics/page/Neuropathic_pain
http://topics.sciencedirect.com/topics/page/Peripheral_nerve_injury
http://topics.sciencedirect.com/topics/page/Dorsal_root_ganglion
http://topics.sciencedirect.com/topics/page/Dorsal_root_ganglion
http://topics.sciencedirect.com/topics/page/Intrathecal
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Gao et al., 2009b). And, the development of pain hypersensitivity after peripheral 

nerve injury was attenuated in these animals (Abbadie et al., 2003). 

CCL2 was shown to be present in predominantly small and medium size 

DRG neurons, co-expressed with TRPV1 receptors (Dansereau et al., 2008).  In the 

spinal cord, CCL2 was detected in the superficial dorsal horn, where is 

co-localization with SP and CGRP was demonstrated in axon terminals (Dansereau 

et al., 2008). 

 

Figure 9.     Schematic diagram of the CCR2 protein: it consists of four extracellular 

domains, seven transmembrane domains, and four intracellular domains. The DRY 

(Asp–Arg–Tyr) motif, which is important for G-protein-mediated signal transduction, 

is located in the juxtamembrane region of the second intracellular loop. G-protein 

binding sites are also located on the second and third intracellular loops. G-Protein 

receptor kinase (GRK) binds to the third intracellular loop and phosphorylates the 

GRK targets on the C-tail to initiate internalization of the CCR2 receptor after 

ligand binding. Adapted and adjusted from (Yamasaki et al., 2011) 

  Peripheral nerve injury triggered CCL2 release from the central endings of 

primary nociceptive neurons in the DH and act as a neuromodulator (Thacker et al., 

2009). CCR2 receptors are expressed and co-localized with TTX- resistant sodium 

channel NaV1.8 in DRG neurons of naïve rats (Bhangoo et al., 2007). And under 

pathological conditions the up-regulation of CCR2 receptors expression was clearly 

demonstrated on the small DRG neurons with TRPV1 receptor-expressing, and also 

on larger neurons (Jung et al., 2008, Fu et al., 2010).  

In the spinal cord, CCR2 receptor expression was found in dorsal horn 

neurons and astrocytes, their presence in microglia is still not concluded (Abbadie et 

al., 2003, Knerlich-Lukoschus et al., 2008, Gao et al., 2009a, Old and Malcangio, 

http://topics.sciencedirect.com/topics/page/Axon
http://topics.sciencedirect.com/topics/page/Nociceptor
http://topics.sciencedirect.com/topics/page/Sodium_channel
http://topics.sciencedirect.com/topics/page/Sodium_channel
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2012). The application of the chemokine CCL2 was shown to potentiate responses 

to capsaicin in experiments with HEK (human embryonic kidney) 

cells transfected with CCR2 and TRPV1 receptors (Jung et al., 2008). CCL2-induced 

TRPV1 receptor sensitization (Figure 10) was completely blocked by PKC and  PLC 

inhibitors (Jung et al., 2008).  

Pre-treatment of DRG neuronal cultures with CCL2 increased the density of 

capsaicin-evoked currents and up-regulated TRPV1 receptor mRNA, in dependence 

on the activation of the phosphatidylinositol-3 kinase (PI3K)  pathway (Kao et al., 

2012). 

 
 

Figure 10. Schematic illustration demonstrating signalling pathways involved in 

CCL2-mediated neuroprotection in rat primary neurons. CCL2 binding to its 

cognate CCR2 receptor stimulates the PLC/IP3R pathway, which in turn activates 

TRPV1 channels, resulting in elevation of [Ca
2+

]i transients. [Ca
2+

]i elevation then 

results in activation of MEK/ERK pathways, leading to CREB activation and 

consequently neuronal survival. In addition to this, CCL2 binding to CCR2 can also 

activate another distinct pathway, PI3K/Akt/NF-κB, which can also lead to 

potentiation of neuronal survival. Adapted and adjusted from (Yao et al., 2009) 

http://topics.sciencedirect.com/topics/page/Chemokine
http://topics.sciencedirect.com/topics/page/Capsaicin
http://topics.sciencedirect.com/topics/page/Transfection
http://topics.sciencedirect.com/topics/page/Protein_kinase_C
http://topics.sciencedirect.com/topics/page/Phospholipase_C
http://topics.sciencedirect.com/topics/page/Phosphoinositide_3-kinase
http://topics.sciencedirect.com/topics/page/Phosphoinositide_3-kinase
http://topics.sciencedirect.com/topics/page/Signal_transduction
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2.7  Paclitaxel and the role of TRPV1 and TLR4 receptors in the spinal 

cord  

Toll-like receptors (TLRs) are another important member of the receptors 

involved in pain transmission at the spinal cord level, especially in acute and chronic 

itch and pain (Christianson et al., 2011). TLR4 is widely expressed in the glial cells 

and primary sensory neurons to sense exogenous pathogen-associated molecular 

patterns (PAMPs) and endogenous danger-associated molecular patterns (DAMPs) 

released by tissues after injury or cellular stress (Bsibsi et al., 2002). It is also known 

that stimulation of TLR4 initiates a series of signalling cascades that result in the 

activation of nuclear factor kappa-B (NF-κB) and mitogen-activated protein kinases 

(MAPKs) to induce the release of pro-inflammatory cytokines such as, TNF-α and 

IL-1β (Stokes et al., 2013). It was demonstrated that TLR are expressed on primary 

sensory neurons with TRPV1 (Liu et al., 2010, Liu et al., 2012). Particularly TLR4 

plays a key role in the transition of inflammatory pain to chronic status and in 

promoting the generation of nerve injury pain (Christianson et al., 2011). More 

recently, the expression and signalling of TLR4 was shown to be increased with 

paclitaxel treatment and co-treatment of rats with a TLR4 antagonist during 

chemotherapy prevented the development of the chemotherapy-induced peripheral 

neuropathy (CIPN) phenotype (Li et al., 2014).  

Paclitaxel is the frontline chemotherapeutic agent used to treat many of the 

most common solid tumors (Hagiwara and Sunada, 2004). Peripheral neuropathy is 

the major dose-limiting adverse effect of paclitaxel and can force dose reduction or 

even discontinuation of therapy, thus affecting survival (Chaudhry et al., 1994) 

Moreover, CIPN often becomes a chronic condition that is refractory to treatment, 

affecting rehabilitation, productivity, and quality of life in cancer survivors (Boyette-

Davis et al., 2011, Boyette-Davis et al., 2013, Kosturakis et al., 2014). 

Paclitaxel appears to engage TLR4 in the same fashion as its canonical, well 

known pro-inflammatory agonist lipopolysaccharide (LPS) (Han et al., 1994, Li et 

al., 2013), resulting in the induction and release of the same pro-inflammatory 

cytokines from macrophages and other cells (O'Brien et al., 1995). The same 

signalling cascade (Figure 11) as in macrophages appears to be activated by 

paclitaxel in peripheral sensory neurons, resulting in downstream activation of the 

TLR4 adapter proteins MyD88-nuclear factor-κB (NF-κB) and 
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TIR-domain-containing adapter-inducing interferon-β (TRIF) and the same mitogen-

activated protein kinase (MAPK) signalling cascades (Li et al., 2015).  

TLR4 and TRPV1 were co-localized in human trigeminal ganglion neurons 

and shown to underlie infection-induced oral pain (Diogenes et al., 2011).  

In addition to chronic neuropathy, paclitaxel is also associated with an acute 

pain syndrome (Reeves et al., 2012). Like chronic CIPN, the paclitaxel acute pain 

syndrome is associated with the development of overt neuropathy and is 

characterized by patient complaints of deep muscle aches and arthralgia (Reeves et 

al., 2012). Also like chronic CIPN, there is no clear preventative treatment and the 

underlying mechanisms remain poorly defined. 

 

Figure 11. After TLR4 activation by LPS (paclitaxel) an intracellular cascades are 

initiates leading to the downstream activation of NF-κB and MAPK and the 

production of cytokines. TLR4 activates PKCε through TIRAP and MyD88 that can 

potentially bind to TRPV1 via S800- and S502-binding sites. This results in the 

release of the modulatory neuropeptide CGRP. PKA have also the ability to bind to 

TRPV1. In addition, Ca
2+

 can activate PKCε for further modulation. Adapted and 

adjusted from (Assas et al., 2014). 
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3. AIMS OF THE THESIS  

 

In my work I have focused to study mechanisms of nociceptive signalling at 

the spinal cord level. I was especially interested in modulation of synaptic 

transmission in the superficial dorsal horn of spinal cord at the first synapse in the 

nociceptive pathway. The synapse between the primary afferent fibers and dorsal 

horn neurons constitutes one of the most important locations in regulation of 

nociceptive transmission. The main interest was on the interaction of TRPV1, PAR2, 

CCL2 and TLR4 in this process. 

 

● Study the effect of PAR2 activation in the spinal cord in 

behavioural experiments  

 

● Investigate the involvement of PAR2 in the transmission and 

modulation of nociceptive signalling spinal cord dorsal horn 

neurons using electrophysiological recording from spinal cord 

slices.  

 

● Examine the role of CCL2 and TRPV1 receptors in nociceptive 

signalling and modulation at spinal cord level. 

 

● Research the role of TRPV1 and TLR4 receptors in the 

chemotherapy (paclitaxel) induced neuropathy. 
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4. METHODS 

4.1 Statement of ethical considerations 

All experiments were approved by the Animal Care and Use Committee of the 

Institute of Physiology CAS and were carried out in accordance with the guidelines 

of the International Association for the Study of Pain, the U.K. Animals (Scientific 

Procedures) Act, 1986 and associated guidelines, and EU Directive 2010/63/EU for 

animal experiments. All efforts were made to minimize animal suffering, to reduce 

the number of animals used, and to utilise alternatives to in vivo techniques, if 

available. 

4.2 Animal care and utilization 

Altogether 71 male Wistar rats (Institute of Physiology CAS breeding 

programme with government permission for breeding laboratory animals) were used 

in this study, 43 of them  (P21 - P23) were used for electrophysiological recording 

and 28 adult rats older than 3 months with a minimum weight of 250 g were used for  

behavioural testing. The animals were housed in a temperature-controlled facility at 

23 ± 2°C with free access to food and water and maintained on a 12 h light, 12 h dark 

cycle and were checked twice a day. All the animals were handled only for 

a necessary period of time and throughout the experiment did not show any signs of 

stress or illness. Animals were sacrificed at the end of the experiment by deep 

anaesthesia with 4 % isoflurane (Forane®, Abbott) and subsequent medulla 

interruption.  

4.3 Spinal cord slice preparation 

Acute spinal cord slices were prepared from male Wistar rats on postnatal 

days P21 - P23, similar to previously published data (Spicarova and Palecek, 2009). 

After deep anaesthesia with 4 % isoflurane (Forane
®
, Abbott), the lumbar spinal cord 

was removed and immersed in oxygenated ice-cold dissection solution containing 

(in mM): 95 NaCl, 1.8 KCl, 7 MgSO4, 0.5 CaCl2, 1.2 KH2PO4, 26 NaHCO3, 25 

D-glucose, 50 sucrose. The spinal cord was then fixed to vibratome stage (Leica 

VT1200S, Germany) using cyanoacrylate glue in a groove between two agar blocks. 

Transverse slices 300 μm thick were cut from the lumbar segment L3-L5, incubated 

in the dissection solution for 30 min at 33 °C and then stored in a recording solution 

at room temperature until used for the electrophysiological experiments. The 
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recording solution contained (in mM): 127 NaCl, 1.8 KCl, 1.2 KH2PO4, 2.4 CaCl2, 

1.3 MgSO4, 26 NaHCO3, 25 D-glucose. For the actual measurement, slices were 

transferred into a recording chamber continuously perfused with the recording 

solution at a rate ~ 2 ml/min. All extracellular solutions were saturated with carbogen 

(95 % O2, 5 % CO2) during the whole process. 

4.4 Patch-clamp recordings 

Patch-clamp recordings were made in acute spinal cord slices from superficial 

dorsal horn neurons laminae I and IIouter (Figure 12). Individual neurons were 

visualized using a differential interference contrast (DIC) microscope (Leica, DM 

LFSA, Germany) equipped with an near infrared-sensitive camera (Hitachi KP-200P, 

Japan) with a standard TV/video monitor. Patch pipettes were pulled from 

borosilicate glass tubing with resistances of 3.5 - 6.0 MΩ when filled with 

intracellular solution. The intracellular pipette solution contained (in mM): 

125 gluconic acid lactone, 15 CsCl, 10 EGTA, 10 HEPES, 1 CaCl2, 2 MgATP, 

0.5 NaGTP and was adjusted to pH 7.2 with CsOH. Voltage-clamp recordings in the 

whole-cell configuration were performed with an Axopatch 200B amplifier and 

Digidata 1440A digitizer (Molecular Devices, USA) at room temperature (~ 23 °C). 

Whole-cell recordings were low-pass filtered at 2 kHz and digitally sampled at 10 

kHz. The series resistance of neurons was routinely compensated by 80 % and was 

monitored during whole experiment. AMPA receptor-mediated spontaneous, 

miniature and evoked EPSCs were recorded from neurons clamped at -70 mV in the 

presence of 10 μM bicuculline and 5 μM strychnine. Miniature EPSCs were 

distinguished by the addition of 0.5 μM tetrodotoxin (TTX) to the bath solution. In 

order to record evoked EPSCs, a dorsal root was stimulated using a suction electrode 

with glass pipette filled with an extracellular solution using a constant current 

isolated stimulator (Digitimer DS3, England). The intensity of the stimulation was 

adjusted to evoke stable EPSC with 0.5 ms stimulus duration and at least 3× the 

minimal stimulus current at a frequency of 0.033 Hz.  

The experiments started with control recordings (4 min), followed by PAR2 

agonist (SLIGKV-NH2, 100 μM, 4 min) application. In the groups where antagonist 

was used (SB 366791, 10 μM; staurosporine, 250 nM), it was applied for 4 min after 

the control recording as a pre-treatment and then with SLIGKV-NH2 (100 μM) as 

co-application. Concentration of SB 366791 used for experiments was determined 
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from IC50 = 7.5 ± 1.8 nM (Leszkiewicz et al., 2000) and our earlier studies 

(Spicarova and Palecek, 2009, Spicarova et al., 2014a), concentration of 

SLIGKV-NH2 was based on the EC50 (~ 1 µM) (Kawabata et al., 2004) and 

previously used effective concentrations (Huang et al., 2011). The mEPSC and 

sEPSC activity was always evaluated during the last two minutes of the specific 

application. The evoked EPSCs were recorded every 30 s, the average amplitude of 

4 evoked currents in the last two minutes of the particular application was always 

used for evaluation of the specific condition. Neurons with capsaicin-sensitive 

afferent input were identified by an increase of EPSC frequency (> 20 %), measured 

after capsaicin (200 nM) application at the end of each recording protocol. 

The concentration of the CCL2 (10nM) solution applied in our experiments 

was defined according to the effective concentration used previously (Gao et al., 

2009b). Concentration of the TRPV1 receptors antagonist SB366791 was set based 

on our and other published data (Gunthorpe et al., 2004, Ferrini et al., 2007, 

Spicarova and Palecek, 2009). For experiments stock solution of CCL2 

(R&Dsystems, Minneapolis, MN) was prepared using 0.1% BSA (Sigma-Aldrich) 

and paclitaxel (50 nM) (TEVA Pharmaceuticals) was prepared using 99.9 % DMSO.   

 

 

Figure 12. Superficial dorsal horn neuron patched in acute spinal cord slice. 
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Software package pCLAMP 10 (Molecular devices, USA) was used for data 

acquisition and subsequent off-line analysis. Data segments of 2 min duration were 

analysed for each experimental condition. Only EPSCs with an amplitude of 5 pA or 

greater (which corresponded to at least twice the recording noise level) were 

included in the frequency analysis. The same events and data segments were used for 

amplitude analysis. Data are expressed as mean ± standard error of the mean (SEM). 

Data were normalized as a percentage of the control value (100 %). For statistical 

analysis of significant differences One Way ANOVA or One Way repeated measures 

ANOVA were used followed by Holm-Sidak post hoc test. A Kolmogorov-Smirnov 

test was used to evaluate statistical significance for cumulative data. 

4.5 Drug treatment 

All basic chemicals, used for the preparation of the dissection, recording and 

intracellular solution, were of analytical grade and purchased from Sigma-Aldrich 

(Prague, Czech Republic) and Tocris Bioscience (Bristol, UK). Capsaicin, 

SLIGKV-NH2, VKGILS-NH2, SB 366791 and staurosporine were dissolved in 

DMSO, which had a concentration of < 0.1 % in the final solution. 

4.6 Intrathecal catheter implantation  

 Experiments were conducted using adult male Wistar rats (250 - 300 g). 

Lumbosacral catheters were implanted between the L4 - L5 vertebrae one week 

before the experiment. Catheter implantations were performed under brief isoflurane 

(3 %, Forane
®
, Abbott), followed by ketamine (100 mg/kg) and xylazine (16 mg/kg) 

anaesthesia. The catheters were constructed from polyethylene tubing (PE5) and 

were fixed with dental cement (Duracryl) to the vertebral bones. The other end of 

each catheter was fixed to PE10 tubing and externalized on the back of the animal. 

The positions of the catheters were verified by a dye injection at the end of each 

experiment. Intrathecal drugs were applied and flushed (45 or 50 μl) from the 

catheter by physiological solution: SLIGKV-NH2 and VKGILS-NH2 (10 μl, 8 μg), 

SB 366791 (15 μl, 0.43 μg), staurosporine (15 μl, 0.014 μg), CCL2 (10 μl, 1.4 μg).  

4.7 Behavioural tests 

 Experiments were conducted on rats, previously implanted with intrathecal 

catheter, kept in plastic cages with soft bedding, with free access to food and water 

and maintained on a 12 h light, 12 h dark cycle. The paw withdrawal latency (PWL) 

http://d360prx.biomed.cas.cz:2082/science/article/pii/S0028390814000483#200005260
http://d360prx.biomed.cas.cz:2082/science/article/pii/S0028390814000483#200005260
http://d360prx.biomed.cas.cz:2082/science/article/pii/S0028390814000483#200005260
http://d360prx.biomed.cas.cz:2082/science/article/pii/S0028390814000483#200008685
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to thermal stimulation was tested using a plantar test apparatus (Ugo Basile, Italy) 

with radiant heat applied to the plantar surface of each hindpaw. Rats were placed in 

nonbinding, clear plastic cages on a clear glass plate, elevated to allow application of 

controlled heat source underneath. Each rat was left to adapt to the testing 

environment for at least 15 min prior to any stimulation. The hindpaw withdrawal 

latencies were measured automatically with the apparatus. Each hindpaw was tested 

4 times with at least 5 min between the trials. Baseline withdrawal latencies were 

determined in all animals before any experimental procedure. 

The paw withdrawal threshold (PWT) to tactile stimulation was tested 

manually with an electronic von Frey device (IITC Life Science, Model 2390 Series) 

where a probe tip was applied to the plantar surface of each hindpaw. The PWT was 

defined as the force (mN) that evoked an active paw withdrawal response. Each paw 

was tested 4 times at each time interval and the mean was calculated. The averaged 

values from the left and right hind paws in individual animals were then averaged in 

the experimental groups. All data are expressed as mean ± SEM. One Way repeated 

measure ANOVA with Bonferroni post hoc test and Two-Way ANOVA with 

Student Newman Keuls test was used to identify statistically significant differences.  
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5. RESULTS  

5.1 The effect of spinal PAR2 activation for thermal and mechanical 

sensitivity in naive animals 

 

The role of spinal PAR2 receptors in thermal and mechanical hypersensitivity 

was investigated in behavioural experiments. The concentration of PAR2 activating 

peptide, SLIGKV-NH2, was based on effective doses used in previous studies (Alier 

et al., 2008, Huang et al., 2011). Intrathecal administration of SLIGKV-NH2 (8 μg in 

10 μl of saline) decreased the paw withdrawal latency in response to a thermal 

stimulus already one hour after the treatment (81.6 ± 4.9 %, n = 7, p < 0.001, 

Figure 13 A). This decrease of PWLs lasted and was even more pronounced at 4 h 

after the SLIGKV-NH2 administration (76.1 ± 3.5 %, p < 0.001). The PWL returned 

close to the control pre-treatment values at 24 h after the SLIGKV-NH2 

administration (96.3 ± 0.8 %). 

In control experiments a non-active reverse peptide VKGILS-NH2 was used. 

Intrathecal administration of VKGILS-NH2 (8 μg in10 μl of saline) did not change 

the PWL at any of the tested time points (1 h, 99.5 ± 1.3 %; 2 h, 99.3 ± 2.6 %; 4 h, 

97.6 ± 1.8 %; 24 h, 99.6 ± 1.1 %; n = 6, Figure 13 A).  

Another set of behavioural experiments was performed to test the role of spinal 

TRPV1 receptors in hyperalgesia induced by spinal PAR2 activation. Intrathecal 

administration of TRPV1 antagonist SB 366791 (0.43 μg in 15 μl of saline, n = 6) 

5 min before the SLIGKV-NH2 (8 μg in 10 μl of saline) treatment prevented any 

significant change from the control values (1 h, 103.4 ± 5.3 %; 2 h, 93.2 ± 4.3 %; 

4 h, 100.0 ± 3.6 %; 24 h, 93.4 ± 3.6 %, Figure 13 A). Pre-treatment with SB 366791 

thus completely abolished the thermal hyperalgesia induced by the SLIGKV-NH2 

application alone. 

 The involvement of PKs activation in PAR2-induced hyperalgesia was 

investigated next. A broad spectrum PKs inhibitor staurosporine (0.014 μg in 15 μl 

of saline, n = 7) was administered 5 min before SLIGKV-NH2 (8 μg in 10 μl of 

saline). Paw withdrawal latencies were slightly decreased after this treatment, while 

only at 2 h and at 4 h intervals it reached a statistical significance (1 h, 91.8 ± 6.1 %; 

2 h, 85.2 ± 7.4 %, p < 0.05; 4 h, 85.5 ± 6.2 %, p < 0.05; 24 h, 99.5 ± 2.0 %, 



64 

 

Figure 13 A). Our results indicate that inhibition of spinal PKs significantly 

attenuated the PAR2-induced thermal hyperalgesia. 

Tests of mechanical sensitivity, performed at the same time, did not show any 

effect after i.t. application of any of the tested drugs (SLIGKV-NH2, VKGILS-NH2, 

SB 366791, staurosporine, Figure 13 B). These results suggest that activation of 

spinal PAR2 failed to change mechanical sensitivity at any of the tested time points. 

 

 

 

Figure 13. Activation of spinal PAR2 induced thermal hyperalgesia. (A) Intrathecal 

administration of PAR2 activating peptide SLIGKV-NH2 (8 µg, 10 µl, n = 7) 

decreased the PWLs to radiant heat stimulation for several hours after the treatment. 

An inactive reverse peptide VKGILS-NH2 (8 µg, 10 µl, n = 6) did not change the 

thermal threshold. TRPV1 antagonist SB 366791 (0.43 µg, 15 µl, n = 6) 

pre-treatment prevented SLIGKV-NH2 induced decrease of PWLs. Staurosporine 

(0.014 µg, 15 µl, n = 7) pre-treatment also partially blocked the PWL decrease 

induced by SLIGKV-NH2. Application of SB 366791 or staurosporine,

 Application of SLIGKV-NH2 or VKGILS-NH2 (B) Paw withdrawal threshold to 

mechanical stimulation with von Frey filament was not significantly affected by any 

of the intrathecal treatments. Statistical differences between variously treated groups 

were identified using Two-way ANOVA followed by multiple comparisons Student 

Newman Keuls test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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5.2 Modulation of miniature excitatory post synaptic currents (mEPSCs) 

in spinal cord slices by PAR2 activation 

Modulation of mEPSCs activity recorded from superficial dorsal horn 

neurons after PAR2 activation was tested in vitro using spinal cord slices. Miniature 

EPSCs were recorded in 41 neurons, where the average control mEPSC frequency 

was 0.81 ± 0.09 Hz. Out of these 41 neurons 38 showed an increase of mEPSC 

frequency (7.93 ± 1.80 Hz, n = 38, p < 0.001) after TRPV1 agonist capsaicin 

(0.2 μM) application at the end of the recording. This suggests the presence of 

presynaptic TRPV1 receptors in great majority of the recorded neurons. 

Application of SLIGKV-NH2 (100 µM, 4 min) significantly decreased the 

mEPSC frequency to 62.8 ± 4.9 % (n = 17, p < 0.001), when compared to the 

pre-treatment values (Figure 14 A, B). The inhibitory effect on the mEPSC 

frequency persisted during the 4 minutes washout period (60.7 ± 5.5 %, p < 0.001). 

In a set of control experiments inactive peptide VKGILS-NH2 (100 μM) did not elicit 

any changes of mEPSC frequency (99.3 ± 6.6 %, n = 6). Possible interaction of 

PAR2 and TRPV1 receptors was evaluated next. Application of TRPV1 antagonist 

SB 366791 (10 μM, 4 min) did not change the frequency of mEPSC (103.1 ± 8.3 %, 

n = 8). Subsequent co-application of SB 366791 (10 μM) with SLIGKV-NH2 

(100 µM, 4 min) also did not change the mEPSC frequency significantly 

(87.2 ± 10.2 %, n = 8, Figure 14 B), when compared to the period of pre-treatment 

with SB 366791. These results indicate that application of TRPV1 antagonist 

prevented the PAR2 activation-induced inhibitory effect on the mEPSC frequency. 

The involvement of protein kinases activation in the PAR2-induced inhibitory 

effect on mEPSC frequency was evaluated in another group of neurons. Application 

of staurosporine (250 nM, 4 min) alone had no effect on the mEPSC frequency 

(97.3 ± 15.9 %, n = 10). Subsequent co-application of staurosporine (250 nM) with 

SLIGKV-NH2 (100 µM, 4 min) also did not change the mEPSC frequency 

(94.9 ± 8.5 %, n = 10, Figure 14 B), when compared to the pretreatment with 

staurosporine alone.  

The mean value of the mEPSC frequency inhibition induced by the PAR2 

agonist application alone was significantly different from the changes induced by the 

combination of PAR2 agonist with TRPV1 and PKs antagonists (Figure 14 B). These 
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results show that staurosporine and SB 366791 prevented the PAR2 mediated 

mEPSC frequency inhibition. 

 

Figure 14. PAR2 activation decreased the frequency of mEPSCs. (A) Application of 

SLIGKV-NH2 (100 μM, 4 min) lowered the frequency of mEPSC as is documented in 

the recording from one superficial dorsal horn neuron in acute spinal cord slice. (B) 

Application of SLIGKV-NH2 (100 μM, 4 min) decreased the mEPSC frequency 

(n = 17; *** p < 0.001) compared to the pretreatment period (100 %). 

Co-application of TRPV1 antagonist SB 366791 (10 μM, 4 min, n = 8) or 

staurosporine (250 nM, 4 min, n = 10) prevented the inhibitory effect of SLIGKV-

NH2 (100 μM) treatment and the mean mEPSC values were statistically different 

compared to the application of SLIGKV-NH2 alone (
## 

p < 0.01, 
### 

p < 0.001). 

The average amplitude of the control mEPSCs was 22.7 ± 2.4 pA and did not 

change significantly during the SLIGKV-NH2 application (21.7 ± 2.1 pA, n = 17, 

100 μM) in the first group of neurons. No change of mEPSC amplitude was also 

present in the cumulative amplitude analysis (Figure 15). Likewise there was no 

change of mEPSC amplitude in any of the other experimental groups  (control 

21.9 ± 1.5 pA, VKGILS-NH2 21.6 ± 1.3 pA, n = 6; control 22.2 ± 1.7 pA, SB 366791  

22.4 ± 2.0 pA, SB 366791/SLIGKV-NH2 21.9 ± 1.6 pA, n = 8; control 

22.5 ± 2.5 pA, staurosporine 21.2 ± 2.5 pA, staurosporine/SLIGKV-NH2 

20.9 ± 1.8 pA, n = 10). 
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Figure 15. Cumulative amplitude analysis of mEPSCs under control conditions and 

during application of SLIGKV-NH2 (100 μM, 4 min, n = 17) did not show 

statistically significant difference.  

 

 

5.3 Modulation of spontaneous excitatory post synaptic currents (sEPSCs) 

by PAR2 activation  in dorsal horn neurons  

 

The effect of PAR2 activating peptide application on spontaneous EPSCs was 

studied in another group of superficial dorsal horn neurons. In accordance with our 

previous findings (Spicarova and Palecek, 2009), the basal control sEPSC frequency 

(1.38 ± 0.7 Hz, n = 41) was significantly higher than the average frequency of 

mEPSCs recorded in the previous group (0.81 ± 0.09 Hz, n = 41, p < 0.001). Out of 

these 41 neurons, 38 showed sEPSC frequency increase (6.71 ± 1.93 Hz, n = 38, 

p < 0.001) after capsaicin (0.2 μM) application at the end of the experiment.  

Bath application of SLIGKV-NH2 (100 µM, 4 min) significantly increased 

the sEPSCs frequency to 127.0 ± 5.9 % (n = 16, p < 0.01), compared to the 

pre-treatment values (Figure 16 A, B). The excitatory effect of the SLIGKV-NH2 

application on the sEPSC frequency was slightly diminished, but still persisted 

during the 4 minutes washout period (118.2 ± 8.0 %, p < 0.05). In the group of 

control experiments, inactive peptide VKGILS-NH2 (100 μM, 4 min) application did 

not elicit any change of the sEPSC frequency (94.75 ± 7.93 %, n = 6). 

