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AC-DC 
Alternating Current/Direct 
Current 

AMH 
A-fiber Mechano Heat noci-
ceptor 

ANOVA Analysis Of Variance 

AP Action Potential 

cAMP 
cyclic Adenosine Monophos-
phate 

CBTM 
Centre of Biomedicine and 
Medical Technology Mann-
heim 

CLVM Caudal Ventrolateral Medulla 

CMH 
C-fiber Mechano Heat noci-
ceptor 

CNS Central Nervous System 

CV Conduction Velocity 

DAAD 
German Academic Exchange 
Service 

DAMGO 
(D-Ala2, N-Me-Phe4, Gly-ol)-
enkephalin 

DGSS German Pain Society 

DIC 
Differential Interference Con-
trast  

DMEM 
Dulbecco’s Modified Eagle 
Medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic Acid 

DPG German Physiological Society 

DRG Dorsal Root Ganglion 

E001 Extracellular solution 

EC50 
Half maximal effective con-
centration 

EEG Electroencephalography 

EFIC European Federation of Pain 

FBS Fetal Bovine Serum 

FCS Fetal Calf Serum 

FURA Fura-2-acetoxymethyl ester 

GABA Gamma-Aminobutyric Acid 

GDP Guanosine Diphosphate 

GFP Green Fluorescent Protein 

GPCR G protein–coupled receptor 

GTP Guanosine Triphosphate 

HCN 
Hyperpolarization-activated 
cyclic nucleotide–gated 



ABBREVIATIONS 

2 

HEK293 
Human Embryonic Kidney 
293 cells 

HT High Threshold 

HTM 
High Threshold Mechanosen-
sitve 

HTMR 
High Threshold Mechanore-
ceptor 

i.d. inner diameter 

i.p. intraperitoneal 

i.v. intravenous 

IASP 
International Association for 
the Study of Pain 

IL Interleukin 

ISI Inter Stimulus Interval 

KCl Potassium Chloride 

L4 Lumbar 4 

LEP Laser Evoked Potentials 

LPb Parabrachial area 

LS Laser Sensitive 

LTM 
Low Threshold Mechanosen-
sitive  

LTMR 
Low Threshold Mechanore-
ceptor 

MEM Modified Eagle Medium 

MOR µ-Opioid-Receptor 

NaCl Sodium Chloride 

NaOH Sodium Hydroxide 

Nd:YAG 
Neodymium-doped Yyttrium 
Aluminium Garnet 

NS Nociceptive Specific neuron 

NT non-transfected 

NTS Nucleus Tractus Solitarius 

o.d. outer diameter 

PAG Periaqueductal Grey matter 

PBS Phosphate Buffered Saline 

PI Percentage of Inhibition 

PKA Protein Kinase A 

PS Pregnenolone Sulphate 

RA Rapidly Adapting  

RF Receptive Field 

RNA Ribonucleic Acid 



ABBREVIATIONS 

3 

ROI Region of Interest 

rpm rotation per minute 

RT Room Temperature 

RTX Resiniferatoxin 

SA Slowly Adapting 

SEM Standard Error of the Mean 

SII Second somatosensory cortex 

SP Substance P 

TG Trigeminal Ganglion 

TRPM3 
Transient Receptor Potential 
channel subfamily M member 
3 

TRPV1 
Transient Receptor Potential 
channel of the Vanilloid recep-
tor type, subtype 1 

TTL Transistor-transistor logic 

VMpo 
posterior part of the Ventro-
Medial nucleus 

VPI Ventro-Postero-Inferior nucleus 

VPL Ventro-Postero-Lateral nucleus 

WDR Wide Dynamic Range 

WT wild type 



INTRODUCTION 

2 

1 INTRODUCTION 

1.1 Nociception and Pain 

1.1.1 Definitions  

The International Association for the Study of Pain (IASP) defined pain as “an 
unpleasant sensory and emotional experience associated with actual or potential tis-
sue damage, or described in terms of such damage”. Moreover, they defined noci-
ception as “the neural process of encoding noxious stimuli”, noticing that: “Conse-
quences of (this) encoding may be autonomic (e. g. elevated blood pressure) or be-
havioral (motor withdrawal reflex or more complex nocifensive behavior)”, and “pain 
sensation is not necessarily implied”3. 

While it is possible from the first definition to understand that pain – being a 
sensory and emotional experience – involves brain processing, it is also possible 
from the second definition to infer that it occurs before signals reach the brain and, 
therefore, “pain sensation is not necessarily implied”. Then again, nociception and 
pain could be understood as two different parts of the same phenomena, nociception 
occurring in a first place, and pain as a result. Although this is often in fact the case, 
nociception and pain may occur separately from each other as well, in which “pain 
may be experienced in the apparent absence of a stimulus and there may be activity 
in nociceptors in the absence of pain”3. The concept of pain, in spite of the validity of 
this definition, is still under debate4. 

Figure 1 depicts the somatosensory pathways for non-noxious and noxious 
stimuli. When potentially damaging (so called noxious) stimuli of different types 
(thermal, mechanical or chemical) are present at the terminals of the sensory neu-
rons (which are located at the skin or innervating tissues) at a degree that reaches 
the threshold of sensory transduction molecules located at those terminals, then no-
ciception begins. The transduction molecules open and change the local membrane 
potential and depolarize, which in turn elicits action-potential propagation along the 
peripheral neuron, passes the soma of the neuron (located either at the dorsal root 
(DRG) or trigeminal ganglia (TG)), and reaches the dorsal horn of the spinal cord, 
synapsing with a dorsal horn neuron. Finally, dorsal horn neurons integrate and 
propagate the received noxious signals and transmit them to higher brain areas 
through the spinothalamic tract to the thalamus, and once the electric signal reaches 
specific areas in the brain, stimuli are perceived as being painful5, 6. 

1.2 Primary sensory neurons 

Primary sensory neurons are remarkably long cells present in the peripheral 
nervous system, with cell bodies located at the TG and DRG and their axons 
grouped together along peripheral nerves that innervate the head and the rest of the 
body (such as skin, articulations and viscera). At peripheral nerves these neurons are 
arranged into a heterogeneous population of different axon calibers, determined by 
its fiber diameter and myelination degree, which provides them with different conduc-
tion velocities. Based on these anatomical and functional criteria, the primary afferent 
fibers can be categorized into three different classes5: Large, myelinated cutaneous 
afferents, known as Aβ-fibers, are rapidly conducting low-threshold mechanorecep-
tors which normally respond to innocuous stimuli (like touch or hair movement) ap-
plied to the skin, muscle and joints. Fine myelinated and unmyelinated afferents, 
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known as Aδ-fibers and C-fibers, are medium and small diameter fibers that conduct 
noxious stimuli at intermediate and slower velocities, compared to Aβ fibers. Most of 
the Aδ-fibers and C-fibers are nociceptors or thermoreceptors5, 7 and respond to nox-
ious stimulation. Among nociceptors innervating the skin, Aδ- and C-fibers can be 
further classified depending on their responsiveness to the different noxious modali-
ties8. Aδ- fibers that normally respond only to noxious mechanical stimuli and to nox-
ious heat (53 °C) under sensitization are defined as A fiber mechano-heat nociceptor 
(AMH) type I, and Aδ- fibers that normally respond to both noxious mechanical and 
noxious thermal stimuli (over 46 °C) are called AMHs type II. The latter also responds 
to noxious chemical substances, but they are only present on hairy skin9. 

Due to its polymodal quality, AMH fibers are similar to C-fiber mechano-heat no-
ciceptors (CMHs), since both are able to respond to a wide range of noxious me-
chanical stimulation as well as noxious heat and noxious chemicals. The difference is 
simply that the latter are present in both hairy and glabrous skin and have different 
anatomical and conduction properties. The receptive fields of CMHs are usually be-

Figure 1: Somatosensory system. Tactile and proprioceptive systems (in black) project 
via large fibers in the peripheral nerve, the dorsal columns of the spinal cord and the medial 
lemniscus in the brainstem. Nociceptive and thermoreceptive systems (in red) project via 
small fibers in the peripheral nerve and via the spinothalamic tract in the spinal cord and 
brainstem. Both pathways project via VPL to the primary sensory cortex and via VPI to the 
secondary somatosensory cortex. In addition, the nociceptive and thermoreceptive systems 
project via VMpo to the dorsal insula. VPL:ventro-postero-lateral nucleus; VPI: ventro-
posteroinferior nucleus; VMpo: posterior part of the ventromedial nucleus. Modified from 2. 
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tween 1-2 mm in diameter8 and those areas colocalize for each modality10. There is 
evidence that some C fiber nociceptors preferentially respond to one stimulus modali-
ty, and therefore polimodality is widely distributed among different degrees on 
CMHs8, 11. C-fiber nociceptors can be further sub-classified into two groups: one 
group is able to express and secrete neuropeptides, like substance P, and are called 
peptidergic C-fibers, while the others do not express neuropeptides and are called 
nonpeptidergic C-fibers. 

Primary afferents terminate in the dorsal horn of the spinal cord with a defined 
distribution pattern (Figure 2) determined by their functional class7, 12. Aβ tactile and 
their afferents end mainly in lamina III-V, with some extension to lamina II. Aδ hair 
follicle afferents arborize on either side of the border between lamina II and lamina III, 
and Aδ nociceptors end mainly in lamina I, with some giving branches to lamina V 
and X. Peptidergic primary afferents (which also include some Aδ nociceptors) arbor-
ize mainly in lamina I and lamina IIo, with some fibers penetrating more deeply, 
whereas most non-peptidergic C fibers form a band that occupies the central part of 
lamina II7, 12. 

All primary afferents use glutamate as their principal fast transmitter and therefore 
have an excitatory action on their postsynaptic targets7. 

1.2.1 Heat-activated ion channels in primary sensory neurons 

In sensory neurons, detection and transmission of heat stimuli requires the co-
ordinated activity of many different ion channels: background and voltage-gated K+ 
channels are thought to ensure negative voltage over the plasma membrane when 
the stimulus is absent, voltage-gated Na+ channels are thought to generate action 
potentials when a certain voltage threshold is crossed, and one or more depolarizing 
ion channels that are thought to open in response to heat such that the action poten-
tial threshold can be reached 13.  

TRP channels are a group of ion channels that serve as sensors for a wide 
range of physical and chemical stimuli. In free nerve endings, an increase in heat 
activates a specific group of nociceptors that are characterized by the expression of 
heat-and capsaicin-activated TRP channel TRPV1. However, since the ablation of 
TRPV1 in mice does not completely take away their ability for heat detection, some 
other ion channels might also be involved in noxious pain perception14. 

 

1.2.1.1 The TRPV1 channel 

The transient receptor potential channel of the vanilloid receptor type, subtype 
1 (TRPV1) is a non-selective cation channel widely expressed in the central and pe-
ripheral nervous system that contributes to normal and pathological pain15. The 
TRPV1 channel is formed as a tetrameric quaternary structure and their subunits 
possess 6 transmembrane domains and a pore domain between the fifth and sixth 
transmembrane domain 16. In each subunit, the N- and C-terminal domains (both in-
tracellular) have available phosphorylation/dephosphorylation sites as well as interac-
tion sites with other proteins17. In the peripheral nervous system, the receptor is pref-
erentially expressed in the C-fiber nociceptors in the TG18, 19 and DRG20, 21, and it is 
also expressed, in a lesser extent, in Aδ-fiber nociceptors 22. 
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The TRPV1 channel can be activated by capsaicin, resiniferatoxin (RTX), nox-
ious heat (> 43 o C), extracellular acidification and various lipid molecules15, 23, 24. The 
activation of the channel temperature induces the firing of action potentials which 
propagates towards the dorsal horn or sensory nucleus in the brain, where sensory 
information is relayed to second-order neurons and which subsequently results in 
pain sensation and lowering of body temperature14.  

The involvement of the TRPV1 channel in pain processing has been widely 
studied over the last decades25. The ability to integrate multiple concomitant stimuli 
and to possess channel activity coupling to downstream signal amplification process-
es through calcium permeation and membrane depolarization allows TRPV1 chan-
nels in nociceptive neurons to function as a sensor in both normal and pathological 
conditions26. The TRPV1 receptor is upregulated in DRG neurons after 
inflammation27, 28, and mice lacking the TRPV1 receptor show deficits in thermal hy-
peralgesia22, 29, showing a direct role in contribution to pain perception under inflam-
matory conditions. Moreover, an increase in TRPV1 expression and function was 
observed in DRG of rodents in colorectal cancer pain, inflammatory nociception, and 
others30, 31. Consequently, pharmacological studies in animals treated with drugs that 

Figure 2: Nociceptive afferent fibers terminate on projection neurons in the dorsal 
horn of the spinal cord. Projection neurons in Lamina I receive direct input from myelinated 
(Aδ) nociceptive afferent fibers and indirect input from unmyelinated (C) nociceptive afferent 
fibers via stalk cell interneurons in lamina II. Lamina V neurons are predominantly of the wide 
dynamic-range type. They receive low-threshold input from the large-diameter myelinated 
fibers (Aβ) of mechano-receptors as well as both direct and indirect input from nociceptive 
afferent fibers (Aδ and C). In this figure the lamina V neuron sends a dendrite up through 
lamina IV, where it is contacted by the terminal of an Aβ primary afferent. A dendrite in lamina 
III arising from a cell in lamina V is contacted by the axon terminal of a lamina II interneuron. 
Modified from 1. Laminar boundaries are shown by dashed lines. 

High-intensity,  
noxious stimuli 
 
--------------------------- 
 
Low-intensity,  
non-noxious stimuli 
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block TRPV132, 33, or small-interference RNA (siRNA) that reduce its expression 34 
have also shown a reduction in inflammatory pain and in chronic neuropathic pain. 
Several up-to-date TRPV1 antagonists have been developed, and they have shown 
a reduction in neuropathic and inflammatory pain in animal models33, 35-40; nonethe-
less, at clinical level these antagonists have shown partial or modest efficacy on 
healthy volunteers41-43 and unwanted side-effects such as increase in core body tem-
perature ( >40 °C) 44, 45, a compromised noxious heat response, which increases the 
risk of accidental burns 41, 46, 47. 

Mutant null mice TRPV1-/- respond poorly to chemical stimulations, present 
impaired acute pain detection and show deficits in their thermoregulation ability22, 48-

50. Additionally, these animals under inflammatory conditions display reduced sec-
ondary hyperalgesia51. However, it has also been shown normal acute heat detection 
in TRPV1-/- mice52. In humans, using a functional blockade of TRPV1+ nerve fibers 
and psychophysical experiments, it was observed that laser-induced heat nociception 
was completely abolished53. These apparent contradictory effects might be explained 
by the following facts: by one side, it is known that capsaicin-insensitive A-fiber noci-
ceptors may also mediate hyperalgesia in neuropathic pain conditions53. By the other 
side, the test stimuli used influences the readout observed: since rapid near-infrared 
laser-heat stimulation is the standard way to measure heat pain testing in humans54, 

55 able to reach temperature steps of several Celsius degrees in factions of seconds2, 

56, much slower heating is used in most animal experiments. Since heat activated 
channels act fast upon stimulation, rapid heat ramps through laser stimulation are 
more suitable for its study. 

1.2.1.2 The TRPM3 channel 

Heat-induced nociception involves the activation and interaction of more than 
only one type of TRP receptor activation13. Intensive research has been done to elu-
cidate which other ion channels are implicated in this process, and if so, what is their 
distribution, and what are their specific roles in sensory neurons and possible coop-
eration mechanisms. The TRPM3 receptor (Transient Receptor Potential Melastatin-
3), together with TRPV1 and other members of the TRPV family, is a divalent-
permeable cation channel present in sensory neurons57-61, as well as kidney, brain, 
testis and spinal cord62; and has been shown to be essentially thermosensitive57, as 
well as to have other biological functions in mechanoregulation and vasorelaxation62. 
Moreover, since the mutant mice lacking TRPM3 channel have severe deficits in the 
development of inflammatory hyperalgesia57, and inhibitors of TRPM3 such as liquiri-
tigenin, diclofenac, or flavanones like isosakuranetin show strong antinociceptive 
properties59, 60, 63, 64, the TRPM3 channel has emerged as a candidate to act in re-
sponse to noxious heat13, 14, 57, 61. Therefore, understanding the molecular mecha-
nisms that control TRPM3 channel activation by noxious heat in sensory neurons 
would provide valuable information for development of new strategies to treat acute 
pain. 

The TRPM3 channel can be selectively activated by the neurosteroid Pregne-
nolone Sulphate (PS) and the dihydropyridine Nifedipine 65. Sill it is unclear whether 
endogenous PS concentrations in the sensory system can reach levels that activate 
TRPM3 in vivo65. Therefore, it was proposed that other physiologically relevant stimu-
li might cause nociception mediated by activation of the TRPM3 channel, and found 
that the channel can be activated by noxious heat at 40 °C and that trpm3-/- mice ex-
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hibit reduced sensitivity to noxious heat, demonstrating that the channel is specifical-
ly required for heat sensation57. 

1.2.2  The µ-opioid receptor as a potential pharmacological target for treatments 
against acute pain 

Opioid receptors belong to the superfamily of G protein–coupled receptor 
(GPCR) and the subfamily of rhodopsin receptor66. Opioid receptors are expressed 
by central and peripheral neurons, among other cell types 67. The signaling pathways 
of opioid receptors are well characterized67. Once the ligand binds to the receptor, 
conformational changes allow coupling of mainly Gi/o-proteins to the intracellular C-
terminus of opioid receptors. At the Gα subunit, GDP is replaced by GTP and a dis-
sociation of the trimeric G-protein complex into Gα and Gβγ subunits occurs. After-
wards these subunits can inhibit adenylyl cyclase and thereby cyclic adenosine 
monophosphate (cAMP) production, and/or directly interact with diverse ion channels 
in the membrane. Ion-channels are mainly regulated via Gβγ -subunits 68. Opioid re-
ceptors modulate various Ca2+ channels; suppress Ca2+ influx and the excitation 
and/or neurotransmitter release. 

Opioids produce their analgesic effect primarily by interacting with the G-
protein coupled µ-opioid receptor (MOR)69, which is present in small-diameter DRG 
neurons and the superficial layer of the dorsal horn. Once activated, MOR receptors 
are able to prevent presynaptically the excitatory release of glutamate and/or neuro-
peptides on those peripheral neurons upon noxious stimuli, and therefore provide an 
antinociceptive effect67, 70. Some of the downstream targets of MOR in peripheral 
nerves known up to date are voltage-gated Na+ channels, HCN channels, K+ chan-
nels and TRPV1 channels, among others71-76, mostly by interrupting their regulation 
by the cAMP/PKA pathway. It has also been reported that sustained interactions with 
the TRPV1 channel might be associated in the development of morphine tolerance69.  

Agonists of the µ-opioid receptor (MOR) are nowadays the most powerful anal-
gesic drugs clinically available, being especially prescribed for acute pain conditions, 
like postoperative pain management, or in terminal conditions77. However, these 
drugs when misused, may cause several side effects like antinociceptive tolerance78 
and addiction69, 77, 79. 

 

1.3 Dorsal horn neurons 

Dorsal horn neurons from the spinal cord are neurons belonging to the central 
nervous system that receive and integrate sensory input from primary afferent neu-
rons, and that respond to specific types of noxious and non-noxious stimuli7. On 
these neurons, connections from primary neurons are converged and processed by 
complex circuits involving excitatory and inhibitory interneurons which integrate mul-
tiple inputs in a single coordinated action. As a consequence of this processing, the 
resulting signal is transmitted either to projection neurons for relay in several brain 
areas, or to the ventral horn, in which case they contribute to spinally-mediated no-
cifensive reflexes7. At the dorsal horn, the balance between excitation and inhibition 
is crucial for maintaining normal sensory function, and therefore understanding the 
neuronal circuits between primary afferents and projection neurons has key conse-
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quences in the development of therapies against the onset and maintenance of in-
flammatory and neuropathic pain7. 

