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 J.R.R. Tolkien, The Lord of the Rings 



 

9 

 

 

CONTENT 

ABBREVIATIONS .......................................................................................................................... 13 

ABSTRACT .................................................................................................................................... 18 

INTRODUCTION ......................................................................................................................... 21 

1. Pain ................................................................................................................................. 21 

1. Pain concept and classification ............................................................... 21 

2. The somatosensory system ...................................................................... 22 

3. Nociceptor classification ........................................................................... 27 

4. the nociceptor function ............................................................................. 30 

5. Nociceptor sensitisation ............................................................................ 33 

6. Ascending pathways ................................................................................... 38 

7. Sexual dimorphism of pain perception ............................................... 40 

2. TRP channels in somatosensory perception .................................................... 44 

1. General traits of TRP channels ................................................................ 44 

2. TRPA1 ............................................................................................................... 50 

3. TRPM8 .............................................................................................................. 54 

3. Migraine ........................................................................................................................ 57 

4. Epidemiology ................................................................................................ 58 

5. Pathogenesis of migraine ......................................................................... 59 

6. Pathophysiology of migraine .................................................................. 61 

7. Trigeminal sensitization in migraine ..................................................... 62 

8. Main migraine treatments ........................................................................ 66 

9. Migraine sexual dimorphism ................................................................... 66 

10. Models for the study of migraine .......................................................... 67 

Objectives ..................................................................................................................................... 70 

1. General Objectives .................................................................................................... 70 

2. Specific objectives ..................................................................................................... 70 



 

10 

 

RESULTS......................................................................................................................................... 72 

1. Characterization of the migraine model ........................................................... 72 

1. Repeated nitroglycerin treatment induces a persistent 

hypersensitivity exclusively expressed in female mice .......................... 72 

2. The oestrous cycle does not produce overt modifications in 

nitroglycerin-induced mechanical hypersensitivity ................................ 75 

3. Chronic nitroglycerin treatment produced adrenal gland 

enlargement more prominent in females .................................................. 77 

2. Role of TRPA1 in Chronic Migraine Model ...................................................... 79 

1. TRPA1 is essential for acute and chronic nitroglycerin 

sensitization .......................................................................................................... 79 

2. TRPA1 is a fast nitroglycerin responder .............................................. 80 

3. TRPA1 expression and activity is increased in trigeminal ganglia 

after nitroglycerin treatment .......................................................................... 82 

3. Nitroglycerin mediates CGRP release ................................................................ 87 

4. Role of TRPV1 in the migraine model ................................................................ 91 

1. Nitroglycerin treatment did not produce TRPV1 increased 

functionality .......................................................................................................... 91 

2. Acute Nitroglycerin does not potentiate TRPV1 activity in-vitro

 92 

3. Nitroglycerin treatment did not produce increased in-vitro 

potentiation of TRPV1....................................................................................... 94 

5. Role of TRPM8 in the migraine model ................................................................ 95 

1. TRPM8 activity determines the recovery of normal sensitivity in 

male mice .............................................................................................................. 95 

2. Trigeminal TRPM8 does not present differences between sexes

 96 

3. Trpm8 activity shows antinociceptive effect in wild-type mice 

subjected to the nitroglycerin model of chronic migraine .................. 99 

4. TRPM8 has potential analgesic effect in another TRPA1-

dependent pain model .................................................................................. 102 

5. Role of testosterone in the model of migraine ........................................... 105 



 

11 

 

1. Testosterone relieves mechanical sensitization in male mice 

exposed to nitroglycerin ............................................................................... 105 

2. TRPM8-testosterone interaction participates in the male 

recovery ............................................................................................................... 106 

3. Testosterone elicits TRPM8-mediated calcium transients ......... 109 

6. Human vs mouse translatability ........................................................................ 111 

DISCUSSION ............................................................................................................................. 114 

1. TRPA1 ............................................................................................................ 114 

2. TRPV1 ............................................................................................................ 116 

3. CGRP .............................................................................................................. 117 

4. TRPM8 ........................................................................................................... 119 

5. Testosterone ............................................................................................... 121 

6. Translatability of our results and pharmacological applications

 124 

7. Summary ...................................................................................................... 125 

Conclusions ............................................................................................................................... 128 

Materials and methods ....................................................................................................... 132 

1. Animals ....................................................................................................................... 132 

1. Drugs for behavioural studies .............................................................. 132 

2. Genotyping ................................................................................................. 133 

3. Chronic migraine model induced by nitroglycerin ....................... 134 

4. Assessment of mechanical sensitivity ................................................ 134 

5. Formalin test ............................................................................................... 135 

6. Orhidectomy ............................................................................................... 136 

7. Testosterone Replacement Treatment .............................................. 136 

8. Estrous cycle determination .................................................................. 137 

9. Measurement of the adrenal glands ................................................. 138 

2. Cellular experiments .............................................................................................. 139 

1. Drugs for in-vitro studies ....................................................................... 139 

2. Trigeminal ganglion culture .................................................................. 139 



 

12 

 

3. Calcium imaging ....................................................................................... 140 

4. CGRP Relase ................................................................................................ 141 

5. Hek cultures ................................................................................................ 142 

6. RNA preparation and RTqPCR ............................................................. 143 

3. Statistical analysis ................................................................................................... 144 

References ................................................................................................................................. 147 

ANEXO ......................................................................................................................................... 174 

 

  



 

13 

 

ABBREVIATIONS 

CGRP 

5-HT 

AC 

AITC 

AMPA 

ANOVA 

Arac. Acid 

ASIC 

ATP 

BDNF 

BK 

CaM 

CaMKII 

cAMP 

CaV 

CCL2 

CGRP 

CGRPR 

CNS 

COX 

CREB 

CSD 

DAG 

DAPI 

DMEM 

DMSO 

DNA 

Calcitonin gene-related peptide 

Serotonin 

Adenylate cyclase 

Allyl isothiocyanate 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

Analysis of variance 

Arachidonic Acid 

Acid sensing ion channel receptors 

Adenosine tri phosphate 

Nerve growth factor 

Bradykinin 

Calcium calmodulin 

Calmodulin kinase 2 

Cyclic adenosine monophosphate 

Voltage gated calcium channel 

Phospholipase C 

Calcitonin gene related peptide 

Calcitonin Gene Related Peptide Receptor 

Central nervous system 

Cyclooxygenase 

cAMP response element-binding protein 

Cortical spread depression 

Diacylglycerol 

4′,6-diamidino-2-phenylindole 

Dulbecco's Modified Eagle Medium 

Dimethyl sulfoxide 

Deoxyribonucleic acid 



 

14 

 

dNTP 

DRG 

EPAC 

ERK 

FBS 

FDA 

GABA 

GDNF 

Glut 

Gly 

GPCRi 

GPCRs 

HBSS 

HEK 

HEPES  

Hist 

i.p. 

IASP 

IB4 

IL 

IMR90 

IP3 

K2P 

KO 

KOR 

LDCV 

LPS 

MAP2 

Deoxyribose triphosphate 

Dorsal Root Ganglia 

exchange factor directly activated by cAMP 

Extracellular signal-regulated kinase 

Foetal Bovine Serum 

Food and drug administration 

Gamma amino butyric acid 

Glial cell-derived neurotrophic facto 

Glutamate 

Glycine 

G-protein coupled receptor inhibitor 

G protein–coupled receptors 

Hanks balanced salt solution 

Human embryonic kidney  

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

Histamine 

Intra peritoneal 

International Association for the Study of Pain 

Isolectin B4 

Interleukin 

Human Foetal Lung Fibroblasts 

Inositol trisphosphate 

Two pore domain potassium channels 

Knock out 

Kappa opioid receptor 

Large dense core vesicles 

Lipopolysaccharide 

Microtubule Associated Protein 2 



 

15 

 

MAPK 

MEM 

mGluR 

MOR 

mRNA 

NaV 

NGF 

NMDA 

NO 

NOS 

NOx 

NTG 

P2X 

P2Y 

PAG 

PBS 

PCR 

PGE2 

PIP2 

PKC/A 

PLC 

qPCR 

RAPM1 

REDOX 

RMV 

RNA 

ROS 

RT-qPCR 

Mitogen activated protein kinase 

Modified Eagle Medium 

Metabotropic glutamate receptor 

Mu opioid receptor 

Messenger ribonucleic acid 

Voltage gated sodium channel 

Nerve growth factor 

N-methyl-D-aspartate 

Nitric oxide 

Nitric oxide synthase 

Nitrogen oxides 

Nitroglycerin 

ATP-gated P2X receptor cation channels 

ATP G protein-coupled receptors 

Periaqueductal grey 

Phosphate-buffered saline 

Polymerase chain reaction 

Prostaglandin E2 

Phosphatidylinositol 4,5-bisphosphate 

Adenylate cyclase 

Protein Kinase A/C 

Quantitative polymerase chain reaction 

Receptor activity modifying protein 1 

Reduction oxidation 

Rostral ventromedial medulla 

Ribonucleic acid 

Reactive oxidative species 

Reverse transcription quantitative polymerase chain reaction 



 

16 

 

SD 

SEM 

SGCs 

SNAP-25 

SNARE 

SP 

Testos 

TG 

TLR4 

TNF 

TRAAK 

TREK 

TRPA 

TRPA1 

TRPC 

TRPM 

TRPM3 

TRPM8 

TRPML 

TRPP 

TRPs 

TRPV 

TRPV1 

Veh 

WT 

Standard deviation 

Standard error of the mean 

Satellite glial cells 

Synaptosomal-Associated Protein, 25kDa ( 

Snap receptor 

Substance P 

Testosterone 

Trigeminal ganglia 

Toll like receptor 4 

Tumour necrosis factor  

Potassium channel subfamily K member 4 

Potassium channel subfamily K member 2 is 

Transient receptor potential ankyrin 

Transient receptor potential ankyrin 1 

Transient receptor potential canonical 

Transient receptor potential melastatin 

Transient receptor melastatin 3 

Transient receptor potential melastatin 8 

Transient receptor potential mucolipin 

Transient receptor potential polycystic 

Transient receptor potential channels 

Transient receptor potential vanilloid 

Transient receptor potential vanilloid 1 

Vehicle 

Wild-type 

 

 

 



 

17 

 

 

 

 

  



 

18 

 

ABSTRACT 

Chronic pain strongly deteriorates quality of life and lacks adequate treatment, the 

impact of chronic pain is especially crude in women originating inequality in pain 

assessment and treatment. We chose a model of chronic migraine to study the effect of 

sex in pain chronification, as migraine is considered a chronic sensitization that presents 

a strong sexual dimorphism. We used in vitro and murine models to investigate the role 

of TRP channels and neuropeptide CGRP in the sexual dimorphism of this chronic pain 

model. The model of chronic migraine was established by repeated intraperitoneal 

injections of nitroglycerin in male and female C57BL/6J adult mice. We used mechanical 

sensitivity measurements by Von Frey filaments to monitor sensory hypersensitivity of 

mice under chronical nitroglycerin administration. To study of the role of TRPA1, TRPM8 

and CGRP in model, we used knockout mice and pharmacological tools. We further 

studied the activity of these genes by calcium imaging and their expression by qPCR in 

trigeminal neurons and cell lines expressing the murine and human receptors. Finally, 

CGRP release was assessed by immunocytochemistry. The chronic migraine model was 

characterized by a stronger chronification process in females. Furthermore, CGRP 

knockout mice or treated with a CGRP exocytosis inhibitor did not develop chronic pain. 

We found out that TRPA1 is essential for nitroglycerin sensitization of the animals as it 

functions as a nitroglycerin receptor, and this activation produced the CGRP release from 

trigeminal neurons. TRPM8 did present differential activity in-vivo attending to the sex, 

playing a protective role in male mice that was testosterone-dependent. In-vitro 

experiments could corroborate the agonistic activity of testosterone over TRPM8. In 

summary, we present a migraine model based on nitroglycerin administration that shares 

characteristics with migraine in humans, as it presents stronger effect in female animals 

and is CGRP dependent. We described TRPA1 as the main trigger of hypersensitivity 

through CGRP release, while TRPM8 had a protective effect that was sex dependent, 

counterbalancing hypersensitivity exclusively in males. Finally, we propose that TRPM8 

activation in males by testosterone overrides chronic sensitization produced by 

nitroglycerin administration. 
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RESUMEN 

El dolor crónico deteriora fuertemente la calidad de vida y en muchos casos carece de 

tratamiento adecuado. El impacto del dolor crónico es especialmente crudo en mujeres, 

siendo origen de desigualdad en la identificación y tratamiento del dolor. Para estudiar 

el efecto del sexo en la cronificación del dolor se seleccionó un modelo de migraña 

crónica, porque la migraña es considerada una sensibilización crónica que presenta un 

fuerte dimorfismo sexual. En este trabajo, usamos un modelo de migraña en animales y 

aproximaciones in-vitro, para investigar el rol de canales TRP y el neuropéptido CGRP en 

el dimorfismo sexual de éste modelo de migraña crónica. El modelo se establece por la 

inyección repetida de nitroglicerina en ratones C57BL/6J adultos de ambos sexos. Se 

midió la sensibilidad mecánica con filamentos de Von Frey para monitorizar la 

hipersensibilidad sensorial que acompaña a la administración crónica de nitroglicerina. 