 Application of SB 366791 (10 µM, 4 min) did not change the sEPSCs 

frequency (97.5 ± 9.2 %, n = 10) in another set of experiments. Subsequent 
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co-application of SB 366791 (10 µM) with SLIGKV-NH2 (100 µM, 4 min) similarly 

did not change the sEPSCs frequency significantly (106.7 ± 7.9 %, n = 10, 

Figure 16 B), when compared to the SB 366791 pre-treatment period. These results 

suggest that SLIGKV-NH2 induced increase of the sEPSC frequency that was 

mediated by activation of spinal TRPV1 receptors.  

Staurosporine (250 nM, 4 min) application had no effect on the sEPSC 

frequency (90.8 ± 10.1 %, n = 9) in the next experiments. Subsequent co-application 

of staurosporine (250 nM) with SLIGKV-NH2 (100 µM, 4 min) also did not change 

the frequency of the sEPSC (108.5 ± 7.2 %, n = 9, Figure 16 B), compared to the pre-

treatment period with staurosporine alone. Inhibition of protein kinases thus 

prevented the PAR2 activation-induced excitatory effect on the sEPSC frequency. 

The mean value of sEPSCs frequencies recorded after SLIGKV-NH2 

application alone was significantly different from those recorded in the presence of 

SLIGKV-NH2 with SB 366791 or staurosporine (
# 

p < 0.05, Figure 16 B). These 

results suggest that the PAR2 induced increase of sEPSC frequency was at least 

partially mediated by TRPV1 receptors and protein kinases activation. 

 

Figure 16.  PAR2 activation increased the frequency of sEPSCs. (A) Application of 

SLIGKV-NH2 (100 μM, 4 min) increased the sEPSC frequency as documented in 

recording from one superficial dorsal horn neuron. (B) Application of SLIGKV-NH2 

(100 μM, 4 min) increased the sEPSC frequency compared to the pre-treatment 

values set as 100 % (n = 16; ** p < 0.01). Application of TRPV1 antagonist 

SB 366791 (10 μM, 4 min, n = 10) or staurosporine (250 nM, 4 min, n = 9) 

prevented the excitatory effect of SLIGKV-NH2 treatment and the mean sEPSC 

frequency values were statistically different from the application of SLIGKV-NH2 

alone (
# 

p < 0.05).   
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 The average amplitude of the recorded sEPSCs did not change significantly in 

any of the experimental conditions (control 25.7 ± 2.1 pA, SLIGKV-NH2 

25.1 ± 1.9 pA, n = 16; control 25.7 ± 1.2 pA, VKGILS -NH2 25.9 ± 1.1 pA, n = 6; 

control 24.6 ± 2.9 pA, SB 366791 23.8 ± 1.2 pA, SB 366791/SLIGKV-NH2 

23.8 ± 1.4 pA, n = 10; control 24.0 ± 1.9 pA, staurosporine 23.6 ± 2.1 pA, 

staurosporine/SLIGKV-NH2 24.3 ± 2.1 pA, n = 9). No change of sEPSC amplitude 

was also detected using cumulative amplitude analysis for the first group of neurons 

(n = 16, Figure 17). 

 

 

Figure 17. The amplitude of the sEPSCs did not change during SLIGKV-NH2 

application (100 μM, 4 min, n = 16).  

 

5.4 PAR2 mediated modulation of dorsal root stimulation-evoked EPSCs 

on spinal cord level 

Modulation of eEPSCs by PAR2 activation was tested in superficial dorsal 

horn neurons, where dorsal root attached to the spinal cord slice was electrically 

stimulated with glass suction electrode in 30s intervals. Evoked EPSCs were 

recorded in 41 neurons and 37 of these showed an increase of sEPSC frequency after 

capsaicin (0.2 μM) application at the end of the experiment. 

In the first series of experiments bath application of SLIGKV-NH2 (100 µM, 

4 min) increased the amplitude of evoked EPSCs (126.9 ± 12.0 %, n = 17, p < 0.05, 

Figure 18 A and B). The increase of the eEPSC amplitude was even higher during 

the 4 min following the SLIGKV-NH2 application (washout period; 148.9 ± 17.7 %, 
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p < 0.01). Application of the control inactive peptide (VKGILS-NH2, 100 μM, 

4 min) did not change the eEPSC amplitude (98.79 ± 12.22 %, n = 6). These results 

suggest that activation of PAR2 may enhance synaptic transmission in the superficial 

spinal cord dorsal horn.  

Application of SB 366791 (10 µM, 4 min) did not change the amplitude of 

the eEPSCs (105.5 ± 4.4 %, n = 10). Subsequent co-application of SB 366791 

(10 µM) with SLIGKV-NH2 (100 μM, 4 min) also did not change the eEPSC 

amplitude (98.5 ± 2.5 %, Figure 18 B). The eEPSC amplitude did not change during 

the washout period as well (101.8 ± 6.8 %). Inhibition of spinal TRPV1 receptors 

thus prevented the PAR2 activation-induced increase of eEPSC amplitude.  

In another group of neurons staurosporine (250 nM, 4 min) application did 

not change the amplitude of eEPSCs (101.8 ± 4.7 %, n = 9). The subsequent 

co-application of staurosporine (250 nM) with SLIGKV-NH2 (100 μM, 4 min) 

similarly had no effect on the eEPSC amplitude (96.9 ± 3.4 %, Figure 18 B). The 

eEPSC amplitude did not change significantly also during the washout period 

(91.7 ± 4.8 %). Inhibition of PKs thus prevented the increase of eEPSC amplitude 

induced by PAR2 activation. 

 

Figure 18. Activation of PAR2 increased the amplitude of EPSCs evoked by dorsal 

root stimulation. (A) Application of SLIGKV-NH2 (100 μM, 4 min) increased the 

amplitude of the evoked EPSC. (B) The increase of eEPSCs amplitude during the 

SLIGKV-NH2 (100 μM, 4 min) application was statistically significant compared to 

pre-treatment values (n = 17, ** p < 0.01). Application of SB 366791 (10 µM, 4 min, 

n = 10) or staurosporine (250 nM, 4 min, n = 9) prevented the SLIGKV-NH2 induced 

eEPSC amplitude increase and the mean eEPSC frequency values were statistically 

different from the application of SLIGKV-NH2 alone (
# 

p < 0.05). 
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5.5. TRPV1 receptor antagonist prevented the CCL2-induced increase of 

the eEPSC amplitude 

In the next set of experiments, the effect of CCL2 application on the synaptic 

transmission between the primary afferent fibers and the superficial DH neurons in 

the spinal cord was studied while using electrical stimulation of the dorsal root in 

acute spinal cord slices.  

The application of CCL2 (10 nM) increased the average amplitude of the 

eEPSCs to 188.1 ± 32.1% (n = 18, p < 0.05), when compared to the control values 

before treatment (100%, Figure 19). The changes in the eEPSC amplitude induced by 

CCL2 application were not homogenous across the tested population of neurons; 

11 of the 18 neurons showed an increase of the eEPSC amplitude to 246.6 ± 44.4% 

of the control value (p < 0.05), when an increase above 10% was considered as the 

dividing criterion. One neuron showed a decrease to 71.2%, and the eEPSC 

amplitude did not change in 6 neurons (100.4 ± 2.2%). 

 

Figure 19.  The application of CCL2 (10 nM) on a spinal cord slice increased the 

amplitude of the eEPSCs recorded from a superficial DH neuron 

 In another group of neurons SB366791 pretreatment (10 μM, 6 min) was 

tested; such pretreatment did not significantly change the average amplitude of the 

recorded eEPSCs (128.1 ± 17.4%, n = 12, p > 0.05 Figure 20 A and B). In this group 

of neurons, the effect of the co-application of SB366791 (10 μM) with CCL2 

(10 nM) was tested as the next step in the experimental protocol (Figure 20 A). The 

average amplitude of the eEPSCs (120.8 ± 17.2%, p > 0.05) did not change after 

SB366791 + CCL2 application compared to the SB366791 pretreatment values. 
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Out of this population, 5 of the 12 neurons showed an increase (>10% of 

168.4 ± 30.8%, P > 0.05), 4 neurons showed a decrease (79.5 ± 4.0%, p > 0.05) and 

in 3 neurons the eEPSC amplitude did not change (96.6 ± 5.0%). To demonstrate 

more clearly the effect of SB366791 application and the subsequent 

SB366791/CCL2 co-application, the mean values of all the treatments were 

expressed compared to the control values (Figure 20 B). These results indicate that 

the CCL2-induced increase of the eEPSC amplitude was partially mediated by 

TRPV1 receptor activation. 

 

Figure 20.  The CCL2-induced increase of the eEPSC amplitude was diminished by 

SB366791. (A) The application of the TRPV1 receptor antagonist SB366791 (10 μM) 

did not change the eEPSC amplitude and prevented its increase following SB366791 

(10 μM)/CCL2 (10 nM) co-application. (B) SB366791 pretreatment with subsequent 

SB366791/CCL2 co-application (n = 12) diminished the CCL2-induced increase of 

eEPSC amplitude (n = 18). One way ANOVA followed by the Student-Newman-Keuls 

test was used for statistical analyses; ** p < 0.01.  

http://topics.sciencedirect.com/topics/page/Receptor_antagonist
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5.6 Direct effects of paclitaxel on EPSCs in rat spinal dorsal horn neurons 

Acute paclitaxel application (50 nM) in rat spinal cord slices preparation increased 

mEPSC frequency recorded in superficial dorsal horn neurons compared with the 

vehicle control (140.7 ± 11.1%; n =14, ***p 0.001, Figure 21 A,C). This effect was 

blocked when paclitaxel was coapplied with the TRPV1 antagonist SB366791 

(10μM), whereas the antagonist alone did not change mEPSC frequency 

(Figure 21 B). These effects were highly significant across the groups of neurons 

tested (SB366791 101.5 ± 9.09 %, SB366791+paclitaxel 91.9 ± 5.9 %, n = 10, 

Figure 21 C). But paclitaxel application did not change the frequency of sEPSCs 

(104.4 ± 9.0 %; n = 14; P > 0.05, Figure 21 D) and neither the amplitude of EPSCs 

evoked by dorsal root stimulation (104.7 ± 5.2 % n = 9; P > 0.05, Figure 21 E). 

 

 

Figure 21. Paclitaxel application increased mEPSC frequency in superficial dorsal 

horn neurons in rat spinal cord slice. A, Native recording of mEPSC activity before 

and after paclitaxel (50 nM) application. B, The TRPV1 antagonist SB366791 

(10 μM) did not change the mEPSC frequency but prevented its increase during 

co-application with paclitaxel. C, Averaged responses demonstrate that paclitaxel 
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treatment induced a significant increase in mEPSC frequency compared with the 

baseline (control, 100%) value (140.711.1%; n14). This increase was prevented by 

the TRPV1 antagonist treatment, whereas the antagonist alone had no effect 

(SB366791 10μM). D,E Paclitaxel (50 nM) application did not change the frequency 

of the sEPSCs or the amplitude of the dorsal root evoked EPSCs.  *** p <  0.001 

versus control values; ### p < 0.001 versus paclitaxel; one-way ANOVA followed by 

Student–Newman–Keuls test. 

  



75 

 

6. DISCUSSION 

 

Dorsal horn neurons receive nociceptive information from primary afferents 

that innervate skin and deeper tissues of the body and respond to specific types of 

noxious and non-noxious stimuli. These afferents fibers terminate in the dorsal horn 

of spinal cord. The incoming information is processed by complex circuits involving 

excitatory and inhibitory interneurons, and is transmitted to spinal projection 

neurons. Synaptic transmission in superficial laminas of dorsal horn is very 

important for the signal modulation and pain perception. These first synapses of 

nociceptive pathways allow modulation of the nociceptive information before 

entering the higher brain centres. 

In the following chapters, the results of our studies focused on TRPV1 

receptors mediated modulation of spinal cord nociceptive transmission are discussed.  

 

6.1. The role of PAR2 in modulation of nociception 

The important role of PAR2 in nociception on the periphery was 

demonstrated in a variety of pathological pain conditions (Clark et al., 2007, 

Vergnolle, 2009, Cenac, 2013, Chen et al., 2015, Tillu et al., 2015, Hewitt et al., 

2016). The modulation of excitatory synaptic transmission in the superficial dorsal 

horn of the spinal cord by PAR2 was studied only marginally with different results 

(Alier et al., 2008, Fujita et al., 2009). In our experiments, we further studied the role 

of spinal PAR2 activation after intrathecal application of PAR2 and on modulation of 

nociceptive synaptic transmission in the lamina I and IIo of the dorsal horn. 

6.1.1. Effect of PAR2 receptors activation on thermal and mechanical threshold 

sensitivity after intrathecal application of PAR2 agonist 

 In our in vivo experiments the intrathecal application of PAR2 activating 

peptide SLIGKV-NH2 induced thermal hyperalgesia in naive adult rats that was 

prevented by inhibition of spinal TRPV1 receptors and attenuated by inhibition of 

protein kinases. However, sensitivity to mechanical stimuli did not change in the 

same experiments. Our results suggest that activation of spinal PAR2 leads to 

strengthening of nociceptive excitatory synaptic transmission at the spinal cord and 
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thermal hyperalgesia that is at least partially mediated by TRPV1 receptors 

activation. 

Our results indicated presence of several hours lasting thermal hyperalgesia 

after intrathecal administration of PAR2 activating peptide SLIGKV-NH2, which 

corresponds to the earlier findings (Alier et al., 2008). However, this treatment failed 

to induce mechanical allodynia, which was previously shown after intrathecal 

application of another PAR2 activating peptide SLIGRL-NH2 (Alier et al., 2008, 

Huang et al., 2011). This activating peptide was formerly considered as a specific 

PAR2 agonist, but recently activation of several Mrgprs (Mas-related 

G-protein-coupled receptors) that induce itch in mice was demonstrated (Han et al., 

2013, Namer and Reeh, 2013). Nevertheless SLIGRL-NH2 induced mechanical 

hypersensitivity was absents in PAR2 knock-out mice (Alier et al., 2008) thus the 

differences in experimental results pointing rather to the dissimilar experimental 

approaches and conditions and/or mechanisms in different animal species than the 

specificity of PAR2 activating peptides. Our results indicate that under control 

conditions, activation of spinal PAR2 leads preferentially to thermal hypersensitivity. 

This may be changed under pathological conditions, like bone cancer-evoked pain, 

when PAR2 are overexpressed predominantly in medium and large DRG neurons 

(Bao et al., 2015), which could underlie the development of mechanical 

hypersensitivity. Thermal hyperalgesia induced in our experiments by activation of 

spinal PAR2 was prevented by inhibition of spinal TRPV1 receptors. In naïve 

animals the thresholds for thermal and tactile stimuli in peripheral nerves endings are 

suggested to be unchanged when PAR2 activating peptide is injected intrathecally. It 

is plausible that the action potentials generated in DRG neurons by the presence of 

thermal stimulus in the rat paw induced thermal hyperalgesia, which was mediated 

by sensitization of spinal endings of these afferent neurons by activation of spinal 

PAR2 and TRPV1 receptors. In this regard the mechanical hypersensitivity was not 

mediated by these central terminals coexpressing both PAR2 and TRPV1. The 

attenuation of spinal inhibitory synaptic transmission by PAR2 demonstrated by the 

reduced frequency and amplitude of sIPSCs in the spinal cord dorsal horn (Huang et 

al., 2011) may also contribute to the hypersensitivity development. The mechanism 

involving TRPV1 activation in PAR2-induced hyperalgesia was demonstrated also 

after the activation of peripherally localized PAR2 (Amadesi et al., 2004) and this 

corresponds well to TRPV1 mediated thermal hypersensitivity (Caterina et al., 2000). 
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If spinal TRPV1 were sensitized after PAR2 activation, it is plausible that body 

temperature and/or endogenous ligands subsequently activated TRPV1. In addition it 

was demonstrated that activation of PAR2 reduced the temperature threshold 

required for TRPV1 activation to the body temperature in cultured cells (Dai et al., 

2004). In our experiments intrathecal administration of staurosporine, a broad 

spectrum PKs inhibitor (with the highest affinity for PKC), partially attenuated the 

thermal hyperalgesia induced by spinal PAR2 activation in our experiments. This 

suggests the involvement of PKC in the process, most likely through phosphorylation 

of TRPV1 receptors (Numazaki et al., 2002, Amadesi et al., 2006, Chen et al., 2011).  

6.1.2. Effect of PAR2 activation on nociceptive excitatory post-synaptic currents 

in superficial dorsal horn neurons  

The potential underlying mechanisms of the behavioural changes were 

studied in vitro. In our experiments, the frequency of sEPSCs and amplitude of the 

dorsal root stimulation-evoked eEPSC were increased after PAR2 activating peptide 

(SLIGKV-NH2) application. Similar increase of sEPSCs frequency induced with the 

same peptide (SLIGKV-NH2) application was reported before in experiments with 

low concentration applications (3 µM and 5 µM; (Fujita et al., 2009). In contrast, 

bath application of other PAR2 activating peptide SLIGRL-NH2 (10 µM) had no 

significant effect on the sEPSC frequency in lamina II neurons (Alier et al., 2008).  

 We newly demonstrated that application of PAR2 activating peptide 

increased the amplitude of evoked EPSCs and this effect was blocked by TRPV1 

antagonist SB 366791, in addition the same mechanisms was present in 

PAR2-induced increase of sEPSCs frequency in our experiments. The sensitization 

of TRPV1 receptors by PAR2 activation was shown previously in DRG neurons 

(Amadesi et al., 2004). PAR2-induced effects on EPSCs in our recordings were 

mediated also by PKs in accordance with finding that PAR2 stimulation leads to 

TRPV1 sensitization via PKCε and PKA (Amadesi et al., 2006). Under our in vitro 

conditions with room temperature experiments it is more likely that endogenous 

substances may have activated spinal TRPV1 receptors. It was demonstrated before, 

that a low concentration of lipophilic endogenous ligand (N-oleoyldopamine, 

OLDA) activated sensitized TRPV1 receptors in spinal cord slices under similar 

conditions (Spicarova and Palecek, 2009). We cannot exclude the possibility that the 

dependence of TRPV1 activation on membrane voltage could also play a role in the 
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process (Matta and Ahern, 2007). In addition, PAR2 activation leads to enhanced 

release of pro-nociceptive peptides (SP, CGRP) from central endings of DRG 

neurons (Steinhoff et al., 2000, Amadesi et al., 2004) that may further modulate 

synaptic transmission and enhance nociceptive output from the spinal cord to the 

brain. The increase of sEPSC frequency by PAR2 activation could involve also 

mobilization of Ca
2+

 from intracellular stores and increased Ca
2+ 

influx through other 

ion channels (Grant et al., 2007, Huang et al., 2012, Liu et al., 2013).  

In the series of our experiments where TTX was present in the extracellular 

solution, PAR2 activation induced decrease of the mEPSCs frequency. Surprisingly, 

this decrease was also largely dependent on the TRPV1 receptor activation, while in 

other experiments TRPV1 receptors activation lead to increase of mEPSC frequency 

(Spicarova and Palecek, 2009, Spicarova et al., 2014a). These results indicate that 

under conditions, when TTX-sensitive sodium channels are blocked, another 

presynaptic mechanism induced by PAR2 activation predominated and resulted in 

decrease of glutamate release from the central endings of DRG neurons expressing 

also TRPV1 receptors. This observation could be explained by functional and 

physical connection between TRPV1 and large-conductance calcium- and voltage-

activated potassium (BK) channels (Wu et al., 2013). On DRG neurons, TRPV1 and 

BK channels form complex, which could allow the activation of BK channels by 

increased local concentration of Ca
2+

 ions through TRPV1 (Wu et al., 2013). Due to 

outflow of K
+
 ions from the cell through the BK channels, when TTX-sensitive Na

+
 

channels are blocked, the hyperpolarization could occur and the release of glutamate 

could be reduced. Another plausible mechanism could be the inhibition of voltage 

activated Ca
2+

 channels by TRPV1 activation. Olvanil, a non-pungent TRPV1 

agonist, profoundly inhibited (approximately 60%) N-, P/Q-, L-, and R-type voltage-

activated Ca
2+

 channel current in DRG neurons (Wu et al., 2006). The effect induced 

by olvanil was dependent on calmodulin and calcineurin activity. However, the 

mechanisms participating in TRPV1 activation and the subsequent intracellular 

responses may differ according to agonist used and receptor subtype (Liu et al., 

1997). Recently, it was demonstrated that stochastic opening of voltage-activated 

Ca
2+

 channels is a major trigger for miniature glutamate release in hippocampal 

synapses (Ermolyuk et al., 2013). This finding supports the possible occurrence of 

decreased glutamate release from presynaptic endings of DRG neurons induced by 

PAR2 activation and mediated by TRPV1 modulation of voltage-activated Ca
2+

 



79 

 

channels in our conditions, when mEPSCs are recorded in acute spinal cord slices. 

Nevertheless, these two hypotheses require further investigation. 

 Miniature and spontaneous EPSCs both occur in spinal cord slices 

spontaneously without any stimulation. Fundamentally, mEPSCs are also 

spontaneous events, although during recording of mEPSC in our preparations 

potential self-generated formation and propagation of action potentials was avoided 

by blocking of sodium channels using TTX. It is suggested that mEPSCs reflect only 

the release of readily releasable pool of synaptic vesicles. In comparison evoked 

EPSCs were elicited by electrical stimulation of the dorsal root, the characteristic of 

current stimulus and the latency of eEPSC indicate the involvement of propagation 

of action potentials also in C-fibre. The PAR2-induced effect on sEPSCs and 

eEPSCs reflect more likely the mechanisms involved in physiological and 

pathophysiological conditions, whereas the opposite PAR2-induced effect on 

mEPSCs may be associated rather with experimental conditions. 

 Our results imply that PAR2 receptors may play an important role in 

nociceptive synaptic transmission at the spinal cord level, which is associated with 

hypersensitivity development. This PAR2-induced modulation of nociception is at 

least partially dependent on TRPV1 receptors activation. It seems plausible to 

suggest that their role may be potentiated during pathological processes, when both 

PAR2 and TRPV1 receptors expression is enhanced (Ji et al., 2002, Noorbakhsh et 

al., 2003, Bao et al., 2014b), moreover the increased TRPV1 expression in the 

superficial dorsal horn is dependent of PAR2 activation (Bao et al., 2015, Chen et al., 

2015, Wei et al., 2016). 

6.2. CCL2-induced modulation of synaptic transmission in the superficial 

spinal cord dorsal horn. 

The contributions of the chemokine CCL2, its receptor CCR2 and TRPV1 

receptors to nociceptive processing in the periphery are well documented, but their 

possible cooperation at the spinal cord level had not been studied.  

Patch-clamp recordings showed the amplitude of the eEPSCs evoked by 

electrical stimulation of the dorsal root attached to a spinal cord slice was increased 

in 61% of the recorded neurons. This would suggest that CCL2-activated CCR2 

receptors are present on the presynaptic endings of the central branches of DRG 
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neurons (White et al., 2005, Jung et al., 2008). Neurons in the superficial dorsal horn 

receive the majority of their synaptic input from nociceptive DRG neurons (Todd, 

2010), which were shown to up-regulate CCR2 receptor expression under 

pathological conditions (Jung et al., 2008). During our recordings of eEPSCs, the 

activation of other spinal circuits could affect the observed results and thus diminish 

the effect of the CCL2-induced changes. When eEPSCs were recorded, most likely 

both myelinated and unmyelinated primary afferent fibers in the dorsal root were 

activated. The direct effect of CCL2 on the myelinated fibers was most likely limited 

as only a minority of the large diameter DRG neurons show CCR2 receptor 

expression (White et al., 2005, Jung et al., 2008). While this could be one of the 

reasons for the limited effect observed after CCL2 application in these experiments, 

the effect on the nociceptive primary afferents could still mediate behavioural 

changes. Recordings were made in population of superficial DH (laminae I–II) 

neurons, which presynaptic contacts with TRPV1/CCR2 receptors co-expressing 

primary afferents. Neurons without a response to the CCL2 application could belong 

to a subpopulation of DH neurons with presynaptic contacts expressing only TRPV1 

receptors (as tested by capsaicin application). An inhibitory effect after CCL2 

application was observed only in a few eEPSC recordings, where the activation of 

spinal circuits could affect the final result. 

It was demonstrated previously that CCL2-induced hypersensitivity after 

intrathecal injection is mediated by CCR2 receptors (Dansereau et al., 2008). 

However, the existing evidence suggests a possible complex action of CCL2 in the 

spinal cord DH, especially under pathological conditions. CCL2 may be released 

from primary afferent fibers (Jung et al., 2008, Van Steenwinckel et al., 2011) and its 

expression is induced within minutes in spinal astrocytes (Gao et al., 2009b) while 

CCR2 receptors are localized predominantly in small and medium size DRG neurons 

(White et al., 2005, Jung et al., 2008), superficial and deep DH neurons (Gosselin et 

al., 2005, Gao et al., 2009b), astrocytes (Knerlich-Lukoschus et al., 2008) and 

presumably microglia (Abbadie et al., 2009, Old and Malcangio, 2012). 

An intrathecal injection of CCL2 activated spinal microglia in wild-type, but not in 

CCR2 knock-out mice (Zhang et al., 2007, Thacker et al., 2009) CCL2 application 

was also shown to induce the inhibition of voltage-dependent K
+
 channels on DRG 

neurons (Sun et al., 2006) and to stimulate CGRP release from DRG neurons that 

was dependent on calcium influx via N-type voltage-activated Ca
2+

 channels, 
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calcium release from ryanodine-sensitive calcium stores and PLC and PKC 

activation (Qin et al., 2005). In our experiments, most likely CCR2 receptors on the 

presynaptic endings were activated after CCL2 application, leading to an increased 

release of glutamate from the synaptic terminals that were dependent on TRPV1 

receptor activation. 

6.2.1. Specific effect of CCL2 application on TRPV1 activation 

Pre-treatment with a specific TRPV1 receptor antagonist (SB366791) reduced 

the effect of CCL2 on evoked EPSC currents recorded in superficial dorsal horn 

neurons. Cooperation between TRPV1 receptors and CCL2-activated CCR2 

receptors was demonstrated previously in DRG neuronal cultures (Jung et al., 2008, 

Kao et al., 2012). CCL2-induced TRPV1 receptor sensitization was dependent on 

PKC and PLC activation, as was shown in HEK293 cells co-expressing CCR2 and 

TRPV1 receptors (Jung et al., 2008). CCL2 also induced nonselective cationic 

conductance in DRG neurons (Sun et al., 2006) that could be mediated by the 

nonselective cation channel of activated TRPV1 receptors (Oh et al., 1996). 

Phosphorylation of TRPV1 receptors by PKC or the activation of PLC could have an 

important role in the acute effects seen within minutes after CCL2 application in our 

experiments. Changes on the transcriptional level are less likely to be involved, as 

they require a longer time frame and also the bodies of DRG neurons were not 

present in our slice preparation. The fast effect of CCL2 application on the TRPV1 

receptors expressing primary afferent fibers could be mediated by the activation of 

the G protein-coupled receptor CCR2, which in turn activates PLC to hydrolyse 

phosphatidylinositol 4,5-bisphosphate (PIP2). TRPV1 receptors are tonicaly 

inhibited by PIP2 and thus could become active following its hydrolysis (Chuang et 

al., 2001). To the TRPV1 receptor sensitization/activation by CCL2 can also 

contribute phosphorylation by PKC, which increases the TRPV1 channel open 

probability (Huang et al., 2006, Jung et al., 2008). Sensitized TRPV1 receptors, for 

instance by PKC phosphorylation, could be activated by endogenous agonists in the 

spinal cord (Spicarova and Palecek, 2009). The activation of TRPV1 receptors can 

lead to increased basal glutamate release (Ueda et al., 1993, Nakatsuka et al., 2002, 

Baccei et al., 2003), measured in previous experiments as an increase in spontaneous 

or miniature EPSC frequency (Spicarova and Palecek, 2009, 2010, Spicarova et al., 

2011). Our results indicate that the acute application of CCL2 leads to an increase of 
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evoked glutamate release from the central endings of nociceptive primary afferent 

fibers and that this fast effect of CCL2 in the spinal cord is partially mediated by 

TRPV1 receptor activation. 

The mechanisms by which CCL2 modulates the transmission of nociceptive 

signalling at the spinal cord level needs to be further investigated. However, our 

experiments suggest that spinal TRPV1 receptors may play an important role in this 

process that may underlie some of the neuropathic pain syndromes in patients. 

 

6.3. Effect of paclitaxel on synaptic transmission at spinal cord level  

 

This was the first time that functional interaction between TLR4 and TRPV1 

has been shown in the spinal cord. My results showed that acute paclitaxel 

application induced significant increase of mESPC frequency that was absent in the 

presence of TRPV1 receptor antagonist SB366791. The results from our group then 

showed that TLR4 antagonist prevented paclitaxel evoked tachyphylaxis inhibition 

after second application of capsaicin. These findings suggest that paclitaxel activates 

TLR4 and signals downstream to modulate function of TRPV1 receptors. The 

downstream signalling pathways engaged by TLR4 to sensitize TRPV1 remain to be 

determined. Paclitaxel activated DRG neurons directly and increased the number of 

evoked action potentials and this was in the context of also altering the shape of the 

evoked action potentials (Li et al., 2015).  

6.3.1. Specific signalling pathways between TLR4 and TRPV1  

Possible explanation for the change of TRPV1 receptors responsiveness to 

capsaicin after paclitaxel application is activation this is hypothesizing engagement 

of the noncanonical TLR4 MAPK signal pathways. Previous experiments showed 

that paclitaxel treatment engages the signalling of ERK1/2 and p38 through TLR4. 