Interneurons correspond to the dorsal horn neurons whose axons remain in 
the spinal cord and arborize locally. They comprise the vast majority of neurons in 
laminae I-III. They can be inhibitory, using GABA and/or glycine as their main neuro-
transmitter, or excitatory, using glutamate as their main neurotransmitter. Projection 
neurons, in contrast, possess cell bodies which are located in lamina I and between 
lamina III-VI and their axons extend to several brain regions, like some thalamic nu-
clei, the caudal ventrolateral medulla (CVLM), the nucleus of the solitary tract (NTS), 
the parabrachial area (LPb), and the periaqueductal grey matter (PAG)7. 

Depending on their synaptic input, three different classes of dorsal horn neu-
rons can be found. If a neuron possesses only Aβ fiber input, then this neuron is only 
the recipient of primary afferent activity in response to non-noxious mechanical 
stimulation at its receptive field, and conversely it is not able to respond to noxious 
stimulation. This group of neurons is called low threshold mechanosensitive (LTM). If 
a neuron possesses only nociceptive input (nociceptive Aδ and C fibers), then this 
neuron is only the recipient of primary afferent activity in response to noxious stimula-
tion and conversely it is unable to respond to non-noxious stimulation. This second 
group of neurons is called nociceptive specific (NS) or high threshold mechanosensi-
tive (HTM). There is a third group of neurons that possess both Aβ- as well as Aδ- 
and C- fiber input and are able to respond to both non-noxious and noxious stimula-
tion in a graded manner. Those neurons are called wide dynamic range (WDR)12.  

NS and WDR neurons are located in both superficial (lamina I) and deep (lam-
ina IV to VI) layers of the dorsal horn, and they function in both exteroceptor-initiated 
(that is activated by objects in the external environment) and interoceptor-initiated 
(that is activated by bodily changes in the internal environment) pain80. The differ-
ences in fiber input in those neurons give them different response properties. WDR 
neurons show different activity patterns (frequency of action potentials discharge) 
upon non-noxious vs. noxious stimulation: its activity increases as the strength of the 
stimulation increases, encoding the distinction between non-noxious and noxious 
stimulation. On the other hand, as the majority of NS neurons receive input from mul-
tiple types of nociceptive afferent neurons, they are not able to distinguish between 
different kinds of noxious stimulation80. It is important to keep in mind that within the 
dorsal horn both excitatory and inhibitory interneurons, as well as astrocytes and mi-
croglia under pathological conditions, can modify the response of NS and WDR cells, 
and thereby the output of the dorsal horn12. 

The signal transmissions occur through neurons in the dorsal horn of the spinal 
cord to neurons of the spinothalamic tract. In this level, dorsal horn high threshold 
(HT) neurons and wide dynamic range (WDR) neurons are involved. These nocicep-
tive dorsal horn neurons are located at the laminae I, II and IV-VI, where high thresh-
old A-delta mechanoreceptors (lamina I and IV-VI) and polymodal high threshold C-
nociceptors (lamina II) terminate81, 82. Both neuron types respond by increasing dis-
charge rate when heating increases to skin temperatures in the noxious range 83. 
However, some differences in properties exist in those neurons: while responses of 
WDR neurons can encode small differences in nociceptive temperatures, for HT neu-
rons this does not occur84. Moreover, the mechanosensitive receptive fields of those 
neurons have been reported to be large for WDR neurons, encompassing the whole 
foot and part of the leg, and in HT neurons the receptive fields are substantially 
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smaller84. Likewise, it has been indicated that nociceptive-specific HT neurons func-
tion as providers of information about the quality and spatial localization of noxious 
stimuli, while WDR neurons are responsible for the speed of detection and encode 
the intensity of noxious stimuli83-86. 

 

1.4 Laser stimulation as a method for nociception studies 

Heat-induced nociception involves activation of high-threshold thermosensitive 
free nerve endings of sensory neurons (transduction), mediated by opening of recep-
tor proteins located in their plasmatic membrane. Heat stimuli above the temperature 
threshold of the receptor leads to depolarization of the neuron. Depolarization, in 
turn, lead to opening of voltage gated sodium channels, which give rise to action po-
tential (AP) discharges87, 88. These action potentials code for stimulus intensity by 
their firing frequency, and are transmitted via Aδ- and C- fibers to dorsal horn neu-
rons in the spinal cord and consecutively to the brain, where the pain is sensed5, 89-92.  

The reasons to use laser stimulation rather than other means of heat stimulation 
are fourfold in nature: it is a natural stimulus (heat), it is reliable in means of stimulus 
parameters and response characteristics, its stimulation modes (intensity, duration or 
area stimulated) are adjustable, and it does not produce tissue damage on subjects 
at intensities normally used, so it can be used in different skin areas89, 93. Therefore, it 
has been used as a tool to study neural mechanisms of thermal pain sensation with-
out concurrent activation of mechanoreceptive afferents94 95 2, 96. Moreover, laser 
stimulation elicit clear potentials in human brain 55 as well as in other mammals 97-99, 
activating in a synchronized way the anterior cingulate cortex and suprasylvian re-
gion (parietal operculum, SII), among other brain areas 89, 93, 100.  

Laser-induced heat has been used as noxious thermal stimulation to observe cor-
tical activity (EEGs) 97, 101-119; and since lesions causing neuropathic pain mostly con-
cern the pain-temperature pathways, it has been considered the easiest and most 
reliable neurophysiological method of assessing nociceptive function in health and 
disease 120, 121. 

Depending on the wavelength of emission, skin transmission properties and blood 
flow, different penetration depths on the skin after laser stimulation can be reached: 
while for CO2 infrared lasers (10600 nm) emission is absorbed already in the first 100 
µm of superficial skin layer122, Argon and Copper laser emissions (488-515 nm and 
510-577 nm) are able to reach in average 250 and 400 µm skin depth, crossing the 
dermal/epidermal border. Nd:YAG (neodymium-doped yttrium aluminium garnet) la-
ser emissions (1064-2000 nm) are able to penetrate deeper into the skin, being in 
average 700 µm and reaching up to 3.7 mm skin depth89. Depth penetration in the 
skin for near-infrared emissions (1475 nm) is on average 1.25 mm123, were 72% ab-
sorbed in epidermis (up to 120 µm depth), 20% in dermis (0.120 – 4 mm depth) and 
8% in subcutaneous tissue124. Considering that receptor depth for cutaneous C-fiber 
nociceptors are estimated to be located between 150-200 µm depth125, as well as Aδ 
nociceptors, both in hairy and glabrous skin126, near infrared emissions are able to 
heat homogeneously their free nerve endings throughout the skin layers. 

Since a wide range of laser stimulators have been developed so far (most com-
mon ones described above: 1.4 Laser stimulation as a method to activate heat-gated 
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ion channels), the results obtained from them have shown different aspects of the 
nociceptive pathway. Studies using laser stimulation to investigate single neuron 
properties in primary afferents have been performed extensively during recent dec-
ades10, 50, 56, 94, 95, 113, 114, 118, 127-130. Bromm and colleagues measured microneuro-
graphic recordings of primary afferents in the radial nerve in response to laser-heat 
stimulation on the receptive fields of identified units and observed that the largest 
receptor class which was activated by CO2 laser stimuli were polymodal C-
nociceptors114. Then, Treede and coworkers found that the sizes of mechanosensi-
tive and heat-sensitive receptive fields of polymodal C-nociceptors in monkeys are 
virtually equal10. Five years later; the same working team identified two different 
types of mechano- and heat- sensitive A-fiber nociceptors (AMH) innervating the 
hairy skin of the monkey, having AMHs type I a temperature threshold of 53 °C and 
type II of 46 °C9. A comparative study using infrared diode laser stimulation (980 nm 
wavelength, 200-400 ms duration time) of DRG primary neurons and psychophysical 
measures in healthy volunteers has shown that the use of infrared laser stimulation in 
both rats and humans is a reliable method for the study of laser-heat activated noci-
ception in the periphery, having the thresholds for heat-evoked currents similar (41 
°C) between cultured neurons or pain sensation in human volunteers131. Using a 
skin-nerve preparation of mouse and infrared laser stimulation Pribisko and Pearl 
recorded a high proportion of nociceptors with C-afferent fiber response latencies, 
and only a few of them with A-afferent fiber response latencies to laser stimulation132. 

Studies using laser-heat as a model to investigate the nociceptive system at the 
dorsal horn of the spinal cord133-135, and at the brain91, 99, 110, 114, 115, 127, 136-143, used 
laser with beam diameters down to 1 mm. While Devor and coworkers observed 
mainly that dorsal horn neurons responding to laser-heat stimuli were located in su-
perficial and deep zones from the dorsal horn, and were able to evoke potentials 
through signals mediated by C- polymodal nociceptors133; Sikandar and collaborators 
extended those observations by recordings in dorsal horn neurons in the spinal seg-
ment L4-L5 in rodents and detected response latencies to different laser intensities 
mediated by both C- (in all power intensities) and Aδ- fiber afferents (only at higher 
power intensities)134. By ablating TRPV1+ afferents in mice, Zhang and collaborators 
observed impairment in the responsiveness to noxious heat of nociceptive dorsal 
horn neurons135. 

All those studies have demonstrated that laser stimulation is a type of noxious 
heat stimulation and its transmission occurs exclusively on nociceptive neurons; 
however, regarding the properties of the mechanosensitive receptive fields of those 
neurons very little information is available. Specific information about heat-sensitive 
receptive fields has only been documented in polymodal cutaneous C-fiber nocicep-
tors in monkeys, where the mechanosensitive receptive fields coincided in size to the 
laser-heat sensitive receptive fields10, but no information has been given regarding 
laser-heat sensitive receptive fields in dorsal horn neurons133. 
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1.5 Question and Aims 

The nociceptive system protects mammals against -even putative- tissue dam-
aging so- called noxious stimuli. Noxious heat is such a natural stimulus, cold, me-
chanical and chemical stimuli are other potentially harmful stimuli making proper pro-
tection in essential daily life. Furthermore, mechanisms underlying acute pain do con-
tribute to longer lasting pain states such as inflammatory or neuropathic pain. Studies 
on heat transduction mechanisms have been using laser stimulation as a mean of 
heat delivery, mainly because of the following advantages: it is contactless, rapidly 
increasing and short lasting, provides responses with high temporal and spatial reso-
lution and enables the possibility to observe LEPs in humans. 

Until now, extensive research characterized the capsaicin-receptor TRPV1 
(transient receptor potential channel of the vanilloid receptor subfamily, subtype 1), 
which is present in nociceptors and is activated beyond several other stimuli by nox-
ious temperatures above 42 °C. Whereas TRPV1 alone is not sufficient to induce 
heat pain alone, other heat-sensitive transduction channels co-expressed in the 
same fiber with TRPV1 are essential for the detection of heat pain. Furthermore, 
knowledge regarding processing of those stimuli when entering the central nervous 
system is limited further offering putative targets for the pharmacological treatment of 
those pain states. 

Thus, this study intends to expand the knowledge on mechanisms of heat-
induced nociception using near-infrared laser stimulation as a rapid, accurate and 
appropriate way to deliver noxious heat pulses. Responses to laser-heat will be ana-
lyzed at functionally different levels: either at single molecule level (in vitro on heter-
ologous expression systems measuring excitability via microfluorimetric live-cell cal-
cium imaging), at single nociceptor level using primary sensory neurons of rats as 
well as using a more physiological model in vivo, i.e. electrophysiological recordings 
within the dorsal horn of the spinal cord upon peripheral noxious and non-noxious 
sensory stimulation of the hind paw in living Sprague-Dawley rats. The following main 
questions will be addressed specifically: 

-Do brief laser-heat stimuli activate the membrane channel TRPM3, if so, which 
are its activation characteristics compared to TRPV1? 

-Does laser-heat activation of TRPM3 also play a role for noxious heat detec-
tion in native primary sensory neurons? 

-Is there a direct affection of the TRPM3 activation by heat and chemical via ac-
tivation of peripherally co-expressed MORs? 

-Which are the characteristics of the dorsal horn neurons responding to laser-
heat stimulation regarding frequencies and location of responding cells? 

-Which are the response and functional characteristics of the laser sensitive 
neurons? 

-What type of afferents encode the laser-induced responses?  
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Hypothesis: 

In primary neurons, laser-heat stimuli are sensed by TRPV1+ and/or TRPM3+ neu-
rons. In the dorsal horn, only neurons that possess nociceptive afferent input (com-
posed of fibers containing those ion channels) respond to noxious laser stimulation. 
In the same way as in the periphery, the laser-sensitive neurons show receptive 
fields for mechanical stimulation and for laser stimulation with same location and 
size. 
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Chemicals 

2.1.1.1 Commercial Chemicals 

 

Name  Manufacturer 

Accutase PAA (Austria) 

Agar-agar Carl Roth (Germany) 

Albumin standard (BSA)  Thermo Scientific™ (USA) 

Ampicillin  Bioline GmbH (Germany) 

B-27 PAA (Austria) 

BSA Fraction V pH 7.0 PAA (Austria) 

Calcium Chloride  Carl Roth (Germany) 

Capsaicin  Sigma Aldrich (Germany) 

Collagen 0.1%  Sigma Aldrich (Germany) 

Collagenase (from Clostridium histolyticum) Type V  Sigma Aldrich (Germany) 

Collagenase CLS II Biochrom (Germany) 

DAMGO Sigma Aldrich (Germany) 

DMEM/F-12  Sigma Aldrich (Germany) 

DMSO  Carl Roth (Germany) 

D-PBS 1 x Gibco® Invitrogen™ (USA) 

DTT 0.1 M  Invitrogen™ (USA) 

Ethanol 100% Sigma Aldrich (Germany) 
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F12–Dulbecco’s modified Eagle’s medium Sigma (Germany) 

FBS Gibco® Invitrogen™ (USA) 

FCS PAA Laboratories (Austria) 

Fetal Bovine Serum GIBCO 

FURA-2AM Merk KGaA (Germany) 

Geneticin Sigma Aldrich (Germany) 

Glucose Carl Roth (Germany) 

Glycerol (99%) Sigma Aldrich (Germany) 

HEPES Carl Roth (Germany) 

Horse serum PAA (Austria) 

Isoflurane AbbVie (Germany) 

Isopropanol Merck (Germany) 

Kanamycin Bioline (Germany) 

Ketamin Intervet (Germany) 

Laminin Sigma Aldrich (Germany) 

L-Glutamine PAA (Austria) 

Liquemin 5000 Ratiopharm (Germany) 

Magnesium Chloride Carl Roth (Germany) 

MEM Invitrogen™ (USA) 

Methanol Carl Roth (Germany) 

NaCl 0.9% Fresenius Kabi (Germany) 

NaHCO3 Carl Roth (Germany) 
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Nerve Growth Factor Invitrogen™ (USA) 

Neurobasal medium Invitrogen™ (USA) 

OptiMEM Invitrogen™ (USA) 

Pancuronium bromide Inresa (Germany) 

PBS 10x Invitrogen™ (USA) 

Penicillin/streptomycin Sigma Aldrich (Germany) 

Phosphatase Inhibitor Sigma Aldrich (Germany) 

Phosphatase Inhibitor Cocktail 2 Sigma Aldrich (Germany) 

Pluronic F-127 Merk KGaA (Germany) 

Poly-L-Lysine Carl Roth (Germany) 

Potassium Chloride Carl Roth (Germany) 

Pregnenolone sulphate  Sigma Aldrich (Germany) 

SDS Carl Roth (Germany) 

Silicon oil M100Roth Carl Roth (Germany) 

Silicone Gel Dow Corning 111 Dow Corning Corporation 
(USA) 

Sodium Chloride Carl Roth (Germany) 

Sodium Hydroxide Carl Roth (Germany) 

Trapanal® Inresa (Germany) 

Trypsin Sigma –Aldrich (USA) 

Verapamil Santa Cruz Biotechnology 
(USA) 
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2.1.1.2 In house created chemical solutions and buffers 

Buffer/Solutions Components 

Tyrode 137.6 mM NaCl 

5.4 mM KCl 

0.5 mM MgCl 

1.8 mM CaCl2 

5 mM D-glucose 

10 mM HEPES 

 

High Potassium Solution 1 (K 140 mM) 140 mM KCl 

3 mM NaCl 

0.5 mM MgCl2 

1.8 mM CaCl2 

10.0 mM Hepes 

5.0 mM D-glucose 

 

E001 solution (Ringer’s solution modified) 145 mM NaCl 

10 mM CsCl 

3 mM KCl 

2 mM CaCl2 

2 mM MgCl2 

10 mM HEPES 

10 mM D-glucose 

High Potassium Solution 2 (K 75 mM) 70 mM NaCl 
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10 mM CsCl 

75 mM KCl 

2 mM CaCl2 

2 mM MgCl2 

10 mM HEPES 

10 mM D-glucose 

BSA solution 25 mL DMEM 

3 g BSA 

 

2.1.2 Kits 

Name Manufacturer 

Wizard® Plus Maxipreps Kit Promega (USA) 

Wizard® Plus SV Minipreps-Kit Promega (USA) 

PureYield™ Plasmid Miniprep System Promega (USA) 

PureYield™ Plasmid Maxiprep System Promega (USA) 

RotiFect Carl Roth (Germany) 

 

2.1.3 Plasmids 

Name Manufacturer 

pcDNA3.1rTRPV1_VL8 Gifted by Dr. rer. nat. U. Binzen, 
Mannheim, Germany 

pcDNA 3 hMOR_YFP Gifted by Prof. Dr. J. Oberwinkler, 
Marburg, Germany 
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2.1.4 Consumables 

Consumables Source 

Borosilicate glass capillaries GB150F-10 Science Products (Germany) 

Brown-Flaming Micropipette Puller, Model P-80 Sutter Instrument (USA) 

Cell culture flasks Falcon™ 25 cm2 BD Biosciences (Germany)  

Disposable pipette Falcon™ 1 mL / 2 mL / 5 mL 
/ 10 mL / 25 mL 

BD Biosciences (Germany)  

Eppendorf Safe-lock Tubes 0.5 mL / 1.5 mL / 2 
mL 

Eppendorf (Germany) 

Falcon™ Polypropilene Tubes 15 mL / 50 mL BD Biosciences (Germany) 

Flat bottom plates Falcon™ 6 / 12 / 24 well BD Biosciences (Germany) 

Magnetic closed chamber for continuous perfu-
sion RC-21BR 

Warner Instruments (USA) 

Parafilm® M, Bemis Bemis Company (USA) 

Plattform for magnetic closed chamber PM-2 Warner Instruments (USA) 

Polyethylene tubes Smiths Medical International (UK) 

Polyethylene tubes 1/16” OD Warner Instruments (USA) 

Quartz glass plate dimensions 200*200*3 mm  GVB (Germany) 

Round cover slips 25 mm round Warner Instruments (USA) 

Sterile filter (0.22 μm), Fisherbrand® Fisher Scientific (Germany) 

Surgery materials: scissors, forceps F.S.T Fine Science Tools (Ger-
many) 

BD Perfusion50 mL Syringes Luer-Lok™ Tip BD Biosciences (Germany) 
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2.1.5 Equipment and Software 

Equipment Manufacturer 

AC-DC amplifier Neurolog 106, DigitimerNeuro-
log System 

Digitimer (UK) 

Autoclave Type ELVC 5075 Systec GmbH (Germany) 

Blood pressure display unit Stoelting (USA) 

Centrifuge type 1406 Hettich GmbH (Germany) 

CED-1410 interface Cambridge Electronic Design 
(UK) 

Digital CCD camera ORCA-R2 Hamamatsu (USA) 

Diode laser stimulator SK9-2001 1475/635 nm 
(skin) 

Schäfter & Kirchhoff (Germany) 

Incubator for Cell culture HERAcell 150i Thermo Fisher Scientific (USA) 

Infra-red camera Optris PI160 Optris GmbH (Germany) 

Infusion Pump AL-1000 World Precision Instruments 
(USA) 

Inverted microscope IX81 Olympus Europa (Germany) 

Laser power sensor 30(150)A-LP1-18 Ophir Photonics (USA) 

Laser stimulator DL1470 (single cells) Rapp Optoelectronics (Germany) 

Light microscope Hellmut Hund (Germany) 

Oscilloscope Classic 6000 DSO Gould Instrument Systems (USA) 

pH-meter Hanna Instruments (USA) 

Micropipettes  Eppendorf research for 
1000/200/100/10/1 µL volume 

Eppendorf (Germany) 

Preamplifier EXT-10C npi electronic (Germany) 
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Refrigerator -20 °C Liebherr-International Deutsch-
land GmbH (Germany) 

Refrigerator 4 °C Liebherr-International Deutsch-
land GmbH (Germany) 

Refrigerator -80 °C Liebherr-International Deutsch-
land GmbH (Germany) 

Respiratory Pump Rodent Ventilator Model 683 Harvard Apparatus (USA) 

Shaker Heidolph (Germany) 

Spectrophotometer Eppendorf AG (Germany) 

Spinal frame David Kopf Instruments (USA) 

Safety cabinet type II model EN 12469 Heraeus (Germany) 

Tele-thermometer Yellow Springs Instrument (USA) 

Thermocouple model BAT-12 Physitemp (USA) 

Point scanning device model UGA-42-Firefly  Rapp Optoelectronics (Germany) 

Vortex machine 7-2020 Neolab (Germany) 

Water bath Grant Instruments (UK) 

Weight balance model TE214S Sartorius AG (Germany) 
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Software package Tool company 

Adobe Creative Cloud Adobe 

Microsoft Office Microsoft (USA) 

Origin OriginLab Corporation (USA) 

Clampfit 9.2 Axon Instruments (USA) 

Prism 5 GraphPad Software (USA) 

Spike 2 Cambridge Electronic Design 
(UK) 

Xcellence software Olympus Europa (Germany) 

MATLAB 7.10 MathWorks (USA) 
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2.2 Methods 

2.2.1 Primary culture and cell lines 

-Primary culture of DRG neurons 

 Adult Sprague-Dawley rats were sacrificed by decapitation under deep anes-
thesia, which was delivered by inhalation of isoflurane (5%, AbbVie, Germany). The 
skin of the back was opened by a single longitudinal midline incision and then spinal 
cord was excised by two longitudinal incisions along the entire length of the rat back, 
cutting ribs, muscles and connective tissue as much as possible. In order to expose 
the DRGs, the vertebral bodies of the spinal column were removed by two longitudi-
nal incisions in rostrocaudal direction, keeping a 45° angle from the ventral side. The 
tissue was immediately transferred to ice-cold and gassed DMEM medium (gas mix-
ture of 95% O2 and 5% CO2), and DRGs from all cervical, thoracic and lumbar seg-
ments were harvested, carefully removing extra nerve tissue. 

Isolated DRGs were washed 3 times on fresh DMEM media and then enzy-
matically partially digested for 1 h by addition of 1 mL accutase and 1 mL colla-
genase at 37 ºC. Then, DRGs were once again washed with fresh culture media and 
transferred to a 15 mL falcon tube in 1 mL of DMEM medium, and tissue was ho-
mogenized by pipetting them through fire-polished glass pipettes, starting from the 
glass pipettes with bigger aperture to smaller aperture, and taking care that the cells 
are kept under  constant CO2 flux. The homogenized cells were carefully added on 
top of 10 mL BSA solution and centrifuged 10 min at 800 g, the supernatant was dis-
carded and the cell pellet was suspended in 1 mL DMEM and carefully added on a 
15 mL falcon tube containing 10 mL of DMEM, followed by 5 min centrifugation at 
400 g. 

The pellet was then resuspended in 120 μL of DMEM and distributed on 12 
cell plates containing laminin-precoated cover glasses (10 μg/mL, Sigma-Aldrich, 
Germany). Laminin coating was done by applying 50µL of laminin diluted 1:30 from 
stock 1g/L at the center of each cover glass. The cover glasses with the laminin mix-
ture were incubated at 34 ºC in a humidified atmosphere with 5% CO2 during at least 
2 h. Shortly before seeding of the cells, the laminin mixture was carefully aspired 
from the cover glasses and let dry at 34 ºC in a humidified atmosphere with 5% CO2. 

Dissociated DRG cells were incubated for 2 h at 34 °C in a humidified atmos-
phere with 5% CO2 in order to let them adhere to the base of the cover glass. Finally, 
1 mL of neurobasal medium supplemented with NGF was added to each cell plate 
and stored at 34 ºC in a humidified atmosphere with 5% CO2. All experiments were 
performed on the following 24-36 h after seeding the cells. 

-HEK 293 cell line 

Cells were cultured on flasks (Falcon® BD Biosciences, Germany) in 6 mL 
DMEM media supplemented with 10% FBS (GIBCO) and 1% penicillin-streptomycin 
(GIBCO) and maintained at 37 °C in a humidified atmosphere with 5% CO2. Cells 
were passaged one to two times per week. For experiments, cells were seeded on 
coverslips coated with poly-L-lysine (Sigma-Aldrich). 
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-HEK_TRPM3 α2 variant (2Xα2B7) stable cell line 

Cells were cultured on cell culture flasks (Corning) containing 6 mL MEM me-
dia supplemented with 10% fetal bovine serum (Invitrogen) and 1% geneticin (Sigma-
Aldrich, Germany) and maintained at 37 °C in a humidified atmosphere with 5% CO2. 
Cells were passaged one to two times per week. 

For experiments, cells were seeded on coverslips previously coated with poly-
L-lysine (Sigma-Aldrich). Coating was done one day before by covering them with 
poly-L-lysine diluted 1:10 in distillated water for 20 min, then removed and washed 
two times with water and let dry at RT. 

2.2.2 Transient Transfection of the μ-opioid receptor 

The stable cell line HEK_TRPM3 was transiently transfected with the plasmid 
containing the μ-opioid receptor. To achieve this we used a vector containing the 
human MOR cDNA tagged with GFP (hMOR_GFP), construct that was developed 
and kindly provided by the Institute for Physiology and Pathophysiology of the Uni-
versity of Marburg, Germany, led by Professor Dr. Johannes Oberwinkler. The proto-
col used is as follows. 

HEK_TRPM3 cells at a confluency of 70% were subjected to a transfection 
protocol using the kit RotiFect (Carl Roth). For each plate, 100 µL of OptiMEM + 3 µg 
DNA + 9 µL RotiFect were mixed in a 1.5 mL- Eppendorf tube and incubated during 
20 minutes at RT. Then, 600 µL from the cell media were added to the DNA mixture 
and then the content was distributed drop by drop into the cell plate. After a slow 
cross-style shaking of the plate, the cells were incubated at 37 °C in a humidified at-
mosphere with 5% CO2 for 24-48 h. 

Twenty-four hours after transfection, cells were subjected to a passage 1:3 
(one diluted to three, from one plate three plates are seeded) and again stored at 37 
°C in a humidified atmosphere with 5% CO2 until 48 h post transfection, to continue 
with the functional analyses. 

2.2.3 Functional assays 

In all cellular experiments, functional assays were done using the calcium im-
aging technique in either HEK_TRPM3 cells or DRG primary cultures. The experi-
mental paradigm consisted of three repeated stimulations in order to activate the 
TRPM3 channel, with concomitant activation of MOR before- and during- second 
TRPM3 activation. The stimuli applied to activate TRPM3 channel were either chemi-
cal (chemical agonist) or thermal (laser heat), and the activation of the MOR was 
achieved through stimulation with the synthetic analog of morphine, DAMGO. 

Cells (either HEK_TRPM3_hMOR 48 h post transfection, or DRG primary cul-
ture 12-36 h after seeding) were transferred into extracellular solution E001, pH 7.2, 

osmolarity ≅ 325 mOsm containing NaCl 145 mM, CsCl 10 mM, KCl 3 mM, MgCl2 2 
mM, CaCl2 2 mM, D-glucose 10 mM and HEPES 10 mM, and loaded with the fluo-
rescent dye FURA-2AM (3 μM for HEK_TRPM3 cells and 3 μL Pluronic F-127, 1 µM 
for DRG cells; Merk, Germany) for 45 min at RT in dark. Cells were placed in a 
closed magnetic chamber (Warner Instruments, USA) for gravity driven-continuous 
perfusion experiments. The gravity driven perfusion system included an inlet through 
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a manifold that connected eight 50 mL syringe lines; and an outlet with a negative 
pressure loop and reservoir connected to a vacuum system. Cells were initially per-
fused for 10 min (flow rate of ~3 mL/min) with extracellular solution (E001) before the 
start of the experiment. 

-Solutions used on the perfusion system  

 

 

 

 

 

 

 

 

 

 

Line Solution 

S1 Extracellular solution (E001) (see p. 15) 

S2 PS 50 µM 

S3 DAMGO 1 µM 

S4 Vehicle (DMSO) 7.04 mM 

S5 PS 50 µM + DAMGO 1 µM  

S6 PS 50 µM + Vehicle 

S7 Capsaicin 10 µM 

S8 Ionomycin 10 µM / High potassium solution 70 mM (see p. 15) 
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-Protocol for HEK_TRPM3_hMOR cells activation by agonist application and modula-
tion by MOR activation 

Time (min) Substance perfused + stimulation Code 

0-2.5 Baseline (E001) [S1] 

2.5-5 PS 50 µM [S2] 

5-7.5 Washout (E001) [S1] 

7.5-10 DAMGO 1µM / Vehicle 7.04 mM [S3] / [S4] 

10-12.5 
PS 50 µM + DAMGO 1 µM / PS 50 µM + Vehi-
cle 

[S5] / [S6] 

12.5-15 Washout (E001) [S1] 

15-17.5 PS 50 µM [S2] 

17.5-20 Washout (E001) [S1] 

20-22.5 Ionomycin [S8] 

22.5-25 Washout (E001) + Stop at min 25 [S1] 
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-Protocol for DRG cells activation by agonist application and modulation by MOR ac-
tivation 

Time (min) Substance perfused + stimulation Code 

0-2.5 Baseline (E001) [S1] 

2.5-5 PS 50 µM [S2] 

5-7.5 Washout (E001) [S1] 

7.5-10 DAMGO 1µM / Vehicle 7.04 mM [S3] / [S4] 

10-12.5 
PS 50 µM + DAMGO 1 µM / PS 50 µM + Vehi-
cle 

[S5] / [S6] 

12.5-15 Washout (E001) [S1] 

15-17.5 PS 50 µM [S2] 

17.5-20 Washout (E001) [S1] 

20-20.5 High potassium solution 70 mM [S8] 

20.5-22.5 Washout (E001) [S1] 

22.5-25 Capsaicin 10 µM [S7] 

25-27.5 Washout (E001) + Stop at min 27.5 [S1] 

Fluorescence was measured using an inverted microscope (IX-81 with Xcel-
lance Software, Olympus, Germany) and an ORCA-R2 CCD camera (Hamamatsu 
Corp., USA). After alternating excitation with light of 340 nm and 380 nm wavelength, 
the ratio of the fluorescence emission intensities at 510 nm (340 nm/380 nm) was 
calculated and digitized at 0.5 Hertz.  

In experiments with DRG primary cell cultures, a cell was considered an excit-
able neuron and later evaluated only when showing depolarization by high potassium 
solution (70 mM). For imaging DRG neurons Verapamil 20 μM was added to all ex-
tracellular solutions to block endogenous voltage-gated calcium channels. However, 
in order to distinguish neuronal from non-neuronal cells in these cultures the high-K+ 
solution (70mM) was normally used without Verapamil to depolarize the cells at the 
end of the experiment. 

2.2.3.1 Laser stimulation 

Laser stimulation on single cells was performed with a DL1470 infrared laser 
stimulator (1470 nm wavelength, maximal 10W power output, Rapp Optoelectronic, 
Germany) coupled to a point scanning device model UGA-42-Firefly (Rapp Optoelec-
tronic, Germany). The laser stimulator and the point scanning device were configured 
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under control of the software from manufacturer. In order to identify the cells that 
were positively transfected with the MOR vector, pictures of imaged cells were taken 
under white light illumination and under blue fluorescence at 20X magnification. 

The selection criteria for laser stimulation was performed in the following or-
der: first, cells were imaged in DIC (transmitted light) in order to observe them and 
focus a plane where cells are homogeneously distributed and avoid those areas 
where cells might be stacked (a cell on top of another cell). Then, transmitted light 
was turned off and cells were imaged under blue fluorescent light, in which cells that 
carry the GFP shine in green. A picture was taken and was overlaid with the DIC pic-
ture (Figure 3). Then, cells were imaged at 340 and 380 nm and pictures were taken 
for each one of them. A new overlay was done between these two pictures, where 
cells that initially were high in calcium could be distinguished as they show a higher 
340/380 nm ratio as the others. Usually these cells have shown a very high green 
fluorescence as well. In all cases, these cells were less than 5% of the total cells for 
each experiment.  

From the cells that showed a regular 340/380 nm ratio and green fluorescence 
levels, 9 cells were selected for laser stimulation and 3 non-green fluorescent cells 
were selected as well and stimulated with laser as controls. By selecting cells for la-
ser stimulation, it was considered to keep at least 50 µm radius around each cell was 
kept without laser-heat stimulation (Figure 3). Three laser stimulations, namely L1, L2 
and L3 were given with an energy magnitude of 696.85 µJ. 

-Protocol for HEK_TRPM3_hMOR cells activation by laser heat and modulation by 
MOR activation. 

Time (min) Substance perfused + stimulation Code 

0-2.5 Baseline (E001) [S1] 

2.5-5 E001 + L1 at min 2.5 [S1] + L1 

5-7.5 DAMGO 1µM / Vehicle 7.04 mM [S3] / [S4] 

7.5-10 
DAMGO 1 µM / Vehicle 7.04 mM + L2 at min 
7.5 

[S3] / [S4] + L2 

10-12.5 Washout (E001) [S1] 

12.5-15 E001 + L3 at min 12.5 [S1] + L3 

15-17.5 PS 50 µM [S2] 

17.5-20 Washout (E001) [S1] 

20-22.5 Ionomycin [S8] 

22.5-25 Washout (E001) + Stop at min 25 [S1] 

-Protocol for DRG cells activation by laser-heat and modulation by MOR activation 
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Time (min) Substance perfused + stimulation Code 

0-2.5 Baseline (E001) [S1] 

2.5-5 E001 + L1 at min 2.5 [S1] + L1 

5-7.5 DAMGO 1µM / Vehicle 7.04 mM [S3] / [S4] 

7.5-10 
DAMGO 1 µM / Vehicle 7.04 mM + L2 at min 
7.5 

[S3] / [S4] + L2 

10-12.5 Washout (E001) [S1] 

12.5-15 E001 + L3 at min 12.5 [S1] + L3 

15-17.5 PS 50 µM [S2] 

17.5-20 Washout (E001) [S1] 

20-20.5 High potassium solution 2 (70 mM) [S8] 

20.5-22.5 Washout (E001) [S1] 

22.5-25 Capsaicin 10 µM [S7] 

25-27.5 Washout (E001) + Stop at min 27.5 [S1] 

2.2.3.2 Data analysis of functional assays 

The overall readout was a time course of the increase in fluorescence ratio of 
340/380 nm as a measure of increase in intracellular calcium concentration144. The 
changes in fluorescence ratio were stored as pictures taken from fluorescence at 340 
nm and 380 nm at a rate of 0.5 Hz. After each experiment, videos were re-analyzed 
and the cells that responded to the treatment were selected with the software as 
ROIs. Data was imported into the software “Origin” and data points of ratio of fluores-
cence 340/380 nm along time were plotted. Cells that presented an unusual high ra-
tio 340/380 nm from the beginning of the experiment (over 0.6 in ratio) were not in-
cluded in the analysis (approximately 5% of cells from each experiment). Individual 
cell traces were collected and the mean values ± SEM for each group were plotted.  

In some cases the percentage of inhibition (PI) was calculated as well. This 
was calculated using the following formula: 

PI = [(ΔPS Δ(PS+DAMGO))/ΔPS]x100%, 

where the values of a time series before and after the application of the inhibitory 
compound were averaged and from this average (ΔPS), the value during the applica-
tion of the pharmacological inhibitor was subtracted (Δ(PS+DAMGO)). The result was 
divided by the average of the values obtained before and after drug application (ΔPS) 
and multiplied by 100. The PI for HEK_TRPM3 transfected and non-transfected cells, 



MATERIALS AND METHODS 

29 

as well as for DRG primary cultured cells was calculated, plotted and tested through 
the t-test or the Mann-Whitney test, according to data distribution. 

When differences in baseline values between groups were detectable, another 
way of analyzing data was performed as follows: the individual percentage of in-
crease in ratio 340/380 nm was subtracted to its initial baseline value for S1, S2, and 
S3 responses (baseline calculated as mean value of frames between times 0 – 2.5 
min), and those response values were then normalized to S1. The normalized re-
sponses from HEK_TRPM3 transfected and non-transfected cells, as well as for 
DRG primary cultured cells was calculated, plotted and tested through the t-test or 
the Mann-Whitney test, according to data distribution. Each single dish investigated 
was regarded as an independent experiment where mean responses of the capsai-
cin-sensitive and –insensitive subpopulations of neurons were determined. 

Figure 3: Example of an overlay picture of DIC and GFP fluorescence showing transi-
ently transfected HEK_TRPM3_µOR cells 48 h after transfection. Images taken at 20X 
magnification. ROIs indicate the fluorescent cells selected for laser stimulation. Cells were 
selected by green fluorescence, ratio 340/380 nm levels at baseline and plane distribution on 
the field of view (ideally cells are on the dish as a monolayer). Laser stimulation was per-
formed in cells 1 to 12. Cells 1 to 9 were selected positively to GFP, while cells 10 to 12 (not 
fluorescent) were used as controls (scale bar: 100 µm). 
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Figure 4: Example of a DIC picture of showing primary culture of DRG cells from rat 48 
h after transfection. Image taken at 10X magnification. In these experiments, the modula-
tion of endogenous TRPM3 channels by MOR was assayed upon agonist- induced respons-
es, therefore, a broader field of recording view allow simultaneous analyses of a higher num-
ber of cells (scale bar: 200 µm). 

2.2.4 in vivo electrophysiology experiments 

Animals  

Experiments were performed in a total of 9 adult male wild-type Sprague-
Dawley rats (body weight 350-450 g). From them, 4 animals dropped out after intra-
peritoneal injection of anesthetic, therefore data was obtained from 5 animals. 

The rats were housed in individual cages and had free access to food and wa-
ter. The experimental procedure and the number of animals used was approved by 
the local authority responsible for animal experimentation and carried out in accord-
ance with the German law on the protection of animals (AZ: 35-9185.81/G-174/15) 
and followed the guidelines outlined in the European Council Directive and the ethical 
proposals of the IASP145. 

Laser-beam size determination 

 In order to determine the diameter of the local increase in temperature on the 
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skin elicited by laser stimulation, experiments were performed recording a rat hind 
paw explant with an infrared camera (Optris PI160, Optris GmbH, Berlin, Germany) 
upon repeated laser stimulations using different laser power intensities starting from 
10 mW and up to 100 mW in steps of 10 mW. An extra recording was done at 45 mW 
as well, because the heat-withdrawal threshold of the animals was at about this 
magnitude. The surface temperature of the paw explant among time was obtained at 
an acquisition rate of 120 Hz. Laser pulses were delivered at a rate of 0.1 Hz. 

From the recordings obtained at 45 mW and 100 mW power intensities, the 
skin spot where the temperature increased because of laser stimulation was ana-
lyzed as follows: using the analyzing software (USB IR CAM) the central spot was 
determined (minimal area measureable where the maximal increase in temperature 
occurred) and from this spot (called position 0), 16 different spots at certain positions 
were selected: 4 upper, 4 lower, 4 to the right, and 4 to the left, with an interspace 
distance between them of 320 µm. From all these points, the changes in surface skin 
temperature were measured among 5 different laser stimulations. The magnitudes of 
maximal increase in temperature were averaged for each of the positions tested and 
plotted in the software GraphPad Prism. Data was normalized to the maximum tem-
perature value (at position 0) and the 1/e value of the bell shaped distribution for both 
power intensities was determined and regarded as beam size. 

Laser-induced heat pain threshold determination 

One day before the electrophysiological recordings, the laser-induced heat 
withdrawal thresholds were determined at the left hind paw from each animal used 
subsequently for recordings. Laser pulses were generated by a diode laser stimulator 
(Schäfter & Kirchhoff; 150 µm beam diameter, 1475 nm wavelength). The stimulus 
duration was 200 ms in all experiments. A set up for animal behavioral testing origi-
nally consisting of a base, columns, a perforated platform and animal enclosures 
(Ugo Basile SRL, Italy) was used, with one modification. The usual perforated plat-
form was replaced with quartz glass plates (2 mm thick, GVB GmbH, Herzogenrath, 
Germany). Animals were placed on the glass plate inside an animal enclosure (one 
per testing). Habituation time before behavioral measurements was 15 minutes. Cau-
tion was taken to clean any contamination that might have occurred during that time. 
The pilot laser was fixed to a micromanipulator located directly under the glass floor, 
focusing on the left hind paw of the animal. Laser-heat stimuli were applied at differ-
ent power intensities, starting from 10 mW and increasing at a rate of 10 mW per 
step. Thresholding was achieved using the method of limits: the laser power was in-
creased until the animal showed responses to the laser stimuli, registered and then 
decreased until no response occurred, registered and increased again until 3 upper 
and 3 lower limits were defined. The mean of those values was calculated. 

2.2.5 Electrophysiological recordings of spinal dorsal horn neurons 

Anesthesia of the animals 

The animals were deeply anesthetized with thiopental sodium (Trapanal®, 
Inresa GmbH, Germany), 100 mg kg-1 i.p. initially, followed by i.v. infusion (external 
jugular vein) of 10–20 mg kg-1h-1 thiopental sodium using an infusion pump (AL-1000, 
World Precision Instruments Inc., USA) to maintain a deep and constant level of an-
esthesia (no flexor reflexes or blood pressure reactions exceeding 10 mm Hg oc-
curred to noxious stimuli). Muscular relaxation was induced with pancuronium bro-
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mide (Inresa GmbH, Germany, 0.5 mg kg-1h-1 i.v.). Mean arterial blood pressure 
measured in the right common carotid artery and body core temperature were con-
tinuously monitored and kept at physiological levels (>80 mm Hg, 37-38 oC). The an-
imals were artificially ventilated with a gas mixture of 47.5% O2, 2.5% CO2, and 50% 
N2. 

General surgical preparation 

-Catheter implantation 

A medial skin incision was made from the chest to the chin. Salivary glands 
and muscles were separated bluntly to expose the trachea, the right common carotid 
artery and the right external jugular vein. Polyethylene tubes (Smiths Medical Interna-
tional Ltd., UK) with 1 mm inner diameter (i.d.) and 2 mm outer diameter (o.d.) were 
pulled out until reaching the required diameter for the insertion into the right carotid 
artery for blood pressure registration and the right jugular vein for drug administra-
tion. The tube of the right common carotid artery and the attached syringe were filled 
with Liquemin (Liquemin 5000, active ingredient: Heparin-Sodium, Ratiopharm 
GmbH, Germany) in tyrode to prevent blood clotting in the artery catheter (0.5 mL 
Liquemin in 50 mL Tyrode). Tyrode is an artificial interstitial fluid solution whose os-
motic pressure and ion concentration are similar to those of interstitial fluid. The ar-
tery catheter was connected to the device (blood pressure display unit, Stoelting, 
USA) measuring mean arterial blood pressure. The vein catheter was used for con-
tinuous administration of the anesthetic via the infusion pump. In all experiments 
mean arterial blood pressure was above 80 mm Hg. 

-Artificial ventilation 

Animals were connected to a respiratory pump via a trachea cannula. The 
ventilation pump (Rodent Ventilator Model 683, Harvard Apparatus, Inc., USA) was 
adjusted to a breathing frequency of 90-100 breaths per minute and a breath volume 
of 2.0 mL/breath. According to literature, the breath volume of a rat is around 1.3 to 
2.0 mL per breath at 60 to 114 breaths per minute146. A gas mixture of 47.5% O2, 
2.5% CO2, and 50% N2 was used for artificial ventilation. The mixture caused a pO2 
above 100 mm Hg, a pCO2 between 30 and 40 mm Hg and a pH close to 7.4 in 
blood147. 

-Body temperature 

The body core temperature of the animals was measured by a thermal sensor 
inserted 3-4 cm into the rectum and monitored via an analog temperature display 
(tele-thermometer, Yellow Springs Instrument Co., Inc., USA), because the animals 
tended to cool down quickly during anesthesia; warming lamps were used to keep 
the body temperature between 37 - 38 °C. 

-Laminectomy 

The animals were mounted in a spinal frame (David Kopf Instruments, USA) 
and the skin of the back was cut in the midline and a pool was formed by the skin 
flaps. The lumbar spinal segments L1 to L5 were surgically exposed through lami-
nectomy. After that, the dura mater was incised longitudinally in order to make the 
microelectrode penetrations into the dorsal horn possible. The vertebral column was 
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fixed by metal clamps. To minimize breath-related movements of the spinal cord, a 
unilateral pneumothorax was performed by inserting a small tube (i.d. 3 mm, o.d. 4.5 
mm) in the 8th intercostal space. The exposed spinal segments L1 to L5 and the cor-
responding dorsal roots were covered with a tyrode-moistened cotton ball and the 
wound filled with hand-warm agar solution (0.5 g agar in 20 mL Tyrode) to stabilize 
the spinal cord. After the agar-gel had hardened, the cotton was cut out and the ex-
posed spinal cord was covered with warm silicon oil (M100Roth, Carl Roth GmbH, 
Germany). 

-Recording neuronal activity 

Extracellular recordings of dorsal horn neurons were made ipsilateral to the la-
ser irradiated hindpaw (see below: Laser stimulation) in the left spinal segment L4, 
because this segment receives most of the input from the hind paw glabrous skin. 
Glass microelectrodes were fabricated from borosilicate glass capillaries (o.d. 1.5 
mm, i.d. 0.86 mm, GB150F-10, Science Products GmbH, Germany) using a horizon-
tal pipette puller (Brown-Flaming Micropipette Puller, Model P-80, Sutter Instrument 
Co., USA). The microelectrodes filled with 5% sodium chloride were used to record 
action potentials of single dorsal horn neurons extracellularly. The static resistance of 
the glass microelectrodes ranged from 8 to 25 MΩ. Vertical microelectrode penetra-
tions into the dorsal horn were made to a depth of maximal 1000 μm from the dorsal 
surface of the spinal cord. Recorded action potentials were amplified 10 times by a 
preamplifier (EXT-10C, npi electronic GmbH, Germany) and 10 times by an AC-DC 
amplifier (Neurolog 106, DigitimerNeurolog System, Digitimer Ltd., UK). The poten-
tials were filtered (low frequency: 5-500 Hz, high frequency: 50 kHz; Neurolog 125, 
Digitimer Neurolog System, Digitimer Ltd., UK). All data was monitored on an oscillo-
scope (Classic 6000 DSO, Gould Instrument Systems, USA) and digitized online via 
a CED-1410 interface (Cambridge Electronic Design Limited, UK) at a sampling rate 
of 20 kHz. This data was then stored in a personal computer using Spike 2 software 
(Cambridge Electronic Design Limited, UK). 

In the process of the electrophysiological recording of dorsal horn neurons, the 
general parameters (threshold of action potential, latency of action potential and 
depth of the recording) of the neuron were determined. The background activity (rest-
ing activity) of the neuron was recorded for 60 s in the absence of any stimulation to 
determine the rate of the spontaneous activity. A neuron was considered having rest-
ing activity if it produced ≥ 1 impulse per minute148. Afterwards, mechanical stimula-
tion was applied on glabrous skin of the left hind paw of the animals to determine the 
type of the neurons (see below: Classification of the neurons). In addition, locations 
and sizes of the receptive fields were also determined (see below: Identification of 
receptive fields). Recordings of dorsal horn neurons were made for up to 4 h. During 
this period, 5 to 10 neurons were recorded in the single animals. At the end of the 
experiments the animals were euthanized under deep anesthesia with an overdose 
of the anesthetic. 

-Electrical stimulation 

As a search stimulus during microelectrode tracking, the left sciatic nerve was 
placed on a bipolar, hooked ball platinum electrode and electrically stimulated with 
square pulses (intensity 5 V, width 0.3 ms, repetition rate 0.33 Hz). All dorsal horn 
neurons stably responding to this search stimulus with action potentials were tested 
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for mechanosensitive receptive fields in the plantar skin (see below: Mechanical 
stimulation). 

The latency of the action potential was measured at a current corresponding 
1.2 times the electrical threshold of the neuron. If action potentials showed a clear 
jitter and/or did not follow 333 Hz stimulation, the dorsal horn neurons were differen-
tiated from primary afferent axons and considered second order neurons147, 149, 150. 

Mechanical stimulation  

After the general parameters and the resting activity of the recorded neuron 
were determined, mechanical stimuli were applied to determine the receptive field 
and the response type of the neuron (see below: Classification of the neurons). All 
stimuli were applied at the glabrous skin of the hind paw. As innocuous stimuli, light 
touch with an artist’s brush and moderate (innocuous deformation) pressure with a 
blunt probe were used; as noxious ones, pinching with a sharpened watchmaker’s 
forceps and noxious (strong squeezing) pressure with a blunt probe were applied. 
The moderate pressure was about 1 N/cm2, and the noxious pressure was about 10 
N/cm2. In contrast to pinch, touch and moderate pressure did not elicit pain-related 
behavior in awake rats. 

Classification of the neurons 

All neurons were classified according to their response behavior to mechanical 
stimulation: 

1) Low threshold mechanosensitive (LTM) neurons which responded primarily to 
touch or moderate pressure. 

2) Wide dynamic range (WDR) neurons which responded to touch, moderate pres-
sure and pinch in a graded manner. 

3) High threshold mechanosensitive (HTM) neurons which responded to pinch but 
not to touch and moderate pressure. 

Laser stimulation  

In all cases, the left hind paw of the animals was used for laser irradiation. 
Single laser pulses were applied to the plantar skin inside and outside the mechano-
sensitive receptive field of the neuron. Laser pulses were generated by a diode laser 
stimulator (Schäfter & Kirchhoff; 150 µm beam diameter, 1475 nm wavelength). The 
laser power applied during the recording of dorsal horn neurons was 100 mW, the 
stimulus duration 200 ms. The power intensity applied was above the individual heat 
pain threshold of the animal, which was determined one day before the recording 
with the same laser (see above: Laser-induced heat pain threshold determination) A 
neuron was considered responsive to the laser heat stimulus when at least 1 action 
potential was elicited within 1000 ms after onset of the stimulus. 

Identification of receptive fields 

The excitatory receptive field of a sensory neuron is defined as the body re-
gion in which the presence of a stimulus leads to firing action potentials in a neuron. 
The receptive fields of dorsal horn neurons were identified with graded mechanical 
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stimuli applied to the glabrous skin of the hind paw and registered manually in a 
standard outline of the rat plantar paw on an A4 paper. Once the mechanosensitive 
receptive field of a neuron was determined, laser-heat stimuli were applied inside and 
outside this area, and for each neuron that showed responses to laser-heat, the la-
ser-heat receptive fields were determined as well and registered manually in a 
standard outline of the rat plantar paw on an A4 paper. 

2.2.6 Quantitative evaluation of the size and the location of receptive fields 

A computer-assisted method to quantify the size and the location of receptive 
fields on the hind limb was developed. It was based on an existing program designed 
with MATLAB software, version 7.10 (MathWorks, Inc, Natick, MA, USA). In this 
method, the relative area and the location of receptive fields of every neuron were 
calculated from the manually recorded receptive fields on a A4 paper. The standard 
outlines of the receptive fields were scanned and digitized by a computer. The reso-
lution of the picture was 300 dpi. The computer program analyzed the number of the 
pixels of the plantar paw and calculated the relative area of the receptive field (abso-
lute area of the receptive field / absolute area of the plantar paw, expressed in per-
centage). The relative area of the receptive field was used for evaluation.  

2.2.7 Data Analysis 

Unless otherwise stated, all data is expressed as mean ± SEM. The U-test of 
Mann and Whitney was used to determine significant differences between relative 
areas of the receptive fields. P < 0.05 was considered as significant (two-tailed). 

Action potentials were detected and analyzed with the software Spike 2. Brief-
ly, events were detected through the tool “New wavemark”, which was set up to find 
action potentials in the whole recording channel through in time-developed tem-
plates. The newly created event channel was then duplicated and drawn as instanta-
neous frequency of the action potential firing. Then, from this channel a frequency 
histogram was calculated, selecting the time frame where laser stimulation took 
place. Bins were set for 100 ms width. 
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3 RESULTS 

3.1 Modulation of responses from TRPM3 channels by activation of the µ-
opioid receptor MOR. 

3.1.1 Laser stimulation on cell cultures 

 Laser-heat activation threshold on single cells for heterologous expression systems 

To determine parameters of laser-induced heat activation, functional assays in 
response to three repeated laser-heat stimulations (L1, L2 and L3) at energy intensi-
ties from 368.85 µJ to 696.85 µJ were made on non-transfected HEK293 (n = 833 
cells belonging to 6 independent experiments), HEK_TRPV1_VL8 (n = 703 cells be-
longing to 5 independent experiments) and HEK_TRPM3 cells (n = 514 cells belong-
ing to 6 independent experiments), followed by specific agonist stimulation and 
ionomycin (Figure 5). The paradigm is that laser-heat stimulation on single cells gen-
erates a local increase in temperature on them. In cells containing heat sensitive ion 
channels, heat responses should be at threshold intensities reproducible and not 
compromise viability of the cells. On the other hand, cells without heat sensitive ion 
channels the lased-induced heat will increase the temperature of the cell and lead to 
cell death. 

In all cases increases in laser energy leads to increases in L1 responses (red 
bars). In non-transfected HEK293 cells (Figure 5A) the first L1 response over thresh-
old (123% baseline, in figure marked as horizontal dotted lines) occurred starting at 
409.85 µJ and onwards. Non-transfected HEK293 cells responded only to the first 
laser response with an irreversible increase in calcium, being unable to follow re-
peated laser stimulations. High laser energy intensities over 573.85 µJ in non-
transfected HEK 293 cells compromise its viability and may have led to cell death. 

In HEK_TRPV1_VL8 cells (Figure 5B), responses to L1 over threshold were 
observable starting from 491.85 mJ, and responses to repeated laser stimulations 
occurred starting from 573.85 µJ of energy and onwards. At this energy intensity the 
response amplitudes to repeated laser stimulation increased among repetitions (L1 = 
186.3 ± 11.6, L2 = 196.7 ± 12.4, L3 = 224.9 ± 15.3% over baseline, n.s, 2 way ANO-
VA) demonstrating that HEK_TRPV1_VL8 cells are able to follow repeated laser-heat 
stimulation with specific responses and increasing the magnitude of response among 
repetitions.  

Moreover, responses of HEK_TRPV1_VL8 cells to capsaicin were high and 
sustained in all experiments (range: 271.6 ± 25.7- 663.3 ± 75.5% of baseline calcium 
concentration). Such increases in calcium concentration were, however, unable to 
completely come back to baseline before PS stimulation was performed and there-
fore, some unspecific amplitudes over baseline were present upon PS application on 
those cells (Figure 5B, brown bars; please note that the amplitude was always lesser 
than for capsaicin). Interestingly, the response amplitude of capsaicin responses de-
creased substantially in the experiments with laser-heat stimulation at energies of 
532.85 and 573.85 µJ (amplitude: 271.6 ± 25.7 and 330.5 ± 23.1% over baseline) 
and came back to higher levels for higher energy laser-heat stimulation experiments. 
This decrease was significant for these datasets in comparison with most of the cap-
saicin amplitudes tested (p < 0.001, 2-way ANOVA with multiple comparisons) 
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HEK_TRPM3 cells responded to the first laser stimulation increasing its ampli-
tudes exceeding threshold when the energy applied equaled or exceeded 614.85 µJ. 
Responses exceeding threshold to three repeated laser stimulations occurred start-
ing from 696.85 µJ. Moreover, at this energy intensity the response amplitudes to 
repeated laser stimulation slightly increased among repetitions (L1= 162.2 ± 27.4, 
L2= 162.6 ± 21.9, L3= 215.7 ± 30.7, n.s., two way ANOVA with multiple comparisons) 
demonstrating that HEK_TRPM3 cells are able to follow repeated laser-heat stimula-
tion with specific responses and increasing the magnitude of response among repeti-
tions. Moreover, responses of HEK_TRPM3 cells to PS were high and sustained in 
all experiments (range: 534.7 ± 35.3 – 742.2 ± 22.9% baseline calcium concentra-
tion). Interestingly, the response amplitude of PS responses also decreased substan-
tially in the experiments with laser-heat stimulation at energies of 655.85 and 696.85 
µJ (amplitude: 535.3 ± 27.7 and 534.7 ± 35.3% over baseline). This decrease was 
significant for those datasets in comparison with the rest of the PS amplitudes (p < 
0.001, 2-way ANOVA with multiple comparisons). 

Based on these observations, the estimated threshold in terms of laser intensi-
ty for HEK_TRPV1_VL8 and HEK_TRPM3 cells corresponded to 491.85 µJ and 
614.85 µJ. 

The increase in amplitude responses after ionomycin stimulation was tested in 
order to show the maximal increase in intracellular calcium possible (gray bar). For 
all experiments tested, those values were between 5-8 times baseline calcium con-
centrations. 

3.1.2 Modulation of TRPM3 in heterologous expression systems 

Functional experiments on HEK_TRPM3 cells transfected with the MOR were 
investigated in response to either noxious laser-heat stimulations or by adding the 
agonist pregnenolone sulphate (PS), with or without the concomitant application of 
the selective MOR agonist DAMGO. Results were sorted by chemical or laser re-
sponses. 

MOR-mediated modulation of agonist-induced TRPM3 cell responses 

First we performed experiments in HEK_TRPM3 cells in response to repeated 
PS stimulation (Figure 6, protocol of the time course in 2.2.3 Functional assays). The 
paradigm was that activation of the TRPM3 channel by its specific agonist, PS would 
rise the intracellular calcium levels by opening of the channel in both transfected and 
non-transfected cells, however, when the specific MOR agonist DAMGO is co-
administered with PS, HEK_TRPM3 cells transfected with the MOR will have a de-
creased amplitude of the PS response, due to a modulation of the TRPM3 channel 
exerted by the binding of DAMGO to the MOR. On the other hand, PS responses in 
non-transfected cells should not be affected by co-administration of DAMGO. 

In non-transfected HEK_TRPM3 cells, increases in intracellular calcium con-
centration occurred rapidly and were reversible for every time PS 50 µM was added 
into the system (Figure 6A black trace, times 2.5 to 5 min: max amplitude 1.5 ± 0.003 
ratio 340/380, n = 30 cells belonging to 3 independent experiments). This result 
demonstrates that the TRPM3 channel opens in response to the addition of its specif-
ic agonist and therefore is functional on those cells. 
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Figure 5: Functional analyses of HEK 293 cells, HEK_TRPV1_VL8 and HEK_TRPM3 
cells to three repeated laser stimulations. Summary of the maximal increase in amplitude 
over baseline for A) HEK293, B) HEK_TRPV1_VL8 and C) HEK_TRPM3 cells upon repeat-
ed laser stimulations at different energies. For each energy magnitude tested, three laser 
stimulations were performed (red, yellow and green bars) with an ISI of 5 minutes between 
stimulations. Subsequently, application of capsaicin 10 µM (blue bar), pregnenolone sulphate 
50 µM (brown bar) and ionomycin 10 µM (gray bar) proceeded, each of them applied in a 
total volume of 1 mL to the cells and during 1 min, followed by a washout with tyrode solution 
for 1 min. Specific responses to capsaicin and PS were only observable in HEK_TRPV1_VL8 
and HEK_TRMP3 cells. Responses to three laser stimulations over threshold (123% base-
line amplitude, horizontal dotted lines) occurred for HEK_TRPV1_VL8 and HEK_TRPM3 at 
573.85 and 696.85 µJ. Laser responses on HEK293 cells over baseline (energy of 573.85 µJ 
onwards) were irreversible and therefore, unspecific. 

In the same way, during the second PS stimulation which was performed sim-
ultaneous to the addition of DAMGO 1 µM, the response amplitudes on those cells 
did not differ significantly from the first one (Figure 6A black trace, times 10-12.5 min: 
1.2 ± 0.005 ratio 340/380, Mann-Whitney Test, n.s.) which indicates that since the 
MOR is not present on non-transfected HEK_TRPM3 cells, then DAMGO is not ex-
erting any effect on the response amplitudes of PS of them. Finally, PS was perfused 
a third time, again responses are sustained and high (Figure 6A black trace, times 
15-17.5 min: 1.4 ± 0.003 ratio 340/380), lasting as much as the agonist is present in 
the system. 
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In MOR transfected cells (HEK_TRPM3_MOR) after the first perfusion of PS it 
was also possible to observe a high increase in ratio 340/380 occurring during the 
time the agonist was added into the system (Figure 6A red trace, times 2.5 to 5 min: 
1.2 ± 0.004 ratio 340/380, n = 28, cells belonging to 3 independent experiments); 
however when PS was simultaneously added with DAMGO 1 µM, a markedly de-
crease in response amplitudes occurred (Figure 6A red trace, times 10-12.5 min: 0.6 
± 0.002 ratio 340/380). When DAMGO was out of the system and PS was added a 
third time, response amplitudes increased again in a similar degree as the first PS 
stimulation (Figure 6A red trace, times 15-17.5: 1.1 ± 0.006 ratio 340/380). 

When comparing both traces during first, second and third PS stimulation, re-
sponse amplitudes from transfected HEK_TRPM3_MOR and non-transfected 
HEK_TRPM3_NT cells during 2nd PS application were significantly different (concom-
itant to DAMGO application, Figure 6A red and black traces during times 10-12.5 
min, 0.6 ± 0.002 vs 1.2 ± 0.005, p<0.001, Mann-Whitney Test). During third PS 
stimulation the response amplitudes for both groups were similar; interestingly, in 
both cases this amplitude was slightly smaller than for the first PS stimulation (Figure 
6A HEK_TRPM3_MOR: 1.1 ± 0.006 vs 1.2 ± 0.004, n.s; HEK_TRPM3: 1.4 ± 0.003 vs 
1.5 ± 0.003, n.s, Mann-Whitney Test). These slight and non-significant differences 
might indicate some tachyphylaxis effect on the TRPM3 receptor after repeated acti-
vation by the agonist. Tachyphylaxis is a natural phenomenon consisting of a con-
secutive decrease in response amplitudes upon repeated stimulations. 

The percentage of inhibition of agonist-induced responses mediated by MOR 
was 63.35 ± 0.13% in transfected cells, while for non-transfected cells this value cor-
responded to only 3.35±0.28%. Those differences in PI between groups are signifi-
cant (Mann-Whitney Test: p<0.001, Figure 6B) and show a strong inhibitory effect on 
agonist-induced TRPM3 activity when MOR is activated. 

MOR-mediated modulation of laser heat-induced TRPM3 cell responses 

Since the threshold for HEK_TRPM3 cells for laser-heat stimulation was determined 
in 3.1.1 Laser stimulation on cell cultures to be 614.85 mJ, energies over that thresh-
old were used to stimulate those cells. In the following experiments, we intended to 
investigate if the modulation mediated by MOR in TRPM3 response amplitudes in-
duced by agonist application occurs as well when we activate the TRPM3 channel by 
heat stimulation. The paradigm was that activation of the TRPM3 channel by laser-
heat will rise the intracellular calcium levels by opening of the channel in both trans-
fected and non-transfected cells, however, when the specific MOR agonist DAMGO 
is added to the system, HEK_TRPM3 cells transfected with the MOR will have a de-
creased response amplitudes to heat, due to a modulation of the TRPM3 channel 
exerted by the binding of DAMGO to the MOR. On the other hand, laser-heat re-
sponses in non-transfected cells should not be affected by DAMGO. 

Activation of the TRPM3 channel by laser-heat stimulations (696.85 mJ, cali-
bration curve in Appendix 1) was rapidly achieved and was reversible on 
HEK_TRPM3 cells (Figure 7, protocol of the time course in 2.2.3 Functional assays). 
In non-transfected HEK_TRPM3_NT cells, following three repeated laser-heat stimu-
lations, responses occurred rapidly and were reversible (Figure 7A, black trace dur-
ing times 2.5, 7.5 and 12.5 min, maximum increase in fluorescence ratio 340/380 of 
0.66 ± 0.04, 0.54 ± 0.02 and 0.49 ± 0.02 times for the first, second and third laser  
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Figure 6: MOR activation modulates chemical-induced TRPM3 responses on transient-
ly transfected HEK_TRPM3_MOR cells. A. Time course of the increase in ratio 340/380 nm 
in non-transfected HEK cells stably expressing the TRPM3 ion channel (HEK_TRPM3_NT, 
black trace) and HEK_TRPM3 cells transiently transfected with the µ-opioid receptor 
(HEK_TRPM3_hMOR, red trace) in response to chemical stimulation. Three chemical-
induced stimulations of the TRPM3 channel with the specific agonist of TRPM3, Pregne-
nolone Sulphate (PS) were applied at times 2.5, 10, and 15 min, and during 2.5 min each 
(lower black bars); while the specific MOR agonist, DAMGO was applied at time 7.5 min and 
during 5 min (upper black bar). Traces are shown as mean value (solid lines) ± SEM (dotted 
lines) for each time point. B. Percentage of inhibition on HEK_TRPM3_NT and 
HEK_TRPM3_hMOR cells mediated by addition of DAMGO during the second agonist-
induced response. 
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stimulation, n= 17, cells belonging to 6 independent experiments). However, it was 
possible to observe already in them a clear tachyphylaxis effect on those heat-
activated responses: When normalizing response amplitudes to the first laser stimu-
lation they were 100%, 81.81% and 74.24% of the first laser stimulation for the 1st, 
2nd and 3rd laser stimulations. 

Using the amplitude values obtained for HEK_TRPM3_NT cells upon laser 
stimulation, tachyphylaxis effects on amplitude could be estimated for 
HEK_TRPM3_MOR cells. Therefore, if no effect of MOR was present on transfected 
cells, the expected amplitude values should have been: 0.48, 0.39 and 0.36 times in 
increase in ratio for first, second and third laser stimulations (these values were ob-
tained by calculating the 100%, 81.81% and 74.24% of S1 for HEK_TRPM3_MOR 
cells). However, for transfected cells the measured maximum response amplitudes 
reached 0.48 ± 0.005, 0.37 ± 0.001 and 0.38 ± 0.001 times in increase in ratio (Fig-
ure 7A, red trace during times 2.5, 7.5 and 12.5 min, n= 49, cells belonging to 6 inde-
pendent experiments). This decrease in S2 from 0.38 in HEK_TRPM3_NT to 0.36 in 
HEK_TRPM3_MOR indicates an action of MOR on heat-induced TRPM3 responses. 

When comparing both traces during first, second and third laser-heat stimula-
tion, response amplitudes from transfected HEK_TRPM3_MOR and non-transfected 
HEK_TRPM3_NT are statistically different at all time points (red and black traces 
during times 2.5, 7.5 and 12.5 min, first laser stimulation p<0.05, second and third 
laser stimulation p<0.001, Mann-Whitney Test). 

The percentage of inhibition for HEK_TRPM3_MOR reached up to 44.46 ± 
0.42%, while for HEK_TRPM3_NT this value corresponded to 9.03 ± 1.40%. These 
differences are significant between cell types (Figure 7B, Mann-Whitney Test: 
p<0.001) and confirm that MOR was able to inhibit heat-induced TRPM3 responses 
as well; however, the degree of inhibition was smaller than in the case of chemical-
mediated TRPM3 responses (presented above). 

The response amplitudes of the TRPM3 cells upon chemical activation (1.5 ± 
0.003 of the ratio 340/380, n= 30) was larger than upon laser-heat stimulation (0.66 ± 
0.011; n= 49, p<0.001, Mann-Whitney Test). 

3.1.3 Modulation in primary culture of sensory neurons 

MOR-mediated modulation of agonist-induced TRPM3 responses in DRG neurons 

Once proved that in heterologous expression systems MOR activation can ex-
ert a modulatory effect on both agonist- and laser heat- TRPM3 responses, it was 
decided to explore whether those effects occur in nature by testing primary cultured 
sensory neurons obtained from DRG tissue from adult Sprague-Dawley rats (See 
2.2.1 Primary culture and cell lines). 

In the same way as in 3.1.2 Modulation of TRPM3 in heterologous expression 
systems, functional experiments on DRG cells were investigated in response to the 
agonist PS with or without the concomitant application of DAMGO, with some modifi-
cations (protocol on 2.2.3 Functional assays): after three repeated PS stimulations 
(second concomitant to DAMGO), neurons were additionally shortly stimulated with a 
high potassium solution, which depolarizes neurons and subsequently with capsaicin 
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10 µM, in order to select and analyze neurons that co-express both TRPM3 and 
TRPV1 channels separately. 

 

 

Figure 7: MOR activation modulates laser-heat-induced TRPM3 responses on transi-
ently transfected HEK_TRPM3_MOR cells. A. Time course of the increase in ratio 340/380 
nm in non-transfected HEK cells stably expressing the TRPM3 ion channel 
(HEK_TRPM3_NT, black trace) and HEK_TRPM3 cells transiently transfected with the µ-
opioid receptor (HEK_TRPM3_hMOR, red trace) in response to laser-induced heat stimula-
tion. Three laser-induced heat stimulations of the TRPM3 channel were applied at times 2.5, 
10, and 15 min (lower black bars Laser 1, Laser 2 and Laser 3); while the specific MOR ago-
nist, DAMGO was applied at time 5 min and during 5 min (upper black bar). Traces are 
shown as mean value (solid lines) ± SEM (dotted lines) for each time point. B. Percentage of 
inhibition on HEK_TRPM3_NT and HEK_TRPM3_hMOR cells mediated by addition of 
DAMGO during the second laser-heat induced response 
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The experimental paradigm is that in DRG neurons, the neurons expressing 
the TRPM3 channel are target of inhibition of their activity when the MOR is activated 
by binding to its specific agonist, DAMGO. Neurons that do not express the TRPM3 
channel are not affected by MOR modulation. In this case, since amplitude respons-
es of the TRPM3 channel to PS stimulations in heterologous expression systems 
gave strong and reliable responses, and because by chemical stimulation the activity 
of the TRPM3 channel can be simultaneously tested in many more cells than with 
laser stimulations, this method was used in DRGs. 

Stimulation with PS evoked a high and reliable response in TRPM3-
expressing neurons (Figure 8A, red and black traces, PS1 mean 1.2 ± 0.017 and 1.3 
± 0.019 ratio 340/380). During the 2nd PS stimulation (which is concomitant to 
DAMGO) the response amplitudes were significantly different between DAMGO 
treated DRGs and Vehicle-treated DRGs (red trace: 1.0 ± 0.008, n= 72 cells from 7 
independent experiments and black trace: 1.3 ± 0.014, n= 68 cells from 6 independ-
ent experiments, p<0.001, Mann-Whitney Test). When those cells are a 3rd time 
stimulated with PS after washout of DAMGO, the response amplitudes are still signif-
icantly different (1.0 ± 0.008 and 1.3 ± 0.014, p<0.001, Mann-Whitney Test), howev-
er, the baseline amplitude values between those traces were different, even from the 
beginning of the experiment (mean amplitudes at baseline: 0.75 ± 0.0003 and 0.86 ± 
0.0003, p<0.001, Mann-Whitney Test). 

When the data was analyzed in subgroups of responding cells sorted by co-
expression of the TRPV1 channel (namely TRMP3+_TRPV1+ and TRMP3+_TRPV1-, 
Figure 8 B and C), the MOR mediated inhibition could be seen in both subgroups (in 
B: 2nd PS stimulation 1.1 ± 0.009 and 1.3 ± 0.012, and in C: 2nd PS stimulation 0.85 ± 
0.007 and 1.3 ± 0.018 for DAMGO and vehicle- treated cells), however, a marked 
difference in baseline values can be observed in the subgroup of TRPM3+/TRPV1– 
neurons. This marked difference in baseline argues for analyses including normaliza-
tion of the data to 1st PS stimulation, as depicted in 2.2.3.2 Data analysis of functional 
assays. 

The normalized response amplitudes are shown in Figure 9. Responses to 1st 
PS stimulation were set to 100% in all cases. For 2nd PS stimulation, a significant 
decrease in response amplitude was only observable on the DAMGO treated cells, 
for both TRPM3+_TRPV1+ (Figure 9A, upper and lower left panel: 77 ± 3 and 97 ± 
4% of 1st PS response, p<0.001, Mann-Whitney Test) and TRPM3+_TRPV1- cells 
(Figure 9A, upper and lower right panel: 82 ± 4 and 101 ± 3% of 1st PS response, 
p<0.001, Mann-Whitney Test). This result indicates that there are no differences in 
the MOR inhibition extent between TRPM3+/TRPV1+ and TRPM3+/TRPV1- subpopu-
lations since no differences in the response amplitudes during co-application of 
DAMGO were detected.  
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Figure 8: Functional analyses of the effect of MOR activation on primary cultured sen-
sory neurons in response to chemical stimulation. Time course of the increase in ratio 
340/380 nm in primary cultured DRG neurons during chemical stimulation of the TRPM3 re-
ceptor with the agonist PS. In A: DRG neurons that responded to PS. In B and C: DRG neu-
rons that responded to PS sorted by co-sensitivity to the selective TRPV1 agonist, capsaicin 
(in B, neurons that responded to both PS and Caps; in C, neurons that responded to PS and 
not to Caps). Black trace, vehicle-treated neurons, red trace, DAMGO-treated neurons. 
Traces are shown as mean (solid lines) ± SEM (dotted lines) for each time point. 
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When comparing amplitude changes between DAMGO and vehicle treatments 
in those cells, no differences were found between them (Figure 9B: 2nd PS response 
for DAMGO treated cells 77 ±3 and 82 ± 4% of 1st PS response, n.s. p= 0.55; and for 
Vehicle treated cells: 97 ± 4 and 101 ± 3% of 1st PS response, n.s. p= 0.07, Mann-
Whitney Test). The normalized responses to the 3rd PS stimulation did not vary 
among subgroups (Fig 9A upper left and right panels: 85 ± 3 and 93 ± 3% of 1st PS 
response  in TRPM3+/TRPV1+ subgroup, n.s., Mann-Whitney Test; and 94 ± 6 and 98 
± 6% of 1st PS response in TRPM3+/TRPV1- subgroup, n.s., Mann-Whitney Test). 

The proportion of responding neurons sorted by sensitivity to PS, Caps, both 
or none between treatment with DAMGO or vehicle are shown in Figure 10. All in all, 
about 33% and 22% of the total analyzed DRG cells responded to repeated PS stim-
ulation in vehicle and DAMGO conditions (Figure 10, sum of blue and green propor-
tions). From the DRG neurons that responded to PS, a small fraction of them (be-
tween a third and a fourth, in Figure 10 blue fractions, corresponding to the 7.87% 
and 6.29% of the total vehicle and DAMGO treated neurons) did not respond to cap-
saicin application (Figure 9C, time 22.5 min). On the other hand, the proportions of 
neurons only responding to capsaicin did not change among treatments (Figure 10, 
yellow fractions: 37.50 and 37.72% in vehicle and DAMGO treated neurons, n.s. Chi-
square Test).  

A significant decrease could be observed when comparing the proportions of 
TRPM3+/TRPV1+-responding neurons in the DAMGO-treated cells in comparison to 
the vehicle-treated cells (Figure 10, green fractions, 15.27% and 25%, p<0.001 Chi-
square test, Chi-square= 27.58), while the proportion of TRPM3-/TRPV1- increase 
(29.63% vs. 40.72%). These differences might account for an unexpected effect of 
DAMGO on TRPV1-mediated responses. 
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Figure 9: Functional analyses of the effect of MOR activation on primary cultured sen-
sory neurons in response to chemical stimulation. A. Amplitude values normalized to first 
PS stimulation (S1), sorted by co-sensitivity to capsaicin, a specific TRPV1 agonist. Upper 
panel, values for S1, S2 and S3. Lower panel, values for S2 only. Black bars, vehicle-treated 
neurons, red bars, DAMGO-treated neurons.  B. Normalized amplitude of response for S2, 
sorted by treatment (DAMGO- or Vehicle-treated cells). Almost no differences can be ob-
served between neuron subpopulations. Red bar and black bar: normalized S2 responses 
from TRPM3+/TRPV1+ neurons under treatment with DAMGO and vehicle. Orange and grey 
bar: normalized S2 responses from TRPM3+/TRPV1- neurons under treatment with DAMGO 
and vehicle. Data is shown as mean ± SEM for each time frame. 
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Figure 10: Distribution of the proportions of PS and/or Caps+ sensory neurons upon 
DAMGO treatment. Pie charts showing the distribution of the analyzed neurons. Blue: neu-
rons that responded to PS. Yellow: neurons that responded to capsaicin. Green: neurons 
that responded to both chemicals. White: neurons that did not respond to either chemical. In 
parenthesis the number of cells analyzed per group is indicated. 
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3.2 Dorsal horn neurons activation in response to laser induced noxious heat 
in rats. 

3.2.1 Laser-heat stimulation elicits a fast and reversible local increase in skin sur-
face temperature 

In the foot explant, laser irradiation (200 ms duration time, 100 mW) produced 
a localized (spot size 1.36 ± 0.32 mm in diameter, Figure 11A-B) increase in surface 
temperature of 14.46 ± 0.06 °C (Figure 11C - D) above basal temperature of the ex-
plant (14.64 °C). This increase in temperature of 14.46 ± 0.06 °C corresponded to a 
heat ramp of 70°C/s. 

The increase in skin temperature was independent of the initial basal tempera-
ture of the paw explant: in two different experiments (basal temperature of 14.64 
±0.07 and basal temperature of 28.5 ± 0.2 °C) the change in temperature was tested 
at 100 mW and corresponded to increases in temperature of 14.46 ± 0.06 °C and 
13.96 ± 0.16 °C. Those values did not differ significantly (n.s., Mann-Whitney test). 

No heat accumulation occurred on the paw explant with an interstimulus inter-
val (ISI) of 10 s (Figure 11D). By measuring the local increase in temperature in the 
foot explant at different laser power intensities, the relationship between power and 
increase in skin surface temperature was determined (Figure 11C). With this, a con-
version of individual heat withdrawal thresholds from power to temperature values 
was possible: the heat withdrawal threshold in rats was in average 45 mW, a value 
that corresponds to an increase in temperature of 8.13 ± 0.07 °C (Figure 11E, calcu-
lated from Figure 11C). Considering a normal basal temperature of 33 °C at the skin 
of a rats hindpaw, then the withdrawal threshold for rats tested corresponded to an 
increase in temperature up to 41 °C. 

From the increases in skin temperature at different laser power magnitudes 
along time we intended to estimate the time required to reach threshold for noxious 
temperatures (Figure 11F). At increasing laser intensities, the rise in surface temper-
ature increased and the noxious temperature was reached faster. Using 100 mW 
power and 200 ms laser pulses, the time required to reach the withdrawal threshold 
increase in temperature of 8.13 °C corresponded to 110 ms (yellow dotted line, Fig-
ure 11F). 

3.2.2 Laser-heat withdrawal thresholds in awake animals 

One day prior to recordings, the animals were tested for laser-heat withdrawal 
thresholds (see Methods, Figure 11E). The mean threshold value among individual 
thresholds was 44.48 ± 4.43 mW (Figure 11E, left bar). This power magnitude pro-
duced a localized increase in surface temperature of 8.13 ± 0.07 °C (measured in 
foot explant, Figure 11E, right bar and Figure 11F, purple line). Therefore, during re-
cordings the power of the laser was set to 100 mW, assuring that this power was at 
suprathreshold intensity for all animals. 
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Figure 11: Laser-heat application to the skin produced a small, brief and contactless 
heat stimulation. A) Infra-red pictures showing the surface temperature of a rat paw before 
and during laser stimulation. B) Beam diameter of the skin area where surface temperature 
increased, determined by 1/e. Size of the laser-directed spot: 1.36 ± 0.32 mm in diameter. C) 
Correlation between the power and the increase in temperature elicited on the skin of a paw 
explant. Data points represent the mean value of 5 stimulations for a given power. A regres-
sion line with 95% confidence interval is shown (solid and dotted lines). D) Temperature time 
diagram showing the increase in temperature evoked by 5 consecutive laser stimulations. E) 
Individual values and group mean value of laser-heat withdrawal threshold in means of pow-
er (left bar) or increase in surface temperature (right bar, calculated from panel C and meas-
ured in foot explant. For each animal tested, the withdrawal thresholds for evoked laser-heat 
were less under 100 mW. F) Time course during the first 300 ms after laser stimulation 
showing the increase in temperature elicited on the skin for six different laser-power magni-
tudes: 100 mW (yellow), 60 mW (orange), 50 mW (red), 45 mW (purple), 40 mW (violet) and 
30 mW (blue). Data is shown as mean ± SEM for each time frame. The maximal temperature 
reached at heat-withdrawal threshold power (45 mW) is 8.13 °C (purple dotted line). The time 
required at 100 mW to reach that temperature is 110 ms (yellow dotted line). 
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3.2.3 Dorsal horn neurons responding to laser-heat are nociceptive 

All in all, 41 neurons were recorded in 6 animals (Table 1). Of these, 14 were 
LTM neurons (34.1%), 20 WDR neurons (48.8%), and 7 HTM neurons (17.1%, Fig-
ure 13A). Eleven of the 41 neurons responded to the laser-heat stimulus (26.8%). 
The neurons were recorded in a depth between 110 to 880 µm in the dorsal horn 
(Figure 13B). While for LTM neurons the recording depth ranged from 280 to 660 µm, 
the recording depths for WDR and HTM neurons were widely distributed (110 to 810 
µm and 120 to 700 µm, Figure 13B). Examples of each type of recorded neuron in 
response to mechanical and laser-heat stimulation are shown in Figure 12. 

3.2.3.1 Response properties to mechanical stimulation  

After five consecutive innocuous mechanical stimulations (touch, 1/s, total time 
5 s), LTM neurons responded by firing action potentials when their receptive field 
was stimulated (Figure 12A1, 3-5 APs/stroke, rapidly adapting input). When mechan-
ical noxious stimuli were applied (pinch, 5 s), the neurons mainly responded during 
onset and offset of stimulation, corresponding to the “touch” part of the pinching pro-
cess. Moreover, after electrical stimulation of the sciatic nerve, LTM neurons show A-
fiber input only at a short mean latency of 3.3 ± 0.2 ms (not shown). 

In WDR neurons during touch and pinch stimulation, responses were elicited 
in a graded manner (Figure 12B1, 8.5 ± 2.2 APs/stroke for touch and 124 ± 21.5 
APs/pinch, slowly adapting input). In HTM laser-heat sensitive neurons a clear firing 
of action potential upon pinch stimulation was observed (Figure 12C1, 133 ± 61.6 
APs/pinch, slowly adapting input), while no responses to touch nor moderate pres-
sure (5 s) were detectable, confirming their intrinsic property as noxious-carriers only. 
In WDR and HTM neurons electrical stimulation of the sciatic nerve elicited action 
potentials with short response latency (mean A-fiber input latency 3.4 ± 0.6 ms) fol-
lowed by action potentials with long response latencies (mean C-Fiber input latency 
101.5 ± 12.5 ms, single unit values in Table 2). 

3.2.3.2 Response properties to laser-heat stimulation 

Not a single LTM neuron responded to laser-heat stimulation (max. power 100 
mW) neither inside their mechanosensitive receptive field nor outside of it (Figure 
12A2 and Figure 13A). Reversely, dorsal horn neurons processing nociceptive input 
from the plantar glabrous skin (WDR, HTM) responded to the laser-heat stimulus, 
however not all of them were laser-sensitive (black area in open bars for WDR and 
HTM neurons, Figure 13A). In WDR laser-heat sensitive neurons, responses to la-
ser–heat occurred within 236 - 292 ms after stimulus onset (Figure 12B2); while for 
HTM laser-heat sensitive neurons those responses occurred during the first 239 – 
418 ms after stimulus onset (Figure 12C2). Together, these results indicate that only 
dorsal horn neurons processing nociceptive input respond to noxious heat stimuli and 
that the peripheral input is transmitted by both A- and C-fibers. 
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Figure 12. Types of dorsal horn neurons classified by mechanical stimulation of the 
skin. Responses of A) a LTM neuron, B) a WDR neuron and C) a HTM neuron evoked by 1. 
mechanical stimulation or 2. laser-heat stimulation of the plantar glabrous skin. Touch: touch-
ing the skin with an artist’s brush repeatedly; Mod. Pressure: moderate innocuous pressure 
to the skin applied with a blunt probe. Pinch: pinching the skin with a sharpened watchmak-
er’s forceps. Open bars underneath the registrations in 1 indicate time and duration of stimu-
lation. a) Responses to laser-heat stimulation (100 mW, 200 ms). b) Responses shown in a) 
at a higher resolution. Only the two nociceptive HTM and WDR neurons responded to laser-
heat application. In B) and C), schemes showing receptive field’s size and distribution are 
repetitions from data shown in Figure 14, added here for comparison purposes. 
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Figure 13. Only subpopulations of nociceptive neurons within all dorsal horn laminae 
are laser-heat sensitive. A) Proportion of laser-heat sensitive dorsal horn neurons (black 
area in the open bars). No differences between the number of laser responsive WDR and 
HTM neurons were found (Fisher exact test, P= 0.39) B) Recording depth of the neurons in 
the dorsal horn. Lines indicate the approximate borderlines between Lamina I +II (superficial 
dorsal horn), Lamina III and Laminae IV-VI (deep dorsal horn). LTM: Low threshold mecha-
nosensitive neurons; WDR: wide dynamic range neurons; HTM: high threshold mechano-
sensitive neurons. The numbers in parentheses represents the number of neurons. 
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3.2.4 Receptive fields sensitive to heat were small and located inside the mechano-
sensitive receptive fields 

In laser-sensitive dorsal horn neurons, the heat-sensitive receptive field was 
always located inside the mechanosensitive one. Heat sensitive areas apart from the 
mechanosensitive field were not found (Figure 14A). In all cases the heat-sensitive 
receptive field was distinctly smaller than the mechanosensitive one (mean: 2.73 ± 
0.38% vs. 12.93 ± 1.18% of the total plantar surface; P < 0.01), while the mechano-
sensitive receptive field area between laser-heat insensitive neurons (mean: 17.11 
±1.26%, P = 0.19; Figure 14B) did not significantly differ from that of laser-heat sensi-
tive neurons.  

Heat-sensitive receptive field sizes were 26% of mechanosensitive receptive 
fields in WDR and 37% in HTM laser-sensitive neurons (P = 0.46, Figure 14C).The 
sizes of the heat receptive fields ranged between 10% and 60% of the mechanical 
receptive field. 

3.2.5 Properties of laser-heat induced action potential discharges 

The number of action potential discharges in response to the first positive la-
ser stimulation (Figure 15A and Table 3) was higher in HTM neurons than in WDR 
neurons (14 ± 0.7 vs 9 ± 4.3) however those differences did not reach significance (p 
= 0.8, Mann-Whitney Test, Figure 15A). 

After stimulus onset, laser sensitive WDR neurons elicited the first action po-
tential within 266 ± 16 ms, while for HTM neurons the mean latency was 308.3 ± 55 
ms. No significant differences were found between both types (p = 0.9, Mann-
Whitney Test, Figure 15B). Moreover, when we consider that the time needed to 
reach noxious temperature was 110 ms (as shown in 3.2.1 Laser-heat stimulation 
elicits a fast and reversible local increase in skin surface temperature), and subtract 
this time from the measured latency values: then action potential firing in laser-heat 
sensitive dorsal horn neurons occurred in average 155.7 ± 28 ms for WDR neurons 
and 198.4 ± 55 ms for HTM neurons. These values are comparable with the C-fiber 
latencies measured with electrical stimulation of the sciatic nerve (159 ± 3.9 ms for 
WDR and 190 ± 5.6 ms for HTM neurons, Figure 16, panel F). 
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Figure 14. Receptive field areas for mechanical stimulation are much larger than for 
laser-heat stimulation. A) Schemes of receptive field’s size and distribution from laser-
heat sensitive nociceptive neurons for mechanical and laser-heat stimulation. B) Receptive 
field area for mechanical and laser-heat stimulation in laser-heat -sensitive and -insensitive 
WDR and HTM neurons, relative to the total area of the plantar surface. Heat RFs are signifi-
cantly smaller than mechanosensitive RFs (Mann-Whitney Test, p<0.01), while in the sizes of 
mechanical receptive fields between laser-heat sensitive and laser insensitive neurons no 
significant differences were found (Mann-Whitney Test). C) Receptive field area for laser-
heat stimulation relative to the size of the respective mechanosensitive RF for each of the 
heat-sensitive WDR and HTM neurons. The sizes of heat RF did not significantly differ be-
tween nociceptive neuron types (Mann-Whitney Test). Open bars indicate the mean value for 
each group. mech.: mechanosensitive receptive fields; heat: receptive fields responsive to 
laser-heat stimulation. The numbers in parentheses show the number of neurons for each 
group. 
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Figure 15. Response properties of laser-heat sensitive neurons upon laser stimulation. 
A) Discharge frequencies and B) response latencies evoked by the first positive laser stimu-
lation (total n = 6, HTM marked as black dots n = 3, and WDR marked as open dots, n = 3). 
Horizontal bars indicate mean values. In all comparisons no significant differences were 
found (Mann-Whitney Test). 
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Figure 16 Conduction properties and threshold temperatures of laser-sensitive dorsal 
horn neurons. A) A-Fiber latencies and D) C-Fiber latencies of the laser-sensitive WDR and 
HTM dorsal horn neurons recorded following electrical stimulation in the sciatic nerve. From 
these latencies, and considering a distance between sciatic nerve and dorsal root entry zone 
of 100 mm, the conduction velocities from A- and C- fibers were calculated and shown in B) 
and E). From the conduction velocities calculated and considering a distance between hind 
paw to dorsal root entry zone of 168 mm, the latencies were estimated for C) A-Fiber input 
and F) C-Fiber input. G) Mean response latencies evoked by the first positive laser stimula-
tion. Dotted lines indicate the time required for C- fiber AP conduction (170 ms) and A-Fiber 
AP conduction (5.6 ms). H) Mean utilization times for laser stimulation calculated as the dif-
ference between the latencies obtained in G) minus the C-Fiber AP conduction time (170 
ms). I) Estimation of the increase in temperature required to elicit laser-induced responses, 
calculated from Figure 11C. Data presented as mean ± SEM (total n = 6, HTM marked as 
black dots n = 3, and WDR marked as open dots, n = 3). Comparisons between neuron 
types were evaluated using the Mann-Whitney Test. 
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Table 1. Input source of dorsal horn neurons. The table lists the number of neurons for 
each animal studied. LTM: Low threshold mechanosensitive neurons; WDR: wide dynamic 
range neurons; HTM: high threshold mechanosensitive neurons. LS: Laser-heat sensitive 
neurons for each category 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



RESULTS 

45 

Table 2: General aspects of the laser sensitive dorsal horn neurons 

 

 

 

Laser-heat 
withdrawal 
threshold 

(mW) 

Recording 
depth 
(µm) 

Type of 
neuron, 

Unit  
TTL 

Electrical stimulation (sciatic nerve) C.V. (m/s) 
a
 

electrical 
Latency (ms) 

b
 

Receptive field 
mechanical 

Receptive field laser 
Mechanical stimulation (n° 

APs) A-Fiber input C-Fiber input 

Threshold 
(mV) 

Latency 
(ms) 

Threshold 
(mV) 

Latency 
(ms) 

A-
Fiber 
input 

C-
Fiber 
input 

A-
Fiber 
input 

C-Fiber 
input 

Size 
(%) 

c
 

Location 
Size 
(%) 

c
 

Location Touch 
Moderate 
Pressure 

Pinch 

n.t. 120 
HTM 
1/1 

no n.t. n.t n.t. n.t. n.t. n.t. n.t. n.t. 7.74 digit 4 4.84 
Inside MRF 

(base of digit) 
0 0 127 

57 380 
HTM 
3/4 

yes n.t. 3.6 n.t. 110 27.78 0.91 6.05 184.80 7.22 digit 2 2.65 
Inside MRF 

(base of digit) 
0 0 252 

37 700 
HTM 
4/6 

yes 920 4.2 8.9 110 23.81 0.91 7.06 184.80 6.72 digit 3 1.07 
Inside MRF 

(internal right 
side of digit) 

0 0 101 

30 520 
HTM 
5/5 

yes 620 2.3 n.t. 120 43.48 0.83 3.86 201.60 6.54 digit 5 2.14 
Inside MRF 

(base of digit) 
0 n.t. 46 

n.t. 590 
WDR 
1/9 

no n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. 56.79 
heel and 
base of 
digit 5 

6.31 
Inside MRF 
(center of 

plantar paw) 
6 n.t. 166 

50 340 
WDR 
2/3 

no 810 3.35 26 92 29.85 1.09 5.63 154.56 7.93 digit 4 2.38 
Inside MRF (tip 

of digit) 
4 n.t. 175 

50 240 
WDR 
2/4 

no 910 3.6 17 90 27.78 1.11 6.05 151.20 5.38 
base of 
digit 4 

2.78 Inside MRF 11 n.t. 55 

50 780 
WDR 
2/8 

no n.t. 3.4 n.t. 100 29.41 1.00 5.71 168.00 21.64 
digit 3 
and 4 

1.2 
Inside MRF 

(base of digit 3) 
13 n.t. 105 

57 n.t. 
WDR 
3/7 

yes n.t. n.t. n.t. 90 n.t. 1.11 n.t. 151.20 6.21 digit 3 3.43 
Inside MRF 

(internal right 
side of digit) 

15 n.t. 77 

37 570 
WDR 
4/5 

yes 520 3.5 11 100 28.57 1.00 5.88 168.00 5.92 digit 3 1.03 
Inside MRF (tip 

of digit) 
1 29 155 

30 490 
WDR 
5/4 

yes n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. 10.1 digit 5 2.22 
Inside MRF 

(base of digit) 
7 n.t. 178 

 
a: C.V.= Conduction velocity, calculated considering a distance of 100 mm between sciatic nerve and dorsal root entry site. 
b: Latency, estimated from conduction velocities, considering a distance of 168 mm between toe and dorsal root entry site. 
c: Sizes of receptive fields are shown as percentages of total plantar paw. 
n.t.: not tested 
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Table 3: Response properties of the laser sensitive neurons recorded with TTL pulses 

Unit 

Laser stimulation 

number of APs Latency (ms) Utilization times (ms) 
a
 Threshold for neuron (° C) 

b
 

HTM 3/4 15 267.8 97.8 7.24 

HTM 4/6 13 239.3 69.3 5.14 

HTM 5/5 15 418 248 18.36 

WDR 3/7 5 292 122 9.04 

WDR 4/5 5 236.1 66.1 4.90 

WDR 5/4 18 269.1 99.1 7.34 

 
a: Utilization times were calculated as the difference between laser latency and C-Fiber AP conduction time. 
b:Temperature threshold for neuron (above skin temperature) calculated using the function obtained for skin temperature changes during laser-heat stimulation at maximal power (100 mW: 
y=74X+0.0078, Figure 11F) 
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4 DISCUSSION 

4.1 Laser-heat induces TRPM3 activity, and activation of the MOR reduces the 
activity of endogenously expressed TRPM3 in sensory neurons 

Noxious laser-heat rapidly and transiently activated the ion TRPM3 channel in 
heterologous expression systems with an activation threshold of 614.85 µJ. When 
co-expressing the MOR in those systems, a reduction of both agonist- and more im-
portantly noxious heat- induced activity of the TRPM3 channel could be observed 
upon concomitant TRPM3 and MOR activation. This modulation also occurs in en-
dogenously expressed TRPM3 channels from sensory neurons in the rat and mouse, 
in which the mechanism of action is through direct binding of the Gβγ subunit to the 
TRPM3 receptor (mechanism described in a collaborative work with the department 
of Molecular Physiology from the University of Marburg, leaded by Professor Johan-
nes Oberwinkler)151. Since this mechanism occurs specifically in the peripheral nerv-
ous system, these results would allow new targets for pharmaceutical treatments of 
acute pain without developing the unwanted side effects of current systemic opioid 
therapy. 

4.1.1 Transduction of noxious laser-heat stimulation by TRPM3 channels 

Noxious heat sensing is a fundamental biological process required for survival. 
Studying the channels that are activated in response to heat is not only important for 
a better understanding of their mechanisms but could also lead to the development of 
new therapies against pathological conditions of persistent pain. 

Calcium imaging allows an accurate spatial and temporal visualization of the 
activity of ion channels upon specific activation, and using heterologous expression 
systems expressing only one type of ion channel allows the determination of its spe-
cific properties, like activation threshold. In these experiments, the responses of two 
different heterologous expression systems (HEK_TRPV1_VL8 and HEK_TRPM3) 
was compared to different energy levels of repeated laser-heat stimulation. Normal 
HEK cells not expressing heat-sensitive ion channels (HEK293) were used as nega-
tive controls. 