Para estudiar la función de TRPA1, TRPM8 y CGRP se usaron herramientas génicas y 

farmacológicas. Además, estudiamos la actividad de estos genes mediante imagen de 

calcio y su expresión mediante qPCR en neuronas del trigémino y líneas celulares. 

Finalmente, estudiaos la liberación de CGRP mediante marcaje con anticuerpos 

fluorescentes. El modelo de migraña crónica se caracteriza por una cronificación más 

severa en hembras que en machos. Además, animales deficientes para CGRP o tratados 

con un inhibidor de su exocitosis no desarrollaron sensibilización crónica. Encontramos 

que TRPA1 es esencial para la sensibilización crónica, dado que funciona como un 

receptor de nitroglicerina y media la liberación de CGRP. TRPM8 presentó actividad 

diferencial in-vivo dependiendo del sexo, jugando un papel protector en machos que fue 

dependiente de testosterona. En concordancia, experimentos in-vitro mostraron 

actividad agonista de testosterona sobre TRPM8. En resumen, presentamos un modelo 

de migraña basado en la administración de nitroglicerina que comparte características 

con la migraña en humanos, ya que presenta un efecto más potente en hembras, y es 

dependiente de CGRP. Describimos a TRPA1 como el principal disparador de la 

hipersensibilidad, mediada por la liberación de CGRP. Mientras que TRPM8 jugó un papel 

protector solo en machos. Finalmente, proponemos que la activación de TRPM8 por 

testosterona en machos sobrescribe la sensibilización producida por nitroglicerina. 



 

20 

 

  

INTRODUCTION 

 I-I-I've got a migraine 

And my pain will range from 

Up down and sideways 

'Cause Fridays will always 

Be better than Sundays 

'Cause Sundays are my suicide days 

-Twenty-one Pylots; Migraine 
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INTRODUCTION 

1. PAIN 

1. PAIN CONCEPT AND CLASSIFICATION 

Pain is defined by the International Association for the Study of Pain (IASP) as “an 

unpleasant sensory and emotional experience associated with, or 

resembling that associated with, actual or potential tissue damage”1. Medical 

definition for pain has evolved2,3 , becoming more complex while it aligned itself 

with growing knowledge about the different components of pain. The latest pain 

definition3, observes the subjective and emotional response to pain, highlighting 

the relevance of the personal experience and taking in consideration that tissue 

damage is not needed for pain sensation. Thus, it is more inclusive with people 

suffering from pain types with no clear cause nor visible effect, and with patients 

or non-human animals that can not explicitly express their pain. 

Of special interest for this work is the distinction between acute and chronic pain. 

Acute pain usually appears in response to a specific cause and presents a sharp 

quality. It disappears when there is no longer an underlying cause for the pain. 

Chronic Pain is characterised by a persistent sensitization produced by ongoing 

inflammatory or neuropathic damage, characteristically chronic pain can persist 

even when the original cause has already healed or been medically addressed4. 

Persistent pain severely hinders quality of life5, being ranked as one of the most 

important health burdens in developed countries5,6,7,8. Chronic pain also has a 

remarkable economic impact, because it reduces labour productivity, propitiates 

absenteeism and long-term disability9, costing USA US$7.1 billion anually5. Its 

global impact is growing due to its connection with rising risk factors, such as an 

aging population, obesity and pollutants4,10–13. Despite its importance, many 

chronic pain conditions still lack adequate treatment14–16, which  in many cases 

require the use of opioids. The use of opioids for long term treatments presents 
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strong limitations due to reduced long-term efficacy, as well as risks of tolerance 

and dependence, misuse and overdose mortality.9,17. Thus, further knowledge of 

the pain alterations is vital for the development of finer and more precise non-

opioid interventions against mechanisms of pain chronification. 

2. THE SOMATOSENSORY SYSTEM 

Pain perception as a sensory modality, rises from the activation of a specific 

branch of the somatosensory nervous system. The peripheral somatosensory 

nervous system collects sensory information (including noxious stimuli) from an 

array of diverse sensory receptors distributed throughout the body, and 

transmits this information to the central nervous system where information is 

integrated18. The first component of the somatosensory pathways are the 

primary afferent neurons, whose somas are located in the dorsal root ganglia 

(DRG) or the trigeminal ganglia (TG). Fibres projecting from DRG form the nerves 

that innervate the body, neck and posterior part of the head, while trigeminal 

fibres innervate the anterior portion of the head and meninges.  These neurons 

present pseudo-unipolar morphology; from the soma extends one axon that 

divides into two branches. The peripheral branch reaches and innervates 

peripheral tissues whereas the central terminal establishes synapses with second 

order neurons in the central nervous system18,19 (Figure 1).  

 

Figure 1 Primary sensory neurons present a bifurcated axon with one branch innervating 

peripheral tissues and the other one reaching the central nervous system. The peripheral terminal 
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transduces stimuli into cellular electrical signals that propagate towards the spinal cord in the form 

of action potentials. Drawings made with BiorenderTM tool. 

Sensory neurons can be classified attending to properties of their fibres, i.e; 

conduction velocity, myelination and thickness of the axon. They can also be 

classified regarding the type stimulus that elicits their activity, i.e.; thermal, 

mechanical and chemical and the intensity of the stimulus, high and low 

threshold. Finally, sensory neurons can be classified by the laminae of the dorsal 

horn where they make synapsis. Here we have confectioned a general 

classification attending to all the above cited characteristics (Table 1). Important 

to note, that functional roles assigned to each group is greatly simplified. 

Table 1 General classification of sensory neurons 

Fibre type Aβ Aδ C 

Conduction 

velocity (m/s) 
36-72 4-36 0.4-2.0 

Myelination Thickly Mildly No 

Fibre diameter 

(μM) 
6-12 1-6 0.2-1.5 

Sensory 

modality 

Low threshold 

mechanoreceptors: 

touch 

Low threshold mechanoreceptors: hair skin 

Low threshold thermoreceptors: pleasant 

temperature ranges. 

High threshold thermo- & mechanoreceptors, 

chemoreceptors: sharp pain 

High threshold 

thermo- & 

mechanoreceptors, 

chemoreceptors: dull 

burning pain 

Rexed laminae IV I, II, V I, II 

 

Primary sensory neurons respond selectively to specific types of sensory stimuli 

due to morphological and molecular specialization of their peripheral terminals. 

The codification of stimuli into transmissible neurological signals is known as 

sensory transduction20 (Figure 2A). Transducing molecules can transform 

diverse types of chemical and physical stimuli into cellular signals, depending on 

the nature of the receptor, i.e.; ionotropic and metabotropic. Ionotropic receptors 
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are usually cationic ion channels (mainly permeable to calcium and sodium), 

which gating is regulated by incoming sensory stimuli. The depolarizing current 

produced by the opening of sensory transductors is called generator potential 

(Figure 2B). Metabotropic transductors produce second messenger signalling in 

response to activation by sensory stimuli, these second messengers regulate the 

activity of ionotropic receptors, and control other systems of the somatosensory 

neuron. The depolarization produced by the generator potential is conditioned 

by the strength of the stimulus and the sensitivity of the terminal (number and 

activity of the receptors), if the generator potential reaches the action potential 

threshold, the terminal will fire action potentials that can travel through the 

fibres to the central nervous system (Figure 2B). Finally, the threshold of the 

action potential is determined by the properties of the voltage gated sodium and 

calcium channels, which participate in the generation of the action potential. The 

intensity of the stimulus can be codified into the frequency of action potentials 

fired; stronger stimuli might produce higher frequency. 

 

Figure 2 Sensory nerve terminal and mechanisms of transduction. A) Chemical stimuli 

produce an activation by electrochemical interaction with the protein receptors, producing 

conformational changes that activate it. Mechanical transduction is believed to happen by 

transference of mechanical force from the membrane or structural proteins like cytoskeleton to 

the receptor by tethering structures. Thermal transduction is thought to work by folding regulation 

of specific temperature-sensitive structures that modulate the activity of the receptor. Drawings 

made with BiorenderTM tool. (Continued in next page) 

A) 
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Figure 2 Sensory nerve terminal and mechanisms of transduction. B) Sensory terminal 

transduction. Ionotropic and metabotropic receptors transduce sensory stimuli into second 

messenger and electrochemical signalling. If depolarisation is strong enough voltage gated ion 

channels can be recruited producing action potentials. Second messengers like calcium can 

produce vesicle exocytosis and calcium induced-calcium release from endoplasmic reticulum. 

Important to note that many sensory neurons express a diversity of transductor molecules, 

granting polysensory sensitivity. C) Receptor potential. Sensory stimuli initiate depolarisation 

known as generator potential, stimuli of enough strength elicit action potentials. Drawings made 

with BiorenderTM tool. 

Action potentials produced in the sensory terminal are transmitted through the 

axon to the soma of the cell. The electrochemical signal reaches the dorsal horn 

of the spinal cord (dorsal root ganglia) or the brainstem (trigeminal ganglia), 

where the information is passed to a second order neuron in the first synapse of 

the somatosensory pathway (Figure 4A). Incoming action potentials and calcium 

waves produce an increase of calcium in the central terminal of the 

somatosensory neuron. Increased calcium levels produce exocytosis of 

neurotransmitter-containing vesicles and neurotransmitter release (mainly 

glutamate). Glutamate then crosses the synaptic cleft and binds to its NMDA 

((2R)-2-(Methylamino) butanedioic acid) and AMPA (2-Amino-3-(3-hydroxy-5-

methyl-isoxazol-4-yl) propanoic acid) receptors, inducing depolarisation in the 

second order neuron, which action potentials will send information to the 

encephalon.  

B) C) 
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Each sensory modality establishes synapsis in a specific layer (Rexed Lamina) in 

the dorsal horn of the spinal cord Table 1. Second order neurons from each 

lamina group and form sensory-specific tracts and conduce information to high 

order processing regions of the central nervous system. Lamina I, II and V receive 

information from noxious stimuli and temperature and project through the lateral 

tracts, lamina III and IV convey position and light touch sense through the dorsal 

columns and ventral spinothalamic tract (Figure 4B). Dorsal horn is not only a 

relay post for information transmission, there are also connectivity circuits 

capable of information processing. For example, polysinaptic transmission of 

sensory afferents allow for interferences between sensory types, residing 

interneurons (i.e.; GABAergic and glycinergic) and descending efferents from 

central modulatory systems regulate excitabitily and glial cells modulate 

neurotransmission. 

 

Figure 3 Sensory transmission to the central nervous system. A) The principal 

neurotransmitter involved is glutamate, which activates AMPA (α-amino-3-hidroxi-5-metilo-4-

isoxazolpropionic acid) and NMDA (N-Methyl-D-aspartic acid) glutamate receptors in the 

secondary neuron eliciting postsynaptic potentials. Self-made drawings with Biorender Tool. 

(Continued in next page) 

A) 
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Figure 4 Sensory transmission to the central nervous system. B) Somatosensory neurons of 

sensory modality establish synapsis with the second neuron in a specific layer of the dorsal horn. 

Each sensory modality ascends to higher order central systems forming specific tracts. Self-made 

drawings with Biorender Tool. 

Information enters the encephalon through the midbrain, as the secondary 

sensory neurons establish synapses with thalamic nuclei. From the thalamus, 

somatosensory information is distributed to specialised areas of the brain that 

compute the diverse components of the sensation. For example, the 

somatosensory cortex participates in the spatial localization, while the amygdala 

and insula assign the emotional value and the hippocampus and cerebellum 

contribute with memory and context information.  