MAPK activation has also been shown to modulate the activities of ion channels 

such as sodium channel Nav1.7 and TRPV1 (Ji et al., 2002, Han et al., 2013), which 

have also been implicated as contributing to paclitaxel-related CIPN (Hara et al., 

2013, Zhang and Dougherty, 2014). Another important consideration is that p38 and 

ERK1/2 integrate the activities of protein kinase signalling in DRG and spinal 

neurons (Hu and Gereau, 2003, Jin and Gereau, 2006, Han et al., 2012) and protein 
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kinase C is a well-defined pathway for regulation of TRPV1 signalling, including 

reversal of TRPV1 desensitization (Bhave et al., 2003, Han et al., 2012). PKC is also 

a component of TLR4 signalling that plays a key role in macrophage and dendritic 

cell activation in response to LPS (Aksoy et al., 2004). PKC is expressed in 

nociceptors and also has important roles in pain signalling (Numazaki et al., 2002, 

Vellani et al., 2004).  

An important caveat to be considered is that, although an agonist effect of 

paclitaxel on TLR4 in rodents is widely accepted (Ding et al., 1990, Fitzpatrick and 

Wheeler, 2003, Javeed et al., 2009), such an effect for paclitaxel on human TLR4 is 

controversial. Some studies have reported pronounced cytokine production from 

human macrophages and other tissues by paclitaxel (Hashiguchi et al., 1982, White 

et al., 1998, Cassidy et al., 2002, Wang et al., 2002b), whereas others have not 

observed this (Manthey et al., 1993, Zimmer et al., 2008). TLR4 requires the 

accessory protein MD-2 for binding and activation by LPS and paclitaxel in murine 

macrophages (Fitzpatrick and Wheeler, 2003, Javeed et al., 2009). MD-2 is also 

required for activation of macrophages in humans by LPS, but it has been reported 

that paclitaxel binds MD-2 in a fashion that precludes activation of TLR4 (Kawasaki 

et al., 2001, Resman et al., 2008, Zimmer et al., 2008). It is difficult to reconcile this 

discrepancy, which has importance in the context here concerning the mechanisms of 

CIPN but, in a broader scope, concerning the utility of paclitaxel as 

a chemotherapeutic. A number of recent studies show a clear link between 

chemo-resistance and even the promotion of aggressiveness in many human cancer 

types by paclitaxel when TLR4 is expressed in these tissues(Szajnik et al., 2009, 

Geller et al., 2010, Volk-Draper et al., 2014). A possible explanation may be that an 

interaction between paclitaxel’s binding to microtubules enhances its signalling via 

TLR4 (Fitzpatrick and Wheeler, 2003). This mechanism would clearly have a strong 

basis in DRG neurons and perhaps also those tumors expressing TLR4.   
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7. CONCLUSIONS 

 

  Modulation of synaptic transmission in the superficial dorsal horn neurons of 

spinal cord can significantly affect nociceptive signalling, especially in certain 

pathological pain states. Our results confirmed that spinal cord TRPV1 receptors 

play an important role in transmission of nociceptive signalling and that their 

modulation by different molecular mechanisms may be of crucial importance under 

pathological pain states. In this dissertation we have shown the following: 

Activation of spinal PAR2 receptors by theirs activation peptide 

SLIGKV-NH2 in behavioural experiments induced thermal hyperalgesia but did not 

affect responsiveness to mechanical stimuli. This thermal hyperalgesia could be 

significantly attenuated by intrathecal co-application of TRPV1 antagonist SB 

366791 and reduced by PKC inhibitor staurosporine. 

Application of PAR2 agonist induced inhibition of mEPSC frequency but led 

to increase of sEPSC frequency and increased amplitude of dorsal root stimulation 

evoked EPSC recorded in the dorsal horn neurons. These effects were also 

significantly attenuated by SB 366791 and staurosporine treatment. In control 

experiments PAR2 inactive peptide (VKGILS-NH2) did not have any significant 

effect on the mEPSC, sEPSC frequency, evoked EPSC amplitude and animal 

behaviour.  

Presynaptic PAR2 receptors may play an important role in modulation of 

nociceptive synaptic transmission in the spinal cord dorsal horn, especially under 

inflammatory conditions. 

Our results also indicate that acute application of CCL2 leads to an increase 

of basal and evoked glutamate release from the central endings of nociceptive 

primary afferent fibers in the spinal cord recorded as an increase of eEPSC amplitude 

and that this effect is at least partially mediated by TRPV1 receptor activation. 

Acute application of paclitaxel induced a significant increase of mEPSC 

frequency recorded in superficial dorsal horn neurons, that was dependent on TRPV1 

receptors activation. This effect may play an important role in development of 

neuropathic pain states after chemotherapy treatments.  
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Modulation of nociceptive synaptic transmission in the spinal cord is implicated in the development and
maintenance of several pathological pain states. The chemokine CCL2 (CeC motif ligand 2) was shown to
be an important factor in the development of neuropathic pain after peripheral nerve injury. In our
experiments we have studied the effect of CCL2 application and TRPV1 (transient receptor potential
vanilloid 1) receptor activation on nociceptive signaling and the modulation of synaptic transmission.
Intrathecal drug application in behavioral experiments and patch-clamp recordings of spontaneous,
miniature and dorsal root stimulation-evoked excitatory postsynaptic currents (sEPSCs, mEPSCs, eEPSCs)
from superficial dorsal horn neurons in acute rat spinal cord slices were used. The intrathecal application
of CCL2 induced thermal hyperalgesia and mechanical allodynia, while pretreatment with the TRPV1
receptor antagonist SB366791 diminished the thermal but not the mechanical hypersensitivity. Patch-
clamp experiments showed an increase of sEPSC and mEPSC (124.5 � 12.8% and 161.2 � 17.3%,
respectively) frequency in dorsal horn neurons after acute CCL2 application. This CCL2-induced increase
was prevented by SB366791 pretreatment (89.4 � 6.0%, 107.5 � 14.2%). CCL2 application increased the
amplitude of eEPSCs (188.1 � 32.1%); this increase was significantly lower in experiments with SB366791
pretreatment (120.8 � 17.2%). Our results demonstrate that the activation of spinal TRPV1 receptors plays
an important role in the modulation of nociceptive signaling induced by CCL2 application. The mecha-
nisms of cooperation between the CCL2 activated receptors and TRPV1 receptors on the central branches
of primary afferent fibers may be especially important during different pathological pain states and need
to be further investigated.

� 2014 Elsevier Ltd. All rights reserved.
1. Background

During the last decade, the neuromodulatory role of chemo-
kines in the peripheral and central nervous systems has received a
lot of attention (Rostene et al., 2007). The importance of CCL2,
formerly known as monocyte chemoattractant protein-1, and its
main receptor CCR2 was established especially in the process of
neuropathic pain development in peripheral nerve injury models
(Fu et al., 2010; Gao et al., 2009; Jeon et al., 2009; Van Steenwinckel
et al., 2011; Zhang et al., 2007, 2012). Spinal nerve ligation induced
mechanical allodynia, thermal hyperalgesia and CCL2 upregulation
in the spinal cord, whereas the spinal administration of CCL2
neutralizing antibody attenuated neuropathic pain in mice (Gao
et al., 2009). Similarly, pain hypersensitivity associated with CCL2
upregulation in dorsal root ganglion (DRG) neurons and the
: þ420 24106 2488.
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J. Palecek).

All rights reserved.
superficial dorsal horn (DH) of the spinal cord was demonstrated
following chronic constriction of the sciatic nerve (Zhang and De
Koninck, 2006). The intrathecal application of exogenous CCL2
induced mechanical allodynia and thermal hyperalgesia in rats and
mice (Tanaka et al., 2004; Dansereau et al., 2008; Gao et al., 2009;
Thacker et al., 2009), while CCR2 knockout mice did not show any
change in acute pain sensation. However, after peripheral nerve
injury the development of pain hypersensitivity was attenuated in
these animals (Abbadie et al., 2003).

CCL2 was shown to be present in predominantly small and
medium size DRG neurons, co-expressed with substance P (SP),
calcitonin gene-related peptide (CGRP) and TRPV1 receptors
(Dansereau et al., 2008). In the spinal cord, immunoreactivity for
CCL2 was detected in the superficial dorsal horn, where co-
localization with SP and CGRP immunoreactivity was demon-
strated in axon terminals. The transport of CCL2 from DRG neuronal
soma to the central endings in the spinal cord was proposed, while
CCL2 could be released in the DH and act as a neuromodulator
(Dansereau et al., 2008; Jung et al., 2008; Thacker et al., 2009).
Peripheral nerve injury triggered CCL2 release from the central
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endings of primary nociceptive neurons (Thacker et al., 2009; Van
Steenwinckel et al., 2011).

CCR2 receptors were hardly or not detectable in the DRG neu-
rons of naïve animals in several studies (Bhangoo et al., 2007; Jung
et al., 2009, 2008; White et al., 2005). In contrast, Belkouch et al.
(2011) demonstrated CCR2 receptors expression in colocalization
with tetrodotoxin-resistant sodium channel NaV1.8 in DRG neurons
from naïve rats. The up-regulation of CCR2 receptors was clearly
demonstrated under pathological conditions (Fu et al., 2010; White
et al., 2005) on the majority of TRPV1 receptor-expressing DRG
neurons, while some larger neurons also expressed CCR2 receptors
(Jung et al., 2008). In the spinal cord, CCR2 receptor expression was
found in dorsal horn neurons (Gao et al., 2009; Gosselin et al., 2005)
and was induced in astrocytes (Knerlich-Lukoschus et al., 2008),
while their presence in microglia (Abbadie et al., 2003) is still the
subject of discussion (Old and Malcangio, 2012).

TRPV1 receptors are well recognized as molecular integrators of
nociceptive stimuli at the peripheral nerve endings, but their role in
the modulation of synaptic transmission on the spinal cord level
remains unresolved (Matta and Ahern, 2011). The vast majority of
spinal TRPV1 receptors are located on the central branches of small
and medium size DRG neurons in the superficial dorsal horn
(Cavanaugh et al., 2011; Guo et al., 1999). Spinal TRPV1 receptors
were shown to have an important role in nociceptive transmission
modulation, especially under pathological conditions (Chen et al.,
2009; Lappin et al., 2006; Patwardhan et al., 2009; Spicarova and
Palecek, 2008, 2009). It was suggested that they become phos-
phorylated and increase their sensitivity to endogenous agonists
(Spicarova and Palecek, 2009, 2010b). The application of the che-
mokine CCL2 was shown to potentiate responses to capsaicin in
experiments with HEK (human embryonic kidney) cells transfected
with CCR2 and TRPV1 receptors (Jung et al., 2008). CCL2-induced
TRPV1 receptor sensitization was completely blocked by protein
kinase C (PKC) and phospholipase C (PLC) inhibitors (Jung et al.,
2008). Pretreatment of DRG neuronal cultures with CCL2
increased the density of capsaicin-evoked currents and up-
regulated TRPV1 receptor mRNA, in dependence on the activation
of the phosphatidylinositol-3 kinase (PI3K) and Akt signaling
pathway (Kao et al., 2012).

In this work we have used behavioral experiments, immuno-
histochemical staining and patch-clamp recordings from superfi-
cial dorsal horn neurons in acute spinal cord slices to test our
hypothesis that the effect of CCL2 on synaptic modulation may be
partially mediated by spinal TRPV1 receptors.

2. Methods

All experiments were approved by the local Institutional Animal Care and Use
Committee and were consistent with the guidelines of the International Association
for the Study of Pain, the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, the U.K. Animals (Scientific Procedures) Act, 1986 and associ-
ated guidelines, and the European Communities Council Directive of 24 November
1986 (86/609/EEC).

All efforts were made to minimize animal suffering, to reduce the number of
animals used, and to utilize alternatives to in vivo techniques, if available.

2.1. Behavioral experiments

Experiments were conducted in adult male Wistar rats (250e300 g), kept in
plastic cages with soft bedding, with free access to food and water, and maintained
on a 12 h light, 12 h dark cycle. The paw withdrawal latency (PWL) to thermal
stimulation was tested using a plantar test apparatus (Ugo Basile, Italy) with radiant
heat applied to the plantar surface of each hindpaw. Rats were placed in nonbinding,
clear plastic cages on a clear glass plate, elevated to allow maneuvering of a
controlled, radiant heat source underneath. Each rat was left to adapt to the testing
environment for at least 15 min prior to any stimulation. The hindpaw withdrawal
latencies were measured automatically with the apparatus. Withdrawal latencies
were tested 4 times in each hindpawwith at least 5 min between the trials. Baseline
withdrawal latencies were determined in all animals before any experimental
procedure. The paw withdrawal threshold (PWT) to tactile stimulation was tested
manually with an electronic von Frey device (IITC Life Science, Model 2390 Series)
where a probe tip was applied to the plantar surface of each hindpaw. The PWT was
defined as the force (mN) that evoked an active paw-withdrawal response. In both
tests, each paw was tested 4 times at each time interval and the mean was calcu-
lated. The averaged values from the left and right hindpaws in individual animals
were then averaged in the experimental groups. All data are expressed as
mean � standard error of the mean (SEM). Two-way ANOVA against the group with
saline or other drug application was used to test for statistical significance, along
with the Bonferroni post hoc test. For the intrathecal delivery of 10 ml of saline, 10 ml
of CCL2 (1.4 mg) or 15 ml of SB366791 (0.43 mg) followed by 45 ml of saline, lumbo-
sacral catheters were implanted between L4 e L5 vertebrae one week before the
experiment under ketamine (100 mg/kg i.p., Narkamon, Zentiva) and xylazine
(16 mg/kg i.m., Rometar, Zentiva) anesthesia. The catheters were constructed from
polyethylene tubing (PE5) and were fixed with dental cement (Duracryl) to the
vertebral bones. The other end of each catheter was fixed to PE10 tubing and
externalized on the back of the animal. The position of the catheters was verified by
a dye injection at the end of each experiment. In another set of experiments,
intrathecal injections were performed by direct lumbar puncture between the L4
and L5 vertebrae. Rats were injected with saline, CCL2 (1 mg) and/or SB366791
(0.5 mg) in a volume of 30 ml under short isoflurane anesthesia (Forane, Abbot).
2.2. Spinal cord slice preparation

Acute spinal cord slices were prepared from male Wistar rats w P21, as previ-
ously described (Spicarova et al., 2011; Spicarova and Palecek, 2010a). After anes-
thesia with ketamine (150 mg/kg, i.p.) and xylazine (16 mg/kg, i.p.), the lumbar
spinal cord was removed and immersed in oxygenated ice-cold dissection solution
containing (in mM): 95 NaCl, 1.8 KCl, 7 MgSO4, 0.5 CaCl2, 1.2 KH2PO4, 26 NaHCO3, 25
D-glucose, 50 sucrose. The spinal cord was fixed to a vibratome stage (Leica, VT
1000S, Germany) in a groove between two agar blocks using cyanoacrylate glue.
Acute transverse slices 300 mm thick were cut from the lumbar segments L3-L5,
incubated in the dissection solution for 30 min at 33 �C and then stored in recording
solution at room temperature and allowed to recover for 1 h before the electro-
physiological experiments. The recording solution contained (in mM): 127 NaCl, 1.8
KCl, 1.2 KH2PO4, 2.4 CaCl2, 1.3 MgSO4, 26 NaHCO3, 25 D-glucose. Electrophysiological
measurements were made from slices transferred into a recording chamber that was
perfused continuously with recording solution at a rate of w2 ml/min. All extra-
cellular solutions were saturated with carbogen (95% O2, 5% CO2) during the whole
process.

Spinal cord slices used for pERK immunohistochemical analysis were cut
200 mm thick. After 1 h for recovery in the recording solution at room temperature,
some slices were incubated with CCL2 (10 nM) for 10 min. Other slices were incu-
bated with SB366791 (10 mM) for 5min, then CCL2 (10 nM,10 min) was added to the
incubation chamber. A control group of slices did not receive any further treatment.
2.3. Electrophysiological recordings

Patch-clamp recordings were made from individual DH neurons visualized us-
ing a differential interference contrast (DIC) microscope (Leica, DM LFSA, Germany)
equippedwith an infrared-sensitive camera (IR camera Hitachi KP-200P, Japan) with
a standard TV/video monitor. Patch pipettes were pulled from borosilicate glass
tubing with resistances of 3.5e6.0 MU when filled with intracellular solution. The
intracellular pipette solution contained (in mM): 125 gluconic acid lactone, 15 CsCl,
10 EGTA, 10 HEPES, 1 CaCl2, 2 MgATP, 0.5 NaGTP and was adjusted to pH 7.2 with
CsOH. Voltage-clamp recordings in the whole-cell configuration were performed
with an Axopatch 200B amplifier and 1440A digitizer (Molecular Devices, USA) at
room temperature (w23 �C). Whole-cell responses were low-pass filtered at 2 kHz
and digitally sampled at 10 kHz. The series resistance of neurons was routinely
compensated by 80% and was monitored during the whole experiment. AMPA
receptor-mediated spontaneous, miniature and evoked EPSCs were recorded from
superficial DH neurons in laminae I and II, clamped at �70 mV in the presence of
10 mM bicuculline and 5 mM strychnine. Miniature EPSCs were distinguished by the
addition of 0.5 mM tetrodotoxin (TTX) to the recording solution. To evoke EPSCs, a
dorsal root was stimulated with a suction electrode using a constant current isolated
stimulator (Digitimer, DS3, England). Test pulses of 0.5 ms duration and an intensity
ranging between 20 and 350 mA were applied at a frequency of 0.033 Hz. The in-
tensity of the stimulation was adjusted to evoke stable EPSCs. The software package
pCLAMP version 10 (Molecular Devices, USA) was used for data acquisition and
subsequent off-line analysis. Neurons with capsaicin-sensitive primary afferent
input were identified by an increase of EPSC frequency (>20%) following capsaicin
(0.2 mM) administration at the end of the experimental protocol.

Data segments of 2 min duration were analyzed for each experimental condi-
tion. Only EPSCs with an amplitude of 5 pA or greater (which corresponded to at
least double the recording noise level) were included in the frequency analysis. In
the case of amplitude analysis, the same events and data segments were used. Data
are expressed as means� SEM. Some of the datawere normalized as a percentage of
the control values (100%). One-way ANOVA followed by a post hoc test (Studente
NewmaneKeuls Method) were used for statistical comparisons, and P < 0.05 was
considered to be statistically significant.
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All basic chemicals used for the preparation of the dissection, recording and
intracellular solutions were of analytical grade and purchased from Sigma-Aldrich
(Prague, Czech Republic). Tetrodotoxin citrate was purchased from Tocris Biosci-
ence (Bristol, UK). A stock solution of CCL2 (R&Dsystems, Minneapolis, MN) was
prepared using 0.1% BSA (Sigma-Aldrich); capsaicin and SB366791 (Tocris Biosci-
ence) were dissolved in dimethylsulfoxide (DMSO, Sigma-Aldrich), which had a
concentration < 0.1% in the final solution. The concentration of the CCL2 solution
applied in our experiments was defined according to the effective concentration
used previously by Gao et al. (2009). Concentration of the TRPV1 receptors antag-
onist SB366791 was set based on our and other published data (Ferrini et al., 2007;
Gunthorpe et al., 2004; Spicarova and Palecek, 2009).

2.4. Immunohistochemical analysis

Lumbar spinal cord slices (200 mm thick) were fixed with 4% paraformaldehyde
in 0.1 M phosphate buffer for 1 h. Immunostaining for pERK1/2 was performed by
the streptavidinebiotineperoxidase complex method. First, the slices were washed
with a solution of 0.1 M phosphate-buffered-saline (PBS) three times for 10 min and
then incubated in a blocking solution of 3% normal donkey serum (NDS) for 30 min
at room temperature, followed by overnight incubation at 4 �C in primary antibody
solution (rabbit, dilution 1:500, Cell Signaling Technology). After incubation, the
tissue sections were washed in 1% NDS three times for 10 min and incubated for 2 h
at room temperature in biotinylated secondary antibody solution (a 1:400 dilution
of biotin-SP-conjugated donkey anti-mouse IgG; Jackson ImmunoResearch Labora-
tories, Inc., USA). Then the sections were washed in PB twice for 10 min and incu-
bated in peroxidase-conjugated streptavidin (dilution 1:600, Jackson
ImmunoResearch) for 2 h at room temperature. The reaction product was visualized
with 0.01% hydrogen peroxide and 0.05% diaminobenzidine as the chromogen. After
rinsing in 0.1M PB for 10min, the sectionsweremounted onto gelatinized slides and
coverslipped. The spinal cord sectionwas photographedwith an Olympus BX-80 and
5Mpix Digital camera in one image. Two symmetrical areas on each side in the
superficial dorsal horn (laminae I-II) were selected for analysis by an experimenter
blinded to the treatment group. The numbers of pERK positive cells from the left and
Fig. 1. Thermal hyperalgesia induced by the chemokine CCL2 was diminished by TRPV1 re
plantation for drug delivery decreased the PWL to thermal stimuli (n ¼ 9), which was preve
(n ¼ 7). SB366791 was administered 15 min before CCL2. (B) I.t. CCL2 (1.4 mg) application us
(0.43 mg) pretreatment 15 min before CCL2 (1.4 mg) application did not affect the PWT change
thermal hyperalgesia (n ¼ 7), which was prevented by the co-injection of SB366791 (0.5
persensitivity (n ¼ 7). The i.t. co-injection of SB366791 (0.5 mg) þ CCL2 (1 mg) diminished
prevent the induction of mechanical allodynia at other time points (n ¼ 7). Saline administ
significantly change the control PWL and PWT values. Two way ANOVAwith the Bonferroni
saline administration; #P < 0.05, ##P < 0.01, ###P < 0.001 versus SB366791 þ CCL2 admin
right superficial DH in three spinal cord sections were averaged, then the results
from the individual animals were averaged. All data were expressed as mean � SEM
and one-way ANOVA followed by a post hoc test (StudenteNewmaneKeuls Method)
was used for statistical comparisons.
3. Results

3.1. TRPV1 receptor antagonist diminished the hypersensitivity
induced by the chemokine CCL2

In the behavioral experiments, the effect of intrathecal TRPV1
receptor antagonist application on CCL2-induced hyperalgesia was
tested. The responsiveness to thermal (PWL) and to tactile stimuli
(PWT) was assessed after the intrathecal application of CCL2
(1.4 mg) using an implanted lumbosacral catheter. Intrathecal saline
application had no effect on either the thermal or the mechanical
sensitivity (Fig. 1A and B). A significant decrease of both the PWL
and PWT was induced 1 h after CCL2 i.t. application (Fig. 1A and B)
compared to saline treatment. These data suggest the presence of
thermal and mechanical hypersensitivity induced by the intra-
thecal application of CCL2.

In the next group of experiments the TRPV1 receptor antagonist
SB366791 (0.43 mg) was applied intrathecally 15 min before CCL2
(1.4 mg) application. SB366791 pretreatment virtually abolished the
decrease in the PWL seenwhen only CCL2was applied (Fig.1A), and
the PWL did not differ from that observed following saline treat-
ment. In contrast, the CCL2-induced decrease of the PWT was not
ceptor antagonist. (A) The intrathecal application of CCL2 (1.4 mg) using catheter im-
nted by pretreatment with the specific TRPV1 receptor antagonist SB366791 (0.43 mg)
ing a lumbosacral catheter decreased the PWT to mechanical stimuli (n ¼ 9). SB366791
induced by CCL2 (n ¼ 7). (C) A single acute intrathecal injection of CCL2 (1 mg) induced

mg) þ CCL2 (1 mg, n ¼ 7). (D) An i.t. injection of CCL2 (1 mg) induced mechanical hy-
the pronociceptive CCL2-induced effect at 1 h after the co-injection, while it did not
ration using an i.t. catheter (n ¼ 6; A, B) or using an i.t. injection (n ¼ 7; C, D) did not
post hoc test was used for statistical analyses; *P < 0.05, **P < 0.01, ***P < 0.001 versus
istration.
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changed by SB366791 i.t. pretreatment (Fig. 1B), and the SB366791-
treated group showed a similar significant PWT decrease at 1 h
after CCL2 treatment.

Our experiments using i.t. catheters showed CCL2-induced
hyperalgesia only at one time point. Previous studies indicated
the induction of prolonged hypersensitivity lasting up to several
days after a single CCL2 intrathecal or intraspinal injection
(Dansereau et al., 2008; Thacker et al., 2009). Moreover, the cath-
eter implantation may induce inflammation, which could be
associated with changes at spinal cord level. To further prove the
efficacy of the TRPV1 receptor antagonist SB366791 in reversing
the thermal hyperalgesia induced by CCL2 application, we exam-
ined the PWL and PWT at more time points, using a single intra-
thecal injection of drugs. An i.t. injection of saline did not induce
any change in the PWL or PWT compared to the pretreatment
values (Fig. 1C and D), while an i.t. injection of CCL2 (1 mg) signif-
icantly decreased the thresholds for both thermal and mechanical
stimulation from 1 h to 3 h after the injection, compared to saline
application (Fig. 1C and D). The maximal pronociceptive effect of
CCL2 was plateau-shaped between 1 h and 2 h, subsided at 3 h and
returned close to the values obtained in the saline-treated group at
5 h and 24 h post injection.

In other experiments, the TRPV1 receptor antagonist SB366791
(0.5 mg) was injected intrathecally with the chemokine CCL2 (1 mg).
The combined i.t. injection of SB366791 with CCL2 virtually abol-
ished the decrease in the threshold for thermal stimuli (Fig. 1C).
Moreover, the threshold for the PWL was slightly increased
(without statistical significance) after SB366791þ CCL2 injection at
1 h, 2 h, 5 h and 24 h compared to saline administration. There was
Fig. 2. The CCL2-induced increase of the sEPSC frequency was blocked by TRPV1 receptor an
frequency of sEPSCs recorded from a superficial DH neuron. (B) The application of the TRPV
prevented the frequency increase during SB366791 (10 mM)/CCL2 (10 nM) co-application.
prevented the CCL2-induced sEPSC frequency increase (n ¼ 19). One way ANOVA followed
control values; ##P ¼ 0.01, ###P < 0.001 versus CCL2.
a significant difference between the SB366791 þ CCL2-treated and
the CCL2-treated groups in the PWL. The i.t. injection of SB366791
with CCL2 diminished the mechanical hypersensitivity at 1 h after
the injection compared to treatment with CCL2 alone, but this
decrease of the PWT was significantly different from the PWT
measured in the group receiving a saline injection (Fig. 1D).
SB366791/CCL2 co-injection thus did not significantly attenuate the
increased mechanical sensitivity seen after CCL2-only treatment.
Our results indicate an important role of spinal TRPV1 receptor
activation in the mechanisms of thermal hypersensitivity induced
by the intrathecal administration of the chemokine CCL2.
3.2. TRPV1 receptor antagonist prevented the CCL2-induced
increase of the sEPSC frequency

To investigate the mechanism of the CCL2-induced hypersen-
sitivity in more detail, the sEPSC activity in spinal cord superficial
DH neurons was recorded in two groups of neurons. In the first one,
only CCL2 was applied, while in the second one pretreatment with
the specific TRPV1 receptor antagonist SB366791 was used before
CCL2 application. CCL2 (10 nM) application increased the average
sEPSC frequency to 124.5 � 12.8% (n ¼ 19, P < 0.05) relative to the
control value before treatment (100%, Fig. 2A and C). The changes in
sEPSC frequency induced by CCL2 were not homogenous across the
tested population of neurons; 11 of the 19 neurons showed an in-
crease of the sEPSC frequency (>10%, 154.5 � 16.4%, P < 0.01), 3
neurons showed a decrease (>10%, 63.2 � 11.5%, P > 0.05) whereas
in 5 neurons the frequency did not change (95.5 � 0.7%).
tagonist. (A) The application of CCL2 (10 nM) on an acute spinal cord slice increased the
1 receptor antagonist SB366791 (10 mM) did not change the basal sEPSC frequency, but
(C) SB366791 pretreatment with subsequent SB366791/CCL2 co-application (n ¼ 19)
by the StudenteNewmaneKeuls test was used for statistical analyses; *P < 0.05 versus
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In the second group of neurons, pretreatment with SB366791
(10 mM, 6 min) did not change the average sEPSC frequency
(89.0 � 7.9%, n ¼ 19, P > 0.05, Fig. 2B and C). Across the recorded
population, SB366791 application decreased the sEPSC frequency
in 11 of these 19 recorded neurons (65.1 � 4.8%, P < 0.001),
increased the sEPSC frequency in 4 neurons (139.8 � 10.7%,
P < 0.001) and in 4 DH neurons it did not change the frequency
(104.0 � 3.3%).

Following SB366791 pretreatment, the co-application of
SB366791 (10 mM) with CCL2 (10 nM) did not change the average
sEPSC frequency (89.4 � 6.0%) compared to the SB366791 pre-
treatment values (100%). Whereas 3 of 19 neurons showed an
increase in the frequency (137.2 � 9.1%, P < 0.001), 10 neurons
showed a decrease (70.4 � 2.8%, P < 0.001) and 6 neurons
remained unchanged (97.2 � 3.2%). To show more clearly the
effect of SB366791 application alone and the subsequent co-
application of SB366791/CCL2, the mean values of all treat-
ments were expressed compared to the control values (Fig. 2B
and C). Our results demonstrate that the CCL2-induced increase
in the sEPSC frequency was prevented by the TRPV1 receptor
antagonist.

The mean amplitude of the control sEPSCs was 21.4�1.7 pA and
did not change significantly during CCL2 application (20.4�1.4 pA)
in the first group of neurons. Similarly, in the second group of
neurons, the control sEPSC amplitudewas 20.6� 3.3 pA and did not
change significantly (P > 0.05) during SB366791 or SB366791/CCL2
application (17.5 � 1.3 pA or 19.1 � 2.7 pA, respectively).
Fig. 3. The CCL2-induced increase of the mEPSC frequency was prevented by TRPV1 recepto
the mEPSC frequency recorded in a superficial DH neuron. (B) The application of SB3667
SB366791 (10 mM)/CCL2 (10 nM) co-application. (C) SB366791 pretreatment with subsequen
frequency (n ¼ 10). One way ANOVA followed by the StudenteNewmaneKeuls test was us
3.3. TRPV1 receptor antagonist blocked the CCL2-induced increase
of the mEPSC frequency

Miniature EPSCs were recorded in the superficial DH neurons in
the presence of tetrodotoxin (TTX, 0.5 mM). The acute application of
CCL2 (10 nM) increased the average frequency of mEPSCs to
161.2 � 17.3% (n ¼ 10, P < 0.01) compared to the control value
before the treatment (100%, Fig. 3A and C).

In another group of neurons, SB366791 pretreatment (10 mM,
6 min) did not change the average frequency of the recorded
mEPSCs (n ¼ 12, 107.5 � 14.2%, Fig. 3B and C). Importantly,
following the co-application of SB366791 (10 mM) with CCL2
(10 nM), the average frequency of the mEPSCs (107.0 � 19.3%) did
not change compared to the SB366791 pretreatment values. To
show more clearly the effect of SB366791 application and the
subsequent SB366791/CCL2 co-application, the mean values of all
the treatments were expressed compared to the control values
(Fig. 3B and C). These results suggest that, similar to the experi-
ments studying the sEPSCs (recorded without the presence of TTX
in the bath solution), the CCL2-induced increase of the mEPSC
frequency was dependent on TRPV1 receptor activation.

The mean amplitude of the control mEPSCs was 14.5 � 0.9 pA,
and this value did not change significantly during CCL2 application
(14.2� 1.0 pA) in the first group of neurons. Similarly, in the second
group of neurons, the control mEPSC amplitude was 19.2 � 2.2 pA
and did not change significantly during SB366791 and SB366791/
CCL2 application (16.9 � 2.0 pA or 16.4 � 2.2 pA, respectively).
r antagonist. (A) The application of CCL2 (10 nM) on an acute spinal cord slice increased
91 (10 mM) did not change the mEPSC frequency, but prevented its increase during
t SB366791/CCL2 co-application (n ¼ 12) blocked the CCL2-induced increase of mEPSC
ed for statistical analyses; **P < 0.01 versus control values; #P < 0.05 versus CCL2.
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3.4. TRPV1 receptors regulated the CCL2-induced changes of EPSCs
evoked by dorsal root stimulation

In additional experiments, the effect of CCL2 application on the
synaptic transmission between the primary afferent fibers and the
superficial DH neurons in the spinal cord was studied while using
electrical stimulation of the dorsal root in acute spinal cord slices.
The application of CCL2 (10 nM) increased the average amplitude of
the eEPSCs to 188.1 � 32.1% (n ¼ 18, P < 0.05), when compared to
the control values before treatment (100%, Fig. 4A and C). The
changes in the eEPSC amplitude induced by CCL2 application were
not homogenous across the tested population of neurons; 11 of the
18 neurons showed an increase of the eEPSC amplitude to
246.6 � 44.4% of the control value (P < 0.05), when an increase
above 10% was considered as the dividing criterion. One neuron
showed a decrease to 71.2%, and the eEPSC amplitude did not
change in 6 neurons (100.4 � 2.2%).

In another group of neurons SB366791 pretreatment (10 mM,
6 min) was tested; such pretreatment did not significantly change
the average amplitude of the recorded eEPSCs (128.1 � 17.4%,
n¼ 12, P> 0.05 Fig. 4B and C). In this group of neurons, the effect of
Fig. 4. The CCL2-induced increase of the eEPSC amplitude was diminished by
SB366791. (A) The application of CCL2 (10 nM) on a spinal cord slice increased the
amplitude of the eEPSCs recorded from a superficial DH neuron. (B) The application of
the TRPV1 receptor antagonist SB366791 (10 mM) did not change the eEPSC amplitude
and prevented its increase following SB366791 (10 mM)/CCL2 (10 nM) co-application.
(C) SB366791 pretreatment with subsequent SB366791/CCL2 co-application (n ¼ 12)
diminished the CCL2-induced increase of eEPSC amplitude (n ¼ 18). One way ANOVA
followed by the StudenteNewmaneKeuls test was used for statistical analyses;
**P < 0.01.
the co-application of SB366791 (10 mM) with CCL2 (10 nM) was
tested as the next step in the experimental protocol (Fig. 4B). The
average amplitude of the eEPSCs (120.8 � 17.2%, P > 0.05) did not
change after SB366791 þ CCL2 application compared to the
SB366791 pretreatment values. Out of this population, 5 of the 12
neurons showed an increase (>10%) of 168.4 � 30.8%, P > 0.05), 4
neurons showed a decrease (79.5� 4.0%, P> 0.05) and in 3 neurons
the eEPSC amplitude did not change (96.6 � 5.0%). To demonstrate
more clearly the effect of SB366791 application and the subsequent
SB366791/CCL2 co-application, the mean values of all the treat-
ments were expressed compared to the control values (Fig. 4C).
These results indicate that the CCL2-induced increase of the eEPSC
amplitude was partially mediated by TRPV1 receptor activation.

3.5. The recorded DH neurons had a capsaicin-sensitive afferent
input

Spontaneous, mEPSCs and eEPSCs were recorded in a total of 90
superficial dorsal horn neurons. The capsaicin-sensitive afferent
input was tested at the end of the experimental protocol by the
application of the potent TRPV1 receptor agonist capsaicin (0.2 mM).
The activation of presynaptic TRPV1 receptors by capsaicin was
previously shown to increase the EPSC frequency (Baccei et al.,
2003; Spicarova et al., 2011). In experiments with sEPSC re-
cordings, 37 of 38 neurons responded to the capsaicin application,
in the mEPSC experiments all of the 22 neurons and in the eEPSC
recordings 26 of the 30 neurons responded. Altogether 85 neurons
out of the 90 recorded have responded to capsaicin. These results
show that the vast majority of the recorded neurons responded by
an increase of the EPSC frequency to the capsaicin treatment,
suggesting their involvement in the nociceptive pathway and the
presence of TRPV1 receptors on their presynaptic contacts (mEPSC)
and/or afferent input (sEPSC, eEPSC).

3.6. The CCL2-induced activation of ERK was diminished by TRPV1
receptor antagonist

To investigate whether the activation of extracellular signal-
regulated kinase (ERK) by the chemokine CCL2 is regulated by
spinal TRPV1 receptors, we incubated acute spinal cord slices with
CCL2 or SB366791þ CCL2 in the same concentrations as we used in
the patch-clamp recordings. The first group of slices was incubated
with CCL2 (10 nM) for 10 min, while the second was preincubated
with the TRPV1 receptor antagonist SB366791 alone (10 mM, 5min)
before the addition of CCL2 (10 nM, 10 min). Control slices were
incubated without any drug addition (Fig. 5A). CCL2 induced an
increase in the number of pERK-positive cells labeled in the su-
perficial spinal cord dorsal horn to 139 � 8% when compared to the
control slices (n ¼ 5, P < 0.01; Fig. 5B), while SB366791/CCL2
treatment did not significantly increase the number of pERK-
positive cells 114 � 7% (n ¼ 5, P > 0.05; Fig. 5C). There was a sig-
nificant difference between the treatment with CCL2 alone and the
SB366791/CCL2 treatment (P < 0.05; Fig. 5D). Our immunohisto-
chemical analysis indicates that the increased pERK labeling
induced by CCL2 was diminished by TRPV1 receptor antagonist
treatment in the superficial spinal cord dorsal horn.

4. Discussion

The contributions of the chemokine CCL2, its receptor CCR2 and
TRPV1 receptors to nociceptive processing in the periphery are well
documented, but their possible cooperation at the spinal cord level
had not been studied. Our work focused on the CCL2-induced
modulation of synaptic transmission in the superficial spinal cord
DH and the role of the TRPV1 receptors in this process. The



Fig. 5. Increase in number of pERK labeled cells in superficial dorsal horn after CCL2
incubation was diminished by SB366791 pretreatment. (A) Basal pERK labeling in the
control spinal cord slice (200 mm thick). (B) Spinal cord slice incubation with CCL2
(10 nM) for 10 min increased the number of pERK-positive cells. (C) Preincubation of
the slice with SB366791 (10 mM) for 5 min before adding CCL2 (10 nM, 10 min)
decreased the CCL2-induced pERK labeling. (D) Summarized results show significant
increase of pERK positive cells after CCL2 treatment (**P < 0.01). This increase was
prevented with preincubation of the slices with TRPV1 antagonist SB366791 (#P < 0.05
versus CCL2). One way ANOVA followed by the StudenteNewmaneKeuls test was used
for statistical analyses.
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behavioral experiments showed that the intrathecal application of
CCL2 induced thermal hyperalgesia and mechanical allodynia in
the rats, which is in agreement with earlier findings (Dansereau
et al., 2008; Gao et al., 2009; Tanaka et al., 2004; Thacker et al.,
2009). While some authors have demonstrated a long-lasting ef-
fect of CCL2 application on mechanical sensitivity (Dansereau et al.,
2008; Thacker et al., 2009), in our experiments we observed
changes in thermal and mechanical sensitivity lasting only several
hours. The difference in the course of the CCL2-inducedmechanical
hypersensitivity could be explained by the different animal strains
or drug concentrations used. Thacker et al. (2009) did not observe
the development of thermal hyperalgesia after intraspinal CCL2
microinjection when measured 1d after the treatment. The time of
the first measurement could explain the absence of thermal
hyperalgesia in the described experiments. It was also reported that
CCL2-induced thermal hypersensitivity lasted only several hours
and was reversed 24 h after an i.t. injection (Dansereau et al., 2008;
Gao et al., 2009), which is consistent with our results. In our ex-
periments, intrathecal pretreatment with a specific TRPV1 receptor
antagonist (SB366791) blocked the induction of thermal hyper-
sensitivity by the subsequent CCL2 intrathecal application, while
mechanical hypersensitivity was not changed. Immunohisto-
chemical analysis revealed that CCL2 increased the number of
pERK-positive cells in the superficial spinal cord DH, and this in-
crease was reduced by the inhibition of the TRPV1 receptors.

Our patch-clamp recordings showed an increase of the sEPSC
and mEPSC frequencies in the superficial DH neurons in spinal cord
slices after acute CCL2 bath application. We found that a CCL2-
induced increase of the sEPSC frequency was present in 58% of
the recorded DH neurons, which is consistent with previous find-
ings (Gao et al., 2009). However, an increase in the mEPSC fre-
quency after CCL2 application was detected in all of the recorded
neurons in our experiments. The amplitude of the eEPSCs evoked
by electrical stimulation of the dorsal root attached to a spinal cord
slice was increased in 61% of the recorded neurons. Based on these
results, it seems that the most robust effect induced by CCL2 was on
the mEPSC frequency, when TTX present in the solution prevented
any further activation of spinal cord neurons and circuits due to
action potential transmission and thus the effect of the CCL2
application had to be mediated by presynaptic endings on the
recorded neuron. This would suggest that CCL2-activated CCR2
receptors are present on the presynaptic endings of the central
branches of DRG neurons (Jung et al., 2008; White et al., 2005).
Neurons in the superficial dorsal horn receive the majority of their
synaptic input from nociceptive DRG neurons (Todd, 2010), which
were shown to up-regulate CCR2 receptor expression under path-
ological conditions (Jung et al., 2008). During our recordings of
sEPSCs and eEPSCs, the activation of other spinal circuits could
affect the observed results and thus diminish the effect of the CCL2-
induced changes. When eEPSCs were recorded, most likely both
myelinated and unmyelinated primary afferent fibers in the dorsal
root were activated. The direct effect of CCL2 on the myelinated
fibers was most likely limited as only a minority of the large
diameter DRG neurons show CCR2 receptor expression (Jung et al.,
2008;White et al., 2005). While this could be one of the reasons for
the limited effect observed after CCL2 application in these experi-
ments, the effect on the nociceptive primary afferents could still
mediate behavioral changes. The CCL2-induced effect was not ho-
mogenous in all of the recorded neurons. Most of the neurons
showed an increase of the frequency, while some of the neurons
showed no or an inhibitory effect during CCL2 bath application. We
assume that our recordings were made in a large population of
superficial DH (laminae IeII) neurons, which had mostly presyn-
aptic contacts with TRPV1/CCR2 receptors co-expressing primary
afferents. Neuronswithout a response to the CCL2 application could
belong to a subpopulation of DH neurons with presynaptic contacts
expressing only TRPV1 receptors (as tested by capsaicin applica-
tion). An inhibitory effect after CCL2 application was observed only
in a few sEPSC or eEPSC recordings, where the activation of spinal
circuits could affect the final result.

In contrast to previous findings (Gao et al., 2009), we did not see
any change in the amplitude of mEPSCs or sEPSCs after acute CCL2
application, suggesting that the changes were mediated predomi-
nantly by presynaptic mechanisms. The involvement of presynaptic
mechanisms after CCL2 enhancement of synaptic transmission was
also reported in experiments using hippocampal slices (Zhou et al.,
2011). Gao et al. (2009) detected increased sEPSC amplitude in 5 of
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7 recorded DH neurons in slices prepared from naïve mice. This
sEPSC amplitude increase was only small, but the finding was
supported by other experiments in which AMPA and NMDA
application induced increased currents in DH neurons after CCL2
application, suggesting a direct postsynaptic effect of CCL2. The
difference between our results and those of Gao could be caused by
a number of factors, including differences in the recording tem-
perature, the presence of inhibitory antagonists in the solution, the
recording of AMPA-mediated currents in our experiments and the
different animal species used.

It was demonstrated previously that CCL2-induced hypersensi-
tivity after intrathecal injection is mediated by CCR2 receptors
(Dansereau et al., 2008). However, the existing evidence suggests a
possible complex action of CCL2 in the spinal cord DH, especially
under pathological conditions. CCL2 may be released from primary
afferent fibers (Jung et al., 2008; Van Steenwinckel et al., 2011), and
its expression is induced within minutes in spinal astrocytes (Gao
et al., 2009), while CCR2 receptors are localized predominantly in
small and medium size DRG neurons (Jung et al., 2008;White et al.,
2005), superficial and deep DH neurons (Gao et al., 2009; Gosselin
et al., 2005), astrocytes (Knerlich-Lukoschus et al., 2008) and pre-
sumably microglia (Abbadie et al., 2003; Old and Malcangio, 2012).
An intrathecal injection of CCL2 activated spinal microglia in wild-
type, but not in CCR2 knock-out mice (Thacker et al., 2009; Zhang
et al., 2007). CCL2 application was also shown to induce the inhi-
bition of voltage-dependent Kþ channels on DRG neurons (Sun
et al., 2006) and to stimulate CGRP release from DRG neurons
that was dependent on calcium influx via N-type voltage-activated
Ca2þ channels, calcium release from ryanodine-sensitive calcium
stores and PLC and PKC activation (Qin et al., 2005). In our exper-
iments, most likely CCR2 receptors on the presynaptic endings
were activated after CCL2 application, leading to an increased
release of glutamate from the synaptic terminals that was depen-
dent on TRPV1 receptor activation.

Pretreatment with a specific TRPV1 receptor antagonist
(SB366791) virtually prevented increased thermal sensitivity after
CCL2 application in the behavioral experiments, decreased the
CCL2-induced increase in the number of pERK-positive cells and
reduced the effect of CCL2 on the mEPSC, sEPSC and eEPSC currents
recorded in superficial dorsal horn neurons. However, the TRPV1
receptor antagonist failed to prevent the mechanical allodynia
induced by CCL2 application, indicating that the activation of
TRPV1 receptors at the central endings of the primary nociceptive
neurons was not needed for the development of mechanical hy-
persensitivity. These results suggest that TRPV1 receptors
expressing primary afferent endings play only a minor role in the
mechanism of mechanical allodynia present after i.t. CCL2 admin-
istration. This correlates with previous findings that the ablation of
the spinal cord central terminals of a subpopulation of TRPV1þ
peptidergic DRG neurons produced a near-complete loss of
responsiveness to noxious heat, whereas the ablation of unmy-
elinated sensory neurons expressing the G protein-coupled re-
ceptor MrgprDþ, which represents approximately 90% of the
cutaneous nonpeptidergic nociceptors, produced a selective
reduction of mechanical sensitivity (Cavanaugh et al., 2009).

The activation of ERK in the superficial spinal cord dorsal horn
by noxious stimulation contributes to pain hypersensitivity (Ji et al.,
1999). In agreement with a previous demonstration (Gao et al.,
2009), we observed pERK activation in the superficial DH induced
by the incubation of slices with CCL2. The reduction of the evoked
pERK activation by TRPV1 receptor inhibition corresponds to the
antihyperalgesic effect of the TRPV1 receptor antagonist in our
behavioral experiments.

In our patch clamp recordings, the most robust effect of TRPV1
antagonist application was on the mEPSCs. During mEPSC
recordings, only the activation of direct presynaptic endings plays a
role in the mEPSC frequency. The superficial dorsal horn neurons
receive a majority of synaptic contacts from nociceptive primary
afferents that also express TRPV1 receptors (Guo et al., 1999; Todd,
2010). Their inactivation by the TRPV1 antagonist would be thus
crucial if they mediate glutamate release after CCL2 application.

Cooperation between TRPV1 receptors and CCL2-activated CCR2
receptors was demonstrated previously in DRG neuronal cultures
(Jung et al., 2008; Kao et al., 2012). Ca2þ imaging experiments in
DRG neurons over-expressing CCR2 receptors revealed the activa-
tion of CCR2 receptors by CCL2 application and increased responses
to capsaicin mediated by TRPV1 receptors (Jung et al., 2008). CCL2-
induced TRPV1 receptor sensitization was dependent on PKC and
PLC activation, as was shown in HEK293 cells co-expressing CCR2
and TRPV1 receptors (Jung et al., 2008). CCL2 also induced nonse-
lective cationic conductance in DRG neurons (Sun et al., 2006) that
could be mediated by the nonselective cation channel of activated
TRPV1 receptors (Oh et al., 1996). Furthermore, CCL2 increased
TRPV1 receptor function and enhanced the nociceptive trans-
mission of small-diameter DRG neurons by up-regulating TRPV1
mRNA expression due to the PI3K/Akt pathway, but not ERK
pathway activation (Kao et al., 2012). CCL2 (5 nM) pretreatment for
24e36 h increased the mRNA level of CCR2 receptors 3-fold and
induced an increase of capsaicin-evoked currents in DRG neurons
isolated from naïve animals. A specific antagonist of CCR2 receptors
blocked this CCL2-induced increase of capsaicin-evoked currents
(Kao et al., 2012). We believe that the phosphorylation of TRPV1
receptors by PKC or the activation of PLC could have an important
role in the acute effects seen within minutes after CCL2 application
in our experiments. Changes on the transcriptional level are less
likely to be involved, as they require a longer time frame and also
the bodies of DRG neurons were not present in our slice prepara-
tion. The fast effect of CCL2 application on the TRPV1 receptors
expressing primary afferent fibers could be mediated by the acti-
vation of the G protein-coupled receptor CCR2, which in turn ac-
tivates PLC to hydrolyse phosphatidylinositol 4,5-biphosphate
(PIP2). TRPV1 receptors are tonicaly blocked by PIP2 and thus could
become active following its hydrolysis (Chuang et al., 2001). To the
TRPV1 receptor sensitization/activation by CCL2 can also contribute
phosphorylation by PKC, which increases the TRPV1 channel open
probability (Huang et al., 2006; Jung et al., 2008). Sensitized TRPV1
receptors, for instance by PKC phosphorylation, could be activated
by endogenous agonists in the spinal cord (Spicarova and Palecek,
2009). The activation of TRPV1 receptors can lead to increased
basal glutamate release (Baccei et al., 2003; Nakatsuka et al., 2002;
Ueda et al., 1993), measured in our previous experiments as an
increase in spontaneous or miniature EPSC frequency (Spicarova
et al., 2011; Spicarova and Palecek, 2009, 2010b). Our results indi-
cate that the acute application of CCL2 leads to an increase of basal
and evoked glutamate release from the central endings of noci-
ceptive primary afferent fibers and that this fast effect of CCL2 in
the spinal cord is partially mediated by TRPV1 receptor activation.

While in the patch clamp experiments with a short and acute
CCL2 application the effect seems to be mediated preferentially by
CCR2 receptors on the presynaptic nerve endings, especially in the
behavioral experiments we cannot exclude other possible mecha-
nisms. Here the CCL2 was applied intrathecally, and the effect was
present for several hours (PWL and PWT) after the application. In
this case CCR2 receptors in DH neurons (Gao et al., 2009; Gosselin
et al., 2005), astrocytes (Knerlich-Lukoschus et al., 2008) and
microglia (Abbadie et al., 2003) could play a role. CCL2 application
leads to the activation of spinal microglia within hours (Thacker
et al., 2009; Zhang et al., 2007) and the very rapid (<5min) acti-
vation of ERK by phosphorylation in superficial DH neurons (Gao
et al., 2009). The activation of CCR2 receptors on astrocytes also
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results in ERK phosphorylation, leading to the synthesis and release
of pro-nociceptive mediators including IL-1b and the further
release of CCL2 (Old and Malcangio, 2012). Besides the activation of
ERK by CCL2/CCR2 signaling, CCL2 enhanced the inward currents
(within minutes) elicited by both AMPA and Nmethyl-D-aspartic
acid (NMDA, (Gao et al., 2009) and inhibited GABA currents
(Gosselin et al., 2005). These changes would cause the increased
excitation of DH neurons.

The mechanisms by which CCL2 modulates the transmission of
nociceptive signaling at the spinal cord level needs to be further
investigated. However, our experiments suggest that spinal TRPV1
receptors may play an important role in this process that may
underlie some of the neuropathic pain syndromes in patients.
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The Cancer Chemotherapeutic Paclitaxel Increases Human
and Rodent Sensory Neuron Responses to TRPV1 by
Activation of TLR4
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Peripheral neuropathy is dose limiting in paclitaxel cancer chemotherapy and can result in both acute pain during treatment and chronic
persistent pain in cancer survivors. The hypothesis tested was that paclitaxel produces these adverse effects at least in part by sensitizing
transient receptor potential vanilloid subtype 1 (TRPV1) through Toll-like receptor 4 (TLR4) signaling. The data show that paclitaxel-
induced behavioral hypersensitivity is prevented and reversed by spinal administration of a TRPV1 antagonist. The number of TRPV1 �

neurons is increased in the dorsal root ganglia (DRG) in paclitaxel-treated rats and is colocalized with TLR4 in rat and human DRG
neurons. Cotreatment of rats with lipopolysaccharide from the photosynthetic bacterium Rhodobacter sphaeroides (LPS-RS), a TLR4
inhibitor, prevents the increase in numbers of TRPV1 � neurons by paclitaxel treatment. Perfusion of paclitaxel or the archetypal TLR4
agonist LPS activated both rat DRG and spinal neurons directly and produced acute sensitization of TRPV1 in both groups of cells via a
TLR4-mediated mechanism. Paclitaxel and LPS sensitize TRPV1 in HEK293 cells stably expressing human TLR4 and transiently express-
ing human TRPV1. These physiological effects also are prevented by LPS-RS. Finally, paclitaxel activates and sensitizes TRPV1 responses
directly in dissociated human DRG neurons. In summary, TLR4 was activated by paclitaxel and led to sensitization of TRPV1. This
mechanism could contribute to paclitaxel-induced acute pain and chronic painful neuropathy.

Key words: cancer; dorsal horn; DRG; neuropathy

Introduction
Paclitaxel is the frontline chemotherapeutic agent used to treat
many of the most common solid tumors (Hagiwara and Sunada,

2004). Peripheral neuropathy is the major dose-limiting adverse
effect of paclitaxel and can force dose reduction or even discon-
tinuation of therapy, thus affecting survival (Chaudhry et al.,
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Significance Statement

In this original work, it is shown for the first time that paclitaxel activates peripheral sensory and spinal neurons directly and
sensitizes these cells to transient receptor potential vanilloid subtype 1 (TRPV1)-mediated capsaicin responses via Toll-like
receptor 4 (TLR4) in multiple species. A direct functional interaction between TLR4 and TRPV1 is shown in rat and human dorsal
root ganglion neurons, TLR4/TRPV1-coexpressing HEK293 cells, and in both rat and mouse spinal cord slices. Moreover, this is
the first study to show that this interaction plays an important role in the generation of behavioral hypersensitivity in paclitaxel-
related neuropathy. The key translational implications are that TLR4 and TRPV1 antagonists may be useful in the prevention and
treatment of chemotherapy-induced peripheral neuropathy in humans.
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1994). Moreover, chemotherapy-induced peripheral neuropathy
(CIPN) often becomes a chronic condition that is refractory to
treatment, affecting rehabilitation, productivity, and quality of
life in cancer survivors (Boyette-Davis et al., 2011b; Boyette-
Davis et al., 2013; Kosturakis et al., 2014). In addition to the
universal reports of numbness and near universal reports of tin-
gling, the next most common symptoms experienced by CIPN
patients is constant, burning pain or deep, aching pain (Boyette-
Davis et al., 2011b; Boyette-Davis et al., 2013). In addition to
chronic neuropathy, paclitaxel is also associated with an acute
pain syndrome (Reeves et al., 2012). Like chronic CIPN, the pac-
litaxel acute pain syndrome is associated with the development of
overt neuropathy and is characterized by patient complaints of
deep muscle aches and arthralgia (Reeves et al., 2012). Also like
chronic CIPN, there is no clear preventative treatment and the
underlying mechanisms remain poorly defined.

Transient receptor potential vanilloid subtype 1 (TRPV1) has
been widely studied in pain mechanisms. It is located on subsets
of nociceptors and is activated by numerous stimuli that are per-
ceived as painful or noxious, including capsaicin, the active in-
gredient in hot chili peppers, as well as by protons, heat �42°C,
and a family of endogenous-inflammation-associated lipids (for
review, see Nagy et al., 2014). The sensation evoked in humans by
activation of TRPV1 in skin by capsaicin is burning (Simone et
al., 1989); whereas, when applied into muscle, it is perceived as
deep aching or cramping pain (Marchettini et al., 1996; Witting et
al., 2000) matching the patient complaints associated with pacli-
taxel (Boyette-Davis et al., 2011b; Boyette-Davis et al., 2013).
Consistent with these observations, TRPV1 expression is in-
creased in rat dorsal root ganglia (DRG) by paclitaxel treatment
when thermal hyperalgesia is observed and the use of a TRPV1
antagonist reduced this hypersensitivity (Hara et al., 2013).

Toll-like receptors (TLRs) play important roles in acute and
chronic itch and pain (Christianson et al., 2011). Recent studies
have demonstrated that TLR3 and TLR7 are expressed by a subset
of primary sensory neurons that coexpress itch and pain signaling
components, including TRPV1 (Liu et al., 2010; Liu et al., 2012).
Another member of this family, TLR4, plays a key role in the
transition of inflammatory pain to chronic status and in promot-
ing the generation of nerve injury pain (Christianson et al., 2011;
Stokes et al., 2013; Agalave et al., 2014). More recently, the ex-
pression and signaling of TLR4 was shown to be increased with
paclitaxel treatment and cotreatment of rats with a TLR4 antag-
onist during chemotherapy prevented the development of the
CIPN phenotype (Li et al., 2014b). Paclitaxel appears to engage
TLR4 in the same fashion as its canonical, well known proinflam-
matory agonist lipopolysaccharide (LPS) (Han et al., 1994; Karin
and Ben-Neriah, 2000; Byrd-Leifer et al., 2001; Byrd-Leifer et al.,
2001; Li et al., 2013), resulting in the induction and release of the
same proinflammatory cytokines from macrophages and other
cells (O’Brien et al., 1995; Zaks-Zilberman et al., 2001). The same
signaling cascade as in macrophages appears to be activated by
paclitaxel in peripheral sensory neurons, resulting in down-
stream activation of the TLR4 adapter proteins MyD88-nuclear

factor-�B (NF-�B) and TIR-domain-containing adapter-
inducing interferon-� (TRIF) and the same mitogen-activated
protein kinase (MAPK) signaling cascades (Li et al., 2015). Fi-
nally, TLR4 and TRPV1 have been shown to be colocalized in
human trigeminal ganglion neurons and posited to underlie
infection-induced oral pain (Diogenes et al., 2011). The hypoth-
esis tested here in mouse, rat, and human tissues is that DRG
neurons coexpress TLR4 and TRPV1 and that paclitaxel activates
TLR4 and sensitizes TRPV1, resulting in increased pain signaling
that contributes to the generation of CIPN-related hyperalgesia.

Materials and Methods
Animals. All experimental animal protocols were approved by the Insti-
tutional Animal Care and Use Committee at The University of Texas
M.D. Anderson Cancer Center or the Institute of Physiology, Czech
Academy of Sciences, and were performed in accordance with the Na-
tional Institutes of Health Guidelines for the Care and Use of Laboratory
Animals. Every procedure was designed to minimize discomfort to the
animals and to use the fewest animals needed for statistical analysis.

Male Sprague Dawley rats weighing 250 –300 g (Harlan Laboratories)
were used in the behavioral, pharmacological, immunohistochemistry,
and Western blot experiments; 5-week-old rats were used in the sEPSC
and DRG neurophysiology experiments. Male Wistar rats at postnatal
day 21 (P21) to P23 and adult male C57BL/6 mice were used for the acute
paclitaxel spinal cord slice neurophysiology experiments. All animals
were housed in temperature- and light-controlled (12 h light/dark cycle)
conditions with food and water available ad libitum. The specific num-
bers of animals used in each set of experiments are detailed in the relevant
sections of the Results.

Paclitaxel treatment. Male Sprague Dawley rats were treated with pac-
litaxel (TEVA Pharmaceuticals) as described previously (Polomano et al.,
2001; Boyette-Davis and Dougherty, 2011; Boyette-Davis et al., 2011a;
Zhang et al., 2013a). In brief, pharmaceutical-grade Taxol was diluted
with sterile saline from the original stock concentration of 6 mg/ml (in
1:1 Cremophor EL: ethanol) to 1 mg/ml and given at a dosage of 2 mg/kg
intraperitoneally every other day for a total of 4 injections (days 0, 2, 4,
and 6), resulting in a final cumulative dose of 8 mg/kg. Control animals
received an equivalent volume of the vehicle only, which consisted of
equal amounts of Cremophor EL and ethanol diluted with saline to reach
the same concentration of vehicle as in the paclitaxel solution. No abnor-
mal spontaneous behavioral changes were noted during or after pacli-
taxel or vehicle treatment.

TRPV1 and TLR4 antagonist intrathecal administration. The effects of
the TRPV1 antagonist AMG9810 (Tocris Bioscience) and the TLR4
antagonist lipopolysaccharide from the photosynthetic bacterium
Rhodobacter sphaeroides (LPS-RS) on paclitaxel-induced mechanical hy-
persensitivity were both tested after intrathecal injection. The rats were
briefly anesthetized with 3% isoflurane, flexed over a tube, and a 27-
gauge needle was inserted between the L5 and S1 vertebrae with a deflec-
tion of the tail indicating entry to the subarachnoid space. The dose of
both agents were chosen based on previously published studies (Yu et al.,
2008; Li et al., 2014b). AMG9810 was tested on both preestablished pac-
litaxel CIPN and as a preventative agent during chemotherapy. The first
experiment was done at day 14 after paclitaxel treatment in rats with
confirmed hyperalgesia. AMG9810 was given at a dose of 15 �g in 20 �l
of PBS (InvivoGen); control rats received 20 �l of vehicle solution in PBS
alone. In the second experiment, 15 �g of AMG9810 was given in 20 �l of
PBS beginning 2 d before paclitaxel treatment and then daily through day
2 after paclitaxel treatment. LPS-RS (20 �g in 20 �l) was given using the
same repeated dosing scheme beginning 2 d before paclitaxel treatment
and then daily through last dose of paclitaxel treatment.

Mechanical withdrawal test. Mechanical withdrawal threshold was
tested before, during, and after paclitaxel treatment by an experimenter
blinded to treatment groups during the mid-light hours (10:00 A.M. to
5:00 P.M.). The 50% paw withdrawal threshold in response to a series of
8 von Frey hairs (0.41–15.10 g) was examined by the up-down method, as
described previously (Chaplan et al., 1994), beginning with a filament
with a bending force of 2.0 g. Animals were placed under clear acrylic
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cages atop a wire mesh floor. The filaments were applied to the paw just
below the pads with no acceleration at a force just sufficient to produce a
bend and held for 6 – 8 s. A quick flick or full withdrawal was considered
a response.

Immunohistochemical analysis. Rats were deeply anesthetized with so-
dium pentobarbital (Nembutal, 100 mg/kg, i.p.; Lundbeck) and perfused
through the ascending aorta with warm saline followed by cold 4% para-
formaldehyde in 0.1 M PB. The L4 and L5 DRG were removed, fixed in
4% paraformaldehyde for 6 h, and then cryoprotected in 30% sucrose
solution. The L4 and L5 spinal cord segments were also removed, fixed in
4% paraformaldehyde for 12 h, and then cryoprotected in 30% sucrose
solution. Transverse spinal cord sections (15 �m) and longitudinal DRG
sections (8 �m) were cut in a cryostat, mounted on gelatin-coated glass
slides (Southern Biotech), and processed for immunofluorescent stain-
ing. After blocking in 5% normal donkey serum and 0.2% Triton X-100
in PBS for 1 h at room temperature, the sections were incubated over-
night at 4°C in 1% normal donkey serum and 0.2% Triton X-100 in PBS
containing primary antibodies against the following targets: TRPV1
(rabbit anti-rat, 1:1000; Alomone), TLR4 (mouse anti-rat, 1:200; Ab-
cam), IB4 (1:1000 BS-Isolectin B4 FITC Conjugate; Sigma-Aldrich), and
CGRP (mouse anti-rat, 1:1000; Abcam). After washing, the sections were
then incubated with Cy3-, Cy5-, or FITC-conjugated secondary antibod-
ies overnight at 4°C. Sections were viewed under a fluorescent micro-
scope with a 20� objective (Eclipse E600; Nikon) and images were
collected using identical acquisition parameters by experimenters
blinded to treatment groups. The total number of cells, their diameters,
and the numbers with positive staining for TRPV1 and the numbers
showing colocalization with IB4 or CGRP were counted from three sec-
tions of DRG from four rats.

Acute dissociation of rat DRG neurons. Rats were deeply anesthetized
with isoflurane and the bilateral L4 and L5 ganglia were surgically ex-
posed and removed. The ganglia were placed in a culture dish containing
1 ml of trypsin (0.125 mg/ml; Hyclone) and 1 ml of type IA collagenase (2
mg/ml; Sigma-Aldrich) in DMEM. The dish was shaken for 50 min in a
heated (37°C) chamber. After the cells were washed and mechanically
dispersed with a polished Pasteur pipette, they were plated on poly-L-
ornithine-coated glass sheets and held in culture dishes with DMEM
until use (Li et al., 2014a). The cells were used for calcium imaging or
patch clamp within 6 h after plating.

Intracellular calcium imaging in acutely dissociated DRG neurons. Cells
were transferred from the culture dishes to a bath with oxygenated (95%
O2 � 5% CO2) artificial CSF (ACSF) solution that contained the ratio
metric Ca 2� indicator dye Fura-2AM (2 �M; Invitrogen) and allowed to
incubate for at least 30 min at 37°C before use as described previously
(Zhang et al., 2013a). The ACSF solution contained the following (in
mM): 117.0 NaCl, 3.6 KCl, 1.2 MgCl2, 1.5 CaCl2, 1.2 NaH2PO4, 11.0
glucose, and 25.0 NaHCO3. The cells were then transferred to a recording
chamber placed on an inverted microscope (Eclipse Ti; Nikon) and per-
fused with oxygenated ACSF (2 ml/min) at room temperature. The in-
tracellular calcium concentration was expressed as the 340/380 ratio and
the signals were captured and analyzed with NIS-Elements AR software
(Nikon). All chemicals were applied directly into the bath.

Whole-cell patch recording in acutely dissociated DRG neurons. Whole-
cell patch recording was performed as described previously (Li et al.,
2014a). The cells were transferred to a recording chamber placed on an
inverted microscope (Eclipse Ti; Nikon) and perfused with oxygenated
ACSF (2 ml/min) at room temperature. Only neurons with a stable rest-
ing membrane potential of at least �40 mV and evoked spikes that over-
shot 0 mV were used. Series resistance was compensated to �70%.

Spinal cord slice preparation and electrophysiological recordings from
adult paclitaxel/vehicle-treated rats. Sprague Dawley rats (5 weeks old)
were anesthetized with 2–3% isoflurane and laminectomy was used to
expose and remove the L3–L6 segments of the spinal cord (Zhang et al.,
2010). The animals were then killed by inhalation of 5% isoflurane and
exsanguination. The spinal cord segments were immediately placed in
ice-cold sucrose–ACSF saturated with 95% O2 and 5% CO2. The su-
crose–ACSF solution contained the following (in mM): 234 sucrose, 3.6
KCl, 1.2 MgCl2, 2.5 CaCl2, 1.2 NaH2PO4, 12.0 glucose, and 25.0
NaHCO3. The tissue was then placed in a shallow groove formed in a

gelatin block and glued onto the stage of a Vibratome (Products Inter-
national). Transverse spinal cord slices (300 �m) were cut in the ice-cold
sucrose–ACSF and then transferred and incubated in regular ACSF bub-
bled with 95% O2 and 5% CO2 at 34°C for at least 1 h before further use.

Slices for study were placed in a glass-bottomed recording chamber
(Warner Instruments) and fixed with parallel nylon threads supported
by a U-shaped stainless-steel weight. The slice was perfused with ACSF at
2.0 ml/min at 34°C maintained by an inline solution heater and temper-
ature controller (TC-344B; Warner Instruments).

Recordings of postsynaptic currents were performed using whole-cell
voltage-clamp, as described previously (Zhang et al., 2010; Zhang et al.,
2013b). All recordings were conducted in lamina II neurons at the L5
spinal level. Lamina II was identified by its distinctive translucent appear-
ance and neurons were located with use of a fixed-stage microscope
(BX51WI; Olympus) with differential interference contrast/infrared illu-
mination. Electrodes for the whole-cell recordings were triple-pulled
from borosilicate glass capillary tubes using a horizontal electrode puller
(P-97; Sutter Instrument). The impedance of the pipette was 4 –7 M�
when filled with internal solution containing the following (in mM): 135
K-gluconate, 5 KCl; 2.0 MgCl2, 0.5 CaCl2, 5.0 HEPES, 5.0 EGTA, 5.0
ATP-Mg, and 0.5 Na-GTP adjusted to pH 7.2–7.4 with 1 M KOH (290 –
320 mOsm). Recordings of postsynaptic currents began �5 min after
whole-cell access was established and the current had reached a steady
state. Input resistance was monitored and recording was abandoned if this
changed by�15%. Signals were amplified by using a MultiClamp700B (Mo-
lecular Devices) at a holding potential of �70 mV for sEPSC, filtered at 2
kHz, digitized at 10 kHz (Digidata 1322A; Molecular Devices), and stored on
a personal computer for later analysis.

Spinal cord slice preparation from juvenile Wistar rats and adult
C57BL/6 mice. Acute spinal cord slices were prepared from male Wistar
rats on P21–P23 and from adult male C57BL/6 mice weighing 25–30 g
using the same methods as in the adult rats, but with some minor differ-
ences in the solutions for improved stability in these tissues. The dissec-
tion solution contained the following (in mM): 95 NaCl, 1.8 KCl, 7
MgSO4, 0.5 CaCl2, 1.2 KH2PO4, 26 NaHCO3, 25 D-glucose, and 50 su-
crose. The ACSF for the recordings contained the following (in mM): 127
NaCl, 1.8 KCl, 1.2 KH2PO4, 2.4 CaCl2, 1.3 MgSO4, 26 NaHCO3, and 25
D-glucose. AMPA-mediated spontaneous EPSC (sEPSC), miniature
EPSC (mEPSC), and evoked EPSC (eEPSC) currents were recorded from
neurons clamped at �70 mV in the presence of 10 �M bicuculline and 5
�M strychnine. mEPSCs were identified after the addition of 0.5 �M

tetrodotoxin to the bath solution. The intracellular pipette solution con-
tained the following (in mM): 125 gluconic acid lactone, 15 CsCl, 10
EGTA, 10 HEPES, 1 CaCl2, 2 Mg2ATP, and 0.5 NaGTP adjusted to pH
7.2 with CsOH.

HEK293 cell culture and transfection. HEK and HEK-Blue hTLR4 cells
were from InvivoGen. HEK-Blue-hTLR4 cells were obtained by cotrans-
fection of the human TLR4, MD-2, and CD14 coreceptor genes and an
inducible secreted embryonic alkaline phosphatase reporter gene into
HEK293 cells. HEK cells were cultured in DMEM supplemented with 4.5
g/L glucose, 10% (v/v) fetal bovine serum, 50 U/ml penicillin, 50 mg/ml
streptomycin, 100 mg/ml Normocin, and 2 mM L-glutamine. This me-
dium was further supplemented with HEK-Blue selection medium (In-
vivoGen) to enhance stability of the HEK-Blue hTLR4 cells. The
pCMV6-AC-hTRPV1-GFP plasmid was obtained from OriGene Tech-
nologies to induce expression of the human TRPV1 receptor in these
cells. Transfection (2 �g of cDNA) was performed with Lipofectamine
2000 transfection reagent (Invitrogen) as the density of the cultured cells
reached �50 –70% confluence. The transfected cells were cultured in the
same growth medium for 24 h before electrophysiological recording.

Human DRG preparation. Human DRG sensory neurons were isolated
from patients at M.D. Anderson Cancer Center who provided legal writ-
ten informed consent for the use of their tissue in research. Each donor
was undergoing spinal surgery for their disease treatment from which the
dorsal root was to be harvested as standard of care. The human subjects’
protocol was reviewed and approved by the M.D. Anderson Institutional
Review Board.

Immediately after each ganglion was excised in the operating room, it
was immersed into cold (4°C), sterile balanced salt solution containing
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nutrients and transported to the laboratory in a sealed 50 ml centrifuge
tube. On arrival to the laboratory ganglia for immunohistochemical
study were divided into quarters and then immersed into 4% parafor-
maldehyde and then processed as described above for the rat tissues.
DRG for physiological recordings were dissociated according to a proto-
col and using medium provided by AnaBios (Davidson et al., 2014).
Specifically, the sheath and budding nerve fibers from the ganglion were
separated and the ganglia cut into �3 mm 3 pieces and then digested for
120 min at 37°C in AnaBios digestion medium. Each ganglion was me-
chanically dissociated by gentle suspension and triturated until cloudy
using a fire-polished sterile glass Pasteur pipette; neurons were placed on
coverslips that had been precoated with poly-ornithine. Neurons were
cultured at 37°C with 5% CO2 in DMEM/F12 supplemented with 10%
horse serum, 2 mM glutamine, 25 ng/ml hNGF, 25 ng/ml hGDNF, and
penicillin/streptomycin. Half of the culture medium was replaced with
fresh medium every 3 d (Davidson et al., 2014). Only neurons with a
stable resting membrane potential of at least �40 mV and evoked spikes
that overshot 0 mV were used for further recording and analysis. Series
resistance was compensated to �70%. All recordings were made at room
temperature.

Chemicals. All drugs and chemicals used for the dissections and re-
cordings were of analytical grade and purchased from Sigma-Aldrich.
Tetrodotoxin citrate was purchased from Tocris Bioscience. Capsaicin
(Sigma-Aldrich) and SB366791 (Tocris Bioscience) were dissolved in
dimethylsulfoxide (DMSO; Sigma-Aldrich), which had a concentration
�0.1% in the final solution. AMG9810 (Tocris Bioscience) and LPS-RS
ultrapure (InvivoGen) were suspended in endotoxin-free PBS.

Statistics. Data were expressed as mean 	 SEM and analyzed with
GraphPad Prism version 6 software. Behavioral data were analyzed with
two-way ANOVA (treatment � time) followed by a Bonferroni post hoc
test. The cell counts for immune-positive neurons and the percentages of
neurons that colocalized with IB4 or CGRP were compared using the
Mann–Whitney U test. Calcium imaging data were analyzed by one-way
ANOVA. Action potential frequency across 2 min segments before and
after drug application were analyzed using paired t test, whereas sEPSC
data (also 2 min segments) were analyzed with two-way ANOVA
(group � time) followed by Newman–Keuls post hoc tests. Only EPSCs
with amplitudes of 5 pA or greater (which corresponded to at least twice
the recording noise level) were included in the frequency analysis. In the
case of amplitude analysis, the same events and data segments were used.
mEPSC frequency and amplitude after drug application were normalized
to the control value and compared using by one-way ANOVA with post
hoc test (Student–Newman–Keuls Method). p � 0.05 was considered
statistically significant.

Results
Paclitaxel-induced hyperalgesia is prevented and reversed by
a TRPV1 antagonist
The effects of the TRPV1 antagonist AMG9810 given both
during the induction of and on preestablished paclitaxel
hyperalgesia was assessed in the first set of experiments. Figure
1A shows the results of intrathecal administration of
AMG9810 in preventing paclitaxel-induced hyperalgesia. The
drug (15 �g in 20 �l of PBS) or vehicle (20 �l of PBS) was
given daily beginning 2 d before and continuing through 2 d
after paclitaxel treatment. AMG9810 had no effect on baseline
mechanical withdrawal threshold and showed no interaction
with the paclitaxel vehicle (Cremophor EL) over time. The
paclitaxel–vehicle-treated rats (n 
 5) showed the expected
decrease in mechanical withdrawal threshold that was signifi-
cantly different from that of the vehicle-treated rats (both the
vehicle–vehicle and vehicle–AMG9810 groups) by day 7 and
maximal by day 14, which is consistent with previous studies
by our group (Boyette-Davis et al., 2011a; Zhang et al., 2013a;
Li et al., 2014b). In contrast, the paclitaxel–AMG9810-treated
rats showed only a partial development of mechanical
hypersensitivity that was significantly less than that of the

paclitaxel–vehicle-treated rats at days 7–21. The paclitaxel–
AMG9810-treated rats showed no significant difference from
the vehicle-treated rats in withdrawal threshold.

In the second experiment, AMG9810 was tested as a treat-
ment for preestablished paclitaxel-induced hyperalgesia (Fig.
1B). Two groups were treated with paclitaxel and mechanical

Figure 1. A, B, Prevention and reversal of paclitaxel-induced hyperalgesia by intrathecal
injection of a TRPV1 antagonist (AMG9810). The baseline (BL) behavioral test in A and B were
collected before paclitaxel (Pac) or vehicle (Veh) treatments. In A, the gray shading indicates the
time of treatment with 15 �g of AMG9810 (intrathecal) or vehicle solution. In B, paclitaxel-
induced mechanical hypersensitivity was confirmed as significant from Veh–Veh-treated rats
(open squares, n 
 5) at 14 d after treatment (P) in two groups (open and filled circles, n 
 5
each); rats were then treated with 15 �g of the TRPV1 antagonist AMG9810 intrathecally (filled
circles) or vehicle solution (open circles) as indicated by the arrow. *p � 0.05; **p � 0.01;
***p � 0.001; two-way ANOVA followed by Bonferroni post hoc test. The representative image
in C shows the baseline staining of TRPV1 (red) in the DRG in vehicle-treated rats that was not
different from naive rats (data not shown); TRPV1 staining becomes elevated by day 7 after
paclitaxel treatment (D). Cotreatment of rats with PBS (intrathecally) with paclitaxel did not
affect the increased staining of TRPV1 (E), whereas cotreatment with LPS-RS (intrathecally)
completely prevented the increase in TRPV1 (F ). As indicated by the bar graphs in G, the
increase in TRPV1 � neurons by paclitaxel was statistically significant (**p � 0.01), whereas in
H, this was significantly less in the LPS-RS-treated rats versus the PBS-treated rats. Scale bar,
100 �m. **p � 0.01.
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hyperalgesia was confirmed in each group at day 14 after treat-
ment. Rats in both groups were given a single intrathecal dose
of either 15 �g of AMG9810 in 20 �l of PBS (n 
 5) or just 20
�l of PBS (n 
 5). The AMG9810 group showed a significant
increase in mechanical withdrawal threshold that was evident
within the first hour after treatment compared with the vehicle
group and this effect persisted through 24 h after treatment.
None of the animals that received any intrathecal injections
showed any change in motor performance as assessed using
the rotarod test (data not shown).

TRPV1 is expressed in more DRG
neurons in rats with paclitaxel
hyperalgesia
The basis for the role of TRPV1 in pacli-
taxel hyperalgesia was explored in a series
of follow-up experiments, the first of
which was to confirm whether paclitaxel
increases expression of TRPV1 in sensory
neurons. The L4 –L5 DRG and spinal cord
were collected from rats with confirmed
paclitaxel hyperalgesia and the numbers
of TRPV1� cells determined by immuno-
histochemistry (IHC) at day 7 after pacli-
taxel treatment. As shown in Figure 1,
C–H, the number of neurons in the DRG
that were positive for TRPV1 increased af-
ter paclitaxel treatment compared with
rats that received vehicle (cf. Fig. 1C,D).
Overall, the mean number of TRPV1�

cells in the DRG increased from 21.12 	
1.9% to 31.6 	 2.07% of all cells counted
(p � 0.01; Fig. 1G). Importantly, the
paclitaxel-induced increase in TRPV1�

neurons was prevented by coadministra-
tion of LPS-RS (from 35.78 	 2.08% to
25.87 	 2.77%, p � 0.01; Fig. 1H).

The pattern of TRPV1 localization in
the DRG is very similar to that for TLR4
(Li et al., 2014b), so possible colocaliza-
tion of TRPV1 with TLR4 was tested. As
shown in Figure 2, IHC double staining
revealed that TRPV1 is indeed colocalized
with TLR4 in small DRG neurons (Fig.
2C, yellow arrows), although there were
also populations of neurons that ex-
pressed TRPV1 (red arrow) or TLR4
(green arrow) alone. As shown in Figure 2,
D–F, colocalization of TRPV1 and TLR4
was also observed in the spinal cord, but
only in the most superficial layers, where
peripheral fibers enter. The remainder of
TLR4 observed in the dorsal horn was in
profiles consistent with astrocytes de-
scribed previously (Li et al., 2014b). There
was no TRPV1 localized in spinal neurons
or glial cells (Fig. 2F).

LPS and paclitaxel enhance excitability
of DRG neurons in CIPN rats
The functionality of TLR4 receptors in
DRG neurons was tested using whole-cell
recordings in vitro and direct application
of LPS and paclitaxel. In naive rats, acute

application of neither LPS nor paclitaxel induced increases in
spontaneous action potentials. LPS did induce an increase of
neuronal excitability after incubation for 24 h resulting in re-
duced rheobase and an increased numbers of action potential
discharges to suprathreshold current injection (Ochoa-Cortes et
al., 2010). Because TLR4 was upregulated in rat DRG at day 7
after paclitaxel treatment, DRG neurons were retested for LPS
and paclitaxel responsiveness at this time. LPS (1 �g/ml) and
paclitaxel (12.5 �M) both now evoked action potentials. The con-
centration of paclitaxel in these experiments was intended to ap-

Figure 2. TRPV1 is colocalized with TLR4 in DRG neurons and afferent terminals in the spinal cord. TRPV1 alone is shown in red
in the left column for DRG neurons in A and in spinal terminals in D. TLR4 staining in subsets of DRG neurons is shown in green in B
and spinal terminals in E (center column). Colocalization of the two are shown in the merged image by yellow for DRG in the right
column (C), as well as in fiber profiles in the superficial spinal dorsal horn (F ). Scale bar, 100 �m. The representative recording in
G shows that acute application of paclitaxel (12.5 �M) evoked spontaneous action potentials in subsets of DRG neurons from
animals treated with paclitaxel. In H and I, representative action potential waveforms for the neuron in G evoked by direct current
injection after 5 min of vehicle treatment and then after 5 min of acute perfusion with 12.5 �M paclitaxel are shown. The bar graphs
in J show the group data for the effects of paclitaxel on several action potential properties. AP, Action potential; RMP, resting
membrane potential; AHP, after-hyperpolarization; AHPxx%, interval to each percentage of maximal amplitude. *p � 0.05;
**p � 0.01; ***p � 0.001 paclitaxel versus vehicle; paired t test.
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proximate the peak level that would occur in the DRG after a
cumulative dose of 8.0 mg/kg paclitaxel, as in the behavioral stud-
ies, based on what was observed in the rat DRG 1 d after this
dosing scheme (Xiao et al., 2011) and assuming 4.5 half-time
clearances of paclitaxel (Lian et al., 2013). An example of a DRG
neuron from a paclitaxel-treated rat is shown in Figure 2G (LPS
results not shown). Like LPS, paclitaxel-treated neurons showed
bursts of action potentials during acute application (Fig. 2G).

Representative single action potentials from the neuron
shown in Figure 2G are shown in Figure 2, H and I, and the
summarized data are shown in Figure 2J. The acute administra-
tion of paclitaxel significantly depolarized the resting membrane
potential and significantly decreased rheobase (from 137 	 16.2
to 101 	 12.5 pA, data not shown). Action potential amplitude
was significantly decreased, as was action potential rising time. A
significant increase in action potential falling time due to a pro-
longation of the sustained component of the action potential was
observed, as was an increase in after-hyperpolarization ampli-

tude. In addition, the time for 25%, 50%, and 75% recovery in
after-hyperpolarization were all significantly slowed.

Paclitaxel treatment sensitizes the responses of DRG neurons
to TRPV1
Calcium imaging in dissociated DRG neurons from vehicle-
treated and paclitaxel-treated rats was used to assess whether a
functional TLR4 –TRPV1 interaction occurs in DRG neurons. An
initial perfusion of capsaicin (200 nM) alone on DRG neurons
from vehicle-treated rats resulted in a robust increase in intracel-
lular calcium evidenced by an increase in the 340/380 ratio (Fig.
3A, CAP1). This response showed acute desensitization when
capsaicin was reapplied 25 min after the first response (Fig. 3A,
CAP2). A third perfusion of capsaicin alone showed a loss of
response indicating desensitization of the receptor (Fig. 3A,
CAP3). In contrast, as shown in Figure 3B, coapplication of pac-
litaxel (12.5 �M) with capsaicin on the third test resulted in a
response comparable to or greater than the initial response even

Figure 3. TRPV1 sensitization by paclitaxel and LPS in DRG neurons shown using calcium imaging. Representative calcium imaging results of change in 340/380 ratio in dissociated DRG neurons
after perfusions of capsaicin (CAP, 200 nM) alone and in combination with paclitaxel (12.5 �M) or paclitaxel plus LPS-RS (2 �g/ml) are shown in A–D, each colored line is a single neuron and the time
of each application is indicated by the bars over the traces. The bar graphs show the grouped results for experiments testing the interactions between paclitaxel on the responses to capsaicin (E–G)
on the effects of LPS on DRG neurons alone (H ) and the effects of LPS on DRG neurons from vehicle- and paclitaxel-treated rats (I ). **p � 0.01; ***p � 0.001, vehicle rats versus paclitaxel rats;
###p � 0.001, CAP�Pac versus CAP�Pac�LPS-RS.
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though the cells had shown the initial partial desensitization
upon the second application of capsaicin. Finally, as shown in
Figure 3C (center), this acute sensitization of capsaicin response
by paclitaxel was completely blocked when the TLR4 inhibitor
LPS-RS (2 �g/ml) was applied during the paclitaxel application
(Fig. 3F).

A different pattern of calcium mobilization was observed in
DRG neurons from paclitaxel-treated rats. As in naive rats, DRG
neurons from paclitaxel–CIPN-treated rats showed a robust in-
tracellular calcium response to an initial capsaicin application
(Fig. 3D, CAP). However, in contrast to DRG neurons from naive
rats, reapplication of capsaicin onto DRG neurons from
paclitaxel-treated rats produced a second (data not shown) re-
sponse comparable to the initial response without evidence of
desensitization. Coapplication of paclitaxel with capsaicin pro-
duced an increase in response to capsaicin in DRG neurons from
both CIPN-treated rats (Fig. 3D) and vehicle-treated rats (Fig.
3B,C, CAP�Pac; summarized in Fig. 3G, bar graphs).

DRG neurons from naive and paclitaxel-treated rats were also
tested for calcium mobilization responses to LPS alone. Figure
3H shows that the mean increase in 340/380 ratio for DRG neu-
rons from paclitaxel-treated rats to 10 ng/ml LPS was signifi-
cantly greater that in DRG neurons from vehicle-treated rats.
Figure 3I shows the percentage of responsive neurons with in-
creasing doses of LPS. DRG neurons from paclitaxel-treated rats
were observed to show heightened responses to LPS in that 14 of
76 (18.42%) neurons responded to 10 ng/ml LPS, whereas only

24 of 193 (12.44%) neurons showed a response in DRG from
vehicle-treated rats.

LPS or paclitaxel sensitizes TRPV1 inward currents in TLR4/
TRPV1-coexpressing HEK293 cells
Whole-cell recordings in HEK 293 cells that stably expressed hu-
man TLR4 and in which human TRPV1 was cotransfected were
used to better define the functional interactions between TLR4
and TRPV1. Successfully transfected cells were confirmed by vi-
sualization of enhanced green fluorescence protein reporter. The
first two lines of representative recordings in Figure 4 show re-
sponses in the matching control HEK cell lines. The recordings at
the top show that the application of capsaicin (200 nM) in
HEK293 cells expressing only TLR4 failed to produce any re-
sponse. In these cells, the application of either LPS (10 ng/ml) or
paclitaxel (12.5 �M) also failed to evoke any current. Conversely,
HEK cells only expressing TRPV1 exhibited robust capsaicin-
induced currents (Fig. 4, line 2). Reapplication of capsaicin with
LPS (Fig. 4, left), paclitaxel (Fig. 4, center), or vehicle (Fig. 4,
right) onto the HEK cells lacking TLR4 resulted in a desensitized
response. Finally, in HEK293 cells expressing both TLR4 and
TRPV1, the first application of capsaicin again produced an in-
ward current. Due to lower transfection with both receptors
(TLR4/TRPV1) than single receptor transfection (TRPV1), the
first TRPV1 current in these cells as shown in the bottom trace
appeared smaller than in HEK cells expressing TRPV1 alone.
Application of LPS (Fig. 4, left) or paclitaxel (Fig. 4, center) pro-

Figure 4. Interactions between TLR4 and TRPV1 in HEK 293 cells studied using whole-cell patch clamp. Inward currents were recorded in HEK293 cells transfected with TLR4 only (top line), TRPV1
only (second line), and both TLR4 and TRPV1 (line 3). The bar graphs at the bottom show the summarized responses with statistical differences determined by paired t tests. Capsaicin (200 nM) did
not induce inward currents in cells expressing TLR4 alone, whereas the responses to repeated capsaicin showed desensitization in cells expressing TRPV1 alone. LPS (10 ng/ml) and paclitaxel (12.5
�M) sensitized the responses to capsaicin in cells expressing both TLR4 and TRPV1. *p � 0.05, LPS�capsaicin; ***p � 0.001, paclitaxel�capsaicin; *p � 0.05 vehicle solution�capsaicin versus
first capsaicin response.
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duced small inward currents in the double-transfected cells and
most importantly, a second application of capsaicin after the
TLR4 agonists resulted in augmented responses compared with
the initial response. Application of vehicle between the first and
second application of capsaicin in the TLR4/TRPV1 HEK293
cells resulted in a desensitized response. The grouped data are
summarized in the bar graphs at the bottom of the figure.

Excitatory synaptic input to spinal cord SG neurons mediated
by TRPV1 is increased 7 d after paclitaxel treatment
The possibility of an interaction between TLR4 and TRPV1 was
next tested at the spinal dorsal horn. The frequency and ampli-
tude of sEPSCs of neurons within the substantia gelatinosa were
measured in vehicle- and paclitaxel-treated rats. Figure 5 shows
representative recordings from vehicle-treated rats (Fig 5A,B)
and from rats at day 7 (Fig 5C,D) and 14 after paclitaxel treatment
(Fig 5E,F). The grouped data are shown in the bar graphs at the
bottom of the figure (Fig 5G,H). The baseline recordings in the
left column show that SG neurons in rats at day 7 after paclitaxel
treatment (Fig. 5C) exhibited more sEPSCs than neurons from
vehicle-treated rats (Fig. 5A) or from rats at day 14 after paclitaxel
(F(2,34) 
 9.345, p � 0.001; Fig. 5E). The mean frequency of
sEPSCs in the vehicle-treated rat group was 1.48 	 0.31 Hz
(n 
 6), whereas that in the paclitaxel day 7 group was 7.38 	 1.8
Hz (n 
 8). The frequency of sEPSCs returned to a level not
different from baseline by day 14 after paclitaxel. As shown in the
bar graphs (Fig. 5G, bottom left), there were no differences in

amplitude of sEPSCs between groups. For example, the mean
amplitude of sEPSCs in the day 7 vehicle-treated group was
17.28 	 2.23 pA (n 
 6), whereas the mean amplitude of sEPSC
in the day 7 paclitaxel-treated group was 20.17 	 1.07 pA (n 
 8).
Notably, the TRPV1 antagonist AMG9810 suppressed the in-
creased sEPSC frequency in the day 7 paclitaxel rats such that the
sEPSC frequency after AMG9810 in the day 7 paclitaxel-treated
group was not different from baseline sEPSC frequency in naive
rats (F(1,34) 
 0.871, p 
 0.3573). This is seen in the representative
recordings in Figure 5, C and D, comparing the left column with
the recording in the right column as well as in the grouped results
in the bar graphs at bottom right. AMG9810 had no effects on
sEPSC frequency in either the vehicle or the day 14 paclitaxel-
treated rats.

Direct effects of paclitaxel on mEPSCs in rat spinal neurons
Very low levels (50 nM) of paclitaxel are detectable in the spinal
cord at day 7, but are not detectable by day 16 using the treatment
protocol as described in this study (Xiao et al., 2011). As shown in
Figure 6A, acute paclitaxel application (50 nM) onto superficial
dorsal horn neurons in rat spinal cord slices increased mEPSC
frequency compared with vehicle control (Fig. 6A). This effect
was blocked when paclitaxel was coapplied with the TRPV1 an-
tagonist SB366791 (10 �M; Fig. 6B), whereas the antagonist alone
did not change mEPSC frequency (Fig. 6B, center). These effects
were highly significant across the groups of neurons tested (Fig.
6C). Paclitaxel application did not change the frequency (Fig. 6D)

Figure 5. Representative examples of whole-cell recordings for substantia gelatinosa (SG) neurons before (left) and after (right) administration of the TRPV1 antagonist AMG9810 (5 �M) in the
vehicle-treated group (A, B), day 7 paclitaxel-treated group (C, D), and day 14 paclitaxel-treated group (E, F ) show increased sEPSCs only in the day 7 paclitaxel-treated group that is suppressed by
the AMG9810. The washout segment is not shown. Bar graphs in G and H summarize the mean (	SEM) change in amplitude (G) and frequency (H ) of sEPSCs before and after 5 min of AMG9810
application. **p � 0.01, day 7 paclitaxel-treated group versus vehicle and day 14 paclitaxel-treated groups; two-way ANOVA followed by Newman–Keuls post hoc test.
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or the amplitude of sEPSCs (Fig. 6D) or the amplitude of EPSCs
evoked by dorsal root stimulation (Fig. 6E).

Acute paclitaxel application enhances spinal TRPV1
responses via TLR4
The possibility that paclitaxel increases mEPSC frequency by an
effect mediated by TLR4 was tested in mouse spinal dorsal horn.
As shown in the top line of the representative recordings (Fig.
7A), an initial application of capsaicin (200 nM) evoked an in-
crease in mEPSCs (9.9 	 1.7 Hz) and the second response to
capsaicin was notably reduced compared with the first (Fig.
7A,D). Figure 7B (middle trace) shows that paclitaxel (50 nM),
when applied alone after an initial application of capsaicin,
evokes an increase in mEPSCs, but also prevents the decrease in
response to a second capsaicin application. Coapplication of
LPS-RS with paclitaxel (Fig. 7C) prevented both the acute in-
crease in mEPSC frequency induced by paclitaxel and the salvage
of the second capsaicin response. In Fig. 7D, the mean normal-
ized responses are shown for each group, where the responses to

the second capsaicin application are expressed as percentage of
the first application. The second response to capsaicin averaged
32.6 	 6.0% of the first in the control group (CTRL, n 
 8). In
contrast, the second response to capsaicin applied after paclitaxel
was 90.8 	 12.3% of the first response (paclitaxel, n 
 10). Fi-
nally, the second response to capsaicin averaged 44.2 	 7.3% of
the first in the LPS-RS � Paclitaxel group (right bar, n 
 12). The
increase in mEPSC frequency 5 min after the first capsaicin ap-
plication was pronounced in the presence of paclitaxel (Fig. 7E).
The mEPSC frequency at the 5– 6 min interval in the paclitaxel
group (34.0 	 6.1% of the capsaicin response, n 
 10) was sig-
nificantly higher compared with the frequency in the control
(13.1 	 4.6%; n 
 8) and the LPS-RS (17.7 	 4.4%; n 
 12)
groups.

Translation of findings from rodent to human DRG
As a first step in translating the findings and to further confirm
the hypothesis that paclitaxel activates TLR4 and sensitizes
TRPV1 contributing to CIPN, we first assessed whether TLR4

Figure 6. Paclitaxel application increased mEPSC frequency in superficial dorsal horn neurons in rat spinal cord slice. A, Native recording of mEPSC activity before and after paclitaxel
(50 nM) application. B, The TRPV1 antagonist SB366791 (10 �M) did not change the mEPSC frequency but prevented its increase during coapplication with paclitaxel. C, Averaged
responses demonstrate that paclitaxel treatment induced a significant increase in mEPSC frequency compared with the baseline (control, 100%) value (140.7 	 11.1%; n 
 14). This
increase was prevented by the TRPV1 antagonist (SB366791�paclitaxel) treatment, whereas the antagonist alone had no effect (SB366791; n 
 10). D, Paclitaxel (50 nM) application
did not change the frequency or amplitude of the sEPSCs or the amplitude of the dorsal root sEPSCs (E). ***p � 0.001 versus control values; ###p � 0.001 versus paclitaxel; one-way
ANOVA followed by Student–Newman–Keuls test.
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and TRPV1 are colocalized in human DRG neurons. As shown in
Figure 8, IHC confirms that human DRG do in fact coexpress
both receptors. TRPV1� neurons are shown in Figure 8A in red.
Figure 8B shows TLR4� human DRG neurons in green. Finally,
Figure 8C shows the merged images of neurons positive for both
TRPV1 and TLR4 in yellow with several specific double-positive
neurons indicated by yellow arrows. Cells positive for TRPV1
alone and TLR4 alone are indicated by red and green arrows,
respectively.

Figure 8, D–F, shows results from whole-cell patch clamp re-
cordings in human DRG neurons that validate the functional
nature of these receptors. Approximately one-third of the neu-
rons (six of 15) failed to respond to either capsaicin or paclitaxel
(data not shown). The trace in Figure 8D shows a neuron that
responded to capsaicin, but failed to show any response to pacli-
taxel. This cell exhibited desensitization to a second capsaicin
application when tested 30 min after the initial application (Fig.
8, right center trace, 6/15 neurons). The trace in Figure 8E shows
a third representative neuron (3/15 neurons) that responded to
an initial administration of capsaicin. The center panel shows
that this same neuron responded with a small burst of action
potentials when paclitaxel was applied. Finally, the cell showed
an augmented response to a second capsaicin application when
tested 30 min after the first capsaicin application (Fig. 8E, right).
The bar graphs at the bottom show the summarized response for

the type 2 and 3 neurons. The baseline response to capsaicin was
not different between groups. The second response to capsaicin
was significantly reduced compared with the first in the type 2
neurons. The type 3 neurons showed significantly greater re-
sponses to paclitaxel than did type 2 neurons; and type 3 neurons
showed a significantly increased response to the second applica-
tion of capsaicin compared with the first.

Discussion
This study demonstrates that paclitaxel and LPS can activate
peripheral sensory and spinal neurons directly and sensitize
these cells to TRPV1-mediated capsaicin responses via TLR4.
Although this study was not the first to demonstrate that LPS
has direct effects on neuronal activation and sensitization of
sensory neurons to TRPV1 (Diogenes et al., 2011), it is the first
in which a direct functional interaction between TLR4 and
TRPV1 has been shown in rats and human DRG neurons,
TLR4/TRPV1-coexpressing HEK293 cells, and in both rat and
mouse spinal cord slices. Moreover and more specifically, this
is the first study in which this interaction has been shown
to play an important role in the generation of behavioral
hypersensitivity in paclitaxel-related CIPN. The key transla-
tional implications are that TLR4 and TRPV1 antagonists
may be useful in the prevention and treatment of CIPN in
humans.

Figure 7. Representative traces showing that capsaicin (200 nM) increases mEPSCs in spinal neurons and that the second response was notably reduced compared with the first one in
vehicle-treated mice (A). Acute application of paclitaxel (50 nM) for 10 min before the second capsaicin application prevented the decrease of the second response (B). Coapplication of paclitaxel with
the TLR4 antagonist LPS-RS (2 �g/ml) prevented the effect of paclitaxel and on the second capsaicin response, with the result being desensitization, as seen in the control group (C). In D, the mean
normalized responses are shown for each group (n 
 8) where the responses to the second capsaicin application are expressed as a percentage of the first application. The mean increase in mEPSC
frequency 5 min after the first capsaicin application was pronounced in the presence of paclitaxel (E). ***p � 0.001; *p � 0.05 versus paclitaxel-treated group; one-way ANOVA followed by
Student–Newman–Keuls test.
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It is striking that the pattern of increased excitability in spinal
and sensory neurons by paclitaxel is very similar to that induced
by LPS. Because a TLR4 antagonist prevented both LPS and pac-
litaxel effects on sensory neurons, this clearly suggests a role of
TLR4 in mediating the effects of both on sensory neurons and
thus in generating paclitaxel CIPN. Although our data confirm
the findings of others in rats (Hara et al., 2013), a third study only
found a weak effect of TRPV1 inhibition on mechanical hyper-
sensitivity in mice treated with paclitaxel (Sałat and Filipek,
2015); this was most likely due to the fact that AMG9810 is a more
potent TRPV1 antagonist (Gavva et al., 2005) than used in the
study on mice.

The key questions now center on the specific mechanisms that
are engaged. The findings here that a TRPV1 antagonist also
reduces signs of the paclitaxel CIPN behavioral hypersensitivity
suggests that paclitaxel activates TLR4 and signals downstream to
this to sensitize TRPV1. Increased TRPV1 signaling in cutaneous
afferents may then correspond to the sensation of burning in the
skin (Simone et al., 1989), whereas increased signaling of TRPV1

in deep somatic tissue afferents may underlie the deep aching and
cramping (Marchettini et al., 1996; Witting et al., 2000) reported
by CIPN patients (Boyette-Davis et al., 2011b; Boyette-Davis et
al., 2013). The changes in action potential parameters induced by
paclitaxel indicate an increased excitability of rat DRG neurons.
Paclitaxel caused a depolarization of DRG neurons with a de-
crease in resting membrane potential, suggesting an associated
opening of “leak” potassium currents and HCN channels.
Hyperpolarization-activated cation currents (HCN channels)
contribute to a wide range of physiological functions, including
cardiac and neuronal pacemaker activity (automaticity), the set-
ting of resting membrane potential, and control action potential
firing (Robinson and Siegelbaum, 2003). The decrease in action
potential rising time and increase in time of action potential fall-
ing time suggest the modulation of voltage-gated sodium, potas-
sium, and calcium channels.

The downstream signaling pathways engaged by TLR4 to
sensitize TRPV1 remain to be determined. The data presented
here would suggest that at least two such pathways are en-

Figure 8. Immunofluorescent double staining shows that TRPV1 (red, A) is colocalized with TLR4 (green, B) in human DRG neurons (yellow in merged image at right, C). The red arrows in the
merged image indicate cells only showing TRPV1, the green arrows indicate cells only expressing TLR4, and the yellows arrow points to cells positive for both TRPV1 and TLR4. Scale bar, 200 �m.
Three types of responses were observed when human DRG neurons were tested by application of capsaicin (Cap) and paclitaxel (Pac). Type 1 neurons did not respond to either capsaicin or paclitaxel
(data not shown). Type 2 neurons (D) responded positively to capsaicin (left column), showed no responses to paclitaxel (center column), and then showed desensitization to a second application
of capsaicin (right column). Type 3 neurons (E) showed responses to capsaicin (left column) and to paclitaxel (center column) and then showed a facilitation of response to the repeated application
of capsaicin (right column). The bar graphs at the bottom show the summarized response for the type 2 and 3 neurons. The baseline response to capsaicin was not different between groups. The
second response to capsaicin was significantly reduced compared with the first in the type 2 neurons. The type 3 neurons showed significantly greater responses to paclitaxel than did type 2 neurons;
and type 3 neurons showed a significantly increased response to the second application of capsaicin compared with the first. *p � 0.05; Mann–Whitney U test.
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gaged: a short-term, fast acting pathway and a slower, long-
acting pathway (Ji et al., 2009). Paclitaxel activated DRG
neurons directly and increased the number of evoked action
potentials and this was in the context of also altering the shape
of the evoked action potentials. In the spinal cord, paclita-
xel had a direct acute effect in increasing the frequency of
mEPSCs, but no acute effect on sEPSCs. This suggests that
paclitaxel interacts with presynaptic terminals in the dorsal
horn, but not directly onto other spinal neurons. Conversely,
DRG and spinal neurons also showed persistent changes in
TRPV1-mediated activity such as increased spinal neuron
sEPSCs that were present long after paclitaxel would have been
eliminated. TLR4 signaling similarly includes two distinct el-
ements, the canonical Myeloid-differentiation response gene
88 (MyD88) and TRIF and noncanonical MAPK pathways.
TLR4 signaling in the DRG and the spinal cord was shown
previously to contribute to the induction and maintenance of
paclitaxel-related CIPN (Li et al., 2014b). Paclitaxel treatment
resulted in increased expression of TLR4, as well as MyD88
and TRIF, in DRG neurons that paralleled the development of
chemotherapy-related mechanical hyperresponsiveness (Li et
al., 2014b). Moreover, cotreatment of rats with the TLR4 an-
tagonist LPS-RS during chemotherapy prevented the upregu-
lation of TLR4, MyD88, and TRIF, as well as the development
of the behavioral CIPN phenotype (Li et al., 2014b). However,
in addition to MyD88 and TRIF, MAPKs are also activated
downstream of TLR4 and the activation of MAPKs in sensory
neurons also contributed to behavioral hypersensitivity after
nerve injury (Li et al., 2014b). Recently, inhibitors of the TLR4
noncanonical MAPK signal pathways have been shown to par-
tially prevent paclitaxel CIPN (Li et al., 2015).

Activation of canonical TLR signaling leads to its widely
recognized proinflammatory responses. Similarly, paclitaxel
activates TLR4 in monocytes, resulting in the activation of the
canonical path leading to activation of NF-�B that leads to the
induction and release of proinflammatory cytokine expression
identical to that produced by LPS (Han et al., 1994; Karin and
Ben-Neriah, 2000; Byrd-Leifer et al., 2001; Li et al., 2013). Specif-
ically, the cytokines IFN�/�, TNF�, IL-1, and IL-6 are increased
in vitro by paclitaxel (O’Brien et al., 1995; Zaks-Zilberman et al.,
2001) and cisplatin (Pai and Sodhi, 1991; Basu and Sodhi, 1992;
Gan et al., 1992). The sustained activity of these proinflammatory
cytokines could well underlie the more chronic responses of DRG
and spinal neurons observed here. For example, IL-1� was shown
to activate voltage-gated calcium channels and to inhibit voltage-
gated sodium channels (Zhang et al., 2008; Zhou et al., 2011).
Conversely, TNF-� upregulates the voltage-gated sodium chan-
nels Nav1.3 and Nav1.8 (He et al., 2010). IL-1� can activate the
NMDA receptor directly and enhance excitatory synaptic trans-
mission (Vezzani et al., 1999). TNF-� enhances the frequency of
sEPSCs directly in spinal neurons (Kawasaki et al., 2008; Zhang et
al., 2010) and leads to increased sensitivity of TRPV1 receptors
(Spicarova and Palecek, 2010). LPS induces a rapid glutamate
release in rat cortex slices and results in increased excitability of
cortical neurons (Rodgers et al., 2009). LPS inhibits glutamate
reuptake by astrocytes and enhances astrocytes’ glutamate release
(Ye and Sontheimer, 1996).

Although possibly contributing to more sustained changes in
DRG and spinal neurons, the TLR4 –MyD88 –NF�B process
takes several hours, whereas other data shown here clearly dem-
onstrated an acute interaction between paclitaxel (or LPS) and
TLR4, resulting in increased excitability of human and rat pe-
ripheral sensory neurons, HEK293 cells, and mouse spinal neu-

rons within several minutes. These data are better explained by
hypothesizing engagement of the noncanonical TLR4 MAPK sig-
nal pathways. As noted above, previous experiments showed that
paclitaxel treatment engages the signaling of ERK1/2 and p38
through TLR4. MAPK activation has also been shown to modu-
late the activities of ion channels such as sodium channel Nav1.7
and TRPV1 (Ji et al., 2002; Han et al., 2013), which have also been
implicated as contributing to paclitaxel-related CIPN (Hara et al.,
2013; Zhang and Dougherty, 2014). Another important consid-
eration is that p38 and ERK1/2 integrate the activities of protein
kinase signaling in DRG and spinal neurons (Hu and Gereau,
2003; Jin and Gereau, 2006; Han et al., 2012) and protein kinase C
is a well defined pathway for regulation of TRPV1 signaling, in-
cluding reversal of TRPV1 desensitization (Bhave et al., 2003;
Han et al., 2012). PKC� is also a component of TLR4 signaling
that plays a key role in macrophage and dendritic cell activation
in response to LPS (Aksoy et al., 2004). PKC� is expressed in
nociceptors and also has important roles in pain signaling
(Numazaki et al., 2002; Vellani et al., 2004).

An important caveat to be considered is that, although an
agonist effect of paclitaxel on TLR4 in rodents is widely accepted
(Ding et al., 1990; Fitzpatrick and Wheeler, 2003; Javeed et al.,
2009), such an effect for paclitaxel on human TLR4 is controver-
sial. Some studies have reported pronounced cytokine produc-
tion from human macrophages and other tissues by paclitaxel
(Hashiguchi et al., 1982; White et al., 1998; Cassidy et al., 2002;
Wang et al., 2002), whereas others have not observed this (Man-
they et al., 1993; Zimmer et al., 2008). TLR4 requires the acces-
sory protein MD-2 for binding and activation by LPS and
paclitaxel in murine macrophages (Fitzpatrick and Wheeler,
2003; Javeed et al., 2009). MD-2 is also required for activation of
macrophages in humans by LPS, but it has been reported that
paclitaxel binds MD-2 in a fashion that precludes activation of
TLR4 (Kawasaki et al., 2001; Resman et al., 2008; Zimmer et al.,
2008). It is difficult to reconcile this discrepancy, which has im-
portance in the context here concerning the mechanisms of CIPN
but, in a broader scope, concerning the utility of paclitaxel as a
chemotherapeutic. A number of recent studies show a clear link
between chemoresistance and even the promotion of aggressive-
ness in many human cancer types by paclitaxel when TLR4 is
expressed in these tissues (Szajnik et al., 2009; Geller et al., 2010;
Volk-Draper et al., 2014). A possible explanation may be that an
interaction between paclitaxel’s binding to microtubules en-
hances its signaling via TLR4 (Fitzpatrick and Wheeler, 2003).
This mechanism would clearly have a strong basis in DRG neu-
rons and perhaps also those tumors expressing TLR4.

In summary, paclitaxel CIPN is shown here to involve a
TLR4 –TRPV1 mechanism that itself appears to be mediated by
both an acute and a longer term sensitization of TRPV1 by TLR4.
This interaction is shown to be present in rat, mouse and human
sensory neurons and the acute interaction can be replicated in
HEK293 cells expressing human TLR4 and TRPV1. The specific
second messenger pathways that are engaged in this interaction
and how this mechanism relates to the clinical stocking-and-
glove distribution of CIPN remain to be fully defined. It would
appear that these answers should reveal a rich substrate for the
development of new potential therapeutics for the prevention or
treatment of CIPN and could lead to important new insights to
the basic mechanisms of neuropathic pain.
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Summary 
Protease-activated receptors (PARs) belong to the G-protein-
coupled receptor family, that are expressed in many body tissues 
especially in different epithelial cells, mast cells and also in 
neurons and astrocytes. PARs play different physiological roles 
according to the location of their expression. Increased evidence 
supports the importance of PARs activation during nociceptive 
signaling and in the development of chronic pain states. This 
short review focuses on the role of PAR2 receptors in nociceptive 
transmission with the emphasis on the modulation at the spinal 
cord level. PAR2 are cleaved and subsequently activated by 
endogenous proteases such as tryptase and trypsin. In vivo, 
peripheral and intrathecal administration of PAR2 agonists 
induces thermal and mechanical hypersensitivity that is thought 
to be mediated by PAR2-induced release of pronociceptive 
neuropeptides and modulation of different receptors. PAR2 
activation leads also to sensitization of transient receptor 
potential channels (TRP) that are crucial for nociceptive signaling 
and modulation. PAR2 receptors may play an important 
modulatory role in the development and maintenance of different 
pathological pain states and could represent a potential target for 
new analgesic treatments. 
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Introduction 
 

Extracellular proteases such as thrombin, 
trypsin, serin protease 1 and coagulation factors VII and 
Xa can regulate target cells by cleaving and activating 
receptors that belong to a family of G-protein-coupled 
protease-activated receptors (PARs) (Brass and Molino 
1997, Corvera et al. 1997, Molino et al. 1997, Camerer et 
al. 2000, Vergnolle 2000). This receptor family has at 
least four members (PAR1-4). Mechanism of receptor 
triggering involves proteolytic unmasking of a cryptic  
N-terminal sequence on the extracellular membrane that 
acts as a tethered receptor-activating ligand. In general, 
several proteases can activate a single PAR by cleaving it 
at specific site and exposing the tethered ligand domain. 
For example, trypsin, tryptase, coagulation factors VIIa 
and Xa and certain membrane-anchored proteases can all 
cleave and activate PAR2, although with varying 
potencies (Cenac et al. 2003, Chen et al. 2011, Rothmeier 
and Ruf 2012). 

There are short specific synthetic peptides, based 
on the tethered ligand sequences, designed as PARs 1,2 
and 4 agonists (Brass and Molino 1997). Some authors 
consider PAR3 as a co-factor for the activation of other 
PARs and it has no selective activating peptide 
(Noorbakhsh et al. 2003, Zhao et al. 2014). These 
synthetic peptides have been shown to activate the 
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specific receptors and mimic the effects of the activating 
proteases for example SLIGKV-NH2 and 2-furoyl-
LIGRLO-NH2 are frequently used for PAR2 activation. 
Due to these selective peptides, the physiological 
consequences of activating different PARs may be 
studied and distinguished accurately (Hollenberg et al. 
1997, Kawabata et al. 1999). For the purpose of research 
there were also developed compounds which are able to 
act as antagonist, e.g. FSLLRY-NH2 and GB83 inhibit 
PAR2. 

PARs are present in most body tissues, with the 
highest expression in the epithelium (lungs, liver, 
digestive tract, skin, blood vessels) and they are also 
present in the peripheral and central nervous system 
(Dery et al. 1998, Vergnolle et al. 2001b, Hollenberg and 
Compton 2002). The physiological effect of their 
activation varies in different tissues.  

PAR2 receptors are known to play an important 
role in the response of the organism to tissue injury, 
notably in the process of inflammation and repair (Dery 
et al. 1998). In particular, agonists of PAR2, tryptase and 
trypsin released from different cell types including mast 
cells, have widespread proinflammatory effects in part 
via a neurogenic mechanism (Saifeddine et al. 1996, 
Vergnolle et al. 1999, Steinhoff et al. 2000, Seeliger et 
al. 2003). PAR2 are expressed on a subset of primary 
sensory neurons and PAR2 agonists stimulate release of 
substance P (SP) and calcitonin gene-related peptide 
(CGRP) in peripheral tissues via activation of peripheral 
nerve endings (Steinhoff et al. 2000). It was also reported 
that PAR2 activation can sensitize adult rat dorsal root 
ganglion (DRG) neurons in vitro (Steinhoff et al. 2000). 
Intraplantar injection of subinflammatory doses of PAR2 
agonists in rat and mice induced thermal and mechanical 
hyperalgesia and elevated Fos protein expression in the 
spinal cord (Vergnolle et al. 2001a). All these changes 
indicate an important role for PAR2 in nociceptive 
transmission. 

This review focuses on the function of PAR2 in 
the nervous system, particularly in connection with 
transmission and modulation of nociceptive stimuli at the 
spinal cord level and pain perception. 

 
Mechanisms of PAR2 activation and 
intracellular signal transduction 

 
PARs are G-protein-coupled receptors (GPCRs), 

a family of receptors with large seven-transmembrane 
helical domain protein that sense molecules outside the 

cell and activate intracellular signaling pathways (Nystedt 
et al. 1994, Hoogerwerf et al. 2001, Macfarlane et al. 
2001). Thrombin and trypsin are usually regarded as the 
main activators of PARs. PAR2 is a target for trypsin and 
other serine proteases, such as mast-cell tryptase, but it is 
not activated by thrombin (Nystedt et al. 1995, 1996, 
Molino et al. 1997). PAR2 lacks a hirudin-like thrombin-
binding domain, but trypsin cleavage site was detected in 
its extracellular N-terminus domain (Nystedt et al. 1995). 
PAR2 is activated by proteolytic cleavage of its 
extracellular amino-terminus (Hollenberg et al. 1997, 
Steinhoff et al. 2000). These receptors can be also 
activated by exogenous proteases, as well as non-
proteolytically by exogenous peptide sequences that 
mimic the final amino acids of the tethered ligand 
(Hollenberg et al. 1997, Al-Ani et al. 1999). 

The signaling pathways that are triggered by 
PAR2 activation through the binding to activation 
molecules on G-proteins (Gq/11, Gi/o) may activate 
several signaling pathways including phospholipases, 
Jun N-terminal kinase and p44/42 mitogen-activated 
protein kinase (MAPK), ERK1/2, phosphatidylinositol  
3-kinase (PI3K), adenylate cyclase (AC), protein kinase 
C (PKC), protein kinase A (PKA) and members of the 
SRC-family of tyrosine kinases (Kanke et al. 2001, Suen 
et al. 2010, 2014, Chen et al. 2011, Bao et al. 2015). 
These signaling pathways can affect various cellular 
activities – proliferation, gene transcription, morpho-
logical changes, motility and survival (Macfarlane et al. 
2001, Kawabata et al. 2004). PAR2 activation was also 
reported to result in up/down-regulation of about 2500 
genes that are important mainly for cell metabolism 
(around 1000 genes), cell cycle, complement and MAPK 
pathway, sirtuin enzymes, histone deacetylases and 
inflammatory cytokines (Suen et al. 2010). 

 
Expression of PAR2 in the nervous system 

 
High density expression of PAR2 receptors was 

documented in neurons of hippocampus, cortex, 
amygdala, thalamus, hypothalamus, striatum and in DRG 
neurons in rats (Striggow et al. 2001). All four PARs 
were also present in astrocyte culture from rat brain 
(Wang et al. 2002). PAR2 are expressed on neurons and 
astrocytes also in human CNS (D'Andrea et al. 1998, 
Noorbakhsh et al. 2006). Localization on guinea-pig 
myenteric and submucosal neurons was demonstrated 
earlier (Corvera et al. 1999). For the presence of PAR2 in 
the spinal cord dorsal horn exist mainly functional 
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electrophysiological evidence (Alier et al. 2008, Fujita et 
al. 2009, Huang et al. 2011), while recently PAR2 were 
detected also using western blot analysis in the rat  
spinal cord tissue (Chen et al. 2015). PAR2 were 
immunohistochemically detected in many small-sized and 
some medium- to large-sized DRG neurons (Steinhoff et 
al. 2000, Dai et al. 2004). Significant population of small 
DRG neurons expressing TRPV1 receptors also showed 
expression of PAR2 (Amadesi et al. 2004, Dai et al. 
2004), suggesting possible interactions between them. 

 
Activation of PAR2 in neuronal tissue 

 
Trypsin and tryptase are known as the main 

PAR2-activating proteases. Potentially, the main source 
of tryptase to activate neural PAR2 are mast cells that 
have been found in the choroid plexus, in the 
parenchymal and perivascular areas in the CNS and in 
close contact with peripheral nerves (Stead et al. 1987). 
Mast cell tryptase, although being less potent than 
trypsin, can regulate neuronal activity by cleaving PAR2 
(Steinhoff et al. 2000, Reed et al. 2003) and other 
receptors. Selective PAR2 antagonist (FSLLRY-NH2) 
was able to block paclitaxel induced neuropathic pain that 
was accompanied by mast cell tryptase activity in spinal 
cord and DRG in mice (Chen et al. 2011). Tryptase is 
thus a strong candidate for neuronal PAR2 activation. 
There is a number of other possible PAR2 activators, 
such as P22, another trypsin-like serine protease with 
PAR2-activating capacity that has been detected in rat 
brain (Sawada et al. 2000). Precursors of trypsin 
(trypsinogen-IV, trypsinogen-III) and other PAR2 
activators (factor X) are also expressed in brain and 
human neural cell lines (Wiegand et al. 1993, Shikamoto 
and Morita 1999). 
 
The function of PAR2 in the nervous system 

 
All four PARs are expressed throughout the 

peripheral and central nervous system and were suggested 
to play many different roles in neurogenic inflammation, 
pain perception, pruritus sensation, nerve regeneration, 
secretory functions and Ca2+ mobilization (Corvera et al. 
1999, de Garavilla et al. 2001, Linden et al. 2001, 
Noorbakhsh et al. 2003). The role of PAR2 on the 
peripheral terminals of nociceptive DRG neurons is 
relatively well known. They have been implicated in the 
activation and/or modulation of nociceptor function 
(Vergnolle et al. 2001a, Fiorucci and Distrutti 2002, 

Cenac and Vergnolle 2005). The peripheral nerve endings 
may be activated by proteases which are generated and 
released during tissue trauma and inflammation. 
Increased PAR2 immunoreactivity has been reported on 
primary afferent nerve fibers in the skin of patients with 
atopic dermatitis. Intracutaneous injection of a PAR2 
agonist provoked an itch response in these patients 
(Steinhoff et al. 2003). 

PAR2 agonists induced and prolonged 
hyperexcitability of guinea-pig submucosal neurons 
(Reed et al. 2003). PAR2 activation rapidly increased 
cytosolic concentration of Ca2+ from intracellular stores, 
whereas sustained Ca2+ elevation was dependent on the 
influx from extracellular space in adult rat DRG neurons 
in vitro (Steinhoff et al. 2000). Over 60 % of DRG 
neurons coexpressed PAR2 with SP and CGRP, and 
PAR2 agonists stimulated the release of these peptides in 
peripheral tissues and in the spinal cord (Steinhoff et al. 
2000). The release of these neuropeptides is important for 
nociceptive transmission. Intraplantar administration of 
subinflammatory doses of PAR2 agonists enhanced and 
prolonged hyperalgesia and induced activation of second-
order nociceptive neurons at the spinal cord level in 
rodents. Also experiments in PAR2-deficient mice proved 
that PAR2 activation significantly contributes to 
inflammatory hyperalgesia (Vergnolle et al. 2001a). 

Activation of PAR2 receptors triggers several 
intracellular signaling cascades, one of them is associated 
with G-protein and PLC/Ca2+/PKC signaling pathway 
(Bohm et al. 1996, Seatter et al. 2004) and another one is 
associated with β-arrestin including MAPK (ERK1/2) 
signaling (DeFea et al. 2000, Rothmeier and Ruf 2012). 
Activation of PKC may lead to the activation and nuclear 
translocation of NF-κB in neurons (Lilienbaum and Israel 
2003). Activation of NF-κB-mediated signaling increased 
the histone acetylation and facilitated the expression of 
BDNF in the central neurons (Peng et al. 2011). Some 
groups observed that activation of PAR2 signaling was 
required for the inflammation induced BDNF release 
from microglia (Yuan et al. 2010, Fan et al. 2014). 

 
The role of PAR2 at the spinal cord level 

 
Although PAR2 are known to be expressed on 

neurons and astrocytes in rodent and human CNS 
(Noorbakhsh et al. 2006), their expression in the spinal 
cord was not proved by immunohistochemical methods 
(Alier et al. 2008). However, functional studies on spinal 
cord slices suggested PAR2 presence on the central 
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terminals of primary afferent nerve fibers and in dorsal 
horn neurons (Fujita et al. 2009, Huang et al. 2011). Very 
recently PAR2 were detected by western blot analysis in 
the superficial dorsal horn tissue (Chen et al. 2015). 

PAR2 are colocalized with proinflammatory 
neuropeptides, such as substance P and CGRP, in DRG 
sensory neurons. Trypsin, tryptase and selective agonists 
of PAR2 stimulate the release of both CGRP and SP from 
C-fibers in peripheral tissues and in the spinal cord 
(Steinhoff et al. 2000). Peripheral administration of 
trypsin, tryptase and PAR2-activating peptide caused SP 
and CGRP release from sensory nerves. It caused massive 
edema that could be prevented by NK1R and CGRP1 
receptor inhibition (Steinhoff et al. 2000). 

Further studies at spinal cord level demonstrated 
that intrathecal (i.t.) application of PAR2 agonist induced 
mechanical allodynia and thermal hyperalgesia in healthy 
animals and augmented increased sensitivity present in 
a peripheral inflammatory pain model (Alier et al. 2008, 
Huang et al. 2011). PAR2-induced hypersensitivity was 
mediated by PGE2 release via COX activation in the 
spinal cord (Koetzner et al. 2004). In a paclitaxel-induced 
neuropathic pain model, i.t. application of PAR2 
antagonist reversed mechanical allodynia and heat 
hyperalgesia (Chen et al. 2011). 

Electrophysiological study with whole-cell 
recordings from young rat substantia gelatinosa neurons, 
showed no increase in spontaneous excitatory 
postsynaptic current (sEPSC) frequency or neuronal 
excitability following application of synthetic PAR2 
agonists or trypsin. Moreover, trypsin slightly decreased 
sEPSC frequency in the dorsal horn (Alier et al. 2008). 
In comparison, another study showed that PAR2 agonist 
significantly enhanced frequency of sEPSC in a similar 
preparations from adult rats, suggesting involvement of 
PAR2 receptors in modulation of nociceptive synaptic 
transmission at the spinal cord level (Fujita et al. 2009). 
Direct activation of PAR2 in the spinal cord was 
suggested also in a study demonstrating decrease of 
spontaneous inhibitory postsynaptic currents frequency 
and amplitude in substantia gelatinosa neurons, 
implicating that PAR2 activation in the spinal cord may 
potentiate nociception by affecting the inhibitory rather 
than the excitatory transmission in the spinal dorsal horn 
neurons (Huang et al. 2011). 

Altogether, this published evidence suggests that 
PAR2 play an important role in the process of nociceptive 
transmission and in neurogenic inflammatory 
mechanisms both in the periphery and at the spinal cord 

level. The precise role and exact importance for spinal 
nociceptive modulation is not completely understood and 
needs further research. 

 
PAR2-induced activation of downstream 
protein kinases and other enzymes in neural 
tissue 
 

PAR2 are expressed in nociceptive DRG 
neurons (Dai et al. 2004) and colocalize with PKC and 
PKA, which are activated downstream of PAR2 receptors 
(Amadesi et al. 2006). The PKC activation cascade 
involves PAR2-induced activation of PLC leading to 
production of diacylglycerol and inositol 1,4,5-
trisphosphate, which increases intracellular concentration 
of Ca2+ and activates PKC (Mule et al. 2002). The PKA 
activation cascade involves PAR2-induced mobilization 
of cAMP (Amadesi et al. 2006). 

A selective PAR2 agonist can induce 
phosphorylation and activation of PKD in cultured rat 
DRG neurons (Amadesi et al. 2009). DRG neurons 
express all three isoforms of PKD, PKD1 (also known as 
PKCμ), PKD2 and PKD3. PKDs are downstream targets 
of diacylglycerol (DAG) and PKCs, which may be 
induced by PAR2 activation (Amadesi et al. 2009). 
PKD1 directly interacts with TRPV1 in cell lines and 
primary sensory neurons, suggesting that PKD may 
regulate TRPV1 activity (Wang et al. 2004). 

PAR2 activation leads to increased PLC activity 
and generation of IP3 and mobilization of Ca2+ in neurons 
and astrocytes (Rothmeier and Ruf 2012), which can 
result in PLA2 activation and increased production and 
release of arachidonic acid (AA), which is the substrate 
for cyclooxygenase (COX) (Poole et al. 2013).  
An increase in AA production leads also to increased 
synthesis and release of PGE that may increase 
intracellular cAMP through stimulation of AC. 
Subsequently these steps lead to neuronal 
hyperexcitability and hyperalgesia (Koetzner et al. 2004). 

PAR2 agonists lead to activation of ERK1/2 
MAP kinases in multiple ways. It is known that the 
ERK/MAPK activation can contribute to increased 
nociceptive responses in the dorsal horn and DRG 
neurons following inflammation or nerve injury (Ji et al. 
2009). Activation of PAR2 induces assembly of a MAPK 
signaling cascade by a mechanism that depends on  
β-arrestins (DeFea et al. 2000). Beta-arrestin dependent 
endocytosis of PAR2 is required for intracellular 
targeting of activated ERK1/2, which is retained in the 
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cytosol instead of being translocated to the nucleus. The 
concentration of ERK1/2 in cytosol depends on the 
formation of a signaling complex that includes 
internalized PAR2, β-arrestin 1, Raf-1 and pERK1/2 
(DeFea et al. 2000). 

 
Transient receptor potential channels 
sensitization 
 

PAR2 is highly co-expressed with TRPV1 
receptors in the DRG neurons (Amadesi et al. 2004, 
Hoogerwerf et al. 2004). PAR2 activation leads to 
TRPV1 sensitization via PLC (Amadesi et al. 2004) and 
via two key kinases PKCε and PKA that phosporylate 
TRPV1 receptor (Amadesi et al. 2006, Spicarova and 
Palecek 2008). Sensitized TRPV1 receptor could be 
subsequently activated by endogenous agonists 
(Spicarova and Palecek 2009, Spicarova et al. 2014b). 
PAR2 activation enhanced TRPV1 agonist (capsaicin) 
stimulated neuropeptides (SP, CGRP) release within the 
spinal cord dorsal horn (Amadesi et al. 2004). In vivo, 
intraplantar injection of PAR2 agonist induced thermal 
hyperalgesia dependent on TRPV1 receptor activation 
(Amadesi et al. 2004). TRPV1 mediated DRG and spinal 
neurons activation in paclitaxel induced neuropathic pain 
(Li et al. 2015). It was also shown that spinal TRPV1 
activation mediates chemokine CCL2- or plantar 
incision-induced hyperalgesia (Spicarova et al. 2014a, 
Uchytilova et al. 2014). Recently it was demonstrated 
that blocking of spinal PAR2 and TRPV1 receptors 
attenuated oxaliplatin-induced neuropathic pain and this 
effect was mediated by decreased release of SP and 
CGRP in the superficial dorsal horn of the spinal cord 
(Chen et al. 2015). 

PAR2 co-expression in rat DRG neurons with 
TRPV4 receptors and neuropeptides SP and CGRP was 
also demonstrated (Grant et al. 2007, Poole et al. 2013). 
Activation of PAR2 sensitized TRPV4 receptors to 
agonist application due to PLC-β, PIP2, IP3, PLA, PKA, 
PKC and AA activation (Grant et al. 2007, Poole et al. 
2013). These authors also showed that TRPV4 activation 
promoted SP and CGRP release from afferent nerves in 
the spinal cord and this process was enhanced by PAR2 
agonist pretreatment. In vivo, intraplantar injection of 
PAR2 agonist resulted in mechanical hyperalgesia that 
was prevented in TRPV4 knock-out mice. The same 
PAR2 agonist treatment robustly enhanced hyperalgesia 
induced by the injection of TRPV4 agonist (Grant et al. 
2007). 

PAR2 is co-expressed with TRPA1 in small 
DRG neurons (Dai et al. 2007). TRPA1 receptors could 
be activated by chemical compounds occurring in 
mustard, wasabi, garlic, onion or cinnamon, they are 
potential sensors for noxious cold and the 
mechanosensitivity is also suggested (Hill and Schaefer 
2007, Laursen et al. 2014). Electrophysiological studies 
have shown that PAR2 sensitizes TRPA1, and this effect 
can be blocked by a PLC inhibitor (Dai et al. 2007). 
Similarly it was shown that PAR2 activation of PKA and 
PLC also participate in TRPA1 mediated sensitization in 
nociceptive transmission (Wang et al. 2008). In vivo, it 
has been demonstrated that PAR2 mediates paclitaxel-
induced mechanical, heat and cold hypersensitivity 
through the activation of TRPA1 (Chen et al. 2011). 
 
Role of PAR2 in inflammatory, neuropathic 
and cancer pain 
 

Critical involvement of PAR2 in the 
pathogenesis of several types of inflammatory or 
neuropathic pain was demonstrated previously (Bao et al. 
2014). PAR2 signaling is involved in the sensitization of 
peripheral nociceptors and dorsal horn neurons in several 
pathological pain states (Dai et al. 2007, Grant et al. 
2007, Chen et al. 2011). 

PAR2 are present in many cells involved in 
inflammation, their activation provokes the release of 
numerous inflammatory mediators, such as 
prostaglandins, SP, CGRP or cytokines (interleukine-1 
and TNF-α), that in turn may induce or modulate pain 
perception (Steinhoff et al. 2000, Vergnolle et al. 2001a, 
Cenac et al. 2002). PAR2-deficient mice developed 
significantly less pronounced inflammatory hyperalgesia 
in response to intraplantar injection of formalin or the 
mast cell degranulator compound 48/80 (Vergnolle et al. 
2001a). PAR2 agonist-mediated hyperalgesia was also 
dependent on a mechanism involving central activation of 
neurokinin-1 receptors, and release of prostaglandins 
(Vergnolle et al. 2001a). 

Neuropathic pain often develops after peripheral 
and central nervous system injuries, local inflammation, 
diabetic neuropathy, viral infection, major surgeries, 
stroke and after chemotherapy application (Woolf  
and Mannion 1999, Ji and Strichartz 2004). In 
a chemotherapy (paclitaxel) induced model of 
neuropathic pain, increased mast cell tryptase activity 
was demonstrated on the periphery, in the DRG as well as 
in the spinal cord in mice (Chen et al. 2011). Intrathecal 
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administration of PAR2 antagonist prevented paclitaxel-
induced mechanical allodynia and thermal hyperalgesia 
and attenuated cold hypersensitivity, while it was also 
selectively blocked by systemic administration of 
TRPV1, TRPV4 and TRPA1 receptors antagonists. All 
these TRP receptors were also shown to be sensitized 
after PAR2 activation, probably due to the activation of 
PKC and PKA pathways (Chen et al. 2011). It was shown 
that PAR2 activation may mediate increased cAMP and 
PKA activity and cAMP-dependent neuronal 
hyperexcitability in a model of prolonged compression of 
DRG. The application of PAR2 antagonist resulted in 
blocking of the cAMP-PKA pathway activation, which 
contributes to the hyperalgesia (Huang et al. 2012). 

Proteases and their receptors may be also 
involved in cancer pain, since carcinomas and associated 
inflammatory cells (mast cells) produce and secrete 
proteases during carcinogenesis. PAR2 activation was 
identified as a novel mechanism of cancer-dependent 
allodynia which was abolished by serine protease 
inhibition, diminished by mast cell depletion and it was 
absent in PAR2-deficient mice (Lam et al. 2012). Further 
the proportion of neurons that exhibited PAR2-
immunoreactivity was also increased in this model  
(Lam et al. 2012). It was suggested that serine protease 
inhibitors and PAR2 antagonists may be useful for 
treatment of cancer pain (Lam and Schmidt 2010). 

In the model of bone cancer pain, induction and 
persistence of pain behavior correlated with tumor cell 
implantation and induced up-regulation of PAR2 in 
sciatic nerve and DRG. PAR2 knock-out or intrathecal 
administration of PAR2 antagonist prevented and in the 
same case reversed the bone cancer-related pain behavior 
and related neurochemical changes in the DRG and spinal 
cord dorsal horn (Liu et al. 2014). PAR2 was suggested 
to be an important mediator for peripheral sensitization of 

bone cancer pain and inhibiting PAR2 activation as a new 
therapeutic target in bone cancer pain development and 
therapy (Liu et al. 2014). 

 
Conclusion 

 
Pain is a complex, subjective phenomenon that 

involves participation of numerous receptors in different 
cells, tissues and organs. Protease-activated receptors 
type 2 are localized in many tissues and significant 
expression of these receptors was demonstrated in 
different parts of the peripheral and central nervous 
system. Recent evidence clearly demonstrated that PAR2 
play an important role in the process of pain 
development, modulation and transmission. Endogenous 
activators, proteases such as trypsin and tryptase are 
considered as the major signaling molecules, which can 
regulate nociceptive transmission by PAR2 activation. 
PAR2 signaling was shown to have a significant impact 
on the induction and maintenance of persistent pain, 
especially in inflammatory, neuropathic and cancer pain. 
All this available information about the role of PAR2 in 
nociception and pain suggests that PAR2 may be an 
attractive target for the development of new options for 
pain treatment. 
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Abstract

Protease-activated receptors 2 (PAR2) and transient receptor potential vanilloid 1 (TRPV1)

receptors in the peripheral nerve endings are implicated in the development of increased

sensitivity to mechanical and thermal stimuli, especially during inflammatory states. Both

PAR2 and TRPV1 receptors are co-expressed in nociceptive dorsal root ganglion (DRG)

neurons on their peripheral endings and also on presynaptic endings in the spinal cord dor-

sal horn. However, the modulation of nociceptive synaptic transmission in the superficial

dorsal horn after activation of PAR2 and their functional coupling with TRPV1 is not clear.

To investigate the role of spinal PAR2 activation on nociceptive modulation, intrathecal

drug application was used in behavioural experiments and patch-clamp recordings of spon-

taneous, miniature and dorsal root stimulation-evoked excitatory postsynaptic currents

(sEPSCs, mEPSCs, eEPSCs) were performed on superficial dorsal horn neurons in acute

rat spinal cord slices. Intrathecal application of PAR2 activating peptide SLIGKV-NH2

induced thermal hyperalgesia, which was prevented by pretreatment with TRPV1 antago-

nist SB 366791 and was reduced by protein kinases inhibitor staurosporine. Patch-clamp

experiments revealed robust decrease of mEPSC frequency (62.8 ± 4.9%), increase of

sEPSC frequency (127.0 ± 5.9%) and eEPSC amplitude (126.9 ± 12.0%) in dorsal horn

neurons after acute SLIGKV-NH2 application. All these EPSC changes, induced by PAR2

activation, were prevented by SB 366791 and staurosporine pretreatment. Our results

demonstrate an important role of spinal PAR2 receptors in modulation of nociceptive trans-

mission in the spinal cord dorsal horn at least partially mediated by activation of presynaptic

TRPV1 receptors. The functional coupling between the PAR2 and TRPV1 receptors on the

central branches of DRG neurons may be important especially during different pathological

states when it may enhance pain perception.
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Introduction

Protease-activated receptor 2 (PAR2) belongs to a family of four (PAR1-4) G-protein-coupled
receptors (GPCRs) that share a unique mechanism of activation by extracellular and mem-
brane-tethered proteases [1–3]. PARs are cleaved and activated by proteases, generated and
released from cells of immune and nervous systems during injury and inflammation [1]. Prote-
ases such as trypsin,mast cell tryptase or serine protease 1 cleave the specific sites of PAR2
extracellular N-terminus to reveal the tethered ligand and activate the receptor [4,5]. PAR2 are
present in many tissues like intestine, lungs, kidneys, endothelium,mast cells and in the central
and peripheral nervous systems in neurons and astrocytes [5–8]. PAR2 in the peripheral and
central nervous system are involved in neuronal and astrocytic survival, proliferation, release
of neuropeptides and also modulate the function and activity of ion channels [9]. In addition,
PAR2 are important players in response to tissue injury, protease-driven inflammation, noci-
ception and also in tissue repair [7,10].

The expression of PAR2 was documented throughout the nervous system, in the brain, spi-
nal cord and dorsal root ganglia (DRG), [11,12]. A large number (> 60%) of DRG neurons
that express PAR2 were identified primarily as small-sized neurons, with some medium- to
large-sized neurons [11,13,14]. There is mainly functional electrophysiological evidence for the
presence of PAR2 in the spinal cord dorsal horn [15–17], while recently PAR2 were detected
also by western blot analysis of the rat spinal cord tissue [18].

Several intracellular pathways, involving activation of phospholipases and protein kinases
(PKs), are linked downstream to the PAR2 activation. One important signalling cascade, impli-
cated in nociception, involves activation of phospholipase C (PLC) and generation of inositol
trisphosphate (IP3), leading to mobilization of intracellular Ca2+ and activation of secondmes-
senger PKC, while other key protein kinases (PKA, PKD) may be also activated [13,19–22].
The increase of intracellular Ca2+ concentration initiates many signalling events, including
activation of the phospholipase A2-cyclooxygenase cascade [23]. It was demonstrated that
intrathecal administration of PAR2 agonist induced cyclooxygenase activation and PGE2
release in the spinal cord tissue [24].

Activation of PAR2 indirectlymodulates function of some transient receptor potential
(TRP) ion channels, important for nociceptive signalling. Sensitization of TRPV1, TRPV4 and
TRPA1 receptors was demonstrated after PAR2 activation [13,14,19,25,26]. TRPV1 (vanilloid
1) is a non-selective cation channel that integrates nociceptive stimuli in the periphery and at
the spinal cord level and plays a critical role in the processing of somatic and visceral pain [27–
31]. TRPV1 receptors are highly expressed in small-diameter DRG neurons and may be
directly activated by different exogenous and endogenous stimuli [32,33]. The majority of
TRPV1 expressing DRG neurons (almost 90%) co-express PAR2 [13,14]. In DRG neurons,
PAR2-induced TRPV1 sensitization involves activation of PLC [13], PKC and PKA [34]. Sensi-
tized TRPV1 receptors may be subsequently activated by low concentration of endogenous
agonists [29,35]. In addition, PAR2 activation evoked [11] and enhanced capsaicin (TRPV1
agonist) stimulated release of pronociceptive neuropeptides, substance P (SP) and calcitonin
gene-related peptide (CGRP), within the spinal cord dorsal horn [13]. It was also demonstrated
that increased TRPV1 expression in the superficial dorsal horn under pathological conditions
was dependent on PAR2 activation [18,36,37].

Proteases activating PAR2 have widespread proinflammatory effects, partially via neuro-
genic mechanism [11,38,39]. Activation of PAR2 on the peripheral nerve endings leads to sen-
sitization of DRG neurons and stimulate release of SP and CGRP in the peripheral tissues and
in the spinal cord [11,40,41]. PAR2-induced increase of cytosolic Ca2+ concentration was
shown not only in neurons [11], but also in astrocytes [42,43]. Intraplantar injection of PAR2
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agonist induced persistent thermal hyperalgesia, which was prevented by TRPV1 receptors
blockade or deletion [13,14]. Peripheral injection of low, subinflammatory doses of PAR2 ago-
nist also induced thermal and mechanical hyperalgesia and elevated Fos protein expression in
the spinal cord [40]. Thermal hyperalgesia induced by intrathecal administration of PAR2 ago-
nist, mediated by activation of cyclooxygenase 1 and 2 was also documented [24]. In addition,
activation of PAR2 is involved in several pathological pain states as was demonstrated in
inflammatory [4], bone cancer [36], chemotherapeutic agent-induced pain [18] or osteoarthri-
tis [44]. These results indicate an important role of PAR2 in peripheral inflammatory pain and
suggest their involvement in nociceptive transmission at spinal cord level.

The synthetic peptide corresponding to the tethered ligand domain, SLIGKV-NH2, mimics
the effects of endogenous activators. In our experiments, we investigated the role of spinal cord
PAR2 activation in nociceptivemodulation using administration of this activating peptide in
vivo and in vitro. Patch-clamp recordings from lamina I and II(outer) dorsal horn neurons in
spinal cord slices were used to study the effect of PAR2 activation on the properties of minia-
ture, spontaneous and dorsal root stimulation-evoked excitatory postsynaptic currents
(mEPSC, sEPSC, eEPSC). Intrathecal administration of SLIGKV-NH2 was used to study the
behavioural changes in the responsiveness to thermal and mechanical stimuli. Specific antago-
nists were used to evaluate the involvement of TRPV1 receptors and protein kinases after the
PAR2-induced modulatory effects.

Materials and Methods

Ethics Statement

All experiments were approved by the Animal Care and Use Committee of the Institute of
Physiology CAS and were carried out in accordance with the guidelines of the International
Association for the Study of Pain, the U.K. Animals (Scientific Procedures) Act, 1986 and asso-
ciated guidelines, and EU Directive 2010/63/EU for animal experiments. All efforts were made
to minimize animal suffering, to reduce the number of animals used, and to utilise alternatives
to in vivo techniques, if available.

Animal care and utilization

Altogether 71 maleWistar rats (Institute of Physiology, CAS) were used in this study. The ani-
mals were housed in a temperature-controlled facility at 23 ± 2°C with free access to food and
water and maintained on a 12 h light, 12 h dark cycle and were checked twice a day. All the ani-
mals were handled only for a necessary period of time and throughout the experiment did not
show any signs of stress or illness. Animals were sacrificed at the end of the experiment by
deep anaesthesia with ketamine (150 mg/kg) and xylazine (20 mg/kg), subsequent medulla
interruption and exsanguination. No animal was excluded from the study or sacrificed for
disease.

Spinal cord slice preparation

Acute spinal cord slices were prepared frommaleWistar rats on postnatal days P21–P23, simi-
lar to previously published data [35]. After deep anaesthesia with 4% isoflurane (Forane1,
Abbott), the lumbar spinal cord was removed and immersed in oxygenated ice-cold dissection
solution containing (in mM): 95 NaCl, 1.8 KCl, 7 MgSO4, 0.5 CaCl2, 1.2 KH2PO4, 26 NaHCO3,
25 D-glucose, 50 sucrose. The spinal cord was then fixed to vibratome stage (Leica VT1200S,
Germany) using cyanoacrylate glue in a groove between two agar blocks. Transverse slices
300 μm thick were cut from the lumbar segment L3–L5, incubated in the dissection solution
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for 30 min at 33°C and then stored in a recording solution at room temperature until used for
the electrophysiological experiments. The recording solution contained (in mM): 127 NaCl, 1.8
KCl, 1.2 KH2PO4, 2.4 CaCl2, 1.3 MgSO4, 26 NaHCO3, 25 D-glucose. For the actual measure-
ment, slices were transferred into a recording chamber continuously perfusedwith the record-
ing solution at a rate ~ 2 ml/min. All extracellular solutions were saturated with carbogen (95%
O2, 5% CO2) during the whole process.

Patch-clamp recordings

Patch-clamp recordings were made in acute spinal cord slices from superficial dorsal horn neu-
rons (laminae I and IIouter). Individual neurons were visualized using a differential interference
contrast (DIC) microscope (Leica, DM LFSA, Germany) equipped with an near infrared-sensi-
tive camera (Hitachi KP-200P, Japan) with a standard TV/videomonitor. Patch pipettes were
pulled from borosilicate glass tubing with resistances of 3.5–6.0MO when filledwith intracellu-
lar solution. The intracellular pipette solution contained (in mM): 125 gluconic acid lactone, 15
CsCl, 10 EGTA, 10 HEPES, 1 CaCl2, 2 MgATP, 0.5 NaGTP and was adjusted to pH 7.2 with
CsOH. Voltage-clamp recordings in the whole-cell configurationwere performedwith an Axo-
patch 200B amplifier and Digidata 1440A digitizer (Molecular Devices,USA) at room temper-
ature (~ 23°C).Whole-cell recordings were low-pass filtered at 2 kHz and digitally sampled at
10 kHz. The series resistance of neurons was routinely compensated by 80% and was moni-
tored during whole experiment. AMPA receptor-mediated spontaneous, miniature and evoked
EPSCs were recorded from neurons clamped at -70 mV in the presence of 10 μM bicuculline
and 5 μM strychnine.Miniature EPSCs were distinguished by the addition of 0.5 μM tetrodo-
toxin (TTX) to the bath solution. In order to record evoked EPSCs, a dorsal root was stimulated
using a suction electrodewith glass pipette filledwith an extracellular solution using a constant
current isolated stimulator (DigitimerDS3, England). The intensity of the stimulation was
adjusted to evoke stable EPSC with 0.5 ms stimulus duration and at least 3× the minimal stim-
ulus current at a frequency of 0.033 Hz.

The experiments started with control recordings (4 min), followed by PAR2 agonist
(SLIGKV-NH2, 100 μM, 4 min) application. In the groups where antagonist was used (SB
366791, 10 μM; staurosporine, 250 nM), it was applied for 4 min after the control recording as
a pre-treatment and then with SLIGKV-NH2 (100 μM) as co-application. Concentration of SB
366791 used for experiments was determined from IC50 = 7.5 ± 1.8 nM [45] and our earlier
studies [35,46], concentration of SLIGKV-NH2 was based on the EC50 (~ 1 μM) [47] and previ-
ously used effective concentrations [17]. The mEPSC and sEPSC activity was always evaluated
during the last two minutes of the specific application. The evoked EPSCs were recorded every
30 s, the average amplitude of 4 evoked currents in the last two minutes of the particular appli-
cation was always used for evaluation of the specific condition. Neurons with capsaicin-sensi-
tive afferent input were identified by an increase of EPSC frequency (> 20%), measured after
capsaicin (200 nM) application at the end of each recording protocol.

Software package pCLAMP 10 (Molecular devices, USA) was used for data acquisition and
subsequent off-line analysis. Data segments of 2 min duration were analysed for each experi-
mental condition. Only EPSCs with an amplitude of 5 pA or greater (which corresponded to at
least twice the recording noise level) were included in the frequency analysis. The same events
and data segments were used for amplitude analysis. Data are expressed as mean ± standard
error of the mean (SEM). Data were normalized as a percentage of the control value (100%).
For statistical analysis of significant differencesOneWay ANOVA or OneWay repeated mea-
sures ANOVA were used followed by Holm-Sidak post hoc test. A Kolmogorov-Smirnov test
was used to evaluate statistical significance for cumulative data.
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Drug treatment

All basic chemicals, used for the preparation of the dissection, recording and intracellular solu-
tion, were of analytical grade and purchased from Sigma-Aldrich (Prague, Czech Republic)
and Tocris Bioscience (Bristol, UK). Capsaicin, SLIGKV-NH2, VKGILS-NH2, SB 366791 and
staurosporine were dissolved in DMSO, which had a concentration of< 0.1% in the final
solution.

Intrathecal catheter implantation

Experiments were conducted using adult male Wistar rats (250–300 g). Lumbosacral catheters
were implanted between the L4–L5 vertebrae one week before the experiment. Catheter
implantations were performed under brief isoflurane (3%, Forane1, Abbott), followed by keta-
mine (100 mg/kg) and xylazine (16 mg/kg) anaesthesia. The catheters were constructed from
polyethylene tubing (PE5) and were fixed with dental cement (Duracryl) to the vertebral
bones. The other end of each catheter was fixed to PE10 tubing and externalized on the back of
the animal. The positions of the catheters were verified by a dye injection at the end of each
experiment. Intrathecal drugs were applied and flushed (45 or 50 μl) from the catheter by phys-
iological solution: SLIGKV-NH2 and VKGILS-NH2 (10 μl, 8 μg), SB 366791 (15 μl, 0.43 μg),
staurosporine (15 μl, 0.014 μg).

Behavioural tests

Experiments were conducted on rats, previously implanted with intrathecal catheter, kept in
plastic cages with soft bedding, with free access to food and water and maintained on a 12 h
light, 12 h dark cycle. The paw withdrawal latency (PWL) to thermal stimulation was tested
using a plantar test apparatus (Ugo Basile, Italy) with radiant heat applied to the plantar surface
of each hindpaw. Rats were placed in nonbinding, clear plastic cages on a clear glass plate, ele-
vated to allow application of controlled heat source underneath. Each rat was left to adapt to
the testing environment for at least 15 min prior to any stimulation. The hindpaw withdrawal
latencies were measured automatically with the apparatus. Each hindpaw was tested 4 times
with at least 5 min between the trials. Baseline withdrawal latencies were determined in all ani-
mals before any experimental procedure.

The paw withdrawal threshold (PWT) to tactile stimulation was tested manually with an
electronic von Frey device (IITC Life Science,Model 2390 Series) where a probe tip was applied
to the plantar surface of each hindpaw. The PWTwas defined as the force (mN) that evoked an
active paw withdrawal response. Each paw was tested 4 times at each time interval and the
mean was calculated. The averaged values from the left and right hind paws in individual ani-
mals were then averaged in the experimental groups. All data are expressed as mean ± SEM.
OneWay repeated measure ANOVA with Bonferroni post hoc test and Two-Way ANOVA
with Student Newman Keuls test was used to identify statistically significant differences.

Results

Activation of spinal PAR2 in thermal and mechanical sensitivity

The role of spinal PAR2 receptors in thermal and mechanical hypersensitivity was investigated
in behavioural experiments. The concentration of PAR2 activating peptide SLIGKV-NH2, was
based on effective doses used in previous studies [15,17]. Intrathecal administration of
SLIGKV-NH2 (8 μg in 10 μl of saline) decreased the paw withdrawal latency in response to a
thermal stimulus already one hour after the treatment (81.6 ± 4.9%, n = 7, p< 0.001, Fig 1A).
This decrease of PWLs was present at 2 h (80.3 ± 4.1%, p< 0.001) and was even more
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Fig 1. Activation of spinal PAR2 induced thermal hyperalgesia. (A) Intrathecal administration of PAR2

activating peptide SLIGKV-NH2 (8 μg, 10 μl, n = 7) decreased the PWLs to radiant heat stimulation for

several hours after the treatment. An inactive reverse peptide VKGILS-NH2 (8 μg, 10 μl, n = 6) did not

change the thermal threshold. TRPV1 antagonist SB 366791 (0.43 μg, 15 μl, n = 6) pre-treatment prevented

SLIGKV-NH2 induced decrease of PWLs. Staurosporine (0.014 μg, 15 μl, n = 7) pre-treatment also partially

blocked the PWL decrease induced by SLIGKV-NH2. White arrowhead: application of SB 366791 or

staurosporine. Black arrowhead: application of SLIGKV-NH2 or VKGILS-NH2 (B) Paw withdrawal threshold

to mechanical stimulation with von Frey filament was not significantly affected by any of the intrathecal

treatments. Statistical differences between groups with various treatments were identified using Two-way
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pronounced at 4 h after the SLIGKV-NH2 administration (76.1 ± 3.5%, p< 0.001) compared
to control pre-treatment values. The PWLs returned close to the control values at 24 h after the
SLIGKV-NH2 administration (96.3 ± 0.8%).

In control experiments an inactive reverse peptide VKGILS-NH2 was used. Intrathecal
administration of VKGILS-NH2 (8 μg in10 μl of saline) did not change the PWL at any of the
tested time points (1 h, 99.5 ± 1.3%; 2 h, 99.3 ± 2.6%; 4 h, 97.6 ± 1.8%; 24 h, 99.6 ± 1.1%; n = 6,
Fig 1A).

Another set of behavioural experiments was performed to test the role of spinal TRPV1
receptors in hyperalgesia induced by spinal PAR2 activation. Intrathecal administration of
TRPV1 antagonist SB 366791 (0.43 μg in 15 μl of saline, n = 6) 5 min before the SLIGKV-NH2

(8 μg in 10 μl of saline) treatment prevented any significant change from the control values (1
h, 103.4 ± 5.3%; 2 h, 93.2 ± 4.3%; 4 h, 100.0 ± 3.6%; 24 h, 93.4 ± 3.6%, Fig 1A). Pre-treatment
with SB 366791 thus completely abolished the thermal hyperalgesia induced by the
SLIGKV-NH2 application alone.

The involvement of PKs activation in PAR2-induced hyperalgesia was investigated next. A
broad spectrumPKs inhibitor staurosporine (0.014 μg in 15 μl of saline, n = 7) was adminis-
tered 5 min before SLIGKV-NH2 (8 μg in 10 μl of saline). Paw withdrawal latencies were
slightly decreased after this treatment, while only at 2 h and at 4 h intervals it reached a statisti-
cal significance (1 h, 91.8 ± 6.1%; 2 h, 85.2 ± 7.4%, p< 0.05; 4 h, 85.5 ± 6.2%, p< 0.05; 24 h,
99.5 ± 2.0%, Fig 1A). Our results indicate that inhibition of spinal PKs significantly attenuated
the PAR2-induced thermal hyperalgesia.

Tests of mechanical sensitivity, performed at the same time, did not show any effect after i.t.
application of any of the tested drugs (SLIGKV-NH2, VKGILS-NH2, SB 366791, staurosporine,
Fig 1B). These results suggest that activation of spinal PAR2 failed to change mechanical sensi-
tivity at any of the tested time points.

Modulation of mEPSCs in spinal cord slices by PAR2 activation

Modulation of mEPSCs activity recorded from superficial dorsal horn neurons after PAR2 acti-
vation was tested in vitro using spinal cord slices. Miniature EPSCs were recorded in 41 neu-
rons, where the average control mEPSC frequencywas 0.8 ± 0.1 Hz. Out of these 41 neurons
38 showed an increase of mEPSC frequency (7.9 ± 1.8 Hz, n = 38, p< 0.001) after TRPV1 ago-
nist capsaicin (0.2 μM) application at the end of the recording. This suggests the presence of
presynaptic TRPV1 receptors in great majority of the recorded neurons.

Application of SLIGKV-NH2 (100 μM, 4 min) significantly decreased the mEPSC frequency
to 62.8 ± 4.9% (n = 17, p< 0.001), when compared to the pre-treatment values (Fig 2A and
2C). The inhibitory effect on the mEPSC frequency persisted during the 4 minutes washout
period (60.7 ± 5.5%, p< 0.001). In a set of control experiments inactive peptide VKGILS-NH2

(100 μM) did not elicit any changes of mEPSC frequency (99.3 ± 6.6%, n = 6).
Possible interaction of PAR2 and TRPV1 receptors was evaluated next. Application of

TRPV1 antagonist SB 366791 (10 μM, 4 min) did not change the frequency of mEPSC
(103.1 ± 8.3%, n = 8). Subsequent co-application of SB 366791 (10 μM) with SLIGKV-NH2

(100 μM, 4 min) also did not change the mEPSC frequency significantly (87.2 ± 10.2%, n = 8,
Fig 2C), when compared to the period of pre-treatment with SB 366791. These results indicate
that application of TRPV1 antagonist prevented the PAR2 activation-induced inhibitory effect
on the mEPSC frequency.

ANOVA followed by multiple comparisons Student Newman Keuls test (*p < 0.05, **p < 0.01, ***p < 0.001

versus inactive peptide VKGILS-NH2; #p < 0.05, ###p < 0.001 versus SB 366791 + SLIGKV-NH2).

doi:10.1371/journal.pone.0163991.g001
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Fig 2. Activation of PAR2 decreased the frequency of mEPSCs. (A) Application of SLIGKV-NH2

(100 μM, 4 min) lowered the frequency of mEPSC as is documented in the recording from one superficial

dorsal horn neuron in acute spinal cord slice. (B) Cumulative amplitude analysis of mEPSCs under control

conditions and during application of SLIGKV-NH2 (100 μM, 4 min, n = 17) did not show statistically significant

difference. (C) Application of SLIGKV-NH2 (100 μM, 4 min) decreased the mEPSC frequency (n = 17;

***p < 0.001) compared to the pretreatment period (100%). Co-application of TRPV1 antagonist SB 366791
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Involvement of protein kinases activation in the PAR2-induced inhibitory effect on mEPSC
frequencywas evaluated in another group of neurons. Application of staurosporine (250 nM, 4
min) alone had no effect on the mEPSC frequency (97.3 ± 15.9%, n = 10). Subsequent co-appli-
cation of staurosporine (250 nM) with SLIGKV-NH2 (100 μM, 4 min) also did not change the
mEPSC frequency (94.9 ± 8.5%, n = 10, Fig 2C), when compared to the pretreatment with
staurosporine alone.

The mean value of the mEPSC frequency inhibition induced by the PAR2 agonist applica-
tion alone was significantly different from the changes induced by the combination of PAR2
agonist with TRPV1 and PKs antagonists (Fig 2C). These results show that staurosporine and
SB 366791 prevented the PAR2 mediatedmEPSC frequency inhibition.

The average amplitude of the control mEPSCs was 22.7 ± 2.4 pA and did not change signifi-
cantly during the SLIGKV-NH2 application (21.7 ± 2.1 pA, n = 17, 100 μM) in the first group
of neurons. No change of mEPSC amplitude was also present in the cumulative amplitude
analysis (Fig 2B). Likewise there was no change of mEPSC amplitude in any of the other experi-
mental groups (control 21.9 ± 1.5 pA, VKGILS-NH2 21.6 ± 1.3 pA, n = 6; control 22.2 ± 1.7
pA, SB 366791 22.4 ± 2.0 pA, SB 366791/SLIGKV-NH2 21.9 ± 1.6 pA, n = 8; control 22.5 ± 2.5
pA, staurosporine 21.2 ± 2.5 pA, staurosporine/SLIGKV-NH2 20.9 ± 1.8 pA, n = 10).

Modulation of sEPSCs by PAR2 activation

The effect of PAR2 activating peptide application on spontaneous EPSCs was studied in
another group of superficial dorsal horn neurons. In accordance with our previous findings
(Spicarova and Palecek, 2009), the basal control sEPSC frequency (1.4 ± 0.1 Hz, n = 42) was
significantly higher than the average frequency of mEPSCs recorded in the previous group
(0.8 ± 0.1 Hz, n = 41, p< 0.001). Out of these 42 neurons, 38 showed sEPSC frequency increase
(6.7 ± 1.9 Hz, n = 38, p< 0.001) after capsaicin (0.2 μM) application at the end of the
experiment.

Bath application of SLIGKV-NH2 (100 μM, 4 min) significantly increased the sEPSCs fre-
quency to 127.1 ± 4.8% (n = 17, p< 0.001), compared to the pre-treatment values (Fig 3A and
3C). The excitatory effect of the SLIGKV-NH2 application on the sEPSC frequency slightly
diminished, but persisted during the 4 minutes washout period (115.5 ± 7.4%, p< 0.05). In the
group of control experiments, inactive peptide VKGILS-NH2 (100 μM, 4 min) application did
not elicit any change of the sEPSC frequency (94.8 ± 7.9%, n = 6).

Application of SB 366791 (10 μM, 4 min) did not change the sEPSCs frequency
(97.5 ± 9.2%, n = 10) in another set of experiments. Subsequent co-application of SB 366791
(10 μM) with SLIGKV-NH2 (100 μM, 4 min) similarly did not change the sEPSCs frequency
significantly (106.7 ± 7.9%, n = 10, Fig 3C), when compared to the SB 366791 pre-treatment
period. These results suggest that SLIGKV-NH2 induced increase of sEPSC frequency through
activation of spinal TRPV1 receptors.

Staurosporine (250 nM, 4 min) application had no effect on the sEPSC frequency
(90.8 ± 10.1%, n = 9) in the next experiments. Subsequent co-application of staurosporine (250
nM) with SLIGKV-NH2 (100 μM, 4 min) prevented any significant change of the sEPSC fre-
quency (108.5 ± 7.2%, n = 9, Fig 3C), compared to the pre-treatment periodwith staurosporine
alone. Inhibition of protein kinases thus counteracted the PAR2 activation-induced excitatory
effect on the sEPSC frequency.

(10 μM, 4 min, n = 8) or staurosporine (250 nM, 4 min, n = 10) prevented the inhibitory effect of SLIGKV-NH2

(100 μM) treatment and the mean mEPSC values were statistically different compared to the application of

SLIGKV-NH2 alone (#p < 0.05, ##p < 0.01).

doi:10.1371/journal.pone.0163991.g002
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Fig 3. PAR2 activation increased the frequency of sEPSCs. (A) Application of SLIGKV-NH2 (100 μM, 4

min) increased the sEPSC frequency as documented in recording from one superficial dorsal horn neuron.

(B) The amplitude of the sEPSCs did not change during SLIGKV-NH2 application (100 μM, 4 min, n = 17).

(C) Application of SLIGKV-NH2 (100 μM, 4 min) increased the sEPSC frequency compared to the pre-

treatment values set as 100% (n = 17; ***p < 0.001). Application of TRPV1 antagonist SB 366791 (10 μM, 4

PAR2 Activation Hypersensitivity Is Mediated by TRPV1
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The mean value of sEPSCs frequencies recorded after SLIGKV-NH2 application alone was
significantly different from those recorded in the presence of SLIGKV-NH2 with SB 366791
and starosporine (#p< 0.05, Fig 3C). These results suggest that the PAR2 induced increase of
sEPSC frequencywas at least partiallymediated by TRPV1 receptors and protein kinases
activation.

The average amplitude of the recorded sEPSCs did not change significantly in any of the
experimental conditions (control 25.7 ± 2.1 pA, SLIGKV-NH2 24.6 ± 1.8 pA, n = 17; control
25.7 ± 1.2 pA, VKGILS -NH2 25.9 ± 1.1 pA, n = 6; control 24.6 ± 2.9 pA, SB 366791 23.8 ± 1.2
pA, SB 366791/SLIGKV-NH2 23.8 ± 1.4 pA, n = 10; control 24.0 ± 1.9 pA, staurosporine
23.6 ± 2.1 pA, staurosporine/SLIGKV-NH2 24.3 ± 2.1 pA, n = 9). No change of sEPSC ampli-
tude was also detected using cumulative amplitude analysis for the first group of neurons
(n = 17, Fig 3B).

PAR2 mediated modulation of dorsal root stimulation-evoked EPSCs

Modulation of eEPSCs by PAR2 activation was tested in superficial dorsal horn neurons,
where dorsal root attached to the spinal cord slice was electrically stimulated with a glass suc-
tion electrode in 30 s intervals. Evoked EPSCs were recorded in 41 neurons and 37 of these
showed an increase of sEPSC frequency (5.6 ± 0.7 Hz, n = 37, p< 0.001) after capsaicin
(0.2 μM) application at the end of the experiment compared to frequency of sEPSC (1.6 ± 0.1
Hz, n = 41) recorded under control condition.

In the first series of experiments bath application of SLIGKV-NH2 (100 μM, 4 min)
increased the amplitude of evoked EPSCs (126.9 ± 12.0%, n = 17, p< 0.05, Fig 4A and 4B).
The increase of the eEPSC amplitude was even higher during the 4 min period following the
SLIGKV-NH2 application (washout period; 148.9 ± 17.7%, p< 0.01). Application of the con-
trol inactive peptide (VKGILS-NH2, 100 μM, 4 min) did not change the eEPSC amplitude
(98.79 ± 12.22%, n = 6). These results suggest that activation of PAR2 may enhance synaptic
transmission in the superficial spinal cord dorsal horn.

Application of SB 366791 (10 μM, 4 min) itself had no effect on the amplitude of the eEPSCs
(105.5 ± 4.4%, n = 10). Subsequent co-application of SB 366791 (10 μM) with SLIGKV-NH2

(100 μM, 4 min) did not lead to eEPSC amplitude change during application (98.5 ± 2.5%, Fig
4B) and during the washout period (101.8 ± 6.8%). Inhibition of spinal TRPV1 receptors thus
prevented the PAR2 activation-induced increase of eEPSC amplitude.

In another group of neurons staurosporine (250 nM, 4 min) application did not change the
amplitude of eEPSCs (101.8 ± 4.7%, n = 9). This pretreatment and subsequent co-application
of SLIGKV-NH2 (100 μM, 4 min) with staurosporine (250 nM) had no effect on the eEPSC
amplitude (96.9 ± 3.4%, Fig 4B) during application and during the washout period
(91.7 ± 4.8%). Inhibition of PKs thus prevented the increase of eEPSC amplitude induced by
PAR2 activation.

Discussion

The important role of PAR2 in nociceptionwas demonstrated in a variety of pathological pain
conditions [4,18,37,48–50]. However, the modulation of excitatory synaptic transmission in
the spinal cord superficial dorsal horn by PAR2 was studied only marginally with various
results [15,16]. In this work, we have further studied the role of spinal PAR2 activation on

min, n = 10) or staurosporine (250 nM, 4 min, n = 9) prevented the excitatory effect of SLIGKV-NH2 treatment

and the mean sEPSC frequency values were statistically different from the application of SLIGKV-NH2 alone

(#p < 0.05).

doi:10.1371/journal.pone.0163991.g003
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Fig 4. Activation of PAR2 increased the amplitude of EPSCs evoked by dorsal root stimulation. (A)

Application of SLIGKV-NH2 (100 μM, 4 min) increased the amplitude of the evoked EPSC. (B) The increase

of eEPSCs amplitude during the SLIGKV-NH2 (100 μM, 4 min) application was statistically significant

compared to pre-treatment values (n = 17, *p < 0.05). Application of SB 366791 (10 μM, 4 min, n = 10) or

staurosporine (250 nM, 4 min, n = 9) prevented the SLIGKV-NH2 induced eEPSC amplitude increase. The

mean eEPSC frequency of SB 366791 and SLIGKV-NH2 co-application was statistically different from the

application of SLIGKV-NH2 alone (#p < 0.05).

doi:10.1371/journal.pone.0163991.g004
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modulation of nociceptive synaptic transmission. In our in vivo experiments the intrathecal
application of PAR2 activating peptide SLIGKV-NH2 induced thermal hyperalgesia in naive
adult rats that was prevented by inhibition of spinal TRPV1 receptors and attenuated by inhibi-
tion of protein kinases. However, sensitivity to mechanical stimuli did not change in the same
experiments. Recordings of mEPSCs from neurons in lamina I and II(outer) in spinal cord slices
in vitro revealed robust decrease of their frequency after bath application of SLIGKV-NH2. The
same SLIGKV-NH2 treatment elicited an increase of sEPSCs frequency and amplitude of dor-
sal root stimulation-evoked EPSCs. All these effects on EPSC in vitro were attenuated by antag-
onists of TRPV1 receptors and protein kinases.

Our results indicated presence of several hours lasting thermal hyperalgesia after intrathecal
administration of PAR2 activating peptide SLIGKV-NH2, which corresponds to the earlier
findings [15]. However, this treatment failed to induce mechanical allodynia, which was previ-
ously shown after intrathecal application of another PAR2 activating peptide SLIGRL-NH2

[15,17]. This activating peptide was formerly considered as a specific PAR2 agonist, but
recently activation of severalMrg (Mas-related G-protein-coupled) receptors that induce itch
in mice was demonstrated [51,52]. Nevertheless SLIGRL-NH2 inducedmechanical hypersensi-
tivity was absent in PAR2 knock-out mice (Alier et al., 2008), pointing probably to different
experimental approaches and conditions and/or distinctivemechanisms in different animal
species, than to the specificity of these two PAR2 activating peptides. Our results indicate that
under control conditions, activation of spinal PAR2 leads preferentially to thermal hypersensi-
tivity. This may change under pathological conditions, like bone cancer-evoked pain, when
PAR2 are overexpressed predominantly in medium and large DRG neurons [36], which could
underlie the development of mechanical hypersensitivity. Thermal hyperalgesia induced in our
experiments by activation of spinal PAR2 was prevented by inhibition of spinal TRPV1 recep-
tors. In naïve animals the thresholds for thermal and tactile stimuli in the peripheral nerves
endings should be unchanged, when PAR2 activating peptide is injected intrathecally. It seems
plausible to suggest that modulation at the spinal cord level of the incoming action potentials
generated in the periphery by the thermal stimulus applied on the paw induced the observed
thermal hyperalgesia. This hyperalgesia was thus most likely mediated by changes in presynap-
tic endings co-expressing PAR2 and TRPV1 receptors. It is possible that activity induced by
the mechanical stimuli was conducted by primary afferents that did not co-express these recep-
tors and thus PAR2 agonist application did not change their synaptic transmission and did not
evoke increasedmechanical sensitivity.

The mechanism involving TRPV1 activation in PAR2-induced hyperalgesia was demon-
strated also after the activation of peripherally localizedPAR2 [13] and this corresponds well
to TRPV1 mediated thermal hypersensitivity [53]. If spinal TRPV1 were sensitized after PAR2
activation, it is plausible that body temperature and/or endogenous ligands subsequently acti-
vated TRPV1. In addition it was demonstrated that activation of PAR2 reduced the tempera-
ture threshold required for TRPV1 activation to the body temperature in cultured cells [14]. In
our experiments intrathecal administration of staurosporine, a broad spectrumPKs inhibitor
(with the highest affinity for PKC), partially attenuated the thermal hyperalgesia induced by
spinal PAR2 activation. This suggests the involvement of PKC in the process, most likely
through phosphorylation of TRPV1 receptors [26,33,34]. Attenuation of spinal inhibitory syn-
aptic transmission by PAR2, demonstrated by reduced frequency and amplitude of sIPSCs in
the spinal cord dorsal horn [17], may also contribute to the hypersensitivity development.

The potential underlyingmechanisms of the behavioural changes were studied in vitro. In
our experiments, the frequency of sEPSCs and amplitude of the dorsal root stimulation-evoked
eEPSC were increased after PAR2 activating peptide (SLIGKV-NH2) application. Similar
increase of sEPSCs frequency induced with the same peptide (SLIGKV-NH2) application was
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reported before in experiments with low concentration applications (3 μM and 5 μM) [16]. In
contrast, bath application of other PAR2 activating peptide SLIGRL-NH2 (10 μM) had no sig-
nificant effect on the sEPSC frequency in lamina II neurons [15].

We have newly demonstrated that application of PAR2 activating peptide increased the
amplitude of evoked EPSCs and this effect was blocked by TRPV1 antagonist SB 366791. In
addition the same mechanism was present in the PAR2-induced increase of sEPSCs frequency
in our experiments. The sensitization of TRPV1 receptors by PAR2 activation was shown pre-
viously in DRG neurons [13]. PAR2-induced effects on EPSCs in our recordings were mediated
also by PKs in accordance with finding that PAR2 stimulation leads to TRPV1 sensitization via
PKCε and PKA [34]. Under our in vitro conditions with room temperature experiments it is
more likely that endogenous substances may have activated spinal TRPV1 receptors. It was
demonstrated before, that a low concentration of lipophilic endogenous ligand (N-oleoyldopa-
mine, OLDA) activated sensitized TRPV1 receptors in spinal cord slices under similar condi-
tions [35]. We cannot exclude the possibility that the dependence of TRPV1 activation on
membrane voltage could also play a role in the process [54]. In addition, PAR2 activation leads
to enhanced release of pro-nociceptive peptides (SP, CGRP) from central endings of DRG neu-
rons [11,13] that may furthermodulate synaptic transmission and enhance nociceptive output
from the spinal cord to the brain. The increase of sEPSC frequency by PAR2 activation could
involve also mobilization of Ca2+ from intracellular stores and increased Ca2+ influx through
other ion channels [19,55,56].

In the series of our experiments where TTXwas present in the extracellular solution, PAR2
activation induced decrease of the mEPSCs frequency. Surprisingly, this decrease was also
largely dependent on the TRPV1 receptor activation, while in other experiments TRPV1 recep-
tors activation lead to increase of mEPSC frequency [35,46]. These results indicate that under
conditions, when TTX-sensitive sodium channels are blocked, another presynaptic mechanism
induced by PAR2 activation predominated and resulted in decrease of glutamate release from
the central endings of DRG neurons expressing also TRPV1 receptors. This observation could
be explained by functional and physical connection betweenTRPV1 and large-conductance
calcium- and voltage-activated potassium (BK) channels [57]. On DRG neurons, TRPV1 and
BK channels form complex, which could allow the activation of BK channels by increased local
concentration of Ca2+ ions through TRPV1 [57]. Due to outflow of K+ ions from the cell
through the BK channels, when TTX-sensitiveNa+ channels are blocked, the hyperpolarization
could occur and the release of glutamate could be reduced. Another plausible mechanism
could be the inhibition of voltage activated Ca2+ channels by TRPV1 activation. Olvanil, a non-
pungent TRPV1 agonist, profoundly inhibited (approximately 60%) N-, P/Q-, L-, and R-type
voltage-activated Ca2+ channel current in DRG neurons [58]. The effect induced by olvanil was
dependent on calmodulin and calcineurin activity. However, the mechanisms participating in
TRPV1 activation and the subsequent intracellular responses may differ according to agonist
used and receptor subtype [59]. Recently, it was demonstrated that stochastic opening of volt-
age-activated Ca2+ channels is a major trigger for miniature glutamate release in hippocampal
synapses [60]. This finding supports the possible occurrence of decreased glutamate release
from presynaptic endings of DRG neurons induced by PAR2 activation and mediated by
TRPV1 modulation of voltage-activated Ca2+ channels in our conditions, whenmEPSCs are
recorded in acute spinal cord slices. Nevertheless, these two hypotheses require further
investigation.

Miniature and spontaneous EPSCs may be both recorded in superficial dorsal horn neurons
spontaneously, without any stimulation. In our preparations, potential self-generated forma-
tion and propagation of action potentials was prevented by blocking sodium channels with
TTXduring the recording of mEPSC. It was suggested that mEPSCs reflect only the
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spontaneous release of readily releasable pool of synaptic vesicles. However, it is not clear what
modulatory changes may induce decrease or increase of mEPSCs frequency in synaptic trans-
mission of superficial spinal cord dorsal horn neurons. In comparison the PAR2-induced effect
on the sEPSCs and eEPSCs probably reflectmore closely the mechanisms involved in the
observedbehavioural changes. To elucidate the PAR2-induced reduction of the mEPSCs fre-
quency will require further experiments.

Our results imply that PAR2 receptors may play an important role in nociceptive synaptic
transmission at the spinal cord level. This PAR2-induced modulation of nociception is at least
partially dependent on TRPV1 receptors activation. It seems plausible to suggest that their role
may be potentiated during pathological processes, when expression of both PAR2 and TRPV1
receptors is enhanced [61–63].
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