For the TRPM3 channel, the laser-heat threshold was 614.85 µJ. Vriens and 
colleagues observed activation of the TRPM3 channel by increasing the temperature 
of the cell plate up to 43°C 57. Interestingly, experiments in artificial planar lipid bi-
layers have shown that only by addition of phosphatidylinositol-4,5-biphosphate 
(PIP2) concomitant to heat stimulation an incomplete opening of the TRPM3 channel 
occurs, indicating that other endogenous factors –existent in living cells- are required 
to reach the full open conformation of the channel in response to heat (up to 43 
°C)152, 153. 

The fact that the threshold for laser-heat in TRPV1 channels was lower than in 
TRPM3 channels could be explained by the evidence from TRPV1-/- mice, which do 
not change their acute pain thresholds22, 29. Another explanation can be the differ-
ences in their Q10 values, which can be understood as a thermal sensitivity scale. 
The Q10 corresponds to the increase in current upon a 10 °C temperature increment. 
While the Q10 for TRPV1 corresponds to 14.823, for TRPM3 channels this value is 
only 7.2. Still, both values are high compared to heat-insensitive ion channels, which 
show a Q10 value of < 2, as shown in 61. However, Q10 values obtained from different 
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experiment should not be directly compared since its determination strongly depends 
on experimental conditions. 

A third line of evidence that supports the observations presented here might 
rely on the findings of Greffrath and colleagues; they observed in DRG neuron prima-
ry cultures, specifically in small diameter sensory neurons, two types of heat-evoked 
inwards currents: low-threshold (≤ 45 °C) rapidly activating and high threshold (47-49 
°C) slowly activating inward currents154. In this report, they proposed that these in-
ward currents would belong to the heat sensitive TRPV2 channel. Years later how-
ever it was concluded that the TRPV2 channel is not playing a key role in noxious 
heat sensing, since mice lacking TRPV2 have not shown differences in response to 
noxious heat 13. Now that the TRMP3 channel is better characterized, it seems logi-
cal to think that the high-threshold inward currents observed by Greffrath and col-
leagues would belong to TRPM3 channels, which are known to be expressed in low 
diameter DRG neurons as well57. Nowadays it is acknowledged that in mice, three 
TRP channels are part of the system to detect noxious heat13, 155. 

The increases in calcium concentration in HEK293 cells were irreversible; in-
dicating that in those cells laser-heat stimulation compromises its viability. This is no-
ticeable by observing an initial increase in amplitude after the first laser stimulation, 
and then response amplitudes equal or slightly smaller than the previous stimulation 
response, denoting that the increase in calcium in those cells did never come back to 
baseline after the first laser stimulation, and a only slight but constant decrease in 
intracellular calcium concentration occurred among time. This clearly indicates that 
those response amplitudes are unspecific. This became evident when the specific 
agonists for TRPV1 and TRMP3 were added (capsaicin and PS, blue and brown 
bars). At energy intensities of 573.85 µJ and onwards, apparent positive responses 
to both PS and capsaicin are observable. However those channels are not present 
on these cells and responses to PS and caps were not existent at smaller laser ener-
gy intensities, therefore, it is reasonable to argue that the responses observed corre-
spond to the initial high increase in calcium upon 1st laser stimulation. 

The unspecific response to laser-heat using energy pulses equal or higher 
than 573.85 µJ is comparable to the unspecific increase in ratio observed at tempera-
tures starting from 40 °C by Vriens and colleagues57. Since these unspecific increas-
es do not come back to baseline values, they indicate the unviability of those cells. 
This observation rises up the importance of those heat-transducer ion channels for 
cell survival. In fact, no studies on non-transfected HEK cells and heat sensation 
have been performed until now. Some evidence of endogenous expression of ion 
channels in HEK293 cells exist up to date156, 157, however this evidence in scarce, 
one of them only shows evidence at mRNA level, and the channels found are not 
related with heat perception. 

The responses of HEK_TRPM3 cells to its agonist, the endogenous neuro-
steroid Pregnenolone Sulphate (PS), were high in amplitude and reproducible among 
repetitions. This result is in accordance with observations by others: Vriens and col-
leagues observed responses on both HEK_TRPM3 cells and DRG neurons from 
mice in response to PS at concentrations starting from 0.1 µM 57. Indeed, the EC50 of 
PS for TRPM3 is ~23µM 65, however it is not yet clear whether PS can reach in vivo a 
concentration high enough to act as a genuine endogenous ligand13. Consequently, 
agonist-induced responses observed here, which were applied at a concentration of 
50 µM, were higher in amplitude when compared to laser-heat induced responses.  
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Remarkably, the response amplitudes to PS were higher in non-transfected 
HEK_TRPM3 cells than in HEK_TRPM3_MOR cells (Figure 6A). This phenomenon 
might be related to some effect in the transfection procedure. It would have been of 
interest to compare the responses presented here to vehicle-treated cells. These dif-
ferences in response amplitudes in HEK cells transiently transfected with the MOR 
have been observed by others as well151. 

Activation of the TRPM3 channel by laser heat also showed differences in the 
response amplitudes between non-transfected HEK_TRPM3 cells and 
HEK_TRPM3_MOR cells (Figure 7A); however, after repeated laser stimulations at 
614.85 µJ of energy, two observations need to be remarked. First, the response am-
plitudes for the second and third laser stimulation are virtually equal in transfected 
cells. This might be due to the effect of DAMGO on the second laser stimulation, 
which would have been higher if DAMGO were not present on those cells.  

Second, the amplitude for the PS stimulation (time 15-17.5 min) was much 
higher in MOR transfected cells than in the stably expressing HEK_TRPM3 cells (red 
vs black trace in times 15-17.5 min, maximum 1.1 and 0.74 of ratio 340/380). This 
observation might reflect some compromised viability of the channel in NT cells due 
to repeated laser-heat stimulation, which is not occurring in HEK_TRPM3_MOR 
since the modulation of the second response might prevent receptor fatigue, ), argu-
ing for a protective effect of the opioid system on cell viability upon repeated laser-
heat stimulations. Additionally, since in these cells the response to PS afterwards 
was even larger on the transfected HEK_TRPM3_MOR cells, the effect seem to be 
very specific for noxious laser-heat stimulations. This result argues for a direct phar-
macological action of DAMGO on MOR modulating the TRPM3 channel. 

 

4.1.2 Peripheral modulation of the TRPM3 channel by MOR activation 

It is well known and established that systemic opioid receptors inhibit pain in 
the CNS, however, the peripheral way of action in peripheral neurons have been ob-
served only recently by a new mechanism involving dissociation of the G complex 
and direct interaction of the Gβγ subunit with the TRPM3 channel151. 

The results shown here demonstrate that the MOR mediated inhibition ob-
served in heterologous expression systems also occurred in cultured primary sensory 
neurons of rats indicating that the mechanism is functional in living organisms. In-
deed the mechanism has been observed as well in DRG from mice151 158, 159. In a 
complementary way, the data of this thesis shows that this mechanism also modu-
lates laser-heat induced TRPM3 channel activation. 

The reduction of the TRPM3 channel activity was in the reported data over 
75% of its normal activity when activated with agonist and treated with vehicle stimu-
lations151 158, 159. In contrast, the results presented here have shown a more modest 
reduction; the normalized response percentages between TRPM3+/TRPV1+ and 
TRPM3+/TRPV1- subgroups was 77 ± 3% and 82 ± 4.1% (which means 23 ± 3% and 
18 ± 4.1% inhibition of the 1st PS response). 

Two reasons might explain these differences between the recent papers and 
the data presented here. First, the method for quantifying the response amplitudes 
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was different. Due to marked differences in baseline values existent in the results 
presented here, data was normalized to first PS response (Figure 8). If the differ-
ences in baseline values are not taken into account and the percentage of inhibition 
is calculated as for heterologous expression systems, then the percentage of inhibi-
tion accounts up to 30-35% (Appendix 2). This however demonstrates that this rea-
son does not completely explain the differences in inhibition degree. A more plausible 
reason is that some differences in the expression levels of the MOR between rat and 
mouse account for this different results. While MOR receptors account for a 20.9% of 
the total DRG population in the rat 160, in mouse this counts up to 36.2% 161. Moreo-
ver, the question how much of this MOR positive fibers are co-expressed with 
TRPM3+ fibers between different species would answer the question more certainly. 

In the same way, while TRPV1 expression in rat has been accounted to be 
about 35.7% of all DRG neurons 154. In the results presented here, the proportion of 
neurons responding to capsaicin was 53%-62.5%. On the other hand, the proportion 
of neurons expressing TRPM3 channel in mice and rats has been estimated to be 
about 60% of DRG and TG neurons57, 162, while in the results presented here it was 
only 21.5%-33% in DRG. These differences might be explained by the method used 
for quantification.  

While functional experiments can show the proportions of channel-carrying 
neurons that are indeed functional might be more accurate to detect protein, some 
cells are lost in the process to get them in culture dishes. Immunohistochemical 
methods in DRG frozen sections require careful counting of the neurons of each sec-
tion avoiding data over- or underestimation. An ideal method would show activity of 
the channel in complete DRG sections, where neurons possessing the TRPM3 
channel can be observed not only by activity upon stimulation but also its distribution 
among the DRG. 

Since the normalized response percentages between TRPM3+/TRPV1+ and 
TRPM3+/TRPV1- subgroups were similar (77 ± 3% and 82 ± 4%), it is possible to 
conclude that the inhibition mediated by MOR on TRPM3 channel activity occurs in-
dependent of TRPV1 co-expression, which supports the specificity of this mecha-
nism. These results are in accordance to previous reports151, 158, 159. But how does 
this mechanism works? The MOR is a G protein-coupled receptor. The binding of 
DAMGO to the MOR, activates the receptor, and the heterotrimeric complex interacts 
with the cytosolic surface of the GPCR. After binding to GTP, the complex is dissoci-
ated into Gα-GTP and a Gβγ subunit. TRPM3 activity is inhibited by direct binding to 
Gβγ 

13, 151, 158, 159. 

Following functional quantification, heat responding neurons that do not ex-
press the TRPM3 channel account for 15% of trpm3-/- sensory neurons57, which 
means, the subgroup of neurons responding to PS but not to capsaicin was ablated. 
In the experiments performed here, this fraction corresponded to a 6.3-7.9% of the 
total number of cells analyzed (blue fractions in Figure 10). This could be due to dif-
ferent co-expression patterns between rat and mouse. In any case, both results indi-
cate that the TRPM3 channel in sensory neurons is mostly co-expressed with other 
heat sensitive channels. As is it in humans 163 

One intriguing observation coming from the results of this research are the dif-
ferences in the proportions of TRPM3+/TRPV1+ and TRPM3+/TRPV1- responding 
DRG neurons. While with vehicle treatment the proportion of co-expressing neurons 
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is 25%, in DAMGO treated cells this proportion is only 15% (Figure 10). This is a very 
challenging observation to explain, since before the second PS stimulation (concomi-
tant to DAMGO) cells are treated exactly equally. One possible reason is that even 
after washout of DAMGO, some of these agonists remain in the system and affect 
the responses of TRPV1 channels on neurons that co-express TRPM3 and TRPV1, 
however, this is unlikely because of (laser response on hek cells). This goes in line 
with the results from Dembla and collaborators, where they observed as well that 
capsaicin-induced Ca2+ signals did not recover after DAMGO washout151. Direct ef-
fects of the MOR in TRPV1 have been reported previously as well69, 73, 164. 

Another point to consider is that the cellular function might be different be-
tween neuron subgroups with different expression patterns of TRPV1 and TRPM3. 
Indeed, by analyzing electrophysiological and ion flux measurements in primary sen-
sory neurons of rats, Nagy and Rang observed that distinct ion channels responded 
either to heat or capsaicin, concluding that different molecular entities account for 
membrane responses to heat and capsaicin165, 166. Now it is known that at least one 
of these other molecular entities is the TRPM3 channel. 

 

4.1.3 Implications in human heat pain signaling and treatment of acute pain 

The TRPM3 channel is involved in acute pain and inflammatory hyperalgesia, 
and therefore many pharmacological approaches targeting it as a potential pain ther-
apy have been attempted. Preclinical studies have shown that many of the TRPM3 
inhibitors like isosakuranetin167, flavanones59 and primidone162 inhibit pain responses 
to intraplantar injection of PS, increase latency to noxious heat stimuli and reduce 
heat hyperalgesia in inflammatory or neuropathic pain conditions. Moreover, and in 
contrast to the TRPV1, inhibition of the TRPM3 channel in sensory neurons with dif-
ferent classes of antagonists does not affect body core temperature59, 162, 167. Target-
ing MOR may have therapeutic potential as an intervention to prevent potentiation of 
TRPV1 responses through the PKA pathway in inflammation 73 and to prevent 
TRPM3-induced noxious activity 151 

Nowadays, the prescription against acute pain conditions like for example 
post-operative pain is often systemic opioid agonists, like morphine. More controver-
sial, these drugs are also prescribed in chronic pain conditions like cancer-induced 
pain. While they are effective in ameliorating the pain, its continuous administration 
leads to severe side effects like tolerance, respiratory depression, addiction, consti-
pation and others that decrement the life quality of the patients. The recent discovery 
of the direct modulation mediated by peripheral opioid receptors on the TRPM3 
channel activity induced by the neurosteroid PS would open a new path in the devel-
opment of new therapies against acute pain conditions.  

The results presented in this thesis confirm these observations and moreover 
demonstrate that peripheral opioid receptors are able to reduce the TRPM3 channel 
activity induced by noxious laser-heat stimulation, directly linking the role of the pe-
ripheral MOR mechanism as antinociceptive. Since the concentrations required acti-
vating the TRPM3 channel by PS are not yet described to occur in peripheral neu-
rons, noxious heat, rather than PS, noxious heat is more likely the stimulus type that 
indeed activates the TRPM3 channel in peripheral neurons. Together these results 
open up the opportunity to develop new therapies to treat pain addressing peripheral 
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activation of MOR and consequently inhibiting TRPM3-mediated nociception. The 
great advantage of these potential therapies would be the lack of the unwanted sec-
ondary effects of systemic opioids. 

4.1.4 Technical considerations 

Since our results strongly depend on the fluorescence values given by the 
cells, we should not discard the possibility that fluctuations in lamp intensity might 
have affected our measures in some extent. However it is unlikely that these effects 
count up to a high degree of error, because as mentioned before, the observations 
presented in this research are similar to the ones observed recently.  

It was always intended to perform a balanced number of control and experi-
mental data in the same day, in order to keep conditions as equal as possible be-
tween measurements. However it was not always the case and the experiments 
shown here account for trials performed among several weeks. However, variation in 
between experiments for example, differences in the transfection efficiencies be-
tween sets of experiments did not affect the overall mean values of the readouts 
more than 5%. In most cases responses were stable among repetitions. Still and as 
in all experiments, results are always affected by randomness. 

It remains to be determined up to which temperatures exactly do cells increase 
their temperatures when laser pulses at the thresholds energies used in this study 
are applied. 

 

4.1.5 Summary and conclusions 

Laser-heat transiently activates the ion TRPM3 channel in heterologous ex-
pression systems with a threshold of activation of 614.85 µJ. The activity of the 
TRPM3 channel can be modulated by activation of the MOR. This modulation also 
occurs in endogenously expressed TRPM3 channels from sensory neurons in the rat, 
in which the mechanism of action is through direct binding of the Gβγ subunit to the 
TRPM3 receptor after dissociation of the complex originally located at the cytosolic 
side of the MOR. Since MOR receptors are only expressed at the peripheral nervous 
system, these results would allow new targets for pharmaceutical treatments of acute 
pain without developing the unwanted side effects of current systemic opioid therapy. 

 

4.2 Laser-heat sensitive receptive fields are smaller than mechanosensitive 
receptive fields in dorsal horn neurons sensitive to laser-heat stimulation 

The results presented here show that in the dorsal horn of the spinal cord, en-
coding of suprathreshold laser-heat stimulation applied in the periphery is mainly 
mediated by a subgroup of nociceptive WDR and HTM neurons that are found in all 
layers of the dorsal horn. The mean withdrawal threshold of the animals, measured 
one day before recordings is consistent with the threshold for the dorsal horn noci-
ceptive neurons. This threshold was estimated considering input was transmitted by 
C-fibers. For all laser sensitive neurons, the laser-heat sensitive receptive fields were 
smaller and located inside the mechanosensitive receptive fields. 
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4.2.1 Spinal processing of laser-induced nociceptive signals 

In a first instance laser-heat stimulation activates afferent inputs that then 
transmit the signal to the dorsal horn of the spinal cord. In monkeys, the afferent in-
puts activated by laser-heat in the glabrous skin have been described as C-mechano 
heat (CMH) nociceptors, whose threshold for laser-heat was 41°C and conduction 
velocity 0.8 m/s, and A-fiber mechano-heat (AMH) nociceptors type I, whose thresh-
old was 53°C and conduction velocity 40 m/s9. In humans, laser-heat stimulation of 
the skin activates polymodal CMH fibers as well, with a mean threshold of 102 mJ141, 
or 39.8 °C for C-fibers and 46.9 °C for Aδ-fibers90, and the nerve conduction veloci-
ties of C-nociceptors is about 1.3 m/s142. In primary sensory neurons, laser-heat 
stimulation of small DRG neurons evokes inward currents concomitant with the 
stimulation168, and in a subpopulation (about 37%) of primary neurons those laser-
heat induced inward currents transform into action potential discharges54. 

Recordings of dorsal horn neurons in response to laser-heat stimulation on the 
skin have also shown a primarily C-fiber mediated input 133-135, while it has been pro-
posed that TRPV1+ Aδ fibers do contribute to this input as well 135. The results 
showed here demonstrate that in the dorsal horn, encoding of suprathreshold laser-
heat stimulation is mainly mediated by C-fiber input, with a mean neuron threshold of 
40.1 °C for WDR neurons and 43.3 °C for HTM neurons. 

 

4.2.2 Spinal encoding of noxious heat 

The proportions of nociceptive neurons that responded to laser stimulation 
were a third of the total recorded WDR neurons and one half of the total recorded 
HTM neurons, which are known to receive input from nociceptive primary afferents. 
In the case of HTM neurons, the afferent input was only nociceptive, while WDR neu-
rons processed both non-nociceptive and nociceptive input 80. The fact that none of 
LTM neurons responded to laser stimuli corroborates the noxious quality of the laser 
simulator used, since LTM neurons only possess input from non-nociceptive Aβ fi-
bers and thus are not activated by laser-heat stimuli 134. It remains to be investigated 
if the percentage of responding neurons would increase by increasing laser intensi-
ties; however, that might compromise tissue damage and seems to be unlikely, since 
suprathreshold intensities (100 mW) much higher than the heat withdrawal threshold 
of the animals (44.48 ± 4.43 mW) were applied. 

In the present study the recording depth of laser-heat sensitive neurons were 
distributed homogeneously among all laminae from the spinal dorsal horn. These 
observations are in contrast with what has been published before 133-135. In rats using 
CO2 laser stimulation133 it has been shown that laser responsive neurons are located 
in mainly two depths of the dorsal horn: a superficial zone between 100-400 µm 
depth, and then a deeper zone below 600 µm. Sikandar and collaborators recorded 
only WDR neurons in the deep dorsal horn (lamina V - IV) and NS neurons in the 
superficial dorsal horn (lamina I), though they mention the existence of WDR neurons 
in the superficial dorsal horn, they excluded them from their study 134; and Zhang and 
collaborators recorded laser sensitive neurons in the dorsal horn only from lamina I 
135. 
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The mean heat withdrawal threshold for laser-heat stimuli in awake animals 
was 44.48 ± 4.43 mW. Laser stimuli of this power elicited a local increase in skin sur-
face temperature of 8.13 ± 0.07 °C. Considering skin hind paw temperature of about 
33 °C, in the experiments presented here noxious temperatures occurred starting at 
41 °C. This threshold is similar to the activation threshold for the TRPV1 receptor in 
DRG primary culture, which has its peak activity at 42 °C 131, and is very similar to 
the mean threshold estimated in this research for WDR neurons (40.1 °C), and HTM 
neurons (43.3 °C). In fact, this might indicate that laser-heat stimuli would reach 
threshold for WDR neurons before HTM neurons in the dorsal horn. 

Interestingly, the firing rates to laser-heat stimulation tended to be higher for 
HTM neurons than for WDR neurons. Upon noxious mechanical stimulation, dorsal 
horn WDR neurons usually show higher firing of action potentials than HTM neurons 
169, and the same observation was made before in the case of laser-heat stimulation 
134. These discrepancies might be related to the nature of laser-heat stimuli. Causes 
of this higher firing rate in HTM neurons in response to laser stimulation might be: (a) 
afferent input differences between HTM and WDR neurons; input of HTM neurons 
might include more CMH fibers than the input of WDR neurons, or (b) differences in 
the synaptic properties in which transmission of laser-heat induced signals from pri-
mary afferents to WDR neurons occurred at intensities that did not reach the thresh-
old for those neurons. 

The most striking observation from this study are the markedly smaller heat-
sensitive receptive fields in comparison with the mechanical receptive fields of the 
laser-sensitive neurons. In cutaneous C-fiber nociceptors in monkey, the mechano-
sensitive receptive fields coincided in size with the laser-heat sensitive receptive 
fields 10. Until now, the differences in size between mechanosensitive and heat-
sensitive receptive fields have not been described by electrophysiology, because 
studies on dorsal horn neurons properties to heat stimulation either used contact 
heat, which unavoidably activates concomitant mechanical afferents, or CO2 laser 
stimulation, which possesses much larger stimulation diameters than diode laser, 
and does not penetrate the skin homogeneously therefore elicits asynchronous affer-
ent activation. There are only two studies on infrared diode laser and spinal dorsal 
horn recordings (1340 nm and 920 nm)134, 135. However, neither information about 
size of mechanical nor heat receptive fields of the recorded neurons were reported. 

The type of afferents that encode the differences in receptive field size upon 
mechanical vs heat stimulation modalities in dorsal horn neurons might vary between 
WDR and HTM neuron types. So far, afferent fiber input types determined with me-
chanical stimulation of their receptive fields has been described. The input of WDR 
neurons with receptive fields in glabrous skin include rapidly adapting (RA) and slow-
ly adapting (SA) mechanoreceptive input, namely RAI-LTMR, SAII-LTMR, SAI-LTMR 
and SA-HTMR, which are associated with Aβ, Aδ-HTMR and C-HTMR afferent fibers 
170. From them, only the latter two are nociceptive. Since the responses of WDR neu-
rons increase gradually to graded increases of noxious stimulations, it is thought that 
Aδ- and C-fiber nociceptors are converging on those neurons as well as large diame-
ter Aβ sensitive mechanoreceptive afferents 171. In contrast, input of HTM neurons 
with receptive fields in glabrous skin only include Aδ-HTMRs and C-HTMRs. There 
might be differences in the peripheral branching patterns between fibers that are 
sensitive to thermal or mechanical modalities, where in the laser sensitive HTM neu-
rons a higher proportion of C-HTMRs might converge than in the laser sensitive 
WDR neurons. 
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4.2.3 Implications in human heat pain signaling 

In humans there is some evidence that supports the observations obtained 
here. In a case of nerve root lesion, Lorenz and co-workers observed that derma-
tomes were smaller for laser-heat than for touch stimulation 140. In this case, only by 
assessing LEPs it was possible to detect a clear impairment in spatial acuity as a 
consequence of the root lesion. LEPs were completely absent for laser-heat stimula-
tions at the affected dermatomes while showing normal signals in the unaffected con-
trol dermatomes. They conclude that due to unmyelinated C-fibers, pain dermatomes 
are narrower than tactile dermatomes140.  

It has been described that a distinct activation of C- or Aδ-fibers is possible us-
ing different methods of laser stimulation172. One of these methods consists of using 
laser-heat pulses to reach specifically the threshold temperature for C- fibers (40 °C), 
which is lower than for Aδ-fibers (46 °C). This can be done by 1) exposing the skin to 
two repeated heat ramps, the first intended to activate C-Fibers reaching 40 °C (50 
°C/s, 150 ms) and after 5 s a second heat ramp is applied reaching 48 °C, intended 
to activate Aδ-fibers; or 2) by using a low intensity laser beam and interpose a thin 
aluminum plate with perforations of 0.125 mm2 as a spatial filter. 

Another method is to use small diameter laser stimulators. Laser stimulators 
with diameter under 0.5 mm have a probability of 0.9 to activate C-fibers in humans, 
mainly because of the distribution density of C-fiber terminals in the skin172. In this 
study, a laser stimulator with a beam diameter of 0.15 mm was used, which is three 
times smaller than the estimate proposed. Then, the chances to activate C-fiber with 
our laser stimulator are much higher than before. 

 

4.2.4 Technical considerations 

The characteristics of the laser stimulation on the skin in humans are often 
described as punctate, which is a quality associated with C-fiber nociceptive pro-
cessing. 

In the results shown here, laser stimulation pulses delivered in the skin pro-
vided a very rapid rise of skin temperature in a small delimited area, demonstrating a 
high spatial resolution. Moreover, the increase in temperature was transient, coming 
back to baseline levels in a couple of seconds and did not show any heat accumula-
tion among repetitions (Figure 11D). Temporal resolution was therefore appropriate 
for nociception studies. 

 

4.2.5 Summary and conclusions 

Despite the vast knowledge about transduction mechanisms of noxious laser-
heat stimulation in primary afferents, very little is known at the level of spinal dorsal 
horn neurons. In this study we show that the processing of peripheral contactless 
noxious heat stimulation is carried out by a subset of WDR and HTM neurons. Their 
main characteristics are: 1) neurons that respond to suprathreshold laser-heat stimu-
lation are only nociceptive, 2) laser sensitive neurons are found at all depths of the 
dorsal horn, 3) the heat-receptive fields are smaller than their mechanosensitive re-
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ceptive field and always located inside mechanosensitive receptive fields, 4) the es-
timated heat threshold for these neurons is comparable to the heat withdrawal 
threshold in awake rats. 

4.3 A role of TRPM3 in transduction of laser-heat stimuli to the dorsal horn of 
the spinal cord 

From the electrophysiology experiments it was concluded that the transmission 
of noxious laser-heat stimulation to the dorsal horn of the spinal cord was carried 
mostly, if not all, by polymodal C-Fibers. Reasons to argue that the TRPM3 channel, 
together with TRPV1 and potentially other heat sensing ion channels are expressed 
primarily in unmyelinated C-fibers and serve as detectors of noxious heat stimuli are 
mainly two. 

First the threshold activation for TRPM3 channels in heterologous expression 
systems was 614.85 µJ. While TRPV1 channels are expressed in small diameter fi-
bers and in some small subset of Aδ-fibers, TRPM3 channels have been so far only 
found in small diameter sensory neurons57. Therefore, the idea that TRPM3+ sensory 
neurons are responsible for laser-heat detection and transmission to the dorsal horn 
of the spinal cord is plausible, without discarding that TRPV1+ neurons also play an 
important role in the process. 

It is expected then, that TRPM3+ afferent fibers terminate in the same laminae 
in the dorsal horn of the spinal cord as polymodal CMH fibers. No reports have been 
found so far regarding the question if those fibers expressing the TRPM3 channel 
terminate in some specific areas of the dorsal horn. This is however unlikely since we 
observed laser-heat sensitive neurons among all layers of the dorsal horn. 

In a more integrative way, heat-gated ion channels in primary sensory neurons 
act in a collaborative way giving the input to WDR and HTM laser sensitive neurons. 
It is plausible that the differences in input proposed by the electrophysiology results 
explaining the differences in laser-heat sensitive and mechanosensitive receptive 
field sizes are reflected by different proportions of neurons co-expressing TRPM3 
and TRPV1, and maybe even other heat sensitive ion channels. Indeed, recently a 
report has recently demonstrated that three ion channels are involved in the detec-
tion of noxious heat in mice. In this study they developed triple knockout mice for 
TRPV1, TRPM3 and TRPA1 which show completely abolished noxious heat detec-
tion 155 Since the threshold for laser-heat of the TRPM3 channel was higher than the 
threshold for TRPV1, a bigger proportion of peripheral input containing this receptor 
might end in dorsal horn laser sensitive HTM neurons than in laser sensitive WDR 
neurons.  

The differences in laser-heat sensitive and mechanosensitive receptive field 
sizes might be explained at least in part by differences in peripheral input converging 
on those neurons. Moreover, differences in the proportions of neurons expressing 
TRPM3 and/or TRPV1, and possibly even other heat sensitive ion channels, could be 
responsible for those differences in receptive field size. Since the threshold for laser-
heat activation of the TRPM3 channel is higher than the threshold for TRPV1, a 
greater proportion of peripheral neurons containing this receptor might end in dorsal 
horn laser sensitive HTM neurons than for laser sensitive WDR neurons. Those neu-
rons may or may not contain the TRPV1 channel. 
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5 SUMMARY 

This study investigates peripheral transduction mechanisms for short noxious 
heat stimuli and the processing of them within the central nervous system. Noxious 
heat is a natural stimulus that activates peripheral sensory neurons expressing heat-
gated ion channels. Recently, the TRPM3 channel has emerged as a noxious heat 
sensor independent of the well-known TRPV1 and evidence of a direct mechanism 
involving activation of the MOR regulating TRPM3 channel activity upon chemical 
stimulation with the neurosteroid PS has been described. Thus, the submitted thesis 
investigated mechanisms of heat-induced nociception using near-infrared laser 
stimulation as a rapid, accurate and appropriate way to apply noxious heat. Re-
sponses to laser-heat were analyzed at two different levels: in vitro by functional as-
says on heterologous expression systems and primary culture of sensory neurons 
and in vivo by behavioral experiments and electrophysiological recordings at the dor-
sal horn of the spinal cord in response to peripheral laser-heat stimulation. 

The main findings of this study are the following: 

1) Laser-heat activates the TRPV1 and the TRPM3 ion channel in heterologous 
expression systems with activation thresholds of about 574 µJ and 615 µJ. 

2) Response amplitudes of TRPM3 upon chemical activation with 50 µM PS ex-
ceeded those of maximum laser stimulation (1.5 ± 0.003 of the ratio 340/380 versus 
0.66 ± 0.011; n= 30 and 49, p < 0.001, Mann-Whitney Test). 

3) Both chemical- and thermal- induced activity of the TRPM3 channel in heter-
ologous expression systems co-expressing the MOR was significantly reduced with 
DAMGO. This inhibition consisted of 63.4% of agonist-induced responses and 44.5% 
of laser-heat-induced responses (p < 0.001, Mann-Whitney Test). 

4) In cultured primary sensory neurons of rats, 15-25% of all neurons analyzed 
(n= 550) functionally co-expressed TRPV1 and TRPM3 receptors, 38% of the neu-
rons analyzed expressed the TRPV1 receptor independent of TRPM3, 7-8% ex-
pressed the TRPM3 but not TRPV1, and 30-41% did not respond to either stimulus. 

5) As in the expression system, native DRG neurons of rats displayed a direct 
inhibition by 18 ± 4.1 and 23 ± 3% when co-applying the MOR agonist DAMGO with 
PS (p < 0.001 for each compared to vehicle, non-significant differences between 
them, Mann-Whitney Test). 

6) DAMGO did not influence the proportion of neurons responding to capsaicin 
(10 µM). However, the proportions of neurons co-expressing TRPV1 and TRPM3 
were different between vehicle-treated cells (25%) and DAMGO-treated cells (15%). 

In conclusion, TRPM3 is an additional neuronal detector for noxious heat 
stimuli that may be pharmacologically affected via peripherally expressed MOR and 
thus, by strictly peripherally applied opioids. Therefore, these results suggest new 
targets for the development of pharmacological treatments of acute and inflammatory 
pain without inducing the unwanted side-effects of the existing systemic opioid thera-
py. 
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In a second part, this thesis investigated the properties of spinal dorsal horn 
neurons responding to peripherally applied laser-heat. The processing of peripheral, 
contactless noxious heat stimulation was carried out by a subset of WDR and HTM 
dorsal horn neurons. The main characteristics of the laser-sensitive neurons were:  

1) Laser heat stimuli sufficiently induced pain in animals in vivo.  

2) All neurons that responded to suprathreshold laser-heat stimulation were 
nociceptive ones, including one third of the WDR neurons and half of HTM neurons 
investigated. No laser-heat responses of LTM neurons were found upon laser-heat 
stimulations confirming the noxious nature of the laser stimulator used.  

3) Laser sensitive neurons were found at all depths of the dorsal horn includ-
ing all laminae I to VI of the spinal cord. Recording depths of laser sensitive neurons 
ranged between 120-820 µm  

4) The peripheral input of those dorsal horn neurons was composed of both, 
C- and A- fibers; however, laser-heat induced responses were exclusively transmit-
ted by C-fibers. 

5) The heat-sensitive receptive fields were smaller than their mechanosensi-
tive receptive field and always located inside mechanosensitive receptive fields. The 
sizes of the heat receptive fields ranged between 10% and 60% of the mechanical 
receptive field. 

6) The number of AP following laser stimulation was slightly higher in HTM 
neurons compared to WDR neurons (14 ± 0.7 vs 9 ± 4.3), however not significant, 
and the latencies after onset of the laser stimulation were 266 ± 16 ms and 308.3 ± 
55. These latencies did not significantly change among neuron types. 

7) The estimated temperature threshold for these laser sensitive WDR neu-
rons and HTM neurons (40.1 °C versus 43.3 °C; n.s., Mann-Whitney Test) was com-
parable to the mean heat withdrawal threshold in awake rats (41 °C). 

In response to laser-heat stimulation, heat-gated ion channels in primary sensory 
neurons act in a collaborative way, generating the transduction process which lead to 
transmission of action potential discharges to WDR and HTM laser sensitive neu-
rons.  

The differences in laser-heat sensitive and mechanosensitive receptive field siz-
es might be explained at least in part by differences in peripheral input converging on 
those neurons. Moreover, differences in the proportions of neurons expressing 
TRPM3 and/or TRPV1, and possibly even other heat sensitive ion channels, could be 
responsible for those differences in receptive field size.  

Since the threshold for laser-heat activation of the TRPM3 channel is higher than 
the threshold for TRPV1, a greater proportion of peripheral neurons containing this 
receptor might end in dorsal horn laser sensitive HTM neurons than for laser sensi-
tive WDR neurons. Those neurons may or may not contain the TRPV1 channel. 
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7 APPENDIX 

7.1 Laser-heat induced nociception, single cell laser stimulation 

7.1.1 Calibration curves of laser intensities 

The laser stimulator DL 1470 (Rapp Optoelectronics, Germany) was tested for 
single and repeated laser stimulations with the laser power sensor 30(150)A-LP1-18 
(Ophir Photonics, USA). To achieve this, the laser sensor was located on top of the 
microscope plate, in order to receive the radiant light of the laser which is located 
under the plate. For the first experiment, 5 single pulses were applied in different ar-
eas inside the laser sensor at a rate of 0.017 Hz, and the laser intensity tested was 
34% (139.37 W) of the setup intensity, testing stimulations with pulse durations of 
100, 50, 25 and 5 ms width (Figure Appendix 1). The laser sensor detected accurate-
ly laser-pulses of 100 (red trace), 50 (orange trace) and 25 (yellow trace) duration 
times. At duration times below 25 ms the laser sensor was unable to detect the puls-
es (Figure Appendix 1A). The magnitudes measured by the laser sensor were stable 
among repetitions, however, they decreased by decreasing laser duration time (Fig-
ure Appendix 1B). This was something unexpected, since power measures should be 
stable over time, only energy should decrease when pulse width decreases, which is 
also the case in this experiment (Figure Appendix 1C). This phenomenon occurred 
due to the capacities of the laser detector, which is not made to detect power in such 
short time scales. Therefore, we decided to calibrate our laser pulses with the sensor 
by modifying the laser intensities and leaving the pulse width in open pass. Then, a 
direct relationship can be found between power detected and intensity of the laser, 
following the formula Y = 4.1X – 0.03. Based on this we were able to define the pow-
er magnitudes for the cellular experiments (Table Appendix 1). 

 



APPENDIX 

74 

 

Figure Appendix 1: Calibration of the DL 1470 Rapp laser with a laser sensor. A) single 
responses and B) mean ± SEM of the change in power registered at 100 ms (red trace), 50 
ms (orange trace), 25 ms (yellow trace), 10 ms (purple trace) and 5 ms (blue trace) laser 
stimulation duration time. Stimuli with duration time of 10 ms or below are not detected by the 
sensor. C) mean ± SEM of the energy applied on A). D) calibration curve at a magnification 
fold of the mocroscope of 20X. black dots: power magnitudes detected with the laser sensor. 
Blue line: linear regression of the values obtained between 20 and 80% of the laser intensity. 
The formula that describes the regression is shown in blue. 
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Table Appendix 1: Energy magnitudes used in single-cell laser stimulation experiments 
(Rapp laser) 

Laser intensity setup (%) Power (mW)a Duration time (ms) Energy (µJ) 

18 73.77 5 368.85 

19 77.87 5 389.35 

20 81.97 5 409.85 

21 86.07 5 430.35 

22 90.17 5 450.85 

23 94.27 5 471.35 

24 98.37 5 491.85 

25 102.47 5 512.35 

26 106.57 5 532.85 

27 110.67 5 553.35 

28 114.77 5 573.85 

29 118.87 5 594.35 

30 122.97 5 614.85 

31 127.07 5 635.35 

32 131.17 5 655.85 

33 135.27 5 676.35 

34 139.37 5 696.85 
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35 143.47 5 717.35 

36 147.57 5 737.85 

37 151.67 5 758.35 

38 155.77 5 778.85 

39 159.87 5 799.35 

40 163.97 5 819.85 

45 184.47 5 922.35 

a: Power was determined from Figure Appendix 1D. 
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7.1.2 Percentage of inhibition in DRG culture following chemical stimulation 

 

Figure Appendix 2: DRG sensory neurons responding to PS are inhibited by DAMGO. 
Percentage of inhibition of the chemical induced TRPM3 response mediated by addition of 
DAMGO during the second PS administration on DRG sensory neurons expressing the 
TRPM3 channel, sorted by co-expression of the TRPV1 channel.  

 

7.2 Laser-heat stimulation in rat 

7.2.1 Time to reach maximum temperature  

 

Figure Appendix 3: Non-linear relationship between power used on laser-heat stimula-
tions and the time required reaching the maximum increase in skin temperature. In all 
cases, a 200 ms laser-heat pulse was used. Time required reaching the maximum increase 
in temperature in rat glabrous skin of a hind paw explant was always under 200 ms.  
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7.2.2 Alignment of electrophysiological recordings 1st effective LS 

 

continues in next page 

A 
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continues in next page 

B 
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Figure Appendix 4: Responses (action potentials) of laser sensitive neurons aligned 
for the first effective laser stimulation. A) Original recordings, B) Instantaneous frequen-

C 
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cies and C) interval histograms of the laser sensitive neurons that were recorded concomi-
tant with TTL signal. Responses to laser stimulation are depicted in Table 3. 
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