3. NOCICEPTOR CLASSIFICATION  

Nociceptors are currently defined as “a high-threshold sensory receptors of 

the peripheral somatosensory nervous system that are capable of 

transducing and encoding noxious stimuli”21. The neural process of encoding 

noxious stimuli is known as nociception, which can produce autonomic (e. g. 

tachycardia) or behavioural responses (motor withdrawal reflex or complex 

nocifensive behaviour). Nociceptors can be classified according to their size, the 

myelination and conduction velocity of their axons, the place of the spinal cord 

where they establish contact, their sensitivity to temperature or mechanical forces 

and by their ability to secrete neuropeptides18,19,22–26 (Figure 5). On the basis of 

B) 
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degree of myelination and the speed at which action potentials travel along 

afferent fibres, the nociceptors can be classified in: 

Aδ fibres are the nociceptors responsible for the first sharp pain sensation 

which allows for precise anatomical localization of pain. This group of 

nociceptors present lightly myelinated axons with medium diameter (5 μm) 

granting a conduction velocity of at least 30 m/s. Sensory information from 

Aδ nociceptors is transmitted through synapses in laminae I and V of the 

spinal cord. These nociceptors can be generally classified into two main 

groups.  

Aδ1 nociceptors are sensitive to high mechanical forces and 

present a very high threshold for temperatures higher than50 ºC. 

There is a subgroup inside the Aδ1 nociceptors that can respond to 

cold temperatures, lower than 15ºC.  

Aδ2 nociceptors are more sensitive to temperature, being 

activated at 42ºC or higher temperature and only sense mechanical 

forces in extreme ranges of intensity.  

C fibres are in charge of a slower dull pain, which is felt some time (from 

seconds to minutes) after the onset of the origin of the damage, the pain 

perception produced by C fibres doesn’t present good spatial localization. 

These nociceptors present non-myelinated axons of small diameter (1 um) 

with slow conduction velocity (1 m/s) and establish synapsis with laminae 

I and II of the spinal cord. Functionally, C nociceptors can be 

thermosensitive, mechanosensitive, chemosensitive and polymodal. There 

is a subpopulation that presents a specialized set of vesicles called large 

dense core vesicles (LDCV) in their central and peripheral terminals. These 

nociceptors are called peptidergic nociceptors, as these vesicles contain 
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neuroinflammatory peptides including CGRP (calcitonin gene-related 

peptide) and SP (substance P). These cells express trkA, the nerve growth 

factor receptor and can’t be labelled by IB4 (isolectin B4). 

*Aβ fibres, in pathological conditions can contribute to nociception. 

Canonical classification attending to the soma and axonal size27, myelination and 

conduction velocity16 is limited. Classification of Aδ and C nociceptors fails to 

predict functional properties, as an example, not all the non-myelinated small 

somatosensory neurons are nociceptors16. Thus, functional classification of 

nociceptors is enriched by the growing knowledge of molecular transductors 

expression, in the next section we talk about the main groups of these important 

molecules. 

Figure 5 Types of nociceptors. A) Conduction velocity. Painful stimuli usually present two 

phases because of the differences in conduction velocity of the action potential, the first sharp 

and well localized pain is transmitted by Aδ myelinated nociceptors, while the second dull and 

diffuse pain is signalled by C type unmyelinated nociceptors. B) Spinal connectivity.  Aδ 

Nociceptors that carry the first pain connect with the laminae I and V of the dorsal spinal horn, C 

nociceptors establish synapses with laminae I and II. Drawings self-made with BiorenderTM 

tool. 

 

 

A) B) 
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4. THE NOCICEPTOR FUNCTION 

Molecules responsible for pain transduction can be classified in three main 

groups: ion channels, metabotropic G protein–coupled receptors (GPCRs), and 

receptors for neurotrophins or cytokines (Figure 6). Ion channels can transduce 

noxious stimuli into a generator potential in the nociceptor terminal. Transient 

receptor potential channels (TRP) constitute notable transductors since these 

cationic ion channels allow for sensitivity to exogenous and endogenous 

chemicals, they can be activated by temperature changes and mechanical stress 

like pressure28.  The first TRP described was the capsaicin receptor TRPV1, which 

can also be activated by high temperatures, pH, voltage and inflammatory 

mediator arachidonic acid. The cold receptor TRPM8 is a notable member of the 

TRP family, which can also be activated by menthol and other cooling agents. 

Acid sensing ion channel receptors (ASIC) permeate mainly sodium in response 

to modifications of the pH29. The P2X (ATP-gated P2X receptor cation channel 

family) receptors form cation-permeable channels that can be activated by ATP, 

a common mediator released by injured cells30. 

Nociceptors also express specific ion channels in charge of generating the action 

potential. The rapid depolarisation of the action potential is produced by 

voltage-gated sodium channels Nav 1.7, 1.8 and 1.931. Their activity can be 

modulated by noxious stimuli, for example Nav 1.7 and Nav 1.8 are overexpressed 

in chronic pain models like postsurgical32, colonic diabetic pain33 and nerve 

lesion34. Suppression of their activity with antibodies35 and control of their 

overexpression with α-lipoid acid36 prevents pain sensitization. Voltage gated 

calcium channels also play a role in the electrical response of nociceptors, like 

low-threshold or T-type voltage-gated calcium channels. Nociceptors are a type 

of sensory neuron specially silent in absence of stimulus37, thanks to a large 

potassium conductance determined by the types of voltage-gated38 and voltage-

insensitive potassium channels39. Especially important in nociceptors are the K2P 
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(two pore domain, or background leak), TRAAK (potassium channel subfamily K 

member 4) and TREK (two pore domain potassium channel) channels, which are 

not mere passive hyperpolarizing conductance, as their activity is influenced by 

lipidic agonists, temperature and mechanical forces40–43, adapting the nociceptors 

excitability to the situation. 

Activation of ion channel receptors leads to a rapid activation of the nociceptor 

terminal, but there are membrane receptors whose activation modulate the 

function of the nociceptor, including G-protein coupled receptors (GPCRs), 

neurotrophin and cytokine receptors. GPRCs play a key role in modulating 

sensitivity of the nociceptor terminal. These receptors modulate the sensitivity of 

ion channels  through second messenger cascades44,45. Some GPCRs are 

excitatory including serotonin, bradykinin,  prostaglandin and CGRP 

receptors46. These receptors increase the activity of transducing molecules or the 

generation of action potentials. For example, bradikynin receptor recruits 

adenylate cyclase, the increased cAMP activates protein kinase A, which 

phosphorylates TRPA1 and TRPV1 and makes them more active, while decrease 

TRPM8 activity. Bradykinin receptor activation also recruits phospholipase C, 

which degrades PIP2 (a TRPV1/A1 inhibitor) into diacyl glycerol (DAG) and inositol 

triphosphate (IP3). DAG activates protein kinase C, which also phosphorylates 

TRPs and increases their activity, while IP3 produces calcium release from 

intracellular stores and sensitizes TRPA1 and voltage gated calcium dependent 

channels47 (Figure 17). On the other hand, there are inhibitor GPCRs, like the  

opioid or cannabinoid receptors48. As a counterpart of excitatory GPCRs, these 

receptors are coupled to inhibitory g-proteins. Finally, Neurotrophin49 and 

cytokine50,51 receptors have similar roles as the excitatory GPCRs16, and mainly 

increase the activity of the nociceptor terminal and promote neurogenic tropism, 

increasing terminal branching and length. These systems modulate the 

excitability of the nociceptor and can participate in their sensitization. 
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Figure 6 The nociceptor terminal. Representation of a free nociceptor terminal and important 

molecules for pain transduction. In light blue: important receptors forming ion channels which 

activation conduces to the opening of depolarizing calcium and sodium currents, also known as 

generator potential. In ochre: main voltage gated sodium and ion channels that are activated in 

response to depolarization produced by the generator potential, these voltage-gated ion channels 

establish the threshold for action potential generation. In green: potassium currents responsible 

for hyperpolarizing conductance that maintain the resting membrane potential in negative values 

and that also participate in the down stroke of the action potential. In magenta: excitatory G 

Protein Coupled Receptors (GPCR), which produce excitatory second messenger signalling, they 

recruit PLC (phospholipase C), PKC/A (Protein Kinase A/C), AC (adenylate cyclase), which 

induce postraductional changes in ion channels that increase excitability, produce calcium 

release from intracellular storages and start nuclear signalling pathways for gene expression 

modulation. In dark blue: opioid receptors in general are coupled with inhibitory G proteins, which 

effects include internalization and postraductional changes of ion channels that decrease 

excitability, and also start nuclear signalling pathways that modulate gene expression. Finally, in 

red: neurotrophin and cytokine receptors, are known sensitizers of nociceptors, which effects are 

similar to excitatory GPCR, but with additional effects such as axonal regrowth trophic factors and 

formation of additional spindles. Drawings made with BiorenderTM tool. 

As in the other somatosensory modalities, central branch of the nociceptors 

establishes synaptic communication with second order neuron in the dorsal horn. 

As explained in Figure 5, each type of  nociceptor relays  information to a 

determined Rexed Lamina. Synapsis of nociceptive pathways have some special 

features that allow for central sensitization processes and modulations of its 
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function. Apart from glutamate neurotransmitter vesicles, nociceptors can release 

inflammatory substances ATP, SP and CGRP into the synaptic surroundings20. 

These sensitizing substances recruit glial cells such as astrocytes and microglia. 

There is also expression of CGRP and ATP receptors in the pre and post synaptic 

terminals, as well as other receptors for sensitizing molecules such as BDNF52. 

Pain perception is the consequence of a balance of the activity of nociceptive and 

non-nociceptive afferents. It has been described that mechanotransducing 

pathways can modulate the transmission of nociceptive information to central 

processing areas. Ronald Melzack and Patrick Wall proposed the gate theory of 

pain, where non-painful stimuli could modulate pain transmission in the dorsal 

horn, through direct synapses or via interneurons. This theory has been extended 

to other sensory modalities, such as temperature stimulation,  as it has been 

proven in humans that local cooling application in an injured area can stifle pain 

sensation53–55Figure 7 . 

 

Figure 7 Gate theory of pain. Activation of non-noxious somatosensory neurons modulates the 

transmission of nociceptive information to higher centres, by directly inhibiting nociceptive fibres 

or by recruiting inhibitory GABAergic or glycinergic interneurons. 

5. NOCICEPTOR SENSITISATION  

Pain sensitization is behind the transition from an acute pain in response to a 

noxious stimulus into a chronic condition16. Sensitized nociceptors present lower 

thresholds to noxious stimuli56 and increase their spontaneous activity16. 
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Peripheral sensitization (Figure 8) is achieved by the collaboration of 

nociceptors with cells in the innervated tissue (endothelial cells, keratinocytes and 

fibroblasts), blood cells recruited by inflammatory process (platelets, mast cells, 

basophils, macrophages and neutrophils), and glial cells (swan and satellite cells). 

All of these types of cells release a sensitizing mix of compounds that activate and 

modulate the molecular transductors16 (Figure 6). The main sensitizing 

substances include: protons, arachidonic acid, bradykinin, histamine, serotonin, 

prostaglandins, nucleotides, nerve growth factor, cytokines, TNFα, acrolein and 

nitric oxide.  

 

Figure 8 Peripheral mechanisms of nociceptor sensitization.  Noxious stimuli can elicit a 

cascade of signalling that ends with a gain of function of nociceptors. There are two main sources 

of sensitizing factors: in first place damaged tissue releases sensitizing substances and recruits 

the inflammatory system that also contributes to the secretion of this sensitizing soup. The second 

source of sensitizing factors are the nociceptors themselves, which upon activation participate in 

the generation of the sensitizing soup, releasing neuroinflammatory peptides (CGRP and SP) and 

secrete NGF, NOx and ATP. Drawings made with BiorenderTM. 
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These sensitizing substances can make their effect through many different ways 

(Figure 17), they can activate or modulate receptors and ion channels, i.e; upon 

tissue damage and inflammation arachidonic acid released by leucocytes directly 

activate TRPV1, while released protons activate ASIC57 channels and sensitize 

TRPV1, making it more active in response to other stimuli5. Inflammatory 

response after tissue damage and especially after nerve lesion produces an 

increase of local reactive oxidative species that sensitize TRPA1 while nitric oxide 

released by glia and endothelial cells directly activates the ankyrin receptor58. 

Finally, ATP released from damaged cells activates receptors P2X that form ion 

channels producing depolarizing currents. Sensitization of ion channel 

transducers can also happen in response to exogenous stimuli, for example 

TRPA1 can be sensitised by ozone and activated by acrolein59 There are also 

indirect effects mediated by G-Protein coupled receptors (GPCRs) which initiate 

signalling cascades that increase receptor and ion channel activity, for example 

histamine and bradykinin receptors are coupled to phospholipase C (PLC) and 

increase activity of voltage-gated sodium channels and TRPs. Finally, sensitizing 

factors can also regulate gene expression, for example nerve growth factor (NGF) 

and tumour necrosis factor (TNF) receptors recruit adenylate cyclase (AC), protein 

kinase A (PKA) and mitogen-activated protein kinase (MAPK) which downregulate 

some potassium hyperpolarizing channels40–43, while upregulate certain NaV 

(voltage gated sodium channels) and TRP channels.  

Nociceptors also participate in the secretion of sensitizing molecules, especially 

peptidergic C nociceptors, which release calcitonin gene-related peptide (CGRP), 

substance P, adenosine tri phosphate (ATP), and nitric oxide (NO) upon activation, 

these molecules produce vasodilation and inflammatory recruitment, producing 

what is known as neurogenic inflammation60. This mechanism of sensitization 

is especially important in pain conditions like migraine and fibromyalgia, where 

tissue damage is not obvious, and it is the activation of abnormally sensitive 
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nociceptors what produces the release of more sensitizing factors forming a 

closed positive loop61.  

Identifying components and mechanisms of the peripheral sensitization is a 

promising area for potential analgesic treatments avoiding the central nervous 

system. Knowledge of sensitization mechanisms has allowed for improvement of 

pain therapies, for example SP antagonists have shown efficacy in humans against 

inflammation and vasodilation, and NGF neutralizing molecules are effective 

agents in animal models of pain with a potency similar to COX inhibitors and 

opiates16,62. Peripheral sensitization has been targeted in clinical trials with 

success63. For instance, CGRP and CGRP receptor antibodies are delivering 

promising results for migraine treatment64–66 showing that sensitization can be a 

useful target56, with some being clinically used at the moment67. 

However, peripheral sensitization alone does not fully account for the prolonged 

presence of pain, dynamic tactile allodynia, temporal summation of pain and the 

spread of pain hypersensitivity to non-injured tissue14. With persistent noxious 

stimulation central pain pathways suffer mechanisms of long term potentiation, 

including increased excitability and synaptic efficacy and loss of inhibitory activity 

from interneurons producing  central sensitisation14,20. Tonic stimulation of C 

nociceptors produces calcium build-up in the presynaptic terminal, which 

increases release of neurotransmitter glutamate and sensitizing factors CGRP, 

substance P and BDNF. There is an increase of postsynaptic glutamatergic (AMPA) 

activity which sums up with CGRP receptor, neurokinin1 (SP receptor) and BDNF 

signalling. The barrage of calcium accumulation in the postsynaptic terminal 

produces a release of the NMDA magnesium block increasing postsynaptic 

sensitivity to magnesium. Also, CGRP and SP receptor signalling potentiate the 

activity of glutamate receptors and voltage-gated ion channels responsible for 

the action potentials. Finally, microglia and astrocytes are activated by the 
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neuropeptides and BDNF, and secrete TNF and interleukins, which further 

participate in the postsynaptic sensitization as was explained previously. 

Persistent activation of C nociceptors can also reduce influence of inhibitory 

pathways; reducing glycinergic and GABAergic interneurons, recruited by non-

nociceptive Aβ afferents and descending opioid system. There can even be 

formation of new synapsis between Aβ afferents and non-nociceptive pathways, 

producing hypersensitivity or allodynia. 

 

Figure 9 Central sensitization Long term potentiation mechanisms are shared with other types 

of synapsis, these include increased excitability and synaptic efficacy and loss of inhibitory activity 

from interneurons and afferents from non-nociceptive somatosensory neurons this phenomenon 

is called. Drawings self-made with BiorenderTM. 

In summary, peripheral and central sensitization lead to a generally more active 

nociceptive system, from these alterations stem the chronification of pain and 

two interesting pain conditions.  
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Figure 10 Summary of nociceptor sensitization. Peripheral and central alterations of the 

nociceptor include an increase in sensitivity and excitability of the system to noxious stimuli giving 

rise to hyperalgesia, were a painful stimulus produces an extreme response. While the de-novo 

expression of low threshold transducers in nociceptors and connectivity alterations in the spinal 

cord give rise to sensory crossing, where non noxious stimuli activate pain pathways producing 

allodynia. Both are symptoms of an altered nociceptive system. In general, these changes can 

persist in time, producing a chronic sensitized state. Drawings made with BiorenderTM tool. 

6. ASCENDING PATHWAYS 

Primary afferent nociceptors establish synapses in the lamina I, II and V of the 

dorsal horn in the spinal cord according to the type of noxious stimulus (Figure 

5). Once the noxious information reaches the spinal cord, it gets transmitted to 

different parts of the central nervous system, where sensory information is 

processed and evaluated giving rise to the pain perception. Nociceptive 

information reaches high level processing areas in the brain through the 

anterolateral system, which is composed by different ascending pathways: the 

spinothalamic, spinoreticular, spinomesencepalic, and sinohypothalamic tracts. 

Noxious information is mainly transmitted though the spinothalamic tract 

(Figure 11) to the thalamus and cerebral cortex. Depending on the lamina where 

the axons are originated and the type of noxious stimuli transmitted, the 

spinothalamic tract can be separated in two groups: secondary nociceptors from 

lamina I extend their axons to the other side of the spinal cord, ascending to the 
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thalamus through the lateral spinothalamic tract located in the lateral funiculus; 

axons from lamina I terminate in the ventral posterior nucleus of the thalamus, 

which then project to the insula in a topographic order. Axons from neurons in 

the lamina V also cross to the contralateral side of the spinal cord, and ascend 

through the ventral spinothalamic tract. This tract also establishes synapsis with 

the ventral posterior nucleus of the thalamus, projecting in this case to the 3rd 

area in the postcranial gyrus. Neurons from innervating the head arrive from the 

trigeminal nucleus through the 

trigeminothalamic tract same 

thalamic nucleus. Thus, spinothalamic 

pathways allow for the sensory-

discriminative aspects of pain 

(quality, intensity and location).  

Corresponding with the Aδ 

nociceptors, which establish synapsis 

with lamina I and V and codify for the 

first well localizable pain. 

Figure 11 Principal discriminative pain pathways. Aδ fibres are myelinated 

nociceptors with medium size of their axons, thus their information arrives first into the 

spinal cord. There, they establish synapses with second order neurons in laminae I and 

V, these second order neurons decussate to the contralateral side of the spinal cord, and 

form the spinothalamic tract. Nociceptive information from the head arrives to the 

trigeminal nucleus in the dorsal pons and decussate to ascend along with the 

spinothalamic tract into the ventral posterior nucleus of the thalamus. From here 

information radiates to the primary sensory cortex in the 3rd parietal gyrus and the insula. 

Drawings self-made with BiorenderTM. 

The spinothalamic tract conveys signals that mediate the sensory discriminative 

aspects of pain. The affective and motivational aspects pain is mediated by 

complex pathways that reach integrative centres in the limbic forebrain. These 
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alternative routes are the spinomesencephalic, spinoreticular and 

spinohypothalamic tracts. Spinoreticular tract ascends anterolaterally reaching 

the reticular formation and the thalamus, involvement of the reticular formation 

allows for the autonomic responses to pain stimulation. The Spinohypothalamic 

conveys information from laminae I and V and to the hypothalamus, participating 

in autonomic control, neuroendocrine and cardiovascular sympathetic responses 

that accompany pain syndromes. The spinomesencephalic tract contains axons 

from laminae I and V and reaches the reticular formation and the periaqueductal 

gray matter, it is thought to contribute to the affective component of pain. This 

tract also projects to the parabrachial nucleus, and from here, information 

radiates to the amygdala, which is related to the emotional responses as it is a 

key nucleus of the limbic system. Interestingly, it establishes connections with the 

PAG, which participates in the descending modulation of pain.  

Noxious and thermal information from the head originates from first-order 

neurons located mainly in the trigeminal ganglia. Crossing the pons, trigeminal 

fibres descend to the medulla, forming the spinal trigeminal tract which 

terminates in the spinal trigeminal nucleus. Axons from the second order neurons 

cross the midline and connect with diverse targets in the brainstem and thalamus. 

Like their counterparts in the dorsal horn of the spinal cord, these targets can be 

grouped into those that mediate the discriminative aspects of pain and those that 

mediate the affective–motivational aspects. 

7. SEXUAL DIMORPHISM OF PAIN PERCEPTION 

Pain research has traditionally been carried out in males 68. This bias has led to 

sex-related inequities 69–73, leading to insufficient analgesic treatments for  

women74,68. Indeed, women suffer more of chronic inflammatory pain 73,75, 

neuropathic alterations 76–79 and other chronic sensitization-related painful 

conditions 80–82. As a consequence, evolution to chronic pain is twice more likely 
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in females than in males 8,83,84. Sex differences in pain sensitivity may result from 

neural and immune pathways differently regulated by sexual hormones85,86. Much 

effort has been devoted to study the role of female sexual hormones like 

oestrogens with diverging results, being anti or proalgesic depending on the 

concentration and location. For instance, prolactin levels have been reported to 

increase during postoperative pain in females and promote cold hyperalgesia87, 

but present a protective role in inflammatory and migraine pain88. Another 

example is that allopregnanolone and progesterone have been found to reduce 

pain in some neuropathic models, while it has proalgesic effect in inflammatory 

ones89. On the other hand, the male hormone testosterone has received less 

attention90, although it has shown analgesic effect in preclinical91,92 and clinical 

studies93.  High levels of testosterone protect against menstrual pains94, and 

females that receive testosterone replacement therapy for sex reassignment to 

male report lessened pain alterations while taking testosterone95. 

According to the localization of the pathophysiological mechanism, different 

sexually dimorphic processes have been described in pain processing. In the 

periphery, sexual hormones  regulate nociceptor sensitivity and excitability by 

controlling expression and sensitization of transducerss96 in the peripheral and 

central terminals and along the fibres. Following nuclear signalling, estradiol 

receptor produces upregulation of TRPA1, TRPV1 and P2X receptors97, producing 

increased sensitivity. Interestingly, estradiol also presents fast signalling over 

these channels98, decreasing their typical desensitization upon activation. 

Previous literature had found that estradiol blocks the binding site for capsaicin 

in TRPV1, giving the impression that it had a positive effect against pain, but these 

experiments were performed with supra-physiological concentrations of the 

hormone (10nm)99, marking the importance to asses this matter attending to 

physiological parameters. Oxytocin has shown agonistic effect over TRPV1, 

medium concentrations could produce activation of the channel, but high 
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concentrations lead to desensitization100. The receptor TRPM3 can be activated 

by pregnenalone sulphate and modulated by estradiol and progesterone101. 

These hormone receptor is coexpressed with CGRP in peptidergic nociceptors, 

contributing to pain sensation102.  

Central sensitization also presents differences, at the spinal cord level, the 

inflammatory response elicited by neuropathic pain has been reported to be 

different in males and females. While microglia seems to have a more relevant 

role in males, T lymphocytes  present a more important role in females, probably  

through differences in toll like receptor 4 (TLR4) expression and function79,86,103–

106. Specifically microglial inhibition via TRL4 antagonism plays an important role 

in the male response to morphine, however this mechanism has not been 

confirmed for females107,108. Testosterone has been reported to decrease 

neurogenic sensitization (in fibromyalgia patients) due to interference with 

substance P release. Long term potentiation in high-order central pain pathways 

has shown differences attending to sex in, including dendrite length and 

arborisation in the thalamus109. Finally, there are also connectivity differences in 

the encephalon regulated by hormonal signalling, for example to cope with pain 

males increase the activity of threat control circuits in the amygdala (specially 

basal and lateral portions)110 and in females by emotion-processing areas like 

cingulate and insula111–113.  

The differential recruitment of motivational and emotional circuits in males and 

females could explain sexual dimorphism presented by the periaqueductal gray, 

where the central opioid system is originated114. Indeed, periaqueductal gray 

recruitment115,116,117 and descending pathways118,119,119,120 are more potent in 

males than in females, and its activity is clearly dependent on sexual 

hormones109,119,121–129. In addition, women show smaller pain alleviation after 

treatments with canonical MOR agonists like morphine120,130–135, this has been 
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associated to a lower expression of opioid receptors119,136 and reduced spinal 

secretion108 of endogenous opioids in females. The stronger role of central 

periaqueductal gray in males is testosterone dependent137, which not only 

regulates expression of mediators and receptors90, but also has rapidly increases 

MOR sensitivity90. In contrast, in females it could be that KOR play a more 

important role, mediated by oestrogen signalling138,139. Indeed, sexual hormones 

regulate opioid receptor subtype expression (mu-/kappa-) in the brainstem140,141, 

spinal cord160,161–163, trigeminal nucleus145, and trigeminal ganglia146.  
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2. TRP CHANNELS IN SOMATOSENSORY PERCEPTION 

1. GENERAL TRAITS OF TRP CHANNELS 

The first TRP channel was described in Drosophila Melanogaster, it was discovered 

during phototransduction studies where mutant flies presented transient 

membrane potential changes in response to light stimulation147. Study of TRP 

channels in sensory transduction and pain has granted the Nobel Prize in 

Physiology or Medicine 2021 to David Julius and Ardem Patapoutian. They were 

pioneers in the study of TRP channels in somatosensation and pain, the first 

findings regarded the role of TRPV1 in pain and temperature sensations148. 

Further studies have depicted TRPV1 as an extremely complex protein that can 

be activated by heat, inflammatory substances arachidonic acid, acid pH, 

capsaicinoid compounds, voltage and many other stimuli like 

endocabaninoids149. TRPV1 is one of the large family of TRP membrane proteins. 

At the moment there are 28 TRP channels described in mammals, which are 

organized by sequence homology into 6 subfamilies (Figure 12): canonic (TRPC), 

vanilloid (TRPV), ankyrin (TRPA1), melastatin (TRPM) and mucolopin 

(TRPML)150,151. Homology studies situate TRP channels between voltage gated 

potassium channels and two-pore and sodium voltage-gated ion channels28. The 

TRP family is composed by a diverse group of proteins with divergent sensory 

capabilities that are necessary for sensing environmental and endogenous stimuli.  
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Figure 12 TRP family is composed by a diverse group of proteins with divergent sensory 

capabilities that are necessary for sensing environmental and endogenous stimuli.  

The transmembrane domain is the most conserved region across the TRP family 

and presents high sequence similarity with voltage and ligand-gated potassium 

channels28. Because of this, it is expected that all TRP channels form tetramers as 

functional units, as it has been confirmed through biophysical approaches152. 

Each subunit presents six transmembrane domains, the domains from the 1st to 

the 4th confer voltage sensitivity, while the 5th and 6th form the ion pore(Figure 

13A). The extracellular loop between the 5th and 6th transmembrane domains 

forms the selectivity filter, whose stereochemical and electrostatic properties 

dictate that only cations can cross (Ca2+ > Mg2+ > Na+ K+ Cs+ ) 153 (Figure 13A). N 

and C-terminal extensions are cytosolic and contain the regulatory components 

that control the channel gating, thus the function of each TRP is strongly 

dependent on the specialization presented in these terminals (Figure 13B). 

Intracellular domains are highly diverse and are the base for the differentiation 
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between TRP subfamilies28. These regions have specific functions such as protein-

protein interaction, formation of homomeric and heteromeric complexes, 

temperature, voltage and mechanical transduction, interaction with second 

messengers like calcium and inositol triphosphate, interaction with enzymes like 

kinases and phosphatases and finally regulation of the gating of the ion 

channel154 (Figure 13B).  

 

Figure 13 TRP structure-function. A) TRP subunits. Each TRP subunit is formed by 6 

transmembrane domains, with cytosolic N- and C-terminals. TRP subunits form 

tetramers with the transmembrane regions 5 and 6 orientated to the inside and forming 

the ion channel, extracellular loop in red forms the selectivity pore. B) C- and N- 

terminals are highly divergent between TRP subfamilies, and determine their 

function. Ankyrin repeats form a scaffold for protein-protein interaction, with expected 

functions of assembly and trafficking and coordination with signalling modules like 

calmodulin, acyl coenzyme A, phospholipase C, synaptotagmin and snapin. The TRPA 

channels present many repetitions forming a long spring which has been suggested to 
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allow for mechanical and thermal transduction. TRP BOX is necessary for both channel 

tetramer formation and coupling of sensor regions and channel gating, they hold the 

channel in a closed conformation, it can be targeted by phosphatidyl inositol 

bisphosphate and other molecules to destabilize its structure and increase open 

probability of the pore. PDZ domain can interact with phospholipase C, protein kinase 

C, calmodulin and inositol triphosphate, coordinating the activity of enzymes and second 

messengers. Coiled-coil regions are responsible for the oligomerization of proteins in a 

highly specific manner. TRPM homology regions are important for channel transport to 

the membrane and oligomerization. EF hand motifs in TRPP can function as calcium 

sensors. ER retention domain in TRPP and TRPML controls subcellular location of the 

channel. NUDIX motif presents hydrolase activity. Finally, CIRB plays a role in protein-

protein interaction and also binding sites for calmodulin and inositol triphosphate. 

Drawings self-made with BiorenderTM. 

Regarding their localization, TRPs can be found in almost all cellular types and 

tissues, in plasma and intracellular membranes149,151. Their polymodal activity and 

vast distribution allow these channels to participate in diverse physiological 

functions, i.e.;  phagocytosis, cell migration, proliferation and death151. In 

particular, TRPs are relevant in many sensory modalities 149,155, especially in pain 

for their role in nociception and sensitization149,156157. TRP receptors are known 

for their thermosensitivity, there are receptors activated by mechanical forces and 

endogenous and exogenous compounds (Table 2). 

As molecular transductors, some TRPs (i.e.; TRPV1/2/4, TRPA1, TRPM3) can be 

activated by noxious stimuli (i.e.; extreme temperatures, inflammatory factors or 

pungent compounds), with the consequent opening of the ion pore depolarizing 

calcium and sodium currents. In adition, it has been described that some TRP like 

TRPV1, TRPA1 and TRPM3 are expressed in C peptidergic nociceptors, and their 

activation leads to calcium-dependent release of vesicles containing 

neuroinflamatory peptides (CGRP and SP) that produce sensitization.  
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TABLE 2 SENSITIVITY OF RELEVANT TRP CHANNELS IN PAIN TRANSDUCTION 

 

TRP channels also present a strong matrix of second messenger regulation, which 

participate in the modulation of their activity Figure 14.  

 

Figure 14:  General regulatory cascades regulating TRP activity. Drawings self-made with 

BiorenderTM. 

 A1 V1 V2 V4 M2 M3 M4 M5 M8 

Mechanical X   X      

Heat (ºC) >42 >41 >52 >28 X 20-32 X X  

Cold (ºC) <17        <27 

Ca2+ X   X   X X  

Acidosis X X        

REDOX X  X  X     

Nitric oxide X X        

Cannabinoids X  X X      

Acrolein X X       X 

LPS X X        

Hormones  X    X   X 
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For these reasons, TRP channels have been considered as potential therapeutic 

targets. TRPV1 antagonists have been tried for pain treatment, but they showed 

undesired secondary effects for its role in thermoregulation. High doses of TRPV1 

agonist capsaicin (which desensitize the channel by intense activation) are being 

used for pain associated with neuralgia, rheumatoid arthritis and muscle 

sprains14,25,158,159. TRPA1 antagonists and antioxidants (which reduce TRPA1 

activation by ROS and NO2) have proven useful against neuropathies14,25,158,159. 

There are also preclinical studies with promising results on targeting TRPV3, 

TRPV4, TRPM2 and TRPM3 and TRPM8158,160. Migraine is a sensitization-

dependent pain alteration, that requires the release of CGRP to evolve into a 

persistent condition. Blocking CGRP signalling is proving effective treatment 

against migraine, with botulinum toxin that inhibits its liberation, with anti-CGRP 

antibodies and with CGRP receptor blockers. Thus, TRP implication in pain 

perception, sensitization processes and neuroinflammation makes them 

pharmacologically interesting, especially in migraine161–165.  

 

Figure 15 TRPs signalling and sensitization as druggable targets for migraine Antagonism 

of TRPs or their sensitization pathways could block nociceptive transduction and CGRP release, 

agonists with potent desensitization effect could achieve the same result. Inhibitors of 

neuropeptide exocytosis like botulinum toxin have been proven useful for the treatment of 

migraine, in this work we also tried the novel DD04107, a peptide that also inhibits the snare 

complex. Finally, antibodies against CGRP or its receptor are showing good results for migraine 

treatment. Drawings self-made with BiorenderTM. 
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2. TRPA1 

TRPA1 is a multipurpose transductor that is activated by a variety of chemical 

signals, and has also been implicated in cold and mechanical noxious sensation. 

It works as a sensor of danger signals that can threaten the health of the 

organism, including stress, tissue damage and other noxious cues, like UV light, 

environmental irritants and toxic products166. TRPA1 activation in the nociceptors 

produces pain like sensations, but It also produces CGRP release, coordinating 

the inflammation to provide homeostatic response against the incoming insult. 

However, excessive activation of TRPA1 might conduce to algesic sensitization 

and chronification of pain and inflammatory conditions. TRPA1 is the only one of 

its subfamily described. As the other ones, receptors are formed by four TRPA1 

subunits and thus are usually homomers, although hetermomers with TRPV1 have 

been suggested167,168. Each subunit is formed by six transmembrane α-helices, 

with intracellular C and N terminals. The pore region is formed by an extracellular 

loop between transmembrane segments 5 and 6. As in other The N- and C- 

terminus of TRPA1 determine much of its function and regulation. Here we 

present a brief rationale of the structure-function of the channel. The N-terminus 

presents a series of ankyrin repeats (from 14 to 18 depending on the species), 

which hold seven described phosphorylation targets and a calcium binding 

domain. The ankyrin domain has also been associated to protein-protein and 

subunit interaction. Finally, this motif is also suspected to participate in thermal 

and mechano sensation, although this is still in debate166. In fact, there is a theory 

for TRPA1 thermosensitivity that attributes this activity to aminoacids distributed 

along the protein169, later in-vitro study described that TRPA1 is indeed activated 

by high and low temperatures. Continuing through the N-terminus we can find a 

number of cysteine and lysine residues that can be targeted by electrophilic and 

oxidizing compounds (Figure 16), which activate the channel through covalent 

bonding. In the transmembrane α-helices there are also some targets for 

electrophilic compounds, but more importantly in the transmembrane region 5 
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there is the binding pocket for non-electrophilic agonists, like carvacol. In the 

extracellular loop between the 5th and 6th transmembrane α-helices a number of 

glutamic and aspartic acid residues form the selectivity filter of the pore, while 

leucine 903 confers voltage sensitivity to this structure. Voltage gating structures 

can also be found in the 6th transmembrane α-helice and along the C terminal. 

The first portion of the C-terminus forms a second selectivity filter in the 

intracellular side of the ion pore. This same region contains several calcium 

sensitive motifs, which are targets for calmodulin. C-terminus also presents a 

coiled coil motif that plays a role in allosteric gating of the channel153. 

 

Figure 16 TRPA1 structure-function (copied from chen & hackos, 2015). Many electrophilic 

agonists of TRPA1 can activate the channel by covalent unions with Cysteine 665, 641 and 621 

and with lysine 710 n humans and with C415, C422 147 and C622. (AITC, allicin, 

cinnamaldehyde, acrolein and croton aldehyde H2O2, isoflurane, lidocaine, propofol, formalin, 

nitric oxide, oxidized lipids, zinc, Hydrogen peroxide and methyl glioxal. Non electrophilic agonists 

react with transmembrane region 5 amino acids L867, V875, L894, 175 P897, S900, I905, V942, 

S943, I946, some of these agonists are protons, thymol, carvacol, menthol, nicotine, 
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tetrahydrocannabinol, clotrimazole and nifedipine. Temperature activation of TRPA1 has been 

associated with the spring-like ankyrin repeats and with some residues distributed across the 

protein. Intracellular calcium potentiates the channel by binding to the calcium binding pockets in 

the N and C terminals and in the pore and indirect c terminal calmodulin binding domain. The 

ankyrin repeats have a tether that grants mechanical connection, subunit interaction166. 

TRPA1 was originally found in human foetal lung fibroblasts47, further 

investigations have found expression in the heart, brain, digestive system, lungs, 

joints, skeletal muscles and bladder47. TRPA1 is also present in sensory neurons 

like the inner ear where it works as a mechanosensor and it is prominently 

expressed in satellite and Schwan glial cells, where its activation produces release 

of sensitizing factors NO2, cytokines and BDNF (Figure 17)TRPA1 is expressed in 

a subpopulation of dorsal root and trigeminal ganglia nociceptors and it is 

strongly coexpressed with TRPV1 and CGRP. Activation of TRPA1 produces a 

depolarization of the nociceptors and a local increase in calcium concentration166 

which triggers large dense core vesicle fusion with the plasma membrane and 

CGRP release. Calcium binding regions modulate the activity in two ways, 

incoming calcium potentiates the receptor and then desensitizes it, decreasing its 

activity in the long term or after saturated activation of the channel170. TRPA1 

activity can be upregulated by GPCR activation and other calcium releasing 

mechanisms, GPCR (like PAR2, bradykinin receptor, and mRGPR) also 

phospholipase C and protein kinase A and C171. Finally, reactive species of oxygen 

and nitrogen species can modulate the activity of the TRPA1, directly gating the 

channel or via indirect signalling through NADPH and peroxidated lipids like 

4hydroxy2nonenal172.  
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Figure 17 Sensitization and signalling pathways of TRPA1. Sensitization can involve both 

direct and indirect pathways. TRPV1 and A1 have been extensively studied in relation to 

nociceptive sensitization, thus we use it as a canonical example that could be applied to many 

other ion channels and receptors. There are multiple points of interaction between second 

messenger pathways that are engaged after nociceptor activation, including at the levels of 

signalling molecules such as Ca2+, effector molecules such as PKCε, and common targets, such 

as TRPV1 and NaV1.8 (not shown) for the pathways activated. CaM, calmodulin; PLC, 

phospholipase C. DAG, diacylglycerol; IP3, inositol triphosphate; AC, adenylate cyclase; EPAC, 

cAMP-activated guanine exchange factor; ERK, extracellular signal–regulated kinases. 

Drawings self-made with BiorenderTM. 

Animal pain models showed that TRPA1 has a clear role in acute 173,174 

inflammatory and neuropathic pain44,167,175. The role of TRPA1 as a thermosensor 

and a mehcanosensor is a matter of debate157,176. Originally, TRPA1 was suspected 

to be a cold receptor177,  but these results are still debated, nevertheless it seems 

to participate in cold hypersensitivity sensitization processes. Interestingly, TRPA1 

has been associated to noxious heat sensation178, a recent breakthrough102 has 

shown that TRPA1 collaborates with TRPM3 and TRPV1 to produces the response 

to noxious high temperatures. 
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3. TRPM8 

TRPM8 receptor forms a voltage-gated cation channel, it is formed by four 

homomers and each subunit has 6 transmembrane alfa-helices, 5th and 6th 

transmembrane domains of each subunit, and the selectivity filter is formed by 

the extracellular loop between them. The melastatin receptor also presents a long 

intracellular N and C terminus. TRPM8 is sensitive to a variety of molecules form 

aromatic pants, like romerol, thimol, canfor, icilin and menthol, the binding pocket 

for icilin is formed by residues in the third transmembrane alfa-helice and the 

extracellular loop between helices 5th and 6th. Menthol binding site is formed by 

residues form the second and 4th transmembrane alfa-helices. The C-terminus is 

particularly relevant in the modulation of this channel, near the membrane in the 

C terminus TRPM8 presents a TRPbox with potential binding sites for PIP2, which 

activates the receptor. This structure is followed by a TRP domain with function is 

to regulate the gating of the channel and it also participates in the binding of 

menthol and PIP2. Menthol has been used as a classical agonist to study the 

activity of TRPM8, although but it has proven to also activate TRPA1179, for this 

reason the use of WS-12 can be useful, it binds to the same pocket as menthol 

and presents stronger potency a major specificity180. Finally, C-terminus presents 

a coiled-coil structure that serves as a tetramerization domain.  

Regarding TRPM8 modulation, we can see some differences with TRPA1; PKA/C 

activation produces inhibition of the channel and downregulation of its 

expression181, the same effect is produced by the activation of adenylate cyclase. 

If we look at the regulation by GPCRs, bradykinin and histamine receptors that 

produce TRPV1 and TRPA1 potentiation produce TRPM8 inhibition181. 

Furthermore, activation of kinase pathways unchains calmodulin-dependent 

serine/threonine protein phosphatase calcineurin, which produces TRPM8 

desensitization by dephosphorylation181. In the somatosensory system, TRPM8 is 

mainly expressed in C and Aδ fibres, it is estimated that around 10% of trigeminal 
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and drg neurons express TRPM8, and it is lowly coexpressed with TRPV1 and 

TRPA1182. Activation of TRPM8 in sensory neurons produces depolarization of and 

increase of intracellular calcium concentration, repetitive activations of TRPM8 

produce a desensitization of the channel due to calcium binding the C 

terminus152.  

 

Figure 18 TRPM8 function. Cold sensitivity of TRPM8 is tightly regulated by the pore region, 

binding site of menthol and other traditional agonists and of lipids like PIP2 is near the voltage 

sensor in the TRP domain. This region is also important for the desensitization upon activation 

characteristic of this receptor.  

In vivo function, TRPM8 has been appointed as the main cold sensor and its 

typical exogenous agonists like menthol, icilin and eucalyptol conduce to a 

pleasant cooling sensation155,183–185. Although its expression in internal organs of 

the body kept at constant temperature suggests potential additional roles of this 

receptor apart from temperature perception165,186. As an example of internal 

monitoring, TRPM8 has been suggested to be a testosterone receptor187,188, 

where TRPM8 can regulate sexual behaviour through testosterone signalling. 

TRPM8 relation with pain is highly controversial. In humans, a TRPM8 variant 

associated with lower TRPM8 expression is also accompanied by lower cold 
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hypersensitivity189. Furthermore, it has been related with hypersensitivity to cold 

in neuropathies derived from chemotherapy in animal models182. In In contrast to 

these results, TRPM8 activation by moderate cooling and topical or intrathecal 

icilin190 produced rapid analgesia in mice with nerve injury, it was also effective in 

mechanical and thermal preclinical pain studies191. Then, activation of TRPM8 in 

basal conditions is not associated to pain sensation, and its activation in sensitised 

states could lead to cold hypersensitivity, but also analgesia in other types of pain.  

 

,  
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3.  MIGRAINE 

Migraine is a chronic paroxysmal neurological disorder, characterized by 

headache that ranges from moderate to severe, it is accompanied by a plethora 

of associated symptoms, including sensory and autonomic manifestations. 

Migraine profoundly affects the life of patients by altering their ability to develop 

a proper social, familiar and work behaviour, and has an economic annual cost 

that exceeds 20 billion US$ 192. Migraine pain is usually a unilateral throbbing 

sensation that is aggravated by physical activity and head movement193, and it 

can affect any part of the head, cervical and trapezius areas. Pain peak is usually 

reached within one hour of its onset, and its duration can range from 4 to 72 

hours194 (Table 3). Additional characteristic symptoms of migraine include sensory 

hypersensitivity such as cutaneous allodynia, photophobia, phonophobia and 

autonomous alterations such as nausea and emesis195. Also, patients might 

present other symptoms like vertigo, dizziness, and cognitive impairment193. It is 

frequent for migraine pain attacks to be preceded by a premonitory (prodrome) 

state lasting hours or days196 (Table 3), which includes a myriad of alterations, 

such as fatigue, impairment in concentration, neck stiffness, aura and many 

others197. Episodic migraine is described as a paroxysmal disorder with discrete 

pain attacks separated by symptom-free intervals. Around 8% of migraineurs 

develop chronic migraine, which is defined by a higher frequency of pain attacks 

with persistent symptoms198,199. The effects of chronic migraine in the quality of 

life of the patients are deleterious, since the intensity and frequency of the attacks 

impedes almost any normal activity on its sufferers. 
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Table 3 Migraine phases: 

Prodomre Aura Headache Postdrome 

3h to several days 5-60 minutes 4-72 hours 1-2 days 

Concentration defficit, 

irritability, depression 

Difficulty speaking and 

reading 

Trouble sleeping, yawning 

Nausea or Food cravings 

Fatigue 

Sensitivity to light and 

sound 

Increased urination 

Muscle stifness 

Seeing bright 

flashing dots, blind 

spots and vision 

loss 

Numb or tingling 

skin 

Speech changes 

Tinitus 

Alterations in smell 

and taste 

Head pain 

Sensitivity to light, noise 

and odors 

Nausea, vomiting, 

abdominal pain,  diarrhea 

Loos of apetite 

Altered temperature 

perception and fever 

Pallor 

Dizziness and blurred vision 

Tender scalp 

Concentration 

impairment 

Depression 

Fatigue 

Euphoria 

 

4. EPIDEMIOLOGY 

Lancet Global Burden of Disease 2019 (world health organisation data) ranks 

migraine as the third most prevalent condition200 and the seventh highest specific 

cause of disability worldwide201. Yearly, migraine affects up to a 12% of global 

population, and the distribution of the affected population presents a strong 

sexual bias. The lifetime and annual and prevalence are 13 and 6% for men, 

respectively, and 33% and 18% in women. The onset of migraine generally occurs 

in the early twenties, the prevalence is highest in the midst of the adulthood, and 

it starts to decay after midlife, around the 55 years. Despite being pre-eminently 

an adult illness, it can affect up to a 10% of the children between 5 and 18 years-

old. Interestingly, at young ages (less than13) the rate of onset is higher in boys 

than in girls.  Every year, up to a 3% of episodic migraines evolve into a chronic 
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condition202–204 and as a consequence, 8% of the migraine-suffering population 

end with this life-burdening condition.  

5. PATHOGENESIS OF MIGRAINE 

Migraine pathogenesis is an issue of intense debate, there are supporters for a 

peripheral and a central origin of migraine. Central origin of migraine is 

suggested by the prodrome phase, which characterized by certain patterns of 

central nervous system activations (cortical spread depression (CSD), activation of 

the hypothalamus  and brainstem) before the onset of pain67. Cortical spread 

depression affects from 15 to 20% of migraineurs during the prodrome, it is an 

intense and generalized depolarisation of cortical glia and neurons that slowly 

(2mm/min) sweeps the cortex, producing increase of extracellular concentrations 

of potassium, indiscriminate glutamate release and alterations in cranial blood 

flow. It is considered the main reason for the sensory alterations present in the 

patients that suffer from aura during the premonitory phase. Excitatory 

(extracellular accumulation of potassium and glutamate) and inflammatory 

conditions (vasodilation) would produce activation of trigeminal nociceptors193. It 

has also been discovered in mice that CSD can activate second order neurons in 

the trigeminal nucleus, through top down regulation of somatotopic efferents 

from the cortex193. During prodrome there is also activation of the 

hypothalamus, this is believed to be the connection between homeostasis 

alterations (i.e.; food and sleep deprivation) and migraine. Hypothalamic 

activation produces release of vasoactive polypeptides67, which also explains 

some of the manifestations of the prodrome, i.e.; yawning, polyuria and food 

cravings. Premonitory phase also presents an activation of the brainstem67, 

particularly the noradrenergic locus coeruleus and serotoninergic dorsal raphe 

nucleus, which project into the thalamus and can decrease the threshold for 

transmission of trigeminovascular signals to the cortex193.  
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Peripheral origin of migraine has been less studied67, supporters of the 

peripheral origin of migraine argue that the migraine headache is ultimately 

produced by trigeminal activation193. Another important point is that not even 

half of the patients suffering from migraine present a clear prodromal phase 

prior to the head  pain67. Then, the principal origin for migraine would be an 

excessively excitable trigeminal somatosensory system, that initiates nociceptive 

signalling in response to low intensity stimuli. In fact, patients with higher 

frequency attacks present stronger responses when challenged with different 

types of sensory stimuli193, including somatosensory, nociceptive and olfactory 

stimuli. Interestingly, migraineurs showed decreased habituation and stronger 

sensitization in response to repetitive stimuli67. Interestingly, blocking CGRP 

release in a migraine model prevented the development of cortical spread 

depression. In addition, antioxidants and blockers of nitric oxide production also 

prevented CSD in a murine migraine model205. These results suggest that central 

activation could follow CGRP/Nitric oxide released by the trigeminovascular 

system. Finally, classical migraine treatments like triptans are not able to cross the 

blood brain barrier (as they are strongly hydrophilic), as they were designed to 

target peripheral serotonin receptors in blood vessels and peripheral sensory 

terminals67. Furthermore, new migraine treatments like anti-CGRP monoclonal 

antibodies67, are also impermeable to the blood brain barrier, but still are showing 

successful CSD20652 prevention and alleviation of migraine pain207, again marking 

the importance of the periphery for the migraine initiation208,209. 
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Figure 19 What comes first? It could be possible that both theories are compatible, and migraine 

patients have a more excitable peripheral and central nervous system. Therefore, migraine 

treatments could be directed against nociceptive transduction and ascending transmission of the 

pain signals. 

6. PATHOPHYSIOLOGY OF MIGRAINE 

Migraine head ache is described as a drilling and throbbing sensation that 

typically starts on one side of the head and then spreads to the other regions. It 

is clear that migraine pain starts with an over-activation of the trigeminovascular 

system that innervates the meninges and ayes193. The innervation of these regions 

is provided by the ophthalmic division of trigeminal nerve and the upper cervical 

spinal roots (DRGs)20. Activation of the trigeminal nociceptors produces release 

of CGRP, glutamate and nitric oxide in the periphery (i.e. meninges), the trigeminal 

ganglia and in the central terminal at the trigeminal nucleus. These substances 

produce the already explained pain sensitization and neurogenic inflammation 

cascades67 (Figure 21). Activation of nociceptors in the trigeminal initiates a pain 

signal that propagates centrally through the trigeminal somatosensory pathways. 

Trigeminal fibres converge and synapse on projecting neurons in the trigeminal 

nucleus, the convergence explains why migraine pain extends and refers to the 

occipital and nuchal regions67. Trigeminal second order neurons ascend to the 

brainstem, hypothalamus, basal ganglia, thalamus and cortical regions that 

process nociceptive information. Once in the cortex, the parietal sensory cortical 

area provides sensory-discriminative information, while insula and cingulate 

participate in the emotional response, finally retrosplenial and parietal association 
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cortical regions codify cognitive value of the nociceptive input. Trigeminal 

signalling during migraine produces a barrage of nociceptive activity that can 

spread into other circuits. For example, in the midbrain it can affect compartments 

of the autonomic system producing nausea, lacrimation and transpiration, also in 

the midbrain when it affects the vestibular system it can produce vertigo, 

dizziness and tinnitus. Its effects on the hypothalamus might facilitate anxiety, 

stress and irritability and produce food cravings. Spreading activity to the basal 

ganglia explain the arousal deficits, including cognitive impairment or brain-fogg 

associated to migraine. Migraine nociceptive activity can also spread to other 

association cortical areas, including auditory, visual and olfactory. The spread of 

trigeminal activity could underlie the sensory hypersensitivity that accompanies 

migraine, including mechanical allodynia, photophobia, phonophobia and 

osmophobia.  

7. TRIGEMINAL SENSITIZATION IN MIGRAINE 

Migraine attacks produce peripheral sensitization (Figure 21) of the trigeminal 

somatosensory system (explained previously in the section “Nociceptor 

sensitisation”). In migraine CGRP and nitric oxide are pivotal for the sensitization, 

as blocking CGRP and ROS/nitric oxide signalling prevents migraine development 

in preclinical models205, and CGRP treatments are being used with success210. 

Continuous sensitization leads to an increase in TRP, ASICS, CGRP and NOS 

expression in animal models and in humans211, increasing the sensitivity of 

nociceptor terminals to noxious stimuli and becoming more potent 

neuroinflammators. Among the different TRPs, TRPA1 has been pointed as a 

relevant transducers in migraine for its role in CGRP release in the 

trigeminovascular system in response to nitric oxide and other relevant migraine 

mediators212–215215. Furthermore, TRPA1 is also expressed in different cells types 

that participate in the meningeal sensitization characteristic of the migraine, 

including glia and endothelial cells216. TRPM8 has also been correlated with 
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migraine in humans217–219. At least 4 different single nucleotide polymorphisms 

of the TRPM8 channel have been linked to migraine prevalence189. Interestingly, 

agonists of the melastatin receptor such as eucalyptol and menthol have 

traditionally been used for migraine alleviation and for other types of 

inflammatory pain220,221, and of  the head, neck and face have proven useful in 

preventing and alleviating migraine pain222. Sensitized trigeminal nociceptors are 

activated by stimuli of less intensity and can be triggered by endogenous factors 

such as sexual hormones, oxidative stress and acidic medium223,224 as well as by 

exogenous signals like strong sounds, temperature changes or pungent 

compounds like the smoke of a cigar212,225,226.  

Sensitization derived only from nociceptor activation seems to be important in 

the trigeminal ganglia, where excessive activation of nociceptors conduces to 

local secretion of molecules in what has been recently called intraganglionic 

sensitization (Figure 20)61,227. Incoming action potentials arriving mainly from 

the periphery, but also from the central terminal produce CGRP and ATP release 

from the cell body of peptidergic C nociceptors. CGRP binds to its receptor (G-

coupled protein receptor plus auxiliary Ramp1), and produces second messenger 

signalling, in other Aδ nociceptors it induces BDNF production and transport to 

the central terminal, while also increases expression of ATP ion channel receptors 

P2X. CGRP receptor is also present in satellite glial cells, its activation produces 

upregulation of nitric oxide synthase (NOS) and nitric oxide secretion, it also 

upregulates brain derived neurotrophic factor and cytokine production which are 

released into the ganglion. Nitric oxide signalling has retro-alimentation 

properties, as it induces neuronal NOS production and more nitric oide release to 

the medium, which in peptidergic nociceptors elicits CGRP release and 

overexpression. Finally, BDNF and cytokines secreted by satellite cells produce 

upregulation of CGRP and ATP receptors in nociceptors, as well as changes in 

sodium and potassium voltage gated channels.  
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Figure 20 Intraganglionic sensitization. Activation of C-fibres produces increase of intracellular 

calcium, which promotes large dense core vesicles containing CGRP to fuse with the cellular 

membrane and release the neuropeptide. CGRP signals over other nociceptors (Aδ or C) and to 

satellite glial cells (SGCs) expressing CGRP receptors. CGRP receptors may activate intracellular 

cascades involving cAMP response-element binding protein (CREB) or mitogen-activated protein 

kinase (MAPK) to induce gene expression of purinergic (P2X3) receptor channels in neurons and 

purinergic (P2Y) receptors in SGCs, enzymes like nitric oxide synthase (NOS), cytokines like 

tumour necrosis factor (TNFα) as well as growth factors like brain-derived neurotrophic factor 

(BDNF). Nitric oxide (NO), cytokines and BDNF may signal back to neurons facilitating expression 

of purinergic receptor channels, CGRP and CGRP receptor. In addition, ATP released from 

neurons may activate SGCs, which can signal back to neurons by cytokines. CGRP, CGRP 

receptor and BDNF can influence transduction and synaptic transmission, because they are 

delivered by axonal to the peripheral and central terminals. Drawings made with 

BiorenderTM. 

Migraine also produces central sensitization with increased signal transmission 

to the second order neurons in the trigeminal nucleus, this explains associated 

secondary effect like hypersensitivity scalp sensitivity and tenderness in the 

pericraneal muscles suffered by migraineurs between migraine attacks228. 

Sensitization in the thalamic relay (third order neurons), is associated to a spread 

of noxious sanitation to extracephalic structures like skin sensitivity in limbs and 

aching muscles88. Finally, repeated attacks can also decrease the efficacy of opioid 

descending pain modulation, increasing the excitability of the pain pathways229. 

The accompanying symptoms of trigeminal sensitization are indicators of the 
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advancement of the illness into a chronic migraine. It is believed that repeated 

attacks make cumulative changes that lead to a hyperactive system with 

decreased threshold for migraine triggering. For example, intratecal CGRP of 

chronic patients is increased even between migraine attacks, also migraine 

patients that develop mechanical hypersensitivity are more prone to evolve into 

chronic patients.  

 

Figure 21 Sensitization in the trigeminovascular system. In the trigeminal ganglion a) CGRP 

released from neurons may signal to neighbouring neurons, glial satellite cells (GSC) and possibly 

Schwann cells (SC) expressing CGRP receptors and can produce nitric oxide (NO), brain-derived 

neurotrophic factor (BDNF) and CGRP receptor. Nitric oxide may signal back to the neurons and 

BDNF and CGRP may be transported through the central extensions of trigeminal nociceptors to 

the spinal trigeminal nucleus. b) CGRP signalling the pial vessels in the meninges causes 

vasodilatation. c)Within the spinal trigeminal nucleus CGRP is released from central terminals of 

trigeminal afferents and signals most likely to other central terminals equipped with CGRP 

receptors, which may lead to increased neurotransmitter (glutamate) release and facilitation of 

nociceptive transmission. Release of BDNF may pre- and postsynaptically potentiate synaptic 

transmission. Neurons with inhibitory neurotransmitters (GABA) may counteract the 

pronociceptive synaptic processes. 

Despite the evident relevance of CGRP in migraine, there are patients that do not 

respond to the interference of CGRP signalling. A recent study in a murine model 

of migraine has pointed to pituitary adenylate cyclase-activating peptide (PACAP-
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38) as a new migraine eliciting pathway, which would work through partial 

inhibition of ATP-sensitive potassium channels230. 

8. MAIN MIGRAINE TREATMENTS 

Given the relevance of CGRP in preclinical and clinical investigations, recent 

developments of substances against CGRP signalling are showing promising 

results. Here we include all the treatments for migraine that are FDA approved 

(Table 4), which already include antibodies that bind to the CGRP peptide or its 

receptor. In addition, onabotulinum A (Botox) has been reporpoused for the 

treatment of chronic migraine210. Apart from these, there are many more 

candidates of CGRP interfering molecules in clinical trials. Beyond targeting CGRP, 

there is also interest in the nitric oxide production and signalling and transductors 

that participate in its release like TRP receptors231. 

Table 4 Main migraine treatments210 

classification Agents Mechanism Contraindication 

Migraine abortive 

Triptans & ergotamines 
Agonist of 5HT 

1D/1B 
Coronary artery disease 

Naproxen COX1/2 inhibitor GI disorders 

Rimegepant/ubrogepant CGRPR antagonist 
Hypersensitivity to 

compound or excipients 

Migraine prophilaxis 

Erenumab CGRPR antagonist None 

Galcanezumab/Fremanezumab/epitezumab Binds to CGRP 
Hypersensitivity to 

compound or excipients 

 

9. MIGRAINE SEXUAL DIMORPHISM 

Migraine presents a strong sexual dimorphism and its prevalence is higher during 

the reproductive years in life, when sexual hormones are in higher levels67. 

Women suffer from more intense migraines and higher percentage of evolution 

into a chronic alteration232. As it happens in other pain conditions, female 

hormones present positive and negative effects in migraine. Cycling oestrogens 
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in the menstrual cycle are related to an increase of frequency and intensity of 

migraine attacks233 and this alteration can be corrected with continuous 

oestrogen supplementation or hormonal depletion234. Furthermore, high levels of 

oestrogens during the pregnancy are associated to a decrease in migraine 

prevalence234. It has been suggested that estradiol increases CGRP production 

and release from nociceptors, and also increases nitric oxide synthase in the 

endothelium, presenting a more potent neurogenic inflammation235.  In contrast 

to this, high concentrations of oxytocin84,195 and estradiol236 modulate the activity 

of serotoninergic system, decreasing CGRP liberation and migraine. Oestrogens 

also increase nociceptor excitability in the trigeminal ganglia237, because of 

upregulation of Nav1.7 channels, and curiously progesterone decreases their 

activity238.  Regarding androgens, it has been described that men with chronic 

migraine present lower levels of testosterone when compared with normal 

population239. And testosterone replacement therapy reduces headache 

attacks240 

10. MODELS FOR THE STUDY OF MIGRAINE 

Migraine models produced in mice are obtained by different methods, each one 

presents certain advantages and disadvantages. Producing the model241. 

Migraine models can be obtained by direct electrical stimulation of trigeminal 

nerve or ganglia; this allows for precise activation of nervous structures. Its use-

cases are limited due to its invasiveness. Another model of migraine is obtained 

by application of inflammatory substances on the meninges, including (histamine, 

serotonin, bradykinin, prostaglandin, capsaicin, low pH cytokines and complete 

Freund's adjuvant), it is also possible to use CGRP and nitroglycerin. Refinement 

of the method allows for less invasive procedures and repetitive application of 

stimuli through cannulation of the cranium. Finally, substances can be applied 

systemically (IP) with the advantage of very low invasiveness that makes it optimal 

for chronical treatments, as a disadvantage it produces systemic sensitization. 
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Techniques to study the migraine model241. In vivo measurements include 

electrophysiological recordings of trigeminal ganglia and nucleus, with this 

technique we can study directly the activity of nociceptive circuits in response to 

the model. But, it only allows for acute measurements in immobilised animals. 

Effects of migraine model can be assessed by behavioural experiments, like 

mechanical allodynia with von frey filaments, cold allodynia with acetone drops 

and heat allodynia with infrared stimulation. Other less common behavioural 

experiments include spontaneous pain behaviours and photophobia. Study of 

nervous structures by immunohistochemistry and PCR allows to study changes in 

expression and localization of relevant targets in migraie. In-vitro preparations 

like trigeminal cultures and brain slices allow to study functionality of the 

implicated structures. These approaches allow to study in detail cellular proceses, 

but loose representatives of the systems complexity. In relation to this, study of 

cultured neurons can be refined by the use of microfluidic chambers, that allow 

to study different compartments of the neurons separately. 

We decided to use a model of migraine242 that has demonstrated strong 

translatability and allows for chronic administration of the substances with low 

impact in the stress of the animal, as well as make repetitive measurements. We 

used the sensory sensitization produced by intraperitoneal injection of the nitric 

oxide donor nitroglycerin243.. Acute intraperitoneal injection of nitroglycerin 

produces mechanical hypersensitivity that can be elicited by cutaneous 

stimulation. This sensitivity appears with 1-2 hours of delay and lasts for hours in 

laboratory animals and humans205,243 and is a good predictor of migraine 

chronification244. Furthermore, recurrent nitroglycerin injections produce a 

chronic hypersensitivity that persists for weeks in mouse and rat models242,245. The 

resulting chronic hypersensitivity is accompanied by systemic cutaneous 

sensitization, that is known to predict evolution to chronic migraine in humans244. 
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OBJECTIVES 

 I don't know why they 

Always seem so dismal 

Thunderstorms, cloud, snow 

And a slight drizzle 

Whether it's the weather 

Or the letters by my bed 

Sometimes death seems better 

Than the migraine in my head 

-Twenty-one Pilots; Migraine 
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OBJECTIVES 

1. GENERAL OBJECTIVES 

Phisiological mechanisms underlying migraine are still being discovered, and as a 

consequence the reasons behind sexual dimorphism are obscure to this moment. This 

work is centred in the study of the sex factor in a murine model of chornic migraine, and 

thus validate it to study the potential role of TRP channels and neuropeptide CGRP in 

these differences between sexes. Migraine becomes especially crude when it evolves into 

a chronic condition, thus the focus was directed to the role of the TRP channels and CGRP 

in the pain sensitization and chronification. 

2. SPECIFIC OBJECTIVES 

1. Characterization of the nitroglycerin-induced migraine model in both sexes. In-vivo 

measurement of skin mechanical sensitivity by Von-Frey. Stress-related 

measurement of the adrenal gland size. 

2. Determination of the relevance of TRPA1, TRPV1 and TRPM8 in the migraine model. 

Genetic and pharmacological study of the role of these channels In-Vivo by Von-

Frey and In-Vitro by calcium imaging and RT-qPCR of the trigeminal ganglia.  

3. Study of the relevance of CGRP in the migraine model. Relevance of CGRP in this 

model of chronic migraine. Genetic and pharmacological investigation of the 

importance of CGRP neuropeptide In-vivo. Study of the link between nitroglicerin 

administration, TRP activation and CGRP release In-Vitro. 

4. Assess the function of male hormone androgen in the sex differences presented in 

the migraine model. Study of testosterone in the mechanical sensitivity in male 

and female mice in the migraine model. Study of the activity of testosterone on 

TRPM8. 

Taken together, the final purpose is to unveil the link between TRP activity, CGRP 

liberation and the sexual differences presented by migraine, with the objective to 

describe potential new druggable targets to tackle migraine.  
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RESULTS 

 It will not let me sleep 

I guess I'll sleep when I'm dead 

And sometimes death seems better 

Than the migraine in my head 

-Twenty-one Pilots; Migraine 
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RESULTS 

1. CHARACTERIZATION OF THE MIGRAINE MODEL 

1. REPEATED NITROGLYCERIN TREATMENT INDUCES A PERSISTENT HYPERSENSITIVITY 

EXCLUSIVELY EXPRESSED IN FEMALE MICE 

The first step of the project consisted on testing the chronic effects of repeated 

nitroglycerin administration. Mechanical sensitivity was assessed in male and 

female mice before and after repeated nitroglycerin administrations (Figure 22).  

 

Figure 22 The nitroglycerin chronic migraine model. The experiment was performed on wild-

type female and male mice. nitroglycerin was administered at experimental days 0, 2, 4, 6 & 8. 

On these days, von Frey was performed before and 2 hours after the injection to monitor the 

acute effect of the treatment. Then, mechanical threshold was only registered once a day at days 

11, 13, 15, 17, 19 and 21 to assess long lasting effects in the animals. 

In the first trial, animals were treated with nitroglycerin 10 mg/kg i.p. in a specific 

formulation containing final concentrations of 10% ethanol and 20% propylene 

glycol in 0.9% saline solution. Measurements of mechanical sensitivity two hours 

after nitroglycerin injection showed lower thresholds both for male and female 

mice (p<0.001 vs. vehicle). Surprisingly, the vehicle was able to also increase 

mechanical sensitivity of females (p<0.05 vs. baseline). 
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Figure 23 Nitroglycerin and a vehicle with high percentage of ethanol and propylene glycol 

induce acute mechanical sensitization. Nitroglycerin (red) 10 mg/kg dissolved in 10% ethanol 

and 20% propylene glycol induces similar acute mechanical hypersensitivity in males and 

females, and this vehicle (black) induces a selective acute sensitization in females.  

Mechanical thresholds measured before the nitroglycerin injections and until day 

20 showed that male and female mice developed a mechanical sensitization 

beyond the last nitroglycerin injection. Mechanical sensitivity in males recovered 

basal values around experimental day 16 (p>0.05 vs. vehicle), while females 

stayed sensitized until the last day of study (p<0.001 vs. vehicle). The vehicle was 

able to produce sensitization by itself, although it was more apparent in females 

(p<0.05 vs. baseline at day 2, p<0.01 vs. baseline at day 8). The effect of the vehicle 

in mechanical sensitivity made it not suitable to continue using this formulation 

of nitroglycerin, especially because it presented different effects attending to the 

sex of the animal, for this reason we looked for a different formulation. 

 

 



 

74 

 

 

Figure 24 Chronic nitroglycerin induces persistent hypersensitivity exclusively in females, 

and a transient hypersensitivity is observed in males and females treated with this vehicle. Data 

are ± S.E.M. **p<0.01, ***p<0.001 vs vehicle. #p<0.05, ## p<0.01 vs baseline. 2-way RM ANOVA. 

n=6 per condition. Ntrigeminal, nitroglycerin. Veh, Vehicle. 

Thus, we tried a different formulation with a vehicle containing 5 % dextrose and 

0.105% propylene glycol in 0.9 % saline solution. This vehicle showed no 

measurable effect in mechanical thresholds of male or female mice hence it was 

the composition used for all the subsequent experiments. Mechanical sensitivity 

measurements taken two hours after nitroglycerin administration showed 

development of hypersensitivity in both sexes (Figure 25A), meaning that lower 

force was needed to elicit paw withdrawal (p<0.001 vs vehicle). After ending the 

repeated treatments, hypersensitivity in nitroglycerin-treated male mice persisted 

up to eight days after the last injection, but they recovered basal values at 

experimental day 18 (p>0.05 vs. vehicle). Female mice remained sensitized until 

the end of the experimental procedure on day 20 (p<0.001 vs vehicle) (Figure 

25B). The results from this model presented a sexual dimorphism that was not 

described before in a model of chronic migraine: while males could fully recover 

from nitroglycerin, females persisted sensitized with no significant recovery from 

the initial mechanical hypersensitivity shown on day 20. 
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Figure 25 Nitroglycerin produced persistent hypersensitivity in females. A) Acute 

administration of nitroglycerin 10 mg/kg IP produced a decrease in mechanical thresholds two 

hours after administration in both sexes. C) Chronic nitroglycerin injection produced a long-

lasting mechanical sensitization that was only persistent in female mice, whereas males 

recovered their normal sensitivity at experimental day 18. Male and female animals treated with 

the vehicle (5% dextrose and 0.105 propylene glycol) presented normal mechanical thresholds. 

Data are mean ± S.E.M. A) ***p<0.001 vs vehicle. 2-way RM ANOVA; n=6 per condition. B) 

**p<0.01, ***p<0.001 vs vehicle. #p<0.05, ##p<0.01, ###p<0.001 vs baseline. 2-way RM ANOVA; 

n=6 per condition. nitroglycerin, nitroglycerin. Veh, Vehicle. 

2. THE OESTROUS CYCLE DOES NOT PRODUCE OVERT MODIFICATIONS IN 

NITROGLYCERIN-INDUCED MECHANICAL HYPERSENSITIVITY 

Our migraine model obtained by repeated nitroglycerin administrations 

produced a chronic hypersensitivity that was specifically persistent in females. 

These differences could be produced by sexual hormone signalling, adding a level 

of complexity given that concentration of these hormones change in female mice 

A) 

B) 
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during the oestrous cycle. Thus, we investigated if the oestrus cycle could be 

affecting mechanical sensitivity after nitroglycerin or vehicle treatment. To assess 

this, we repeated the nitroglycerin model in wild-type females (Figure 27A). Then, 

6 days after the end of the chronic treatment the mechanical sensitivity of the 

animals was assessed and the oestrus phase for each animal was determined by 

vaginal smear examination. Animals were separated in two groups: females with 

low estrogen levels (oestrus) and females with high estrogen levels (proestrus, 

metestrus and diestrus), as previously described139 (Figure 27B). The analysis of 

mechanosensitivity in these animals yielded unexpected results, since we could 

not find differences between females with high and low oestrogens (Figure 27C). 

 

 

Figure 26 The oestrus cycle did not affect mechanical hypersensitivity. A) Female animals 

were subjected to the chronic nitroglycerin migraine model, and their mechanical sensitivity was 

assessed as described previously. After the last experiment on day 20, a vaginal smear was taken 

and stained with Crystal Violet B) The phase of the estrous cycle was estimated by visual 

characterization of the cellular types found in the vaginal smear. (Continued in next page) 

A) 

 

 

 

 

 

 

 

 

B) 
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Figure 27 The oestrus cycle did not affect mechanical hypersensitivity. C) Mechanical 

thresholds measured by von frey data were separated between two groups decided by the vaginal 

smear (high and low estrogens). Data presented as mean+/-SEM, paired T test showed no 

differences between groups of the same treatment. 

3. CHRONIC NITROGLYCERIN TREATMENT PRODUCED ADRENAL GLAND ENLARGEMENT 

MORE PROMINENT IN FEMALES 

Stress indicators like adrenal gland size262 and plasma cortisol levels263 rise in 

response to pain models, and can be used to assess pain suffering in murine 

models of pain246. The objective of this measurement was to ascertain the sexual 

dimorphism observed by von Frey in the chronic migraine model. We chose to 

measure the size of the adrenal gland as a reliable indicator of chronic stress 

response247 (Figure 28A). It is important to highlight the basal differences in the 

organ’s size between sexes already at a resting state, where adrenal glands from 
females are much larger than male ones (Figure 28C), as it happens in humans246. 

Quantification of fresh adrenal gland weight at experimental day 20, showed a 

significant increase of the size of the adrenal glands in females treated with 

nitroglycerin, but in males the size of the organs did not change (Figure 28B).  



 

78 

 

 

 

Figure 28 Chronic nitroglycerin treatment produced hypertrophy of females adrenal 

glands.  A) Protocol. Male and female wild-type mice were subjected to the nitroglycerin 

migraine model, after the last measurement animals were sacrificed and their adrenal glands 

extracted and weighted. B) Examples of adrenal glands. These glands had already been peeled 

from interstitial tissue and fat, interesting to note that female adrenal glands have much bigger 

size than male ones. C) Female adrenal gland weight increased after chronic nitroglycerin, 

adrenal weight showed an increase in size only in female treated with nitroglycerin when 

compared with vehicle treated females, while males treated with nitroglycerin presented similar 

values when compared with vehicle males. Data are presented as mean +/- SEM, two-way 

ANOVA. * p<0.05 vs treatment in females, ***p<0.005 vs male. 

In summary, nitroglycerin intraperitoneal injection produces mechanical 

hypersensitivity that can be measured by Von Frey filaments. Repeated injections 

produced long lasting hypersensitivity that was persistent only in female mice. 

Phase of the estrous cycle did not affect mechanical thresholds. Chronic 

nitroglycerin treatment produced visible enlargement of adrenal glands only in 

female mice. 

  

A) 

 

B) 

 

 

 

 

C) 
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2.  ROLE OF TRPA1 IN CHRONIC MIGRAINE MODEL 

1. TRPA1 IS ESSENTIAL FOR ACUTE AND CHRONIC NITROGLYCERIN SENSITIZATION 

TRPA1 plays an important role in pain alterations, especially in sensitization 

processes that require oxidative stress166. Furthermore, it has been pointed as an 

important trigger of headaches and migraine, and it has been directly implicated 

in acute nitroglycerin-induced mechanical hypersensitivity205. However, such 

participation has only been investigated in males and after acute administration. 

Thus, we investigated the effect of deleting the ankyrin receptor gene on the 

chronic nitroglycerin-induced mechanical sensