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ABBREVIATIONS 
 

AEA: anandamide 

Ago2: Argonaute2 

CNS: central nervous system 

CGRP: calcitonin gene-related peptide 

cPPT: central poly-purine tract 

D-MEM: Dulbecoo’s modified Eagle’s 

medium 

D-PDMP: D-threo-1-Phenyl-2-

decanoylamino-3-morpholino-1-propanol 

DRG: dorsal root ganglia 

dsRNA: double-stranded RNA 

ECS: extracellular solution 

fura-2-AM: fura-2-acetoxymethyl ester 

GFP: green fluorescence protein 

GPI: glycosylphosphatidylinositol 

GPL: glycerophospholipid 

GSL: glycosphyngolipid 
HIV: Human Immunodeficiency Virus 

HPRT1: hypoxanthine 

phosphoribosyltransferase 1 

KO: knock out 

LM-PCR: ligation-mediated PCR 

LTR: long-terminal repeat 

miRNA: microRNA 

MβCD: methyl--cyclodextrin 

NGF: nerve growth factor 

OLDA: N-oleoyldopamine 

PBS: phosphate-buffered saline 

PO/AH: preoptic/anterior hypothalamus 

RISC: RNA-induced silencing complex 

RNAi: RNA interference 

RTX: resiniferatoxin 

shRNA: short hairpin RNA 

SIN: self inactivating 

siRNA: short interfering RNA 

SM: sphingomyelin 

SMase: sphingomyelinase 

SP: substance-P 

tg-: non transgenic 

tg+: transgenic 

TM: transmembrane 

TRG: trigeminal ganglia 

TRP: transient receptor potential 

TRPA1: TRP ankyrin repeat domain 1 

TRPV1: TRP Vanilloid 1 

TU: titer unit 

UTR: untranslated region 

VSV-G: vesicular stomatitis virus protein G 

WHV: Woodchuck Hepatitisvirus 

WPRE: woodchuck postregulatory 

element 
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BACKGROUND 

 
Just as 100 years ago, analgesic drugs used nowadays act on opioid 

receptors in the central nervous system (CNS) like opiates, or block cyclooxygenase 

enzymes and suppress inflammation like nonsteroidal anti-inflammatory drugs. These 

are useful drugs in different painful conditions, but exhibit dose-limiting side effects, 

inadequate tolerability profiles and diminished efficacy over time. Capsaicin, the hot 

component of chilli peppers, opened a new horizon to investigate drugs acting on 

nociceptive sensory neurons where pain is generated. 

In order to investigate the effect of a new drug, we have to know inter alia its 

receptor’s exact biological role under both physiological and pathological conditions. 

To alter the expression of the receptor is a great way to reveal these roles and 

several techniques are available such as knock out or knock in techniques. 

Nowadays these techniques are extended with a new method called RNA 

interference (RNAi). RNAi has been widely used to knock down the expression of a 

target gene in cells as well as animals thus giving a loss of function phenotype.  

To get a whole pharmacological picture about a receptor is not enough to 

know its protein structure, its expression pattern, or its function in pathophysiological 

processes. In our pharmacological research we tend to forget that a receptor located 

on the cell surface can not be considered as a separate unit. It is in a lipid bilayer 

milieu, termed lipid raft, which can change the functioning of receptors.  

In my thesis, based on these ideas, two topics are discussed in two separate 

chapters. In the first, I present the generation of a capsaicin receptor knockdown 

mouse strain and in the second, I demonstrate the initial steps to investigate the 

activation of capsaicin receptor after disruption of lipid raft. 
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INTRODUCTION 

 
I/1. Brief overview of capsaicin-sensitive neurons and the Transient Receptor 
Potential Vanilloid 1 (TRPV1) receptor 

 

I/1/1. Nociceptors 

Pain is an unpleasant sensation resulting from complex and integrative series 

of mechanisms at multiple levels of the nervous system which manifests as 

nociceptive, inflammatory and neuropathic pain.  

The first link of this multilevel system is a type of primary sensory neurons, so-

called nociceptors. Nociceptors are pseudounipolar cells whose peripheral terminals 

innervate different parts of the body depending on where their cell bodies are located; 

either in dorsal root ganglia (DRG), trigeminal ganglia (TRG), or nodose ganglia. Their 

role is the transduction of potentially harmful stimuli (e.g. painful mechanical stimuli, 

extreme heat or cold and exogenous or endogenous chemical damaging agents) in 

the periphery.  

Nociceptors can be divided into two groups such as C and Aδ fibers based on 

the anatomical features of their axons. The majority of nociceptors belong to C fibers. 

They have small (<30 µm-diameter) cell bodies, small-diameter unmyelinated axons 

hence their conduction velocity is slow, less than 2 m/s. A small subset of nociceptors 

are Aδ fibers. They have medium-sized, lightly myelinated axon and their conduction 

velocities are in the order of about 20 m/s. Furthermore, cell bodies of Aδ fibers are 

larger than those of C fibers, as well (Lawson and Waddell, 1985). 

The largest subset of nociceptors can respond to all three causes of pain, 

inducing modalities as noxious heat, elevated mechanical stimuli and also to acid or 

other irritant chemicals, and are therefore called polymodal nociceptors (Perl, 1996). It 

has been found that these polymodal nociceptors are capsaicin sensitive as well 

(Szolcsányi, 1977, 1987). 

 

I/1/2. Capsaicin-sensitive neurons and their triple function 

Capsaicin (trans-8-methyl-N-vanyllil-6-nonenamide) is the principle pungent 

component of hot peppers of the genus Capsicum. In 1878, Endre Hőgyes published 

the first results with action of capsaicin under experimental conditions. He proposed 



 9 

that Capsicum extracts act mainly on sensory neurons (Hőgyes, 1878). Capsaicin-

sensitive neurons are polymodal nociceptors and most of them have C-fibers 

(Szolcsányi, 1987, 1996), but another, less numerous population consists of Aδ-

fibers (Szolcsányi, 1996). Around the late forties, Miklós Jancsó discovered that 

capsaicin-sensitve neurons not only play a role in nociception - which is the (1) 

afferent function of these neurons - but pretreatment with high dose of capsaicin 

topically or systematically elicits desensitization, which means a complete 

insensitiveness to chemical stimuli, although the responsiveness of animals to 

physical (electrical, mechanical or noxious heat) stimuli remains intact (Jancsó, 1960; 

Szolcsányi, 1982). 

In 1967 János Szolcsányi stimulated the nervus saphenus and nervus 

trigeminus which produced inflammation in the skin of rat. The evoked inflammatory 

vasodilatation, increased venular permeability and plasma protein extravasation by 

the orthodromic or antidromic excitation of peripheral terminals of capsaicin-sensitive 

neurons were absent after capsaicin desensitization or nerve denervation. Authors 

called this phenomenon neurogenic inflammation (Jancsó et al., 1967) which 

formed the first described manifestation of (2) local efferent function of capsaicin-

sensitive neurons. There are several neuropeptides which are released by exocytosis 

and play a role in generation of neurogenic inflammation in the innervated area. Chief 

among them are calcitonin gene-related peptide (CGRP) triggering arteriolar 

vasodilatation, substance-P (SP) and neurokinin A causing plasma protein 

extravasation and accumulation of inflammatory cells (Maggi, 1995; Szolcsányi, 

1996). Neurogenic inflammation seems to play a significant role in the 

pathomechanism of numerous diseases, like bronchial asthma, conjunctivitis and 

dermatitis, rheumatoid arthritis, migraine etc. (Helyes et al., 2003).  

Furthermore, not just neuropeptides with pro-inflammatory actions are 

released from these peripheral nerve terminals, but somatostatin as well. The release 

process, site and function of somatostatin are different from the well-known 

endocrine, paracrine and neurotransmitter roles described for this neuropeptide 

earlier. In this case somatostatin released from nociceptors enters the circulation and 

exerts systemic anti-inflammatory and antinociceptive actions, labeled as (3) 

systemic efferent function of capsaicin-sensitive neurons (Szolcsányi et al., 

1998a,b; Helyes et al., 2000, 2004). This novel neurohumoral regulatory mechanism 
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was denoted as “sensocrine” function of capsaicin-sensitive neurons (Szolcsányi et 

al., 2004). 

 

I/1/3. The capsaicin receptor: TRPV1  

I/1/3/a. Structure of TRPV1 cation channel 

The hypothesis of the existence of a capsaicin receptor molecule in the cell 

membrane of a subgroup of nociceptive primary sensory neurons was put forward by 

Szolcsányi and Jancsó-Gábor in 1975 (Szolcsányi and Jancsó-Gábor, 1975, 1976). 

Further support came from study of another irritant, resiniferatoxin (RTX) which is 

produced by the cactus-like plant Euphorbia resinifera. It is 1000-fold-more potent 

irritant than capsaicin and they share structural and pharmacological similarities due 

to a common vanillyl moiety (Szallasi and Blumberg, 1989). Patch-clamp studies in 

primary sensory neurons confirmed that a cation-selective ion channel is opened in 

response to capsaicin with a transient depolarizing inward current and RTX activates 

the same ion channel with a sustained slow-desensitizing current (Bevan and 

Szolcsányi, 1990). The final proof came in 1997 when David Julius and colleagues 

cloned the cDNA from DRG neurons encoding a ligand-gated cation channel which 

was termed capsaicin receptor or vanilloid receptor of type 1 (Caterina et al., 1997). 

Finally, in consequence of its structure analogy with members of the family of 

transient receptor potential (TRP) channels, it was classified and renamed as 

transient receptor potential vanilloid 1 (TRPV1) forming the first member of the 

vanilloid subfamily of TRP channels (Gunthorpe et al., 2002). 

The sequence homology between the rat and mouse TRPV1 receptors is 

95%. In rats and mice the gene is located on chromosome 10 and 11, respectively, 

and its cDNA contains an open reading frame that encodes a protein of 838 amino 

acids with 95 kDa molecular mass. TRPV1 is a polytopic protein containing six 

transmembrane (TM) domains and a short, pore-forming hydrophobic stretch 

between the fifth and sixth TM domains (Caterina et al., 1997). Additionally, TRPV1 

includes an intracellular N-terminal region containing ankyrin-repeat domains and a 

C-terminal containing a coiled-coil segment just adjacent to the sixth TM domain 

(Fig.I.1). The receptor has a tetrameric structure in the plasma membrane where four 

TM5-pore loop-TM6 elements face the centre of the channel to form the gate and its 

selectivity filter (Clapham, 2003). The 3D structure of TRPV1 is 150 Å tall and 

consists of a smaller domain (60×60 Å and a height of 40Å) within the membrane and 
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an intracellular larger domain forming a basket-like structure denoted as a ”hanging 

gondola” (Moiseenkova-Bell et al., 2008; Gaudet, 2008). 

 

 

 

 

 

 

 

I/1/3/b. Occurrence and properties of TRPV1 

TRPV1 is a non-selective cation channel (Bevan and Szolcsányi, 1990; 

Caterina et al., 1997). The Na+-influx is mainly responsible for generating action 

potential and, consequently, for the development of nociception. Ca2+-influx is 

principally responsible for releasing neuropeptides from the peripheral terminals of 

capsaicin-sensitive neurons. After treatment with long-lasting or high concentration of 

capsaicin the increased influx of Ca2+ through the prolonged gated cation channel 

produces an acute desensitization by enhancement of positive membrane potential, 

which leads to a gradual inactivation of voltage-dependent Na+ channels. 

Furthermore, the increased intracellular Ca2+ inhibits voltage-gated Ca2+ channels 

(Balla et al., 2001), and induces long-term morphological and functional changes 

such as mitochondrial swelling, hereby decreasing the energy-supply of cell which 

results in a lasting inhibition in activity of the whole nerve terminal (Szolcsányi et al., 

1971; Szőke et al., 2002; Kárai et al., 2004; Szolcsányi, 2005).  

 The TRPV1 receptor is an integrative nocisensor protein because it is 

activated not only by (1) vanilloids but also by (2) noxious heat and (3) protons 

(Tominaga et al., 1998).  

Fig.I.1 Structure of TRPV1 receptor 
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(1) Vanilloids as capsaicin and its analogues such as RTX, piperine, zingerone 

and eugenol are lipophilic. Therefore they can pass through the cell membrane and 

bind to several amino acids of the intracellular surface of TM2, TM3 and TM4 (Gavva 

et al., 2004; Tominaga and Tominaga, 2005) (Fig.I.1). Amino acid substitutions at 

positions 547 and 550 determine the differential vanilloid sensitivity of the human, rat 

and rabbit TRPV1 (Gavva et al., 2004; Holzer, 2004).  

(2) TRPV1 was identified as the first thermally gated cation channel in 

nociceptors (Tominaga et al., 1998). It is activated by 43°C, but it is not clear how or 

where heat acts to open the channel. Reportedly, the distal half of the TRPV1 C-

terminus is involved partly in thermal sensitivity (Vlachova et al., 2003).  

(3) Acidification of the extracellular milieu has two primary effects on TRPV1 

function depending on the binding site of protons on the receptor. On the one hand, 

extracellular protons act on extracellular domain between TM5 and TM6, in the pore-

loop region leading to channel opening at room temperature (Fig.I.1). On the other 

hand protons can potentiate the response evoked by noxious heat and other stimuli 

(Tominaga et al., 1998; Jordt et al., 2000).  

Not just vanilloids, noxious heat and acidosis but other endogenous 

substances such as arachidonic acid derivatives as N-arachidonoyldopamine, N-

oleoyldopamine (OLDA) (Huang et al., 2002; Chu et al., 2003; Van der Stelt and Di 

Marzo, 2004), N-arachidonoylethanolamine also known as anandamide (AEA) 

(Zygmunt et al., 1999), and lipoxygenase products such as 12- or 15-(S)-

Hydroperoxy-eicosatetraenoic acid (Hwang et al., 2000) can also activate TRPV1. All 

these agonists are highly lipophylic compounds and bind to the intracellular side of 

the TMs as vanilloids (Holzer, 2004, 2008).  

These endogenous ligands contribute to TRPV1-mediated pain in pathological 

conditions where the receptor is sensitized via a variety of signaling cascades. In 

damaged tissues pro-inflammatory mediators (e.g. prostaglandin E2, bradykinin, 

extracellular ATP, glutamate, nerve growth factor [NGF]) activate their respective G 

protein-coupled receptors or tyrosine kinase receptor (in case of NGF). Activation of 

these receptors leads to stimulation of phospholipase C, phospholipase A2, adenylate 

cyclase, protein kinase C and protein kinase A signaling pathways. These pathways 

result in sensitizing TRPV1 to its chemical and physical stimuli indirectly via 

phosphorylation (Julius and Basbaum, 2001). In contrast, dephosphorylation of 

TRPV1 by calmodulin in response to elevated Ca2+ inhibits channel activity. This 
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negative feedback may be a first step mechanism of desensitization by capsaicin 

(Rosenbaum et al., 2004). 

 Beside the mechanisms of channel sensitization, changes in the TRPV1 

expression level in sensory neurons may play a role in increased nociceptor afferent 

activity. This view is supported by elevated TRPV1-protein levels which were 

observed in animal models of inflammatory hyperalgesia (Wilson-Gerwing et al., 

2005); furthermore, increased TRPV1-like immunreactivity was detected in painful 

human disease conditions such as irritable bowel syndrome, faecal urgency (Chan et 

al., 2003). 

The primary occurrence of TRPV1 receptor is the polymodal nociceptors 

which innervate richly the skin, cornea and mucous membranes of the mouth. In 

addition, they also innervate the muscle, joints and the host of visceral organs in the 

cardiovascular, respiratory, and genitourinary systems (Szolcsányi, 1996; Caterina 

and Julius, 2001). The existence of TRPV1 in different parts of CNS has also been 

reported in several studies using a variety of methods (Acs et al., 1996a; Mezey et 

al., 2000; Toth et al., 2005; Steenland et al., 2006). In a recently published study 

however, using labeled-TRPV1 knock-in mice, TRPV1 expression in CNS was only 

confirmed within and adjacent to the caudal hypothalamus (Cavanaugh et al., 2011). 

Furthermore, some TRPV1 expression was shown also in various non-neuronal cells 

such as the keratinocytes of the epidermis, bladder uroepithelial cells and smooth 

muscle cells, endothelial cells, and cells of the immune system, including mast cells, 

lymphocytes and dendritic cells. The biological role of these TRPV1 proteins in these 

cells remains elusive, although it may be implicated in pathological conditions of the 

organs in which they are expressed (Cortright and Szallasi, 2004).  

 

I/1/3/c. TRPV1 agonists in pain relief and thermoregulation 

Since TRPV1 can be desensitized with its agonists, a conceptually different 

analgesic process can be achieved compared to using its antagonists. In the former 

case the function of the primary afferent neuron to all types of stimuli is impaired 

while in the latter case the gating function of TRPV1 channel is inhibited. In spite of 

the high efficiency of agonists, the generated acute burning pain, circulatory, 

respiratory, and thermoregulatory reflexes limit their systemic usage. For these 

reasons, development of reduced-pungency capsaicin analogues and particularly 

topical or site specific local delivery methods have been preferred and are used in 
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post-herpetic neuropathy, cluster headache, migraine prophylaxis etc. (Szallasi et al., 

2007; Wong and Gavva, 2009). In the EU and USA a capsaicin 8% patch 

(Qutenza™) was recently approved for treatment of peripheral neuropathic pain 

(Anand and Bley, 2011). 

The other side effect of TRPV1 agonists is the induction of transient 

hypothermia after oral, subcutaneous or direct administration into the 

preoptic/anterior hypothalamus (PO/AH) in rats. It is due to a coordinated heat loss 

response accompanied by complete avoidance of the warm environment, as well as 

vasodilatation, salivation, and fall in metabolic rate (Jancsó-Gábor et al., 1970a,b; 

Szolcsányi et al., 1971; Szolcsányi, 1983; Woods et al., 1994). On the other hand, 

after administration of desensitizing doses of capsaicin, the regulation against 

overheating is impaired and heat escape behavior from a warm environment has 

been failed. Trpv1 knock out (KO) mice provided more evidence, because they are 

insensitive to the acute hypothermic effect of capsaicin and RTX (Caterina et al., 

2000; Garami et al., 2011). These evidences indicate that agonist-induced 

hypothermia is mediated by TRPV1 and TRPV1-expressed subset of PO/AH neurons 

which can play roles in thermoregulation (Szolcsányi et al., 1971; Szolcsányi, 2004; 

Gavva, 2008). 

 

I /1/3/d. TRPV1 antagonists in pain relief and thermoregulation  

Since TRPV1 plays an important role in nociception, considerable efforts were 

made in pharmaceutical industry to develop new analgesics acting on this promising 

target molecule. TRPV1 antagonists showed good efficacy in reversing both 

inflammatory and chronic neuropathic pain. In addition, TRPV1 antagonists also 

showed effectiveness in models of postoperative pain, cancer pain, migraine, dental 

pain, osteoarthritis etc. and, due to these promising effects, several antagonists are 

currently undergoing phase I and II clinical trials for treating a variety of painful 

conditions (Khairatkar-Joshi and Szallasi, 2009; Gunthorpe and Chizh, 2009).  

 In the course of evaluating new TRPV1 antagonists to block capsaicin-induced 

hypothermia, it was found that they caused vasoconstriction (results in heat loss 

through skin) and increased thermogenesis (increased metabolic heat production) 

resulting in hyperthermia. This effect has been reported for compounds of different 

chemotypes, including ureas (A-425619 and JYL 1421), cinnamides (SB366791 and 

AMG9810), piperazines (BCTC), and pyrimidines (AMG 517) (Steiner et al., 2007; 
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Gavva et al., 2007; Romanovsky et al., 2009). Importantly, TRPV1 antagonists did 

not elicit hyperthermia in Trpv1 KO mice, suggesting that the hyperthermic effect of 

antagonists was TRPV1 mediated (Steiner et al., 2007; Garami et al., 2011). 

Furthermore, it was identified that antagonists which block capsaicin-mediated 

activation, potentiate pH 5 activation and do not affect heat activation of the receptor 

is free of hypothermia suggesting that the hyperthermic response to TRPV1 

antagonists is triggered by the blockade of the proton evoked TRPV1 activation, 

either alone or together with the capsaicin mode (Letho et al., 2008; Garami et al., 

2010). 

 
I/2. About TRP ankyrin repeat domain 1 (TRPA1) receptor 
 

 TRPA1 (originally called ANKTM1) is a member of the TRPA branch of the 

TRP ion channel family. Mammals have only one Trpa gene, namely Trpa1, while 

other animals express two or more Trpa genes. It is 20% homologous at the amino 

acid levels to TRPV1, and it has similarly six TMs with carboxy and amino termini 

facing the intracellular side of the membrane, but its amino terminus contains 14 

ankyrin repeats, in case of human receptor (Jaquemar et al., 1999; Clapham, 2003; 

Story et al., 2003). 

TRPA1 is predominantly coexpressed with TRPV1 in C and Aδ nociceptors in 

DRG, TRG and nodose ganglia, but it is also expressed in lung fibroblasts and 

auditory hair cells where it may serve as a mechanotransducer (Jaquemar et al., 

1999; Storey et al., 2003; Corey et al., 2004). It is insensitive to capsaicin, but can be 

specifically activated by a variety of exogenous and endogenous ligands such as 

isothiocyanate derivatives as allyl isothiocyanate (from mustard oil), or 

cinamaldehyde (from cinnamon oil), acrolein (from gas exhaust), allicin (from garlic 

and onions), formaldehyde and the endogenous 4-hydroxy-2-nonenal which is 

produced from membrane phospholipids under oxidative stress (Macpherson et al., 

2007; McNamara et al., 2007). Furthermore, TRPA1 is considered as a noxious cold 

sensor which is activated and sensitized by painful cold temperatures, below 17°C 

(Storey et al., 2003; Bandell et al., 2004; Sawada et al., 2007). Application of its 

activators causes a mild Ca2+-influx into the sensory nerves producing acute pain and 

neurogenic inflammation through peripheral release of neuropeptides (SP and 

CGRP), purines and other transmitters from activated nerve endings. This 
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neurogenic inflammation produces robust hypersensitivity to thermal and mechanical 

stimuli (Bandell et al., 2004).  

 
I/3. RNA interference (RNAi) 

 

I/3/1. RNAi as a natural process in eukaryotic cells  

Antisense RNA technique as a post-transcriptional gene silencing method has 

been known for 25 years. Its principle is that the transcription of the gene is normal, 

but a single-stranded antisense RNA inhibits the expression of a targeted gene 

through arresting the translation by steric blockade of the ribosome (Kurreck, 2004). 

At the end of 90’ Andrew Fire, Craig Mello and their colleagues recognized that in 

Caenorhabditis elegans the injection of single-stranded antisense RNA and sense 

RNA together, as a long double-stranded RNA (dsRNA), was even more effective at 

inhibiting the complementary endogenous gene due to selective degradation of its 

encoded mRNA (Fire et al., 1998). This phenomenon is referred to as RNAi which is 

present only in eukaryote cells and has its own pathway. 

Several types of dsRNAs have been identified as inducers of RNAi, most 

importantly short interfering RNAs (siRNAs) and microRNAs (miRNAs) (Fig.I.2). 

 

 

 

 

 

 

 

 

 

 

Fig.I.2 Mechanism of RNAi in mammalian cells. 
(www.dolcera.com) 



 17 

siRNAs have mostly been considered extragenomic in origin and they defend 

the genome integrity in response against foreign or invasive nucleic acids such as 

viruses, transposons and transgenes. They may also be endogenous originally, but 

the specific biological functions of these endo-siRNAs have not been understood yet 

(Okamura and Lai, 2008). siRNAs are 21-23 nt long double-stranded RNAs with 2 nt 

overhangs at both 3’ ends, and are excised from long, fully complementary dsRNAs 

in the cytoplasm by Dicer, a RNase III endonuclease, in an ATP-dependent reaction. 

Then double-stranded product of Dicer incorporates into a multimeric protein 

complex, namely RNA-induced silencing complex (RISC) where the helicase domain 

unwinds siRNA (Dykxhoorn et al., 2003; Tomari and Zamore, 2005; Kurreck, 2006; 

Carthew and Sontheimer, 2009). This helicase domain can recognize the different 

thermodynamic properties of the two ends of siRNA duplex. 5’ end of the antisense 

(guide) strand contains more A and U, hence has a lower relative stability compared 

to the 5’ end of the sense (passenger) strand, which is GC-rich, and has a higher 

relative stability. Accordingly, the antisense siRNA strand with a less stable 5’ end is 

incorporated into the RISC more efficiently than the opposite, sense strand, which is 

discarded after unwinding (Naito et al., 2004; Kurreck, 2006). RISC-antisense strand 

ribonucleoprotein complex is able to identify the complementary mRNA target by 

Watson-Crick base pairing then degrade it. Nuclease activity of RISC is due to 

Argonaute2 (Ago2) protein which cleaves the phosphodiester linkage of the mRNA 

target nucleotides that are base paired to siRNA residues 10 and 11 (counting from 

5’ end) to generate products with 5’-monophosphate and 3’-hydroxyl termini 

(Dykxhoorn et al., 2003; Martineau and Pyrah, 2007; Carthew and Sontheimer, 

2009). After cleavage the target dissociates from the RISC-complex and cellular 

exonucleases attack the fragments to complete the degradative process. 

Furthermore, the free RISC is able to cleave additional targets (Orban and 

Izaurralde, 2005; Carthew and Sontheimer, 2009).  

miRNAs are expressed endogenously from the host genome with intracellular 

stem-loop structures (Okamura and Lai, 2008), and they regulate a large number of 

endogenous genes. Transcription of miRNAs is performed by RNA polymerase II, 

and transcripts (so called pri-miRNAs) are capped and polyadenylated (Kim, 2005) 

and they typically contain an imperfectly paired stem of ~33 bp, with a terminal loop 

and flanking segments (Bartel, 2004). In the nucleus, the RNase III endonuclease 

Drosha cleaves RNA hairpins that contain a large terminal loop approximately two 
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helical turns, a 65-75 nt precursors called pre-miRNA (Lee et al., 2003). The pre-

miRNA is then exported from the nucleus by Exportin 5 and cleaved in the cytoplasm 

by Dicer to form a mature miRNA duplex of ~22 bp length with a 2 nt overhang at 

their 3’ ends (Bartel, 2004). After that, miRNA is assembled into the RISC where one 

strand of miRNA duplex with the less stable 5’ termini is able to associate stably with 

the complex (Kim, 2005) and binds to the target mRNA in the 3’ untranslated region 

(UTR) generally. Most animal miRNAs bind with mismatches and bulges, although a 

key feature of recognition involves a correct Watson-Crick base pairing of miRNA 

nucleotides 2-8, representing the seed region (Carthew and Sontheimer, 2009). In 

the case of perfect match, target mRNA is cleaved by Ago2 protein, but in the case of 

imperfect match, only the translation of the target mRNA is arrested. The number, 

type and position of mismatches in the miRNA-mRNA duplex play an important role 

in triggering degradation or translation arrest (Zeng et al., 2003; Aleman et al., 2007).  

 

I/3/2. RNAi as a tool to silence gene expression 

Based on RNAi machinery, effective silencing of a target gene can be 

achieved by several alternative approaches (see below). However, independently of 

the approach, the principles of designing the most effective interfering siRNA with the 

minimal risk of nonspecific off-target effects are the same.  

First, there are some recommendations about the primary structure of siRNA: 

GC content of the sequence needs to be around 30-52%, because too low GC 

content may destabilize siRNA duplexes, whereas too high GC content may impede 

RISC loading and/or cleavage product release. Location of certain nucleotides can 

improve the efficacy of siRNA, such as (in reference to the sense strand) A or U at 

positions 15-19, A at position 3 and 19, U at position 10, a base other than G or C at 

position 19, and a base other than G at position 13. These sequence features 

correlate with the above mentioned role of thermodynamic asymmetry between 

sense and antisense strands. Furthermore, avoidance of internal repeats and 

palindromes which may form fold-back secondary structures is necessary as well 

(Reynolds et al., 2004; Pei and Tuschl, 2006). 

Second, there are some rules about the suitable target-side: the target 

sequence should be selected anywhere between 50-100 nucleotides downstream 

from the start codon avoiding repetitive sequences, introns and sequences that 
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contain known binding sites of mRNA-binding proteins (Dykxhoorn et al., 2003; 

Kurreck, 2006; Pei and Tuschl, 2006). 

Once suitable target sites on the mRNAs are selected the corresponding 

interfering siRNA can be synthesized exogenously and introduced into cells or 

animals either naked or with transfection reagent. There are some limitations when 

exogenously synthesized siRNAs are used. Their chemical or enzymatical production 

is costly. Moreover, exogenously delivered siRNAs only result in transient silencing of 

targeted genes, due to the lack of intracellular reproduction. So following a single 

administration the expression of the silenced gene can recover in 6 days depending 

on the rate of cell growth, proliferation, and the turnover of the protein (Dykxhoorn et 

al., 2003). 

Interfering RNAs can also be endogenously produced by expressing a short 

hairpin RNA (shRNA) from a DNA construct consisting of the sense sequence of 21-

29 nt of the target, a short loop region, the reverse complement of the target 

sequence and a short terminator (5-6 T residues) sequence (Dykxhoorn et al., 2003). 

When transcribed in vivo, this short transcript folds back on itself to form a hairpin 

structure (Khvorova et al., 2003; Amarzguioui et al., 2005; Li et al., 2007). 

As the expressed shRNAs are short, generally Pol III promoters such as U6 and H1 

are used to transcribe shRNAs. These promoters are normally used by the cell to 

drive expression of short RNAs, such as tRNAs, 5S rRNA, U6 and U7 snRNAs. They 

have several advantages. Pol III promoters have very well-defined transcription start 

sites and transcription is terminated by a stretch of five Ts, and the nascent RNA is 

processed in such a way that 3’-terminus will contain two Us, which resembles the 

ends of natural siRNAs and is essential for Dicer processing (Matsukura et al., 2003; 

Medema, 2004; Snove and Rossi, 2006). In addition, Pol III transcripts lack the 5’ cap 

and 3’ poly A tail. These conventional shRNA transcripts are not processed by 

Drosha, but instead, are exported to the cytoplasm by exportin-5. They are further 

processed in the cytoplasm by Dicer into double-stranded siRNAs and loaded to 

RISC complex as described previously (Manjunath et al., 2009). Further advantages 

of pol III promoter-based systems are the demonstrated high activity in most cell 

types, both in vitro and in vivo, and the small size of the expression cassettes 

(Wiznerowicz et al., 2006). 
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After insertion into the host genome these pol III promoter based-shRNA 

systems allow prolonged gene silencing and can induce stable and heritable gene 

knockdown. 

 
I/4. Lentiviral vectors in transgenesis 

 

I/4/1. Modified lentiviral systems 

Lentiviruses are members of the large family of retroviruses and have been 

already isolated from several mammals such as monkeys (Simian Immunodeficiency 

Virus), cats (Feline Immunodeficiency Virus) and humans (Human Immunodeficiency 

Virus; HIV). Lentiviruses infect wide variety of dividing as well as resting and 

differentiated cells (Greber and Fassati, 2003). After entry in the host cell, the viral 

RNA genome is reverse transcribed into cDNA, which is transported (Follenzi et al., 

2000) and stably integrated into the host genome. Integration into the host genome is 

important, because it allows the stable expression and transmission of the provided 

provirus to offspring after infection of germ cells (Pfeifer, 2004).  

In transgenic research replication-defective viruses are used in which all 

dispensable genes are eliminated from the viral genome and the cis-acting 

sequences are separated from those trans-acting factors that are absolutely required 

for viral particle production, infection and integration.  

The transfer (or integrating) plasmid contains a multiple cloning site for the 

insertion of the transgene between the virus long-terminal repeats (LTRs), and other 

cis-acting sequences such as the central poly-purine tract (cPPT) which is important 

for nuclear import of pre-integration complex, and the woodchuck postregulatory 

element (WPRE) which enhance the expression of the transgene. The so-called 

helper plasmids (2 or 3 depending on the applied system) contain the genes of the 

required trans-acting factors, namely gag-pol coding for integrase, reverse 

transcriptase and structural proteins, rev which is necessary to increase viral titer, 

and heterologous glycoprotein coding gene such as vesicular stomatitis virus protein 

G (VSV-G) for envelope glycoproteins (Zennou et al., 2000; Singer and Verma, 

2008). The advantage of VSV-G is that it uses phospholipid components of the host 

cell membrane as receptor, which allows for a very broad host range, including insect 

and mammalian cells (Schlegel et al., 1984). 
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Beyond that LTRs are indispensable for the integration of the enclosed 

transgene, and they have role as a promoter and an enhancer, thus unmodified LTRs 

can influence the transcription of transgene. Therefore self-inactivating (SIN) lentiviral 

vectors were designed in which a deletion in the U3 region of the 3’ LTR was 

introduced. This U3 deletion abolishes the viral promoter activity, thereby preventing 

the synthesis of full-length virus RNA in target cells, minimizing the risk that a 

replication-competent lentivirus will emerge or that a cellular gene located 

immediately downstream of the 3’ LTR will be aberrantly expressed. Furthermore, the 

SIN design also prevents potential interferences between the viral LTRs and the 

internal promoter of the transgene (Zufferey et al., 1998). 

 

 

Lifecycle of these improved replication-defective viruses is limited to a single 

round. This is generally accomplished by introducing the transfer and helper 

plasmids into transducer cells such as the SV-40 large T antigen expressing human 

embryonic kidney 293T cells to generate virions containing the transgene of interest. 

In the next step the target cell is infected by the formed virus particles, and then the 

Fig.I.3 Schematic of non-replicating lentiviral vector for stable shRNA expression. Host cells (such 
as 293T cells) are transfected with plasmids such as transfer plasmid containing the shRNA 
expression cassette, and helper plasmids containing a packaging cassette or a heterologous 
(VSV-G) viral envelope expression cassette. The generated lentivirus is then used to deliver 
shRNA transgene into the target cell. Because the transfer plasmid is devoid of the viral structural 
genes and is containing only the shRNA expression cassette after infection it integrates into the 
host cell genome and shRNA is continually expressed but infectious virus is not produced. (From 
Manjunath et al., 2009.) 
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virus RNA genome following reverse transcription gives rise to a proviral genome and 

integrates into the host genome stably without generating progeny virions. Finally, in 

the case of the shRNA transgene the shRNA is transcribed by RNA pol III promoter, 

exporting to cytoplasm and engaged by the endogenous RNAi machinery to drive 

sequence specific cleavage of the mRNA target (Manjunath et al., 2009). 

One of the drawbacks of lentiviral vectors is their limited DNA packaging 

capacity (~8.5 kb excluding cis-acting viral elements). However, they are ideally 

suited for shRNA expression given the minimal size requirements for this purpose 

(typically ~150 nt for the RNA polymerase III promoter and shRNA coding sequence) 

(Dann, 2007). 

 

I/4/2. Lentiviral transgenesis of single-cell embryos 

There are two different methods to infect the embryos with lentiviral particles. 

Either the viral particles are injected directly into perivitelline space of one-cell zygote 

(subzonal injection), or the fertilized embryos are incubated with virions after 

removing of zona pellucida (denudation). The disadvantages of the latter are delayed 

embryonic development and reduced implantation rates (Lois et al., 2002). 

Subzonal injection and deposition of the lentiviral particles on the cell 

membrane is much less invasive than pronuclear DNA-microinjection. It is 

independent on the localization or visualization of the nucleus, furthermore it does 

not disrupt the cytoplasmic or the nuclear membrane. Therefore, the embryo viability 

following lentiviral vector transduction has been shown to be very high (generally 

>70%) in all species studied (Park, 2007). While pronuclear injection often results in 

the random insertion of concatamers of the injected DNA, lentiviral transduction 

results in integrations each containing a single copy of the transgene which is more 

similar in structure to endogenous genes, and may therefore be less prone to 

epigenetic silencing such as methylation or histone deacetylation (Pfeifer, 2004; 

Dann, 2007).  
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AIMS 

 
The overall aim of the first part of my study was to generate TRPV1 knockdown mice 

and rats. Several steps were required for this: 

 

1. testing the effectiveness and specificity of previously published anti-TRPV1 

siRNAs, in vitro. We also wanted to induce transient, local knockdown effect in 

rats using this siRNA. 

2. building several shRNA and miRNA constructs and validate them in vitro. 

3. inserting the best working construct into a lentiviral plasmid system to produce 

RNAi lentiviruses. 

4. using lentiviruses in subzonal microinjection of one-cell embryo to delivery the 

RNAi construct. 

5. determining transgenic animals then breeding them to establish a transgenic 

line. 

6. characterizing the transgenic animals in different in vitro and in vivo models. 
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MATERIALS AND METHODS 

 
II/1. Media, buffers, solutions and oligonucleotides 

 

II/1/1. Cell culture media 

 The cells were cultivated, unless mentioned differently, in complete medium 

containing Dulbecoo’s modified Eagle’s medium (D-MEM), 10% fetal bovine 

serum, 40 mM L-Glutamine, 2X non essential amino acid 100X solution (all from 

Sigma; St. Louis, MO, USA) supplemented with penicillin 50 U/ml and 

streptomycin 50 μg/ml (Gibco; Grand Island, NY, USA) under standard condition 

at 37°C in a humid atmosphere containing 5% CO2.  

 The nutrient-supplemented cell culture medium for TRG neurons contains 5% 

horse serum, 5% fetal bovine albumin, 5% newborn calf serum (all from Sigma) in 

D-MEM supplemented with penicillin and streptomycin (OSM: 280-310). 

 

II/1/2. Buffers and solutions 

Components of buffers and solutions were purchased from Reanal (Budapest, 

Hungary), Merck (Darmstadt, Germany) and Sigma. 

 Hank’s solution contains 100 mM NaCl, 5 mM HEPES, 5 mM KCl, 2.5 mM CaCl2, 

4 mM NaHCO3, 10 mM glucose, 0.3 mM NaH2PO4xH2O, and 0.3 mM KH2PO4; pH 

7.4. 

 Extracellular solution (ECS) includs 160 mM NaCl, 2.5 mM KCl, 1 mM 

CaCl2x2H2O, 2 mM MgCl2x6H2O, 10 mM HEPES, and 10 mM glucose; pH 7.3.  

 Phosphate-buffered saline (PBS) consists of 138 mM NaCl, 5.4 mM KCl, 7.8 mM 

Na2HPO4x2H2O, and 1.4 mM KH2PO4. 

 Fura-2 incubation solution contains 122 mM NaCl, 3.3 mM KCl, 1.3 mM CaCl2, 

0.4 mM MgSO4, 1.2 mM KH2PO4, 25 mM HEPES, 10 mM glucose, and 1 M of 

fluorescent Ca2+ indicator dye, fura-2-acetoxymethyl ester (fura-2-AM; Invitrogen, 

Carlsbad, CA, USA); pH 7.35-7.4. 

 2xHeBS solution includs 140 mM NaCl, 50 mM HEPES, 1.4 mM Na2HPO4; pH 

7.0. 

 For capsaicin stock solution, capsaicin (Sigma) was dissolved in saline with 10% 

ethanol and 10% Tween80 to yield a 33 mM stock. 
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 For RTX stock solution, RTX (Sigma) was dissolved in 96% ethanol receiving a 

1.6 mM stock. 

 For mustard oil stock solution, mustard oil (Merck) was dissolved in DMSO giving 

a 10 mM stock. 

These stock solutions were stored at -20°C and for all experiments fresh dilutions 

were made from them with saline or ECS.  

 

II/1/3. siRNAs and DNA oligonucleotides 

siRNAs and DNA oligonucleotides or the constituents of siRNAs, miRNAs and 

shRNAs constructs were purchased from Invitrogen.  

The sequences of anti-TRPV1 siRNAs were published previously (Grünweller 

et al., 2003; Kasama et al., 2007). VsiR1 (sense sequence: 

GCGCAUCUUCUACUUCAACTT) targets the junction between the N-terminal 

cytoplasmic domain and first transmembrane domain of TRPV1, beginning at 

nucleotide 1373 (numbered according to Genebank entry NM_031982.1). VsiR1ST is 

a 25 base length nuclease resistant StealthTM (Invitrogen) variant of VsiR1 (sense 

sequence: GCGCAUCUUCUACUUCAACUUCUUC). VsiR1INV (sense sequence: 

CAACUUCAUCUUCUACGCGTT) has a reverse sequence compared to VsiR1 and 

was used as control siRNA. The chemically synthesized sense and antisense strands 

of siRNAs were dissolved and annealed in DEPC-treated water and kept as 2 μM 

stock solutions at -80°C. 

Primer oligonucleotides for PCR and sequencing were purchased from IDT 

(Leuven, Belgium) and PCR components were purchased from Promega (Madison, 

WI, USA). 

 

II/2. In vitro experiments with siRNA oligonucleotides  

 

II/2/1. Transfection of ND-C and CHO/K1 cells with siRNAs and measuring TRPV1 

expression by flow cytometry 

The ND-C cell line is a hybrid cell line derived from neonatal rat dorsal root 

ganglia neurons fused with mouse neuroblastoma N18Tg2 cells (Rugiero and Wood, 

2009; provided by John N. Wood; Sandoz Institute for Medical Research, London, 

UK). Both ND-C and CHO/K1 cells were obtained from ECACC. They were grown 

under standard condition in complete medium. The day before transfection, cells 
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were trypsinized, diluted with fresh complete medium, and transferred to 24-well 

plates at 4x104 cells per well.  

200 ng ratTRPV1eGFP fusion protein expressing vector pZS5 (Sándor et al., 

2005) and 8 pmol siRNA were cotransfected with TransMessenger® Transfection 

reagent (Qiagen; Hilden, Germany) according to the manufacturer’s protocol. After 

overnight incubation, the cells were trypsinized, and then the amount of 

ratTRPV1eGFP fusion protein was measured by flow cytometry (Partec CyFlow 

space with FloMax software, version 2.4; Münster, Germany). Expression level was 

calculated according to the following procedure. A region was marked which 

excluded the nontransfected autofluorescent cells, but included all strongly 

fluorescent GFP-positive cells. The percent of GFP-positive cells and the mean 

fluorescence of these cells were multiplied to obtain a single composite value, 

representing the amount of ratTRPV1eGFP expression in the sample.  

One-way ANOVA and Dunnett’s post hoc comparison were used to analyze 

differences between transfections. 

 

II/2/2. Measurement of native TRPV1 activity after siRNA treatment with 

microfluorimetry 

Primary cultures of TRG neurons were prepared from 2- to 4-day-old Wistar 

rat. The TRG was dissected in ice cold PBS, incubated in PBS containing 

collagenase (type XI, 1 mg/ml; Sigma) for 35 min at 37C. Then the sample was 

digested in PBS containing 0.3 mg/ml deoxyribonuclease I. (Sigma) for 8 min and 

rinsed with Ca2+ and Mg2+ free PBS and dissociated by trituration. TRG cells were 

plated on poly-D-lysin-coated (Sigma) glass coverslips and grown in nutrient-

supplemented medium under standard condition. NGF (200 ng/ml; Sigma) was 

added every second day, as described earlier (Szőke et al., 2000).  

2-4 day-old TRG neuron cultures were stained with 1 μM fluorescent Ca2+ 

indicator dye fura-2-AM for 30 min at 37C in fura-2 incubation solution. Dye loading 

was followed by at least 5 min wash in ECS at room temperature. Calcium transients 

of TRG neurons were examined in ECS under a fluorescence microscope (Olympus 

BX50WI, Tokyo, Japan) placed on a vibration-free table (Supertech, Pécs, Hungary) 

as described elsewhere (Szőke et al., 2000). ECS was gravity fed to the cells using a 

triple outlet tube of about 50 m diameter from close vicinity. Capsaicin and mustard 
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oil solutions arrived to the outlet via separate tubes and rapid changing of solutions 

was controlled by a fast step perfusion system (VC-77SP, Warner Instrument 

Corporation, Harvard Apparatus GmbH, March-Hugstetten, Germany). Fluorescence 

images were taken with an Olympus LUMPLAN FI/x20 0.5 W water immersion 

objective and a digital camera (CCD, SensiCam PCO, Kelheim, Germany), 

connected to a Pentium II. Up to 12 dye-loaded cells were selected in each plate to 

monitor their fluorescence individually. Cells were illuminated by light at alternately 

340 and 380 nm (for 50 to 400 ms each) generated by a monochromator 

(Polychrome II., Till Photonics, Hannover, Germany) under the control of Axon 

Imaging Workbench 2.1 software (AIW; Axon Instruments, Union City, CA, USA). The 

light emitted at >510 nm was measured. Data from points on the cell-free area of the 

plate were used for background subtraction. The fluorescence ratio (R=F340/F380) was 

monitored continuously at a rate of 1 Hz for up to 5 min, while a few sample images 

were also recorded. The R values were not converted to intracellular free Ca2+ 

concentrations in this study. Baseline fluorescence was read from the period of 

recordings taken before exposing the cells to any drug. The background noise 

appeared as a change in fluorescence ratio (ΔR) of about 0.05 in our setup. In the 

next step baseline was adjusted to R=0 and the peak magnitude of ratiometric 

responses were calculated. The R values generated by the AIW were then 

processed by the Origin software version 7.0 (Originlab Corp. Northampton, MA, 

USA). 

To excite TRPV1 receptors a 10-s pulse of 330 nM capsaicin (diluted from 

stock solution with ECS) was applied, and TRPA1 receptors were stimulated with 

100 µM mustard oil (diluted from stock solution with ECS) for 30 s. Cells showing a 

ΔR of >0.1 after agonist treatment were considered to be receptor-expressing cells. 

In siRNA experiments before microfluorimetry, TRG neurons were incubated 

overnight with 50 nM VsiR1 or VsiR1INV siRNA in the medium without any 

transfection reagent.  

Cells reacting to agonist treatment were counted in the samples and Fischer’s 

exact test was used to analyze the data. 
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II/3. In vivo siRNA experiments in rats 

Female Sprague-Dawley rats (200-250 g) were studied. For spinal siRNA 

administration, the rats were surgically prepared under ketamine (as Calypsol 

injection; Gedeon Richter Plc, Budapest, Hungary) and xylazine (Sigma) anesthesia 

(72 and 8 mg/kg intraperitoneally, respectively) and the back of the head and neck 

were shaved. A polyethylene-10 catheter (Becton, Dickinsen and Company, New 

Jersey, USA) was then inserted caudally through the cisternal opening and passed 

slowly and carefully 8.5 cm into the intrathecal space, as described previously (Yaksh 

and Rudy, 1976). After surgery, the rats had free access to food and water. Rats 

exhibiting postoperative neurologic deficits were excluded.  

3-5 days after surgery, the right position of catheter was confirmed by 

provoking paralysis in hindpaw with 2% lidocaine (Egis Plc, Budapest, Hungary) 

injection. Two days later, rats were treated with VsiR1 siRNA (n=15) where 2 μl 

VsiR1 siRNA from 50 μM solution with 8 μl i-Fect™ reagent (Neuromics, Northfield, 

MN, USA) was injected and washed out from the catheter with 10 μl saline. In the 

solvent-treated group (n=10) 2 μl saline was used instead of VsiR1 siRNA solution. 

The treatment was repeated once more the following day. 

Three, six and nine days after the treatment, animals were tested with 

capsaicin-evoked nocifensive response on the paw. Capsaicin (50 µl, 10 µg/ml, 

diluted with saline from stock solution) was injected into the sole of the hindpaw and 

the duration of paw licking and the number of paw flinches were recorded for 5 min. 

Nocifensive behavior was quantified as a pain score by summing the duration of paw 

licking in seconds and the number of flinches. 

Two-way ANOVA and Bonferroni post hoc comparison were used to analyze 

the data. 
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II/4. Generation of knockdown transgenic animals 

II/4/1. Building of shRNA and miRNA constructs 

 14 shRNA constructs, including controls (shRNAh and shRNAn) were 

designed based on previously published principles (Reynolds et al., 2004). Six of 

them (shRNAa, and from shRNAc to shRNAg) has different targeting site on the rat 

TRPV1 mRNA. More designer programs were used as Invitrogen, Clontech, 

Dharmacon then the target sequences were chosen arbitrarily. Furthermore seven 

variants of shRNAa (shRNAb, and from shRNAi to shRNAm) were designed as well. 

The sequences and target sites (numbered according to Genebank entry 

NM_031982.1) of these shRNAs are shown in Fig.II.1.  

 

Fig.II.1 Demonstration of different shRNAs constructs against rat TRPV1. TRPV1 mRNA target site 
(numbered according to Genebank entry NM_031982.1): its length, the name and sequence of each 
shRNA construct are shown. shRNAa, and from shRNAc to shRNAg has different targeting site on 
the rat TRPV1 mRNA, while  shRNAb, and from shRNAi to shRNAm is variants of shRNAa. All 
shRNA constructs were cloned into pU6shRNAbase which contains a base sequence with two 
BsmBI restriction endonuclease sites downstream of the human U6 promoter. 
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All shRNA constructs were built from four purchased phosphorylated 

oligonucleotides. Complementary oligonucleotides were annealed receiving two 

double stranded DNA fragments with 4 nt overhangs at the 5’ ends. Due to cohesive 

ends the two double stranded DNA fragments were ligated with T4 DNA ligase 

(Promega) and the received shRNA constructs were suitable to insert into pU6Abase 

plasmid with BsmBI. This plasmid is an ampicillin-resistant version of pU6Entry 

(Invitrogen) plasmid and contains a 30 bp long, cloning ‘base’ sequence with two 

BsmBI restriction endonuclease sites downstream of the human U6 promoter. After 

digestion with BsmBI (Promega), the linearized vector fragment was separated about 

the base sequence in 1% agarose gel. Afterwards the vector was gel-purified using 

QIAquick Gel Extraction Kit (Qiagen), and shRNA constructs were ligated into it, 

respectively (Fig.II.1). After overnight ligation, pU6shRNAs were transformed into 

Escherichia coli (strain Top10, Invitrogen) using Ca2Cl method. From outgrown 

colonies minipreps were made by GenElute™ Plasmid Miniprep Kit (Sigma), finally 

pU6shRNA plasmids were sequenced using the U6 forward primer (5’-

GGACTATCATATGCTTACCG-3’) (Invitrogen).  

miRNA constructs were built from four purchased phosphorylated 

oligonucleotides the same way as shRNAs. The ready-made miRNAs were inserted 

into the pDsRedmibase vector. This vector contains, similarly to pU6Abase, a cloning 

‘base’ sequence with two BsmBI restriction endonuclease sites between 5’ and 3’ 

miRNA sequences. 5’ and 3’ miRNA regulatory sequences were based on mouse 

non-coding mRNA (AY096003) which is coding miRNA155. This whole construct is 

downstream of the DsRed fluorescence protein which is triggered by CMV promoter 

(Fig.II.2).  

 

II/4/2. Testing of shRNA and miRNA constructs 

ND-C cells were plated at 105 cells per well into 24-well plates in complete 

medium. Next day 250 ng of pZS5 plasmid with 250 ng of shRNA, miRNA or the 

appropriate control vector such as pU6Abase, or pDsRedmibase were cotransfected 

into the cells using polyethylenimine transfection reagent ExGen 500 (Fermentas; St. 

Leon-Rot, Germany), according to the manufacturer’s protocol. Cells were incubated 

for 24 h and green fluorescence of ratTRPV1eGFP fusion protein was measured by 

flow cytometry as described in the II/2/1 section. 
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II/4/3. Preparation of lentiviral particles 

 The U6 promoter and shRNAa construct were moved into the pWPTS-GFP 

lentiviral transfer vector (provided with packaging and helper plasmids by Patrick 

Salmon ParmD, PhD; Department of Neurosciences, Faculty of Medicine University 

of Geneva, Switzerland) (Kvell et al., 2005) in two steps. First, the U6-shRNAa 

construct were cloned into pTZ57R (Fermentas) from pU6shRNAa plasmid using 

BamHI and XbaI (Promega) in order to get suitable KpnI sites. The construct inserted 

in lacZ gene which facilitated the screening of the adequate colonies on medium 

Fig.II.2 Demonstration of structure of miRNA expressing plasmids against rat TRPV1.  Sequences 
of miRNAs were based on shRNAa and shRNAe. They were cloned into pDsRedmibase directly 
after CMV promoter and DsRed using BsmBI restriction endonuclease. miRNA sequences together 
with 5’miRNA and 3’miRNA sequences compose pre-miRNA after transcription, which alters to 
mature miRNA in RNAi pathway. 
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coated Xgal. Then second, using KpnI (Promega) the U6-shRNAa construct were 

transferred from this modified pTZ57R into pWPTS-GFP lentiviral vector between the 

woodchuck hepatitisvirus (WHV) region and the 3’-LTR/SIN. The construct inserted 

in KpnI site as the same orientation as the EF1 driven eGFP transcription unit 

(pLshRNAa) (Fig.II.3). 

Lentiviral particles were produced as described previously (Kvell et al., 2010). 

Two days before transfection HEK293T (NCCS) cells were transferred into 100 mm 

dishes at a densitity of 2 x 105 cells per dish in complete medium without antibiotics 

and were incubated 24 h. The next day chloroquine was added to the cells at 10 μM 

final concentration. On the day of the transfection the confluence of the cells was 

<30%. 

In an eppendorf tube 10 μg pLshRNAa transfer vector, 7 μg packaging 

plasmid psPAX2 (expressing gag, pol, and rev genes) and 3 μg helper plasmid 

pMD2g (expressing VSV-G envelope) were mixed. The total volume of the mixture 

was adjusted to 250 μl with room-temperature 2.5 mM HEPES-buffered water (pH 

7.3) than 250 μl of room temperature 0.5 M CaCl2 was added to the mixture and 

mixed thoroughly. The prepared 500 μl DNA + CaCl2 mixture was added drop-wise to 

the 500 μl of 2xHeBS solution under continuous high speed vortexing. After 

incubation of this mixture at room temperature for 30 min the solution was added 

drop-wise to HEK293T cells evenly distributed over the plate and the cells were 

incubated overnight. 24 h after transfection the decant mediums were removed from 

the cells into 50 ml Falcon tubes to store supernatant at 4°C until the next day, and 

pre-warmed 10 ml fresh complete medium without antibiotics was added to cells. The 

next day the media from the cells were harvested in the 50 ml Falcon tubes from the 

previous day and were centrifuged for 5-10 min at 12000 rpm in a swing-out rotor to 

remove floating HEK293T cells and large debris. The supernatants were filtered 

through a PVDF-coated low-protein binding 0.45-μm syringe filters (Millipore 

Corporation; Bedford, MA, USA) which were prefiltered with medium. 
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Fig.II.3 Schematic representation of generating shRNA-containing lentiviral transfer vector 
(pLshRNAa). U6-shRNAa construct were cloned from pU6shRNAa into pTZ57R using BamHI and 
XbaI restriction endonucleases, then using KpnI into pWPTS-GFP lentiviral vector between the 
woodchuck hepatitisvirus (WHV) region and the 3’ self-inactivating long-terminal repeat (3’-
LTR/SIN). 
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The titer of viral stock was measured by transducing HeLa cells (ATCC, clone 

CCL-2). 2x105 HeLa cells per well on a 6-well plate in complete medium were 

incubated with polybrene to a final concentration of 6 μg/ml per well overnight. The 

next day ten-fold serial dilutions of the lentiviral preparation were made ranging from 

10-5 to 10-1, in complete medium. The media from the cells was removed and was 

replaced by one of the virus dilutions then the cells were returned into the incubator 

more than 48 h to allow for sufficient GFP expression. Two days later the percentage 

of GFP expressing cells were measured by flow-cytometry. Titers were determined 

using dilutions that yield linear, dose-dependent transduction of cells with a level not 

exceeding 20%. The calculation of biological titer (TU/ml) was based on the dilution 

and the number of transduced cells according to the next formula:  

titer = {(F × Cn) /V} × DF 

F: the frequency of GFP-positive cells  V: the volume of the inoculum 

Cn: the total number of target cells infected   DF: the virus dilution factor 

 

For concentration 15 ml of the virus preparation was layered onto 2 ml of sterile 

filtered 20% sucrose solution in sterilized conical ultracentrifuge tubes (Beckman 

SW28 rotor, 6 tubes, 17 ml each) and they were ultra-centrifuged (26000 rpm, 90 

min, 4°C). After removal the supernatant there was a tiny semi-transparent pellet, 

almost invisible at the bottom of each tube.100 µl D-MEM was added to the first tube 

and the pellet was carefully resuspended by gentle pipetting. Then the solution was 

transferred to the next tube and resuspended again till the last tube. Finally the virus 

stock solution was transferred into eppendorf tubes and stored at -80°C. 1000-fold 

concentrated viral particles were resuspended in D-MEM and the biological titers of 

concentrated viral particles were determined again according to the above described 

protocol, and exceeded 108 TU/ml. 

 

II/4/4. Microinjection of lentiviral vectors 

These experiments were done in Agricultural Biological Center, Gödöllő, 

Hungary by Balázs Bender and Zsuzsa Bősze.  

Sprague Dawley rats and FVB/Nhsd mice (from Harlan Laboratories Inc., 

Suite, IN, USA) were kept in a conventional animal facility. The animals were 

maintained on a 12-h light/12-h dark cycle (6:00 p.m. to 6:00 a.m. dark). 
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Superovulation of donor females was performed by i.p. injection of 25 IU 

pregnant mare serum gonadotropin (Sigma) and followed 48 to 56 h later by 5IU of 

human chorionic gonadotropin (Sigma). Following the second hormone injection the 

females were placed with 3-4 months old stud males for mating overnight and 

examined for the copulatory plugs the following morning. Fertilized female animals 

were sacrified by CO2 inhalation; the oviducts were excised and transferred to a petri 

dish containing M2 medium (embryo tested; Sigma) at room temperature. Newly 

ovulated single-cell embryos enclosed by cumulus cells were released from the 

swollen ampullae with fine forceps an average 10-25 embryos per female. Then the 

embryos were transferred to a dish containing hyaluronidase (Sigma) solution (3 

mg/ml in M2 medium) to remove the cumulus cells.  

Lentiviral particles were injected based on the modified perivitelline space 

injection method which is used to produce transgenic animals from low-titer lentiviral 

vector (Ritchie et al., 2007). A frozen aliquot of the lentiviral concentrate was thawed 

at room temperature. The virus was centrifuged at low speed at 1000 rpm for 1 min 

to get rid of large aggregates. Single-cell embryos were transferred to a microdrop of 

M2 medium on a slide and covered with mineral oil (embryo tested; Sigma) to 

prevent evaporation and to maintain osmolaritiy. The slide was mounted on a stage 

of an inverted microscope. The embryos were held in place against a fire-polished 

pipette using gentle negative pressure. The tip of the 

injection pipette was pushed through the zona 

pellucida into the perivitelline space and gently 

applied some positive pressure, so that the viral 

concentrate was discharged slowly, but continuously 

from the injection pipette (Fig.II.4). Approximately 

300-500 pl of containing about 108 TU/ml lentiviral 

vector was injected. The tip was left in the 

perivitelline space for approximately 3 s till the 

perivitelline space expanded a little and after 

construction of perivitelline space the injection was 

repeated.  

Then, early-stage embryos with an intact zona 

pellucida were transferred to the oviducts of timed 

Fig.II.4 Process of subzonal 
injection. The tip of the injection 
pipette is pushed through the 
zona pellucida into the 
perivitelline space in single-cell 
embryo and the lentiviral 
concentrate (~108 TU/ml) was 
discharged with applying some 
positive pressure. 
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pseudopregnant females which were prepared by mating sexually mature females to 

vasectomized males the night before the intended day of implantation. In general, no 

more than 25-30 manipulated embryos were transferred bilaterally. 

 

II/5. Determination and characterization of transgenic animals 

 

II/5/1. In vitro experiments 

 

II/5/1/a. Genotyping of transgenic animals 

 Transgenic animals were illuminated with at 455-495 nm wavelength blue light 

and GFP fluorescence was detected in vivo with a GFSP-5 headset (Biological 

Laboratory Instruments, Budapest, Hungary). 

DNA was extracted from tail tissue followed by proteinase-K (Fermentas) 

digestion and isopropanol precipitation. Transgene integration was detected by 

genomic PCR using GFP-specific and shRNA-specific primers (Table 1). 

 
Table 1. 

sequences of primers amplification 
parameters 

components                   
(total reaction vol.: 25 μl) 

forward primer:                   
5’-ctcgtgaccaccctgacctac GFP specific PCR 

(product:282 bp) 

reverse primer:                 
5’-catgatatagacgttgtggctgtt 

1 cycle:                 
95°C-4min            
25 cycles:               
95°C-30sec           
61°C-30sec           
72°C-30sec               
1 cycle:                 
72°C-30sec 

5X GoTaq buffer          
0.4 μM forward primer 
0.4 μM reverse primer 
0.2 mM dNTP              
0.5 U GoTaq 

forward primer:                     
5’-gagggcctatttcccatgat 

shRNA region-
specific PCR 

(product:327 bp) 
reverse primer:                  
5’-taaaggtacctcgcgaatgc 

1 cycle:                 
95°C-5min                 
25 cycles:               
95°C-30sec           
62°C-30sec              
72°C-30sec                
1 cycle:                 
72°C-10min 

5X GoTaq buffer         
0.2 μM forward primer                    
0.2 μM reverse primer        
0.2 mM dNTP              
0.5 mM MgCl2           
1.25 U GoTaq 
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II/5/1/b. Determination of the integration site of transgene by ligation-mediated-PCR 

(LM-PCR) 

 The integration site of the transgene was determined by LM-PCR according to 

Bryda et al. (2006). Three micrograms of genomic DNA was digested with HaeIII 

restriction endonuclease (Promega) generating 3’ overhangs. 

All PCRs were performed in 25 μl volume containing 1.6 μM primers, 0.5 mM MgCl2, 

0.2 mM dNTP, 5X GoTaq buffer and 1.25 U GoTaq.  

1. PCR) 1 μl digested genomic DNA and transgene specific primer no.1 (5'-

CAGGGTACCTTTAAGACCAATGAC-3’) was used in a single round PCR 

under the next condition: 94°C for 10 min, 60°C for 1 min and 72°C for 10 min.  

2. PCR) In the next step 7 μl product of the previous step and 1μM Y-linker were 

ligated in 10 μl reaction volume using T4 DNA ligase (Promega) at 16°C for 16 

h. Then 1 μl ligated product was amplified using Y-primer D and transgene 

specific primer no.2 (5'-TTTGCTTGTACTGGGTCTCTCTGG-3’). The 

amplification conditions were: 94°C for 5 min (1 cycle); 94°C for 30 s, 62°C for 

30 s, 72°C for 90 s (20 cycles); 72°C for 10 min (1 cycle). 

3. PCR) Finally, in the last PCR 1 μl of the second PCR product was reamplified 

using Y-primer G and transgene specific primer no.3 (5'-

TCAAGTAGTGTGTGCCCGTCTG-3’). In the third PCR the same amplification 

conditions were used as in the second one. 

After running the PCR reaction on 2% agarose gel the dominant fragment of about 

500 bp was isolated, gel-purified using QIAquick Gel Extraction Kit (Qiagen) than 

directly sequenced with the same primers as were used in the third PCR. Based on 

the obtained internation on flanking chromosomal DNA the integration site was 

determined using BLAST. Then the whole integrated provirus of about 4.5 kb with the 

flanking chromosomal DNA was amplified by integration site specific primers Chr3A 

(5'-GCTTTAAATGCCTTCCTTGTTAAA-3’) and Chr3B (5'-

TAACTGAGAAGCAAGGTTTTGTTG-3’). Finally the junctions were directly 

sequenced with the same primers. 

 

II/5/1/c. Quantitative PCR 

TRG neurons were isolated from 4-week-old mice (non-transgenic n=3, 

transgenic n=3) and total RNA was isolated with a GeneElute Mammalian Total RNA 

kit (Sigma) including on-column DNAse digestion. Total RNA (70 ng) was reverse-
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transcribed with a RevertAid™ H Minus First Strand cDNA Synthesis Kit (Fermentas) 

using oligo-dT primers, according to the manufacturer’s protocol. The TRPV1, 

TRPA1 and TRPV3 mRNAs were quantified using TaqMan assays (Applied 

Biosystems; San Francisco, CA, USA) Mm01246301_m1, Mm00625268_m1 and 

Mm00454996_m1, respectively. 

In each sample, the obtained Ct values were normalized against the 

geometrical mean of the Ct values of the housekeeping genes hypoxanthine 

phosphoribosyltransferase 1 (HPRT1) and β2-microglobulin to get the presented ΔCt 

values.  

Two-way ANOVA and Bonferroni post hoc comparison were used for 

statistical analyzes. 

 

II/5/1/d. Measurement of TRPV1 activity in transgenic mice with microfluorimetry 

Preparation of primary cultures of TRG neurons from 2- to 4-day-old mouse 

pups (n=4 in transgenic and non-transgenic mice, as well), the measurement, 

excitation of the receptor with capsaicin or mustard oil and the evaluation were done 

the same way as be described in section II/2/2.  

Cells reacting to agonist treatment were counted in the samples and Fischer’s 

exact test was used to analyze the data. 

 

II/5/2. In vivo experiments 

 

II/5/2/a. Capsaicin-induced eye-wiping test  

Capsaicin (10 µg/ml, diluted with saline from stock solution) was instilled into 

the eyes of 3-4-week-old mice. The animals were placed into a plastic box and the 

number of protective eye-wiping movements with the forelegs was counted during a 

30-s observation period (Szolcsányi and Jancsó-Gábor, 1975).  

The progenies of founder animals and every single new-born mouse, which 

was used in experiments, were tested at least 3 times with this method. 

One-way ANOVA and Dunnett’s post hoc comparison were used to analyze 

the data. 
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II/5/2/b. Capsaicin-evoked nocifensive response on the paw 

Capsaicin (20 µl, 100 µg/ml, diluted with saline from stock solution) was 

injected into the sole of the left hindpaw of 4-week-old littermates female mice (non-

transgenic n=16, transgenic n=8). The day before, serving as a solvent control, 20 µl 

of saline containing 0.1% ethanol and 0.1% Tween80 was injected into the right 

hindpaw of the same mice. The duration of paw licking and the number of paw 

flinches were recorded and estimated similarly as mentioned in section II/3.  

Two-way ANOVA and Bonferroni post hoc comparison were used to analyze 

the data. 

 

II/5/2/c. Measurement of capsaicin- or mustard oil-induced neurogenic oedema 

formation in the ear 

Female mice (non-transgenic n=7, transgenic n=6) were anaesthetized by 

intraperitoneal (i.p.) injection of a mixture of ketamine and xylazine (100 and 5 mg/kg, 

respectively). Then 30 μl of 2.5% capsaicin dissolved in 96% ethanol or 3% mustard 

oil dissolved in paraffin oil was smeared topically onto both 

sides of the ears. The diameter of the ear was measured 

with an engineer’s micrometer (Fig.II.5) before the 

treatment and every hour during the 5-h examination 

period. Swelling was expressed as percent relative to the 

initial control values. Two-way ANOVA and Bonferroni 

post hoc comparison were used to analyze the data.  

Two-way ANOVA and Bonferroni post hoc 

comparison were used to analyze the data. 

 

II/5/2/d. RTX-induced hypothermia 

Body temperature of 8-week-old mice (non-transgenic n=12, transgenic n=11) 

was measured using a digital thermometer in the rectum before i.p. injection of 20 

µg/kg RTX (diluted with saline from stock solution) and at 7.5, 15, 30 and 60 min after 

injection. As a solvent control, 0.2% solution of ethanol was administered i.p. (0.1 

ml/10 g) the day before and body temperature was monitored in a similar fashion. 

Two-way ANOVA and Bonferroni post hoc comparison were used to analyze 

the data.  

Fig.II.5 Picture of 
measuring the diameter of 
the swelling ear with 
engineer’s micrometer in 
neurogenic oedema 
formation. 
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II/5/2/e. RTX-induced peripheral vasodilatation 

Female transgenic, non transgenic, and Trpv1 KO (Jackson Laboratories, 

Sacramento, CA, USA) mice (n=4 in each group) were anaesthetized with urethane 

and injected i.p. with RTX (20 μg/kg, diluted with saline from solution). Blood flow in 

the tail of the mice was measured with a high-resolution PIM-2 laser Doppler 

perfusion imager (Perimed Inc., Stockholm, Sweden). The parameter settings during 

the measurement were: scanning area 40x60 mm; medium resolution; distance 

between the scanner head and tail was 25 cm. The images were analyzed and 

perfusion values were determined using the LDISOFT software package (Lisca 

Decelopment AB, Linköping, Sweden). 

Two-way ANOVA and Bonferroni post hoc comparison were used to analyze 

the data. 

 

II/5/2/f. Environmental thermopreference 

Thermopreference of the mice (non-transgenic male/female n=9/11, 

transgenic male/female n=9/7) was studied by putting the animals into an apparatus 

where they could choose between two ambient temperatures by locomotion. The 

thermostatically controlled apparatus consisted of two jacketed cylindrical 

compartments of different temperatures which were connected by a tube to allow free 

passage for the animals (Fig.II.6) (Szolcsányi, 1983). The mice were previously 

habituated to the experimental conditions by putting them in the apparatus for 1 h 

with both chambers kept at room 

temperature. On the day of the 

experiment no habituation was 

performed to avoid learning 

phenomenon. The air temperature of 

the compartments was kept constant 

by means of two thermostats which 

heated the air to 30°C in one 

compartment and 35°C in the other 

one. The temperatures of the 

chambers were measured by digital 

thermometers placed 5 cm above the 

Fig.II.6 Picture of thermostatically controlled 
apparatus to measure environmental 
thermopreference of animals. 
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middle of the floor. The time spent in each compartment was recorded over a period 

of 40 min at 10-min intervals. Rectal temperature was measured before and after the 

exposure.  

Data for thermopreference and body temperature were analyzed by two-way 

ANOVA and Bonferroni post hoc comparison. 

 

II/6. Ethics 

Construction of transgenic animals was approved by the Animal Care and Ethics 

Committee of the Agricultural Biotechnology Center and complied with the Hungarian 

Code of Practice for the Care and Use of Animals for Scientific Purposes, including 

conditions for animal welfare and handling prior to slaughter. All in vivo experimental 

procedures were carried out according to the 1998/XXVIII Act of the Hungarian 

Parliament on Animal Protection and Consideration Decree of Scientific Procedures 

of Animal Experiments (243/1988). The in vivo experiments complied with the Ethical 

Guidelines of the International Association for the Study of Pain. The studies were 

approved by the Ethics Committee on Animal Research of Pécs University according 

to the Ethical Codex of Animal Experiments, and licence was given (licence no. 

BA02/2000-16-2006).  
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RESULTS 

 
III/1. siRNA experiments 

 

III/1/1. Effects of siRNAs in ND-C and CHO/K1 cotransfected cells 

siRNAs were designed against the rat TRPV1 mRNA based on published data 

(Grünweller et al., 2003; Christoph et al., 2006; Kasama et al., 2007). VsiR1 is a 

previously described 21-bp long siRNA targeting at the position 1373 in TRPV1 

mRNA. VsiR1ST is a 25-bp long nuclease resistant Stealth® modification double-

stranded RNA targeting the same site. The third siRNA, VsiR1INV, was used as a 

control and has the reverse sequence to VsiR1. The effectiveness of these siRNAs 

was tested in transient cotransfection experiments with pZS5 plasmid expressing the 

ratTRPV1eGFP fusion protein, ND-C and CHO/K1 cells. One day after transfection, 

ratTRPV1eGFP expression was analysed by flow cytometry.  

Compared to transfection with pZS5 plasmid alone (where the expression was 

considered 100%) a significant decrease in GFP fluorescence was observed when 

the plasmid was cotransfected with either the VsiR1 or the VsiR1ST siRNA. The 

remaining expression levels were 15.4 ± 3.5% and 13.9 ± 0.3% in ND-C cells and 

were 25.3 ± 6.7% and 40.8 ± 3.4% in CHO/K1 cells for VsiR1 and VsiR1ST, 

respectively. As expected, TRPV1 knockdown activity was not observed or was only 

moderate with the control VsiR1INV siRNA where the expression was 102.4 ± 9.4% 

in ND-C cells and 85.1 ± 6.8% in CHO/K1 cells (Fig.III.1). 

 

 

 
 

Fig.III.1 Inhibition of ratTRPV1eGFP 
expression by different siRNAs in CHO/K1 and 
rat dorsal root ganglion-derived ND-C cells. 
Cells were cotransfected with plasmid (pZS5) 
expressing the ratTRPV1eGFP fusion protein 
and different siRNAs as the effective VsiR1, its 
nuclease resistant StealthTM variant (VsiR1ST) 
and VsiR1INV which has a reverse sequence 
compared to VsiR1. GFP fluorescence was 
measured by flow cytometry. Expression values 
are presented relative to control experiment in 
which siRNAs were not used (100%). The bars 
represent mean ± S.D. values of three 
experiments. *P< 0.05, ***P< 0.001, one-way 
ANOVA test, Dunnett's post hoc comparison. 
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III/1/2. Effects of siRNAs on native TRPV1 expressing TRG neurons 

 To assess the effect of siRNAs on cells already expressing the native TRPV1 

receptor, TRG neurons were isolated from newborn Wistar rats and grown overnight 

in medium containing 50nM VsiR1 or VsiR1INV siRNA. The presence of functional 

TRPV1 receptor was tested by measuring capsaicin-induced Ca2+-influx by fura-2 

microfluorimetry.  

 In the untreated sample, 49.5% of the cells (47 out of 95) reacted (ΔRF340/380 

>0.1) to 5-s exposure to 330nM capsaicin. A significant decrease was observed after 

VsiR1 treatment, as only 6% of cells (8 out of 134) responded to capsaicin 

administration. In the remaining eight cells which reacted to capsaicin the peak 

values (R=0.54 ± 0.19) and time-course of Ca2+-influx were similar to the values in 

untreated cells (R=0.58 ± 0.32), indicating similar TRPV1 expression, probably 

because these cells did not pick up the VsiR1 siRNA. As expected, after treatment 

with the control VsiR1INV siRNA, the proportion of cells responding to capsaicin 

remained at 48% (38 out of 79) (Fig.III.2) and there were no significant changes in 

the peak values (R=0.69 ± 0.36) and time-course of Ca2+-influx. 

 To confirm the selectivity of VsiR1 

siRNA and to exclude nonspecific 

inhibition of receptor expression, 

mustard oil-induced TRPA1 receptor 

activation was also evaluated in TRG 

neurons. In the untreated sample, 23% 

of neurons (14 out of 60) reacted with 

Ca2+-influx to a 20-s exposure to 100 μM 

mustard oil. VsiR1 treatment had no 

effect on TRPA1 activation, as the 

percentage of mustard oil-sensitive cell 

remained at 23% (15 out of 66). These 

results confirmed the potent and 

selective TRPV1 knockdown effect of 

the VsiR1 siRNA (Fig.III.2).  

 

 

 

Fig.III.2 The effect of siRNAs on isolated, 
native TRPV1 expressing TRG neurons 
from newborn rats. Capsaicin and mustard 
oil sensitivity of TRG sensory neurons was 
measured by fura-2 microfluorimetry. The 
percentages of cells (ΔRF340/380 >0.1) to 
responsive capsaicin or mustard oil 
treatment are shown. P >0.05, ***P <0.001, 
Fisher’s exact-test. 
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III/1/3. In vivo effect of intrathecally administrated VsiR1 siRNA in rat 

 Through an inserted intrathecal catheter VsiR1 siRNA was administered into 

rats to inhibit TRPV1 expression in DRG neurons in vivo similarly to experiments 

published before (Christoph et al., 2006). The effectiveness of VsiR1 siRNA against 

TRPV1 expression was examined in capsaicin-induced nocifensive behavior test on 

the paw for several days. Three days after siRNA administration we could detect only 

small, but not significant decrease in VsiR1-treated animals in contrast to solvent-

treated group (31.8 ± 5.3 and 48.5 ± 8.3, respectively). In the two other measuring 

time points the differences between the two groups were less. In case of solvent-

treated group the values were 45.7 ± 7 at the sixth day and 57.2 ± 10.4 at the ninth 

day. In VsiR1 siRNA-treated animals these values formed as 47.3 ± 9.1 and 50 ± 7.2, 

respectively (Fig.III.3).  

 Summarizing, this kind of siRNA application did not induce antinociceptive 

effect in this experiment.  

 
 
II/2. Results of generation of knockdown animals 
 

II/2/1. In vitro tests of different shRNA and miRNA constructs 

 First we tested the efficiency of six shRNAs targeting different sites on the rat 

TRPV1 mRNA. The plasmids expressing the shRNAs from the human U6 promoter 

were cotransfected with ratTRPV1eGFP-expressing vector pZS5 into ND-C cells, and 

green fluorescence was measured 24 h later by flow cytometry. The relative 

expression values in relation to pU6Abase control vector which does not express 

shRNA are shown in Table 2. Construct pU6shRNAa, which was designed based on 

the previously tested VsiR1 siRNA, almost completely inhibited the expression of 

Fig.III.3 Capsaicin-induced nocifensive behavior 
on the paw 3, 6 and 9 days after VsiR1 siRNA 
administration through intrathecal catheter in 
rats. Capsaicin (50 µl, 10 µg/ml) was injected into 
the sole of the left hindpaw and licking and 
flinches were observed and composite pain 
score was calculated. The results are shown as 
means ± S.D. of the sum of pain score in 
seconds (n = 10–15 animals per groups). There 
was no significant difference between solvent- 
and VsiR1 siRNA-treated rats. P >0.05, two-way 
ANOVA test, Bonferroni post hoc comparison. 
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ratTRPV1eGFP, with only 2 ± 1% remaining expression. A large degree of inhibition 

was also observed in the case of pU6shRNAc and pU6shRNAe, the remaining 

expression levels being 11 ± 2 and 8 ± 3%, respectively. In addition, the expression 

of ratTRPV1eGFP was reduced moderately to 43 ± 6% in case of pU6shRNAf. In 

contrast, pU6shRNAd and pU6shRNAg did not influence the expression of 

ratTRPV1eGFP (100 ± 5 and 98 ± 5% remaining expression, respectively). 

Table 2. Inhibition of ratTRPV1eGFP expression by different shRNA constructs in rat dorsal root 
ganglion-derived ND-C cells. Cells were cotransfected with plasmid expressing the ratTRPV1eGFP 
fusion protein and vectors with different shRNA constructs and GFP fluorescence was measured by 
flow cytometry. Besides expression data, the name, TRPV1 mRNA target site and structure of each 
shRNA construct are shown. shRNA constructs below the black line target the same site as 
pshRNAa, but carry various mutations. Expression values are presented relative to control 
experiment in which a vector (pU6Abase) producing no shRNA was used (100%). The expression 
values are presented as mean ± S.D. of three experiments. ***P< 0.001, one-way ANOVA test, 
Dunnett's post hoc comparison.  
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Interestingly, pU6shRNAh which was designed as a scrambled control shRNA also 

showed a small (20%), but significant decrease in expression (79 ± 4%). The reason 

for this effect is not clear and was not investigated further.  

 Next we tested the efficiency of seven variants of shRNAa (shRNAb, shRNAi-

shRNAn). In contrast to pU6shRNAa, which has a sense-loop-antisense structure, 

pU6shRNAb targets the same site, but has an antisense-loop-sense configuration 

and an extra G at the beginning to facilitate the expression from the U6 promoter. 

The pU6shRNAb construct, while able to decreas ratTRPV1eGFP expression to 37 ± 

9%, performed inferior to the original pU6shRNAa construct. The next three shRNAs 

(pU6shRNAi to pU6shRNAk) were designed to test the effect of mismatches on the 

efficiency of inhibition. All of them worked less well than the original pU6shRNAa 

construct, but the single mismatch variant pU6shRNAi was still very effective with 

only 9 ± 1% remaining expression. The tandem mismatch variant pU6shRNAj 

decreased the expression moderately as 40 ± 3%, while the separate double 

mismatch construct pU6shRNAk decreased expression only to 81 ± 3%. pU6shRNAl, 

a nine-base loop variant worked equally well (4 ± 2%) in agreement with already 

published data (Christoph et al., 2008). A single nucleotide deletion in the sense 

strand of pU6shRNAm decreased the efficiency of the construct, but a large degree 

of inhibition was observed (15 ± 2%). Finally, the inverted control pU6shRNAn, which 

mimics the previously tested VsiR1INV control siRNA was ineffective, as expected 

(101 ± 3%).  

 Furthermore, two miRNAs were designed targeting the same sites on the rat 

TRPV1 mRNA as the two most effective shRNAs (shRNAa and shRNAe). Their 

effectiveness was measured by the same experimental set-up as before, but their 

relative expression values were correlated to the control pDsRedmibase vector which 

does not express miRNA. pDsRedmiRNAa could inhibit the ratTRPV1eGFP 

expression less (24 ± 10%) than the corresponding pU6shRNAa where decrease of 

expression was much more appreciable (6 ± 3%). The other miRNA construct, 

pDsRedmiRNAe was similarly less effective (38 ± 15%) than pU6shRNAe (13 ± 6%) 

(Fig.III.4). 

 Since shRNAa was the most efficient in these in vitro tests, it was further used 

as a tool to generate TRPV1 knockdown animals. Since shRNAa targets a region 

that is conserved between rat and mouse so it can be used to generate gene 

knockdown in these species. 
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III/2/2. Lentiviral transgenesis 

 The human U6 promoter-shRNAa construct was moved from the pU6shRNAa 

plasmid into the pWPTS-GFP lentiviral vector. The obtained lentiviral transfer plasmid 

also contained the EF-1 promoter-driven eGFP marker gene. This vector was used to 

produce lentiviral particles which were concentrated by ultracentrifugation to about 

108 TU/ml and were injected into rat and mouse single-cell embryos.  

 From 96 lentivirus-injected rat embryos, 24 newborn animals were obtained, 

but none of them showed visible GFP expression and none was positive in GFP-

specific genomic PCR tests.  

 From 60 injected mouse embryos, 43 newborn mice were obtained, of which 5 

gave a positive GFP genomic PCR result and two had visible GFP expression 

(Fig.III.5a,b). Two of the five GFP-PCR-positive founder animals (#4 and #11) 

produced transgenic offspring when crossed with wild-type FVB/Nhsd mice in ratios 

corresponding to the Mendelian laws. The founder transgenic mice were viable and 

largely look normal as non transgenic littermates. 

 

Fig.III.5a Integrated transgene was detected by a GFP genomic PCR. Five newborn mice from 
lentivirus-injected mouse embryos gave positive results from which two (#4 and #11) were chosen to 
breed. b, In vivo determination of GFP fluorescence of transgenic mice with at 455-495 nm 
wavelength blue light. Two newborn mice from lentivirus-injected mouse embryos had visible GFP 
expression while their littermates had not. 

a b 

Fig.III.4 Inhibition of ratTRPV1eGFP 
expression by shRNAs or miRNAs in rat dorsal 
root ganglion-derived ND-C cells. Cells were 
cotransfected with plasmid (pZS5) expressing 
the ratTRPV1eGFP fusion protein and vectors 
with different shRNA or their miRNA variant 
constructs then GFP fluorescence was 
measured by flow cytometry. Expression values 
are presented relative to control experiment in 
which a vector producing no shRNA 
(pU6Abase) or miRNA (pmibase) was used 
(100%). The bars represent mean + S.D. values 
of three experiments. ***P< 0.001 compared 
with controls respectively, one-way ANOVA test, 
Dunnett's post hoc comparison. 
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 GFP-PCR-positive offsprings of founder animals were subjected to a simple 

capsaicin-induced eye-wiping test to evaluate TRPV1 function in vivo (Fig.III.6). In 

wild type mice and in animals expressing GFP alone (Kvell et al., 2010) the numbers 

of eye-wiping movements were 14.2 ± 0.9 and 15 ± 0.9, respectively. Blepharospasm 

was seen in all these control animals. In contrast, Trpv1 KO animals did not show 

blepharospasm and responded with zero or one eye-wiping movement. Most of our 

transgenic offsprings displayed phenotype between these two extremes, responding 

to similar treatment with fewer than five wiping movements. One offspring from each 

founder (#9 and #19) showed normal sensitivity despite showing GFP fluorescence, 

probably indicating a nonfunctional shRNAa unit in these animals.  

Based on these results, animal #10 was selected for establishing the 

transgenic mouse line for further experiments. Integration of the lentiviral vector was 

determined by LM-PCR and found to be a single copy in chromosome 3 at nucleotide 

154300070 right behind the crystalline, zeta (GeneID 12972) gene.  

 After weaning, every single offspring of animal #10 were tested by genomic 

PCR, visible GFP fluorescence, and capsaicin sensitivity in the eye-wiping test. 

Based on the results, the animals were classified as having the transgene (tg+) or 

lacking the transgene (tg-). Tg- littermates were used as control animals in further 

experiments. 

 

Fig.III.6 Capsaicin-induced (10 µg/ml in saline) eye-wiping test in mice. The numbers of protective 
eye wiping movements of control mice (WT: wild type (FVB/Nhsd); GFP: GFP expressing alone) and 
transgene positive progenies (M: male; F: female) of #4 and #11 founder animals are shown. The 
bars represent mean ± S.D. values of five experiments. ***P< 0.001 compared with wild type 
(FVB/Nhsd) mice, one-way ANOVA test, Dunnett's post hoc comparison. 
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III/3. Results with TRPV1 knockdown transgenic mice 

 

III/3/1. Analysis of TRPV1 expression in TRG neurons of transgenic mice 

TaqMan quantitative PCR assays were used to determine TRPV1, TRPV3 and 

TRPA1 mRNA levels in TRG neurons of transgenic animals. The levels of TRPV3 

mRNA were below the detection limit in both tg+ and tg- animals. mRNA levels of 

housekeeping genes HPRT1 and β2-microglobulin were used to normalize ΔCt 

values in each sample. The normalized ΔCt values indicating TRPV1 and TRPA1 

expressions are shown in Fig.III.7a. There was significant difference in TRPV1 

mRNA levels between tg- (ΔCt = 4.4) and tg+ (ΔCt = 8.1) animals. This ΔΔCt=3.7 

difference indicates that compared to tg- mice the TRPV1 mRNA expression was 

reduced 13-fold, to ~ 8% in tg+ animals. On the other hand, there was no significant 

difference in TRPA1 mRNA expression levels between the tg+ and tg- animals. 

These results indicate that the shRNAa transgene significantly and selectively 

reduced TRPV1 expression in the TRG neurons of tg+ animals.  

 

 

The presence of functional TRPV1 and TRPA1 receptors in TRG neurons of 

tg+ mice was also determined by fura-2 microfluorimetry. 63% of TRG neurons (77 

out of 123) isolated from tg- animals reacted with Ca2+-influx to a 10-s exposure to 

330 nM capsaicin (ΔR=1.11 ± 0.16) (Fig.III.7b). None of the TRG neurons (0 out of 

134) from tg+ animals responded with a detectable fluorescent ratio change above 

a b 

Fig.III.7a Measurement of TRPV1 and TRPA1 expression in TRG neurons of non transgenic (tg-) 
and transgenic (tg+) mice by TaqMan quantitative PCR assay. ΔCt values normalized to 
housekeeping genes are shown. Bars represent mean ± S.D. values of three experiments. P >0.05, 
***P< 0.001, two-way ANOVA test, Bonferroni post hoc comparison. b, Capsaicin and mustard-oil 
sensitivity of TRG neurons isolated from non transgenic (tg-) and transgenic (tg+) mice, measured by 
fura-2 microfluorimetry. The percentages of cells (ΔRF340/380 >0.1) responsive to capsaicin or mustard-
oil treatment are shown. P >0.05, ***P< 0.001, Fisher’s exact-test. 
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the background noise (ΔR< 0.1) to a similar capsaicin administration. Assuming a 

linear relationship between the peak ΔR value and the number of opened TRPV1 

receptors and considering the background fluorescent change (ΔR about 0.05). We 

can estimate that TRPV1 receptor activity is <5% in these cells, compared to TRG 

neurons from tg- animals. Mustard oil-induced TRPA1 receptor activation was also 

examined in TRG neurons obtained from tg+ and tg- mice. In tg- mice, 23% of 

neurons (20 out of 85) (ΔR=0.65 ± 0.36) reacted to a 20-s exposure to 100 μM 

mustard oil. In tg+ animals similarly 21% of neurons (17 out of 81) (ΔR=0.59 ± 0.35) 

reacted to mustard oil. These results indicate that the anti-TRPV1 shRNA transgene 

practically eliminated functional TRPV1 receptors, while had no effect on TRPA1 

receptor expression.  

 

III/3/2. Capsaicin-induced nocifensive response on the paw in transgenic mice 

Intraplantar injection of capsaicin induced a marked nocifensive behavior 

consisting of paw licking and flinching in tg- mice compared to solvent-induced 

behavior (Fig.III.8). The pain score was 84.5 ± 33.2 and 20.2 ± 22.0, respectively. In 

contrast, the reaction to the same capsaicin treatment was markedly reduced in tg+ 

animals. In these animals the pain score of capsaicin- and solvent-evoked 

nocifensive behavior was 24.4 ± 26.2 and 12.0 ± 12.7, respectively. There was no 

significant difference between capsaicin and solvent treatment in tg+ mice indicating 

that very little residual TRPV1 activity remained in the polymodal sensory neurons of 

the paw of tg+ animals.  

 
 

Fig.III.8 Capsaicin-induced nocifensive 
behavior on the paw of non transgenic 
(tg-) and transgenic (tg+) mice. 
Capsaicin (20µl, 100µg/ml) was injected 
into the sole of the left hindpaw and 
licking and flinches were observed and 
composite pain score was calculated. 
Results are shown as means ± S.D. of 
the sum of pain score in seconds (n=8-
16 animals per group). In tg+ mice there 
was no significant difference between 
responses evoked by capsaicin or by 
the solvent. P >0.05, ***P< 0.001, two-
way ANOVA test, Bonferroni post hoc 
comparison. 
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III/3/3. Acute neurogenic oedema formation in the ears of transgenic mice 

 Oedema formation in the ears of transgenic mice was observed after topical 

application of capsaicin and mustard oil. Ear thickness increased within 1 h in 

response to 2.5% capsaicin in tg- mice (Fig.III.9a). The swelling was most 

pronounced 2 h after treatment (42.6 ± 5.9%) and could be seen at all measurement 

time points. In contrast, oedema did not develop in the ears of tg+ animals after 

capsaicin treatment, as no significant increase in ear thickness was observed 

compared to solvent-treated animals. 

 In both tg- and tg+ animals, significant ear swelling was detected within 1 h of 

mustard oil treatment (Fig.III.9b). The largest increase in ear thickness was observed 

2 h after treatment and the increments were 28.2 ± 5.5 and 31.4 ± 7.5% in tg- and 

tg+ animals, respectively. The solvent treatment did not cause significant change in 

ear thickness in any of the animals. These results indicate that TRPA1 function was 

not impaired in tg+ animals.  

 These results show that not just the pain perception but neurogenic 

inflammation was inhibited selectively in our transgenic animals. 

 

 

Fig.III.9 Neurogenic ear oedema in non transgenic (tg-) and transgenic (tg+) mice where thickness 
of the ear was measured. a, Topical application of 2,5% capsaicin. The solvent of capsaicin (96% 
ethanol) was used as control. The results are expressed as percent swelling as compared to the 
initial (0-h) control. The data points represent the mean ± S.D. (n=5-7 animals per group). ***P< 
0.001, capsaicin treatment, tg+ versus tg- animals, two-way ANOVA test, Bonferroni post hoc 
comparison. b, Topical application of 1% mustard oil. The solvent of mustard oil (paraffin oil) was 
used as control. Results are expressed as percent swelling as compared to the initial (0-h) control. 
The data points represent the mean ± S.D. values (n=5-7 animals per group). There was no 
significant difference between tg+ and tg- animals. P >0.05, two-way ANOVA test, Bonferroni post 
hoc comparison. 
 

a b 
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III/3/4. Effect of RTX on body temperature and peripheral blood flow in transgenic 

mice 

 Body temperature of 

transgenic mice was measured 

after i.p. injection of RTX or 

solvent alone. The initial body 

temperature was 37.2 ± 0.2°C 

both in tg+ and tg- animals, and 

after solvent treatment, remained 

constant at a slightly higher level 

till 1 h (Fig.III.10a). RTX injection 

led to a significant decrease of 

temperature at all measurement 

time points in tg- mice. In tg+ mice 

after RTX injection the body 

temperature was only slightly 

lower than in the solvent-treated 

animals. The lowest body 

temperature was measured 30 

min after injection, the values were 36.2 ± 0.2°C in tg+ mice and 33.3 ± 0.1°C in tg- 

mice. These results also support that in tg+ mice the activity of TRPV1 is lower 

significantly, but it is not eliminated totally.  

The blood flow in the tail of tg-, tg+ and Trpv1 KO mice was monitored every 

third minute after i.p. injection of RTX by a Laser Doppler perfusion imager. The 

treatment induced a significant increase in blood flow in the tail of tg- control mice 

which was most pronounced at 15 min, when the increase was 75.8 ± 25.9% 

compared to the initial value (Fig.III.10b,c). Only a modest, and up to 18 min, an 

identical change was observed in blood flow in tg+ and Trpv1 KO animals, the 

maximum increases reaching 35.5 ± 2% and 21.9 ± 18.5%, respectively, at 27 min. 

These results indicate that in the tail of tg+ animals vasodilatation following i.p. 

injection of RTX was markedly inhibited. 

 

Fig.III.10a RTX-induced hypothermia in non 
transgenic (tg-) and transgenic (tg+) mice. Body 
temperature was measured through rectum before 
i.p. injection of 20 µg/kg RTX and at 7.5, 15, 30 
and 60 min after that. The solvent of RTX was 
used as control. The data points represent the 
mean ± S.D. of ten mice in each group. *P< 0.05, 
***P< 0.001, RTX-treated tg+ versus tg- mice, two-
way ANOVA test, Bonferroni post hoc comparison. 
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III/3/5. Environmental temperature selection of transgenic mice 

The temperature preference (30 or 35°C) of transgenic mice was investigated 

in this experiment. The average percentage of time that the four groups of mice 

(female/male, tg+/tg-) spent at 35°C in the first 10 min was around 30-38% 

(Fig.III.11a). The percentage of time spent at the higher temperature gradually 

decreased over the next three 10-min intervals. There was no statistically significant 

difference between tg- and tg+ female mice in temperature preference or rectal 

temperature (Fig.III.11a,b). Tg+ male mice, however, spent slightly more time at 35°C 

than tg- male controls, but the difference was statistically significant only for the 

second interval or if the overall percentage of time at 35°C was taken (tg-, 21.1 ± 

2.0%; tg+, 29.0 ± 2.7%). Surprisingly, although tg+ male mice spent slightly more 

time in the warmer environment than the tg- animals, elevation of their rectal 

temperature after the exposure was significantly lower (Fig.III.11b). 

Fig.III.10b RTX-induced 
change in blood flow in the tail 
of non transgenic (tg-), 
transgenic (tg+) and Trpv1 KO 
mice. After induction anesthesia 
with urethane mice received an 
i.p. injection of 20 μg/kg RTX 
and blood flow in the tail was 
monitored by laser doppler 
imaging every third minute. The 
percentage change in blood flow 
is shown compared to the initial 
values measured at the 
beginning of the experiment. 
Results are shown as means ± 
S.D. of three experiments. *P< 
0.05, **P< 0.01, tg+ versus tg- 
animals, two-way ANOVA test, 
Bonferroni post hoc comparison. 
c, Representative pictures taken 
by the Laser Doppler perfusion 
imaginer. Increased blood flow 
in the tail of tg- (left) but not tg+ 
(right) mouse can be seen. 

b 

c 
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Fig.III.11a Temperature preference (30 or 35°C) of male and female non transgenic (tg-) and 
transgenic (tg+) mice was measured at 10-min intervals. The percentage of time spent at 35°C is 
shown. The data points represent the mean ± S.D. of eight mice in each group. *P< 0.05, male tg+ 
versus tg-, two-way ANOVA test, Bonferroni post hoc comparison. b, Rectal temperatures of the 
animals measured at the beginning and at the end of the temperature preference experiment. The 
data points represent the mean ± S.D. of eight experiments. The only significant difference was 
observed in male mice at the end of the experiment,*P< 0.05, two-way ANOVA test, Bonferroni post 
hoc comparison. 

a b 
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DISCUSSION 

 
Studies on Trpv1 KO mice underlined the pivotal role of TRPV1 in 

chemonociception and in thermonociception under heat hyperalgesia (Caterina et al., 

2000; Davis et al., 2000; Caterina, 2007; Holzer, 2008). Consequently the 

pharmaceutical industry have taken a huge effort to achieve the inhibition of pain 

signalling evoked by TRPV1-expressing capsaicin-sensitive nociceptors (Immke and 

Gavva, 2006; Holzer, 2008; Premkumar and Sikand, 2008; Szolcsányi, 2008; 

Gunthorpe and Chizh, 2009). A new generation of analgesics appeared on this 

ground and several TRPV1 antagonists reached clinical trials. However, in preclinical 

studies and also clinical trials with these compounds the major obstacle of 

hyperthermia appeared (Immke and Gavva, 2006; Holzer, 2008; Romanovsky et al., 

2009). 

 In my study we used RNA interference to inhibit the expression of the 

potentially important drug target TRPV1 receptor in different experimental systems. 

 On one hand, we were able to effectively knock down TRPV1 expression in 

transfected cells and isolated rat TRG sensory neurons with siRNAs, in good 

agreement with previously published data (Christoph et al., 2006; Kasama et al., 

2007). Furthermore, this effectivity is coupled with selectivity, because siRNA did not 

reduce the expression level of the closely related, chemonociceptive thermosensor 

cation channel TRPA1 which is expressed together with TRPV1 in a subpopulation of 

unmyelinated nociceptors (Bautista et al., 2006). 

 On the other hand, siRNAs can be used not just in vitro but in vivo as well. It 

has been demonstrated that intrathecal injection of siRNAs, targeting P2X3 (Dorn et 

al., 2004), the NR2B subunit of N-methyl-D-aspartate receptor (Tan et al., 2005), or 

delta opioid receptor (Luo et al. 2005), could inhibit the expression of the intended 

receptor. In connection with TRPV1 there are few published results where the 

receptor was knocked down in vivo using siRNA. Kasama et al. (2007) reported that 

paratracheal injection of TRPV1 siRNA prevented inflammatory thermal hyperalgesia 

after forepaw injuries. In other study intrathecal bolus administration of TRPV1 

specific siRNA in mononeurophatic rats reduced cold allodynia and had analgesic 

effect in induced colitis in mice (Christoph et al., 2006). So we attempted to elicit a 

TRPV1 knockdown phenotype in rats with administration of mixture of siRNA delivery 
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agent through an implanted cannula. However, in our hands, this treatment did not 

induce a TRPV1 knockdown phenotype as tested by capsaicin-induced nocifensive 

behavior on the hindpaw of the animals. There can be several explanations for 

apparent lack of the expected affect. Either the intrathecally administrated siRNA was 

not able to reach the DRGs, or the cells were not able to pick up the siRNA, or the 

siRNA was quickly degraded. An alternative hypothesis is that siRNA was able to 

knock down TRPV1 expression in the body of DRG neurons, but in the time-frame of 

our experiments this change was not yet reflected at the peripheral nerve termini in 

the paw, where the presence of TRPV1 function was actually tested. 

 Therefore, our further aim was to generate transgenic TRPV1 knockdown 

animals, at first mice then rats. To achieve this purpose an anti-TRPV1 shRNA 

construct was created and used in lentiviral transgenesis. 

 At first, several potential shRNAs were designed to target different sites on the 

rat TRPV1 mRNA. The most effective shRNA (shRNAa) was based on the previously 

in vitro tested, and in vivo used VsiR1 siRNA. We did not search for the causes why 

some shRNAs could not work effectively. Some studies suggest that other factors 

such as the secondary structure of the mRNA target and the binding of RNA-binding 

proteins may influence the success of interfering RNA (Dykxhoorn et al., 2003; Heale 

et al., 2005; Kurreck, 2006). Still others indicate that the sequence properties of 

siRNA play the major role in determing inhibition efficacy (Khvorova et al., 2003; 

Reynolds et al., 2004). In either case, our experience agrees with other’s perceptions 

that several candidates need to be generated and tested for every target gene, 

because the available algorithms and programs have not been able to predict the 

efficiency of interfering RNAs perfectly.  

 To learn more about the properties of shRNA first we designed seven variants 

of the most effective shRNAa. One of them (shRNAl) has a 19 nt stem an a 9 nt loop, 

which should have had better knockdown effect based on the published results of Li 

et al. (2007) but, in our hands, it was not more effective, than shRNA with 4 nt loop. 

Furthermore, antisense-loop-sense variant shRNAb should have worked as well as 

shRNAa, but it did not. In addition, we also wanted to test the effect of mismatches 

on shRNA function. Our results show that the single mismatch was tolerated and 

caused minimal decrease in effectiveness in agreement with other’s results (Jackson 

et al., 2003). Furthetmore, the tandem and mainly the separate double mismatch 
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resulted in a considerable reduction in effectiveness. Therefore a single mismatch is 

not enough to avoid the off-target effects in agreement with Semizarov et al. (2003).  

 In addition to shRNAs, the use of artificial miRNAs has become an alternative 

approach. Because artificial miRNAs more naturally resemble endogenous RNAi 

substrates therefore they might be more effective (Cai et al., 2004; Chung et al., 

2006). However, others found that pol III driven shRNAs are more potent because 

they are expressed at considerably higher levels than pol II transcribed miRNAs 

(Boudreau et al., 2008). Our results which directly compared miRNAs and shRNAs 

targeting the same sites on the TRPV1 mRNA are in accordance with this later 

observation. We can declare that our miRNAs were less effective than the 

corresponding shRNAs.  

 After prevalidation we used the most suitable shRNA construct to create 

transgenic TRPV1 knockdown rats and mice using lentiviral transgenesis. 

Furthermore, together with shRNA construct, a marker GFP gene was also inserted 

to facilitate the quantification of viral titer and identifying transgenic pups.  

 Since rats do not have visible pronuclei, their transgenesis by pronuclear 

injection is very difficult. But the direct lentiviral vector perivitelline injection can be 

used for rat-transgenesis. Several studies have already demonstrated this by 

producing eGFP-expressing transgenic rats by subzonal injection of lentiviruses in 

one-cell embryos (Lois et al., 2002; Brandt et al., 2004; Michalkiewicz et al., 2007). 

Furthermore, Dann et al. (2006) reported that RNAi knockdown of a gene can be 

achived in rats by this technique. Unfortunatelly our efforts to create TRPV1 

knockdown rats by lentiviral transgenesis were unsuccessful. However, this 

procedure in rats has been not optimized as well as in mice; therefore the efficiency 

of transgenesis is much lower. 

On the other hand, as the target site of shRNAa on the TRPV1 mRNA is 

conserved in rats and mice, therefore the same virus can be used in mice. In several 

studies lentiviral transgenesis was used to integrate foreign genes into mice (Lois et 

al., 2002; Pfeifer et al., 2002; Kvell et al., 2010) or generate knockdown transgenic 

mice (Rubinson et al., 2003; Lu et al., 2004; Hou et al., 2007). In the study of 

Christoph et al. (2008) TRPV1 knockdown mice were created by using a modified 

recombinase-mediated cassette exchange strategy. Their transgenic mice have also 

shown strongly diminished nociception following intraplantar injection of capsaicin, 

enhanced paw withdrawal latencies on hot plates (48°C, 58°C) and strongly reduced 
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hypothermia after intraperitoneal administration of capsaicin. Furthermore, they 

observed diminished tactile hypersensitivity and allodynia in an injury-induced 

neuropathic pain model in knockdown mice, but not in Trpv1 KO mice. These 

observations strengthened the efforts to develop TRPV1 agonism for development of 

potential analgesics against neuropathic pain conditions (Christoph et al., 2008). It is 

an excellent example that knockdown technique, besides knockout, can present new 

results and shed light on future perspectives.  

After perivitelline injection the survival rate of the embryos (~70%) is usually 

much better than in case of pronuclear injection (8-50%; Park, 2007) which is a more 

difficult and invasive procedure. In our case the transgenic efficiency (~12%) was 

behind reported values (80%; Pfeifer, 2004), but was still several times higher 

compared to pronuclear injection (~2%; Wall, 1996). Lentiviral vectors can integrate 

in a variety of genomic sites and if the site is in a non-active chromatin domain, the 

integrated provirus will be silenced. This is probably the reason why of the 5 founder 

mice showing positive GFP genomic PCR, only 2 had visible GFP fluorescence 

(founder #4 and #11). Among the offsprings of founder animals (F1 generation) there 

were several transgenic animals which were GFP-PCR-positive, showed GFP 

fluorescence and had strongly reduced capsaicin sensitivity in eye-wiping test. This 

confirmed that the lentivirally delivered shRNAa construct was effectively passed to 

the offspring through the germ line. We noticed that one offspring (#9 and #19) from 

both founder showed GFP fluorescence with sensitivity to capsaicin. It is known that 

the copy number of provirus is normally between 1-5 copies per animal and each 

provirus integrates independently (Singer and Verma, 2009). So, we can assume that 

two lentiviral vectors inserted into the genom of the founders and one of them had a 

non-functional shRNAa unit and the other had a functional one. After crossing with 

wild-type mouse this nonfunctional provirus segregated from the other independently 

in the F1 generation. It is therefore possible that the progenies which inherited the 

unfunctional shRNA showed a GFP positive genotype, but a capsaicin sensitive 

phenotype. We did not investigate the genetic constitution of these offspring further. 

The least sensitive progeny (#10) from F1 generation was chosen to establish the 

transgenic mouse line (tg+). We determined by LM-PCR that a single copy of the 

lentiviral vector is integrated into the genome of this line.  

 Tg+ mice, which were used in further experiments, showed reduced sensitivity to 

capsaicin in eye-wiping test in contrast to the total insensitivity of Trpv1 KO animals. 
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They showed 1-5 wiping movements depending on individual sensitivity of the 

mouse. This means that some mRNAs could escape from the RNAi pathway 

resulting in a modest residual receptor expression. We determined the level of 

remaining TRPV1 mRNA by qPCR, which was about 8% in tg+ mice compared to tg- 

littermates. We could not determine directly the remaining small amount of residual 

receptor protein, but based on the results of intracellular Ca2+measurements, we 

estimated that the receptor level was less than 5%. However, we think that the 

incomplete elimination of receptors is not a disadventage, because low molecular 

weight antagonist drugs are also incapable of completely block their molecular target 

so the incomplete knockdown by shRNAs is more likely able to reflect an antagonist 

effect. Furthermore, despite the possibility of the presence of minimal residual 

receptors in our tg+ mice, a TRPV1 receptor defficient phenotype was observed both 

in vitro where not a single TRG neuron responded to capsaicin, and also in vivo 

where diminished capsaicin-sensitivity in plantar nocifensive test and total lack of 

capsaicin-induced neurogenic inflammation was observed. 

Beyond the nocifensive and inflammatory responsiveness of TRPV1 

knockdown mice their thermoregulatory behavior was also tested. Systemic injection 

of the TRPV1 agonist RTX elicits a heat loss response with profound hypothermia 

accompanied by diminished oxygen consumption in cold environments (Woods et al., 

1994; Szállási and Blumberg, 1999). Here we showed that in TRPV1 knockdown 

mice the fall in body temperature and tail vasodilatation induced by i.p. injection of 

RTX was markedly inhibited which indicates a robust loss of TRPV1 channels. Under 

these conditions, similarly to Trpv1 KO mice (Szelényi et al., 2004; Garami et al., 

2011), no hyperthermia was observed in tg+ mice at room temperature or after heat 

exposure. These results with TRPV1 knockdown mice do not support the hypothesis 

that TRPV1 receptors have a putative tonic, predominant function in body 

temperature regulation with an abdominal preference (Gavva et al., 2007; Gavva, 

2008; Romanovsky et al., 2009; Garami et al., 2011). Furthermore, thermoregulatory 

behavior of female tg+ mice (thermopreference for an ambient temperature of 30°C 

over a warmer environment (35°C)) was undistinguishable from that of their wild type 

controls. In previous experiments, rats pretreated with 150 mg/kg capsaicin from 1 

week to 3 months before, showed pronounced hyperthermia in a warm ambient 

temperature. These animals did not avoid the warmer environment, indicating a loss 

of heat protective thermoregulatory behavior (Szolcsányi, 1983, 2004). On the basis 
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of this and several previous experiments we could conclude (Szolcsányi, 1982, 1983, 

2004; Hori, 1984; Caterina, 2007), that capsaicin excites and induces a long-term 

impairment in central and peripheral warmth sensors, leaving the thermoregulation in 

response to cold - including the thermopreference - unimpaired.  

One might question the slight difference in temperature preference between 

female and male mice, namely that females spend less time at 35°C. It could be 

explained by the initial stress induced higher body temperature of females. It is well 

known that there are gender differences in stress induced hyperthermia associated 

with handling, restraint and confinement in rodents (Thompson et al., 2003; McGivern 

et al., 2009). Particularly, female rats exhibit greater hypothermic response to 

confinement stress than males. Despite our efforts to minimalize stress during this 

experiment, this gender difference can be observed in both tg+ and tg- mice and this 

was the reason to present data obtained on males and females separately. 

We were curious whether the expression of TRPV3 was upregulated in our tg+ 

mice as was published by Christoph et al. (2008) in the case of their TRPV1 

knockdown animals. Therefore, we tried to determine the TRPV3 mRNA level from 

TRG (Xu et al., 2002) by qPCR, but it was below the detection limit both in tg- and 

tg+ animals. This result argues with an increased TRPV3 mRNA level in tg+ mice 

reported by Christoph et al. (2008). 

We also investigated the expression and function of TRPA1 receptor in in vitro 

and in vivo experimental models. The results of direct functional tests on isolated 

TRG neurons and the mustard oil-evoked inflammation in vivo convincingly showed 

an unchanged TRPA1 mRNA level and TRPA1 responsiveness, indicating a 

selective knockdown effect on TRPV1 channels. These results are in line with 

previous observations that mustard oil-evoked neurogenic inflammation occurs via a 

TRPV1 receptor independent process (Bánvölgyi et al., 2004). 

On the other hand, the results of in vitro experiments raised several interesting 

questions. It has been known that modulation between membrane receptors 

contributes to the dynamic plasticity of the nervous system. Some sort of interaction 

between TRPV1 and TRPA1, e.g. heteromultimerization in the plasma membrane, 

has been suggested since capsaicin and mustard oil pretreatments resulted in 

functional cross-desensitization between TRPA1 and TRPV1 via a Ca2+-dependent 

mechanism (Akopian et al., 2007; Ruparel et al., 2008). Furthermore, it has been 

shown that the mustard oil-gated current is larger in the sensory neurons collected 
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from wild type mice than from Trpv1 KO mice, and the number of mustard oil 

responsive cells was lower in the absence of TRPV1 (Salas et al., 2009; 

Staruschenko et al., 2010). In contrast, our observation was that neither the level of 

TRPA1 mRNA, nor the number of mustard oil responsive TRG neurons were altered 

in our tg+ mice. The reduction of TRPA1 function in Trpv1 KO mouse sensory 

neurons is presently explained either by a possible down-regulation of TRPA1 

expression, or by a requirement of TRPV1 for functional stability of the TRPA1 

channels on the plasma membrane, or by regulation of TRPA1 activity by the TRPV1 

channel (Salas et al., 2009; Staruschenko et al., 2010). It is possible that there is a 

translational or post-translational regulation between these two receptors, and in 

TRPV1 knockdown mice the slight residual amount of TRPV1 channels might be 

enough to stabilize or regulate TRPA1 receptors on the plasma membrane. 

 Finally, I have to mention some still unanswered questions. Our tg+ mice are 

viable, fertile and no deviations are observed in their overt behavior and locomotion 

in comparison with wild-typed littermates. However, while their general appearance is 

normal, their body sizes are smaller thus their body weight is ~15-20% less than their 

wild type littermates. This difference is already manifested 5-10 days after birth and 

further on. We can only speculate on the background of this phenomenon. Either it is 

an off-target effect of shRNA, or the integration of proviruses close to the crystallin 

gene is responsible for this phenomenon. The role of the reduced TRPV1 receptor 

level can not be ruled out either, although the exact opposite effect in case of 

complete elimination of the Trpv1 gene was observed, because aged (6 months old) 

Trpv1 KO mice looked obese (Garami et al., 2011).  

 A major adventage of transgenic RNAi is that, unlike in gene knockouts, one 

does not have to breed the transgene into homozygosity to get the phenotype. 

However we wanted to obtain homozygous knockdown animals as well by crossing 

tg+ mice. Unfortunatelly, we have never been able to get homozygous tg+ pups only 

tg- or heterozygous tg+ animals. It has been shown that overexpression of U6-driven 

shRNA could interfere with cellular miRNA expression, leading to lethality in mice 

(Grimm et al. 2006). Therefore we suspect that two copies of U6-shRNA construct in 

homozygotes produce too much shRNAs resulting nonviable embryos. This might 

also be the explanation for our failure to obtain transgenic rats with these constructs. 

This problem could be solved by using an inducible and reversible RNAi system. 

Several kinds of systems have been developed recently. In our further work we 
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would like to use a system where the pol III promoter contains a tetracycline 

response element serving a binding site for the Tet repressor. With this system 

shRNA expression can be induced by the addition of doxycicline and removal of 

doxycycline leads to reexpression of the targeted genes (Van De Wetering et al., 

2003; Matsukura et al., 2003; Seibler et al., 2007; Herold et al., 2008). 

In this chapter of my thesis I presented results on the generation of a well 

working TRPV1 knockdown transgenic mouse line using lentiviral transgenesis. We 

plan further studies to find answers for several unsettled issues related to this mouse 

line and the function of TRPV1 cation channel.  
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CHAPTER 2 
 
 

 

Effects of lipid raft disruption on the  
activity of TRPV1 and TRPA1 channels 
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INTRODUCTION 

 
I/1. Structure of lipid rafts in the cell membrane 
 
 The Singer-Nicholson model of plasma membranes postulated a uniform lipid 

bilayer randomly studded with floating proteins. It has become clear that membranes 

are not uniform, but clusters of lipids in a more ordered state (termed as lipid rafts) 

exist in the generally disordered lipid milieu (termed as non-lipid raft) of the 

membrane (Pike, 2009).  

 Lipid rafts are enriched in cholesterol, sphingolipids (glycosphingolipids (GSLs) 

and sphingomyelin (SM)) and saturated glycerophospholipids (GPLs) in comparison 

with non-lipid raft regions (Fig.I.1). The disposition of these components is 

asymmetric in the bilayer of lipid rafts. In the outer leaflet sphingolipids are mainly 

located where they associate laterally with each other, probably through weak 

interactions between the carbohydrate heads of the GSLs. The inner leaflet is 

randomly distributed and is not exactly apposed against the outer leaflet, additionally 

more saturated GPLs are found in it. The third emphasized component of rafts is 

cholesterol which is present in both leaflets and fills the space under the head groups 

of sphingolipids or extends the interdigitating fatty acyl chains in the apposing leaflet. 

Furthermore, lipid rafts contain proteins attached to the outer leaflet of the bilayer by 

their glycosylphosphatidylinositol (GPI) anchors, binding to the inner leaflet by acyl 

Fig.I.1 A simplified model of lipid rafts in cell membranes. From Waheed and Freed, 2010. 
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tails, or associating through their transmembrane domains (Simons and Ikonen, 

1997; Mishra and Joshi, 2007; Pike, 2009). 

 The resting (steady-state) rafts in cell membranes are small (50-200 nm) and 

have a very quick lifespan (μs to ms), they assemble and disassemble very quickly. 

These microdomains, after stimulation of a receptor ligand, may coalesce to form 

micron-size, stable, longer life-timed (seconds to hours) macrodomains through 

protein-lipid or protein-protein interaction. This merger of rafts brings the receptor and 

the different signaling molecules in close proximity, thereby activating a signaling 

cascade (Kusumi et al., 2004; Mishra and Joshi, 2007). 

 

I/2. Lipid rafts as a new perspective in receptor research 
 

 The simplest approach to investigate the role of lipid rafts in a receptor’s 

function is the induced disruption of their structure which may cause detectable 

altered receptor activity. There are several options for this: (1) methyl--cyclodextrin 

(MβCD) is known to form soluble inclusion complexes with cholesterol, thereby 

enhancing its solubility and removing it from membranes (Ohtani et al., 1989), (2) SM 

can be hydrolyzed by sphyngomyelinase (SMase) (Kiyokawa et al., 2005; Kobayashi 

et al., 2006), (3) the first step of SM biosynthesis from serine and palmitoyl-CoA is 

catalysed by serine palmitoyl transferase which can be inhibited by myriocin (Miyake 

et al., 1995), (4) glucosylceramide synthase can be inhibited by D-threo-1-Phenyl-2-

Fig.I.2 The simplified biosynthetic pathway for sphingolipids. The dashed lines reflect several 
intermediate steps. The enzymes (show in red) were used to disturbe lipid rafts in our experiments. 
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decanoylamino-3-morpholino-1-propanol (D-PDMP) resulting in decreased GSLs 

synthesis (Sillence et al., 2002; Kobayashi et al., 2006) (Fig.I.2).  

 It has been known that in case of some receptors such as nicotinic 

acetylcholine channel or serotonin (5-HT7a) receptor the surrounding lipid rafts bear 

important function (Barrantes, 2007; Sjögren and Svenningson, 2007). But in case of 

TRP channels, studies are focused on characterizing the features of the proteins and 

supplied no information on the possible involvement of the surrounding plasma 

membrane. Therefore, the literature of TRP channels associated with lipid raft has 

been rare.  

 So far only few attempts were made to study the role of lipid raft in the function 

of TRPV1 channels, with controversial results. Depletion of cholesterol by incubation 

with MβCD resulted in no change in heat-activated currents, while the amplitude of 

capsaicin-activated currents was significantly reduced in DRG neurons (Liu et al., 

2006). In contrast, it has been reported previously that TRPV1 receptors are not 

modulated by cholesterol depletion in rat C6 glioma cells (Bari et al., 2005). 

Recombinant purified TRPV1 channel reconstituted into artificial unilamellar vesicles 

responded with a rapid release of Ca2+ to a relatively high concentration of RTX (50 

nM) in contrast to normal cell membranes (Moiseenkova-Bell et al., 2008).  

 Based on these controversial results we think that lipid rafts can play a more 

important role in function of the receptors than it was tought before, so it can be a 

new interest in pharmaceutical research. 

 



 67 

AIMS 

 
We planned to determine whether changing the lipid raft can modulate the activation 

of TRPV1 and TRPA1 channels: 

 

1. We wanted to examine the rise in intracellular Ca2+-influx in TRPV1-

transfected cell line when various vanilloid and nonvanilloid activators of the 

TRPV1 channel were applied after depletion of cholesterol, SM or GSLs. 

2. We also wanted to determine the TRPV1 activity in native sensory neurons 

under the same conditions. 

3. Finally, we wanted to investigate the TRPA1 activity in native sensory neurons 

when different TRPA1 agonists were used after SM depletion. 
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MATERIALS AND METHODS 

 
II/1. Drugs and chemicals  

 

 Capsaicin, AEA, OLDA (Sigma) and mustard oil (Merck) were dissolved in 

DMSO to obtain 10 mM stock solutions, RTX (Sigma) was dissolved in 96% ethanol 

to yield a 1 mg/ml stock solution, furthermore 4% formaldehyde solution (Molar 

Chemicals Ltd., Budapest, Hungary) was used in experiments. Further dilutions were 

made with ECS (see p. 24) in case of microfluorimetry and Hank’s solution (see p. 

24) in case of radioactive calcium-45 (45Ca2+) uptake experiments to reach required 

final concentrations.  

 MβCD, SMase (Sigma) were dissolved in Hank’s solution, myriocin and D-

PDMP (Sigma) were dissolved in methanol and ethanol, respectively. Ceramide and 

sphingosine (Sigma) were dissolved in DMSO to obtain 10 mM stock solutions. 

Further dilutions were made with Hank’s or ECS to reach final concentrations. 

 
II/2. Radioactive 45Ca2+ uptake experiments in CHO cells expressing cloned rat 

TRPV1 receptor  

 

As described previously (Sándor et al., 2005) CHO cells stably expressing the 

TRPV1 receptor (Szállási et al., 1999) were plated in 15 μl cell culture medium onto 

Microwell Minitrays (Sigma). Confluent cells were pretreated with the desired amount 

of chemicals dissolved in culture medium for 30 min and 60 min in case of MβCD or 

SMase, respectively, and overnight in case of myriocin or D-PDMP. The control cells 

were similarly pretreated with the respective diluted solvent of chemicals. The 

following day, the cells were washed 5 times with calcium free Hank’s solution (pH 

7.4). After washing with Hank’s solution, the cells were incubated in 10 μl of the same 

buffer containing the desired amount of agonist (100 nM capsaicin, 3 nM RTX, 10 µM 

AEA or 10 µM OLDA), and 200 μCi/ml 45Ca2+ isotope (1.3 Ci/mmole; PerkinElmer, 

Boston, MA, USA) for 2 min at room temperature. When the receptor activation was 

induced by pH 5.5, first pH 7.4, then pH 2.05 Hank’s solution was dropped onto the 

cell containing plates to reach the desired pH. Then the cells were washed 5 times 

with ECS, the residual buffer was evaporated, the retained isotope was collected in 
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15 μl 0.1% SDS and the radioactivity was measured in 2 ml scintillation liquid in a 

Packard Tri-Carb 2800 TR scintillation counter (PerkinElmer).  

The values of 45Ca2+ uptake in percent were compared to solvent controls 

(100%). Statistical analysis was performed by Student’s t-test for paired comparison. 

 

II/3. Measurement of activity of native TRPV1 and TRPA1 receptors with 
microfluorimetry  

 

 Preparation of the primary cultures of TRG neurons and the measurement of 

activity of native TRPV1 or TRPA1 with fura-2 microfluorimetry technique of [Ca2+]i 

were prepared as described on p. 26.  

 To deplete the components of lipid raft, primary cultures of TRG neurons were 

incubated with different concentrations of MβCD for 30 min, SMase, ceramide and 

sphingosine for 60 min, myriocin or D-PDMP overnight, under standard cell culture 

conditions. In case of controls the plates were pretreated with only the respective 

solvent of the chemicals. 

 After fura-2-AM staining 10-s pulse of capsaicin (330 nM), or RTX (3 nM) were 

applied to excite TRPV1 receptors. TRPA1 receptors were stimulated with mustard 

oil (200 µM) or formalin (0.01%) for 30 s. To release Ca2+ from inner stores 

thapsigargin (200 nM) was used for 30 s. Finally, to excite voltage gated channels 

KCl (50 mM) was applied for 3 s.  

 Cells showing a ΔR of >0.1 after activation were considered to be receptor-

expressing cells and the percentage ratio of responsive and non-responsive cells 

was compared to the solvent controls. Fisher’s exact-test was used to analyze the 

data. 
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RESULTS 

 
III/1. Effect of cholesterol depletion on TRPV1 receptor 

 

 In the first series of experiments we investigated the effect of MβCD, which 

depletes cholesterol from cell membrane, on CHO cells stably expressing cloned rat 

TRPV1 receptor using the radioactive 45Ca2+ uptake method. Cells were pretreated 

with various concentration of MβCD then TRPV1 was activated with capsaicin (100 

nM) or OLDA (10 M) (Fig.III.1a). Alterations of capsaicin induced Ca2+-influx were 

non-significant after pretreatment with 10 and 100 μM MβCD. However, after using 1, 

3 or 10 mM MβCD the capsaicin responses diminished dose dependently to 81.7 ± 

8.8, 72.7 ± 19.4 or 57.5 ± 16.6%, respectively. Similarly, significant decreases were 

also obtained using OLDA (56.9 ± 17.6% and 56 ± 22.7% in case of 3 and 10 mM 

MβCD, respectively). This endogenous vanilloid-like agonist of TRPV1 has a longer 

alkyl chain and two OH groups on the benzene ring. Surprisingly, the Ca2+-influx 

evoked by other investigated TRPV1 agonists such as RTX (3 nM), the endogenous 

ligand AEA (10 M) and low pH of 5.5 remained unchanged under the same 

experimental condition (data not shown).  
 Furthermore, we studied the effect of MβCD on native TRPV1 expressing TRG 

sensory neurons using fura-2 microfluorimetry (Fig.III.1b). In control medium the ratio 

of responsible cells to capsaicin and RTX was 62% (58 out of 93) and 57% (40 out of 

70), respectively. After incubation with 1, 3 and 10 mM MβCD, the proportion of cells 

responding to capsaicin was 61% (34 out of 56), 39% (15 out of 38) and 10.5% (8 out 

of 76), respectively. Moreover, similar decrease was observed when RTX was used 

under similar conditions: 45 % (36 out of 80), 22% (17 out of 77), and 15% (12 out of 

80). Consequently, 3 and 10 mM MβCD caused significant inhibition of the TRPV1 

receptor activation evoked by capsaicin or RTX in cultured TRG neurons. 
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III/2. Effect of SM depletion on TRPV1 and TRPA1 channels 

 

III/2/1. Changed TRPV1 activation after SM depletion  

We investigated the effect of SMase, which hydrolyses SM of the plasma 

membrane, on CHO cells expressing the cloned rat TRPV1 using the radioactive 
45Ca2+ uptake method. Cells were incubated with various concentrations of SMase 

then TRPV1 was excited with different agonists such as capsaicin (100 nM) or RTX 

(3 nM) (Fig.III.2a). SMase pretreatment with 0.1, 1, and 10 mUN diminished the 

Fig.III.1a Effect of MβCD pretreatment on capsaicin- (100 nM) and OLDA- (10 μM) induced Ca2+-
accumulation in TRPV1-expressing CHO cell line in radioactive 45Ca2+-uptake experiments. Ca2+-
accumulations are presented in % of control (no MβCD pretreated). Each column represents mean ± 
S.D. of three experiments. *P< 0.05, **P< 0.01, MβCD -treated vs. control, Student’s t-test for paired 
comparison. b, Results of the same pretreatment on isolated, native TRPV1 expressing TRG 
neurons. Sensitivity of TRG sensory neurons was measured by fura-2 microfluorimetry. The 
percentage of responsive cells to capsaicin (330 nM) or RTX (3 nM) is presented after MβCD 
pretreatment. *P< 0.05, **P< 0.01, responsive cells vs. non responsive cells compared to control; 
Fisher’s exact-test. 

a 

b 
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capsaicin-induced Ca2+-influx to 79.2 ± 20.6, 42.3 ± 15.8 and 19 ± 7.7%, respectively, 

the last two decreases being significant. However, the same pretreatments did not 

change the RTX-induced Ca2+ signal.  

In addition, we investigated the effect of the inhibition of SM synthesis on the 

cloned TRPV1 receptor. For this purpose we used two glycosphingolipid synthesis 

inhibitors such as D-PDMP and myriocin, separately. D-PDMP in 1, 10 and 20 µM, or 

myriocin in 0.5, 5 and 50 nM concentrations were used with overnight incubation and 

Fig.III.2a Effects of SMase, D-PDMP and myriocin pretreatments on capsaicin- (100 nM) and RTX- 
(3 nM) induced Ca2+-accumulation in TRPV1-expressing CHO cell line in radioactive 45Ca2+-uptake 
experiments. Ca2+-accumulations are presented in % of control (no pretreatment). Each column 
represents the mean ± S.D. values of three experiments. *P<0.05, **P<0.01, pretreated vs. control; 
Student’s t-test for paired comparison. b, Results of the same pretreatments on isolated, native 
TRPV1 expressing TRG neurons. Sensitivity of TRG sensory neurons was measured by fura-2 
microfluorimetry. The percentage of responsive cells to capsaicin (330 nM) and RTX (3 nM) is 
presented after SMase, D-PDMP and myriocin pretreatment. *P< 0.05, **P< 0.01, responsive cells 
vs. non responsive cells compared to control; Fisher’s exact-test. 

a 

b 
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Ca2+-influx was detected after induction with capsaicin (100 nM) or RTX (3 nM) 

(Fig.III.2a). Capsaicin induced 45Ca2+ uptake was 51.3 and 23.5% of the control 

values after 10 and 20 µM D-PDMP pretreatments, respectively. These 

pretreatments also reduced the RTX-evoked responses to 68 and 38%, respectively. 

Similar results were obtained using myriocin, where 5 and 50 nM concentrations 

significantly decreased the response of capsaicin (51 and 22%, respectively). 

Furthermore 50 nM myriocin reduced also the response to RTX to 47%. No response 

to the solvent of D-PDMP and myriocin was observed.   

We could detect activity alterations also in case of native TRPV1 receptors 

using fura-2 microfluorimetry. At first, TRG neurons were treated with SMase at two 

concentrations (10 and 30 mUN) before application of capsaicin (330 nM) or RTX (3 

nM) (Fig.III.2b). In control plates, where the neurons were not treated with SMase, 

the percentage of responsive neurons after capsaicin excitation was 65% (101 out of 

155). After 10 mUN SMase incubation the percentage of responsive cells slightly 

decreased to 56% (42 out of 75) and 30 mUN SMase pretreatment evoked 

significantly decrease resulting 48% (36 out of 75) responsive cells. In case of RTX 

the ratio of activated neurons in control plates was 60.3% (70 out of 116) and this 

value decreased to 45% (15 out of 33) after 10 mUN SMase and was altered 

significantly to 34% (11 out of 32) after 30 mUN SMase treatment. Pretreatment with 

the higher concentration of D-PDMP (50 µM) caused significant decrement in the 

percent of responding neurons to both 330 nM capsaicin (22%; 12 out of 55) and 3 

nM RTX (11%; 5 out of 47) as well. After incubation with the higher concentration of 

myriocin (200 nM) the decrement of responsive cells was similarly significant, namely 

30% (17 out of 56) in case of capsaicin and 40% (24 out of 60) in case of RTX 

(Fig.III.2b). 

 

III/2/2. The effect of SMase pretreatment on TRPA1 activation 

Beside TRPV1, we examined the effect of SM depletion on the native TRPA1 

receptor as well. The neurons were pretreated with the same concentrations of 

SMase as TRPV1 (10 and 30 mUN) then the neurons were exposed to TRPA1 

agonists such as mustard oil (200 µM) and low concentration of formalin (0.01%). In 

control plates without SMase pretreatment the percentage of responsive neurons 

after mustard oil exposure was 26.8% (98 out of 379). After 10 and 30 mUN SMase 

incubation this proportion was significantly decreased resulting in 16.9 (25 out of 148) 
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and 4.1% (4 out of 97) responsive cells, respectively. In case of formalin, the ratio of 

activated neurons in 

control plates was 

39.7% (35 out of 88). 

This value was altered 

significantly to 26.3% 

(21 out of 80) after 30 

mUN SMase, but not 

after 10 mUN SMase 

pretreatment where the 

value remained 38.5% 

(50 out of 130) 

(Fig.III.3). 

 

 

 

III/2/3. SMase pretreatment did not influence the inner cell membranes and voltage 

gated Ca2+ channels 

 

 

 

 We wanted to make sure that the changes in [Ca2+]i after SMase pretreatment 

was the consequence of alterations in the receptor’s milieu and not the result of 

damage in the inner membranes bounding Ca2+ stores. Thus, TRG neurons were 

pretreated with SMase in two concentrations (10 and 30 mUN) then thapsigargin 

(200 nM), which can induce rapid Ca2+ release from inner stores (Thastrup et al., 

1990), was added to neurons. In control plates the percentage of responsive neurons 

Fig.III.4a Effect of SMase pretreatment on 
inner membranes of isolated, native TRG 
neurons. Responsiveness of TRG sensory 
neurons was measured by fura-2 
microfluorimetry. The percentage of 
responsive cells to thapsigargin (200 nM) is 
presented after SMase pretreatment. P 
>0.05, responsive cells vs. non responsive 
cells; Fisher’s exact-test. 

Fig.III.3 Effect of SMase pretreatment on isolated, native TRPA1 
expressing TRG neurons. Sensitivity of TRG sensory neurons was 
measured by fura-2 microfluorimetry. The percentage of 
responsive cells to mustard oil (200 µM) and formalin (0.01%) is 
presented after SMase pretreatment. *P< 0.05, **P< 0.01, 
responsive cells vs. non responsive cells compared to control; 
Fisher’s exact-test. 
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after thapsigargin exposure was 48.1% (74 out of 154). This value did not change 

significantly on SMase pretreated plates, 44.3 (85 out of 192) and 44.9% (48 out of 

107) in case of 10 and 30 mUN SMase, respectively (Fig.III.4a), indicating that 

SMase could not have an effect on the inner membranes. 

 Furthermore, we investigated whether damaging the lipid raft could induce 

changes in voltage-gated channels. Hence, the percent of TRG neurons responding 

with Ca2+-influx to KCl (50 mM) was determined. In control plates the ratio of 

responsive cells was 96% (73 out of 76) which did not change after 30 mUN SMase 

pretreatment as it remained 95.2% (79 out of 83). Likewise SMase did not influence 

the peak of the mean fluorescence responses, resulting ΔR=1.107 ± 0.496 on control 

and ΔR=1.143 ± 0.506 on treated plates, respectively. In contrast, after exciting 

TRPV1 with capsaicin (330 nM) and TRPA1 with mustard oil (200 µM) this value 

diminished significantly from 1.066 ± 0.618 and 0.714 ± 0.316 to 0.403 ± 0.229 and 

0.313 ± 0.120, respectively (Fig.III.4b). 

 
III/2/4. Neither ceramide nor sphingosine influenced the activity of TRPV1 receptor 

 To preclude the possibility of side effects of SMase treatment we tested the 

impact of the intermediates as ceramide and sphingosine on TRPV1-expressing 

CHO cells using radioactive 45Ca2+ uptake method. Cells were pretreated with 

ceramide or sphingosine (1 and 10 μM in both cases) and TRPV1 was activated with 

capsaicin (100 nM). We did not detect decreased receptor activity neither after 

ceramide pretreatment (120 ± 31.2 (1 M) and 126 ± 33.9% (10 M)) nor 

sphingosine pretreatment (117 ± 29.8 (1 M) and 115 ± 36.7% (10 M)). 

 

Fig.III.4b Effect of SMase pretreatment on 
voltage-gated Ca2+ channels of isolated, 
native TRG neurons. Each column represents 
mean ± S.D. of three experiments. *P< 0.05, 
SMase -treated vs. control, one-way ANOVA 
test.  
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III/3. Combined application of MβCD and SMase changed the activition of 

TRPV1 receptor 

 

 In the course of these experiments, we examined whether combined 

administration of low concentrations of MβCD and SMase enhances their inhibitory 

effect. Low, non-efficient concentrations of both agents were used as 1 mM MβCD 

and 0.1 mUN SMase (for 30 and 60 min, respectively). On cultured TRG neurons this 

co-administration had no significant inhibitory effect on capsaicin (330 nM) and RTX 

(3 nM) responses as shown in Fig.III.5b. Surprisingly, on the TRPV1-expressing CHO 

cells the combined treatment resulted in a pronounced inhibition of 45Ca2+-uptake 

where the values relative to the vehicle control (100%) were 14.5 and 18.7% in case 

of capsaicin (100 nM) and RTX (3 nM), respectively (Fig.III.5a). This observation was 

unexpected in the light of previous results when neither MβCD nor SMase alone 

diminished the rise of intracellular Ca2+ evoked by RTX even at the higher 

concentration.  

 

 

Fig.III.5a Effect of combined 
pretreatment of low 
concentration MβCD and SMase 
on capsaicin- (100 nM) and 
RTX- (3 nM) induced Ca2+-
accumulation in TRPV1-
expressing CHO cell line in 
radioactive 45Ca2+-uptake 
experiments. Ca2+-
accumulations are presented in 
% of control (no pretreated). 
Each column represents mean ± 
S.D. values of three 
experiments. **P< 0.01, MβCD- 
and SMase-pretreated vs. 
control; Student’s t-test for 
paired comparison. b, Results of 
the same pretreatment on native 
TRPV1 expressing TRG 
neurons. Sensitivity of TRG 
sensory neurons was measured 
by fura-2 microfluorimetry. The 
percentage of responsive cells 
to capsaicin (330 nM) and RTX 
(3 nM) are presented. P >0.05, 
responsive cells vs. non 
responsive cells, Fisher’s exact-
test. 

b 

a 



 77 

DISCUSSION 

 
 The major findings of this study were that disruption of lipid rafts by 

depleting its cardinal constituents of cholesterol, SM or GSLs inhibits the opening 

properties of the TRPV1 and TRPA1 cation channels. We investigated the Ca2+-influx 

responses both on native sensory neurons and TRPV1-expressing CHO cell line. 

 On TRPV1-expressing CHO cells depletion of cholesterol by MβCD inhibited 

the calcium response evoked by capsaicin or OLDA but not by RTX, AEA or low pH. 

Earlier experiments on cell lines transfected with chimeric TRPV1 channels 

convincingly showed that Glu 648 and Glu 600 amino acids which are situated at the 

external part of the pore loop (see Fig.I.1 on p. 11) are responsible for proton 

mediated activation and channel opening (Welch et al., 2000; Caterina and Park, 

2006). Thus, it is not surprising that decomposition of the lipid raft in the plasma 

membrane could not influence their role in gating function. Furthermore, the 

difference between the gating effect of capsaicin and RTX after cholesterol, and SM 

depletion can be explained by the different allosteric binding sites of these agonists. 

Before cloning of the TRPV1 cation channel there was a theory about the existence 

of two different vanilloid receptors (C:capsaicin and R:resiniferatoxin) (Acs et al., 

1996b, 1997; Szállási and Blumberg, 1999). Ever since we know that there is just 

one receptor on which these agonists can bind intracellularly, and H-bonding ability 

of vanilloid moiety is inevitable for the action of capsaicin, but not for RTX. Probably 

the large hydrophobic skeleton of the diterpene with a 3α-keto substitution is critical 

for the action of RTX (Szolcsányi, 2002; 2008) and it is sufficient for binding in an 

overexpressed cell line even when the lipid raft is decomposed by cholesterol or SM 

depletion. In contrast, in native TRG cells the effect of capsaicin and RTX were 

similarly inhibited by cholesterol or SM depletion. These data suggest that 

differences in TRPV1 gating mechanisms evoked by the two „vanilloids” on the 

TRPV1-expressing cell line and native sensory neurons might be partly due to 

differences between the lipid raft surrounding the ion channel in plasma membrane in 

these cells. Nevertheless, in TRG cells - unlike in the transfected cell line - interaction 

between TRPV1 and other TRP channels should also be taken into consideration 

(Salas et al., 2009). This can be the explanation of the results of combined 

application of MβCD and SMase where the non-efficient concentration of both agents 
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together evoked attenuation in both capsaicin and RTX activation on TRPV1 

overexpressed cells, but not on TRG neurons.  

 In addition, we detected diminished activity of TRPA1. Similarly to TRPV1, 

we investigated the effect of lipid raft depletion by SMase on native sensory neurons 

using TRPA1 agonists such as mustard oil and low-concentrated formaline. The 

disturbed lipid rafts caused reduced receptor activity with both TRPA1 agonists. At 

the same time this decrement was not observed on voltage-gated Ca2+ channels. 

Together these results indicate that composition of the cell membrane inside lipid 

rafts can play a more important role in the activition of ligand-gated TRP channels 

than it was thought before. It is worth mentioning, that in Ca2+-free solution the 

calcium response to RTX and capsaicin in the applied low doses of drugs was absent 

according to earlier studies (Bevan et al, 1992; Kárai et al, 2004) indicating that influx 

and not intracellular release of Ca2+ is involved. This conclusion is supported by our 

results where the effect of thapsigargin which induces rapid Ca2+ release from inner 

stores (Thastrup et al., 1990) remained unchanged after SMase pretreatment. 

Moreover, the reliability of SMase treatment as a good pharmacological tool is 

confirmed by the results of ceramide and sphingosine pretreatments since none of 

these products of SMase enzyme induced alteration in Ca2+-influx. 

 However, depletion of SM did not cause different inducibility between 

overexpressed and native TRPV1 receptors when its biosynthesis was prevented by 

overnight incubation with myriocin. We also observed the same phenomenon in case 

of D-PDMP pretreatment which inhibits the biosynthesis of other GSLs. Further 

experiments are needed to answer the questions whether these differences between 

the effects of SMase and SM and GSLs biosynthesis inhibitors are related to RTX 

binding or to the longer exposure of cells to the latter compounds which might elicite 

a more profound alteration in the lipid raft.  

 It can be concluded, that lipid rafts may play a more important role in drug 

action at the TRP channels than it was believed. Furthermore, the way of approach 

of this question is also very important. Since some drugs produce their effect 

intracellurarly as biosynthesis inhibitors, they can influence the cell membrane, and 

inner membrane structures as well which might cloud the interpretation of the results. 

Thus I propose that it is very important to find a reliable agent for depletion some 

constituent of lipid rafts restricted to the plasma membrane, but not in intracellular 

membranes like endoplasmatic reticulum. Therefore the usage of extracellular 
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SMase over earlier MβCD, myriocin or D-PDMP is proposed on the basis of the 

results presented in this thesis.  
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SUMMARY 
 

 In my thesis I presented new approaches to increase our knowledge about the 

much investigated TRPV1 receptor. 

 In the first part of my work we generated transgenic TRPV1 knockdown 

animals by lentiviral transgenesis.  

 First, we designed several shRNA and miRNA constructs and tested them on 

cell cultures. The most effective shRNA construct was inserted into a lentiviral vector, 

virus particles were prepared and introduced into rat and mouse one-cell embryos by 

subzonal injection. In mice we were able to prove several ways that the transgenesis 

was successful and the TRPV1 receptor knockdown phenotype is a permanent and 

heritable attribute. So based on our results, we could confirm the effectiveness of 

lentiviral transgenesis and we support the view that transgenic RNAi is a useful 

method which can play an important role in pain research such as validation and 

characterization of new potential targets.  

 Moreover, we could use our TRPV1 transgenic mice to support our previous 

opinion that this receptor has not a predominant function in regulation of body 

temperature. Furthermore, the changed or unchanged TRPA1 expression levels in 

TRPV1 knockout or knockdown mice, respectively, demonstrate well that absence of 

the same protein can result different side-effects depending on the used technique. 

That’s why my opinion is that these techniques can not substitute for each other but 

together they can give a more accurate picture.  

In the second part of my thesis, we used lipid raft depletion as a new 

pharmacological tool to investigate not only the receptor as single protein, but as a 

member of a complex membrane structure. We could demonstrate that lipid rafts 

influence activity of TRPV1 and TRPA1 receptors by changing the access of 

activators. Moreover, these changes can be different depending on the used lipid raft 

modifying agents and the used receptor expressing systems. These results give 

several evidences that this approach can be a completely new tool in pharmaceutical 

research. 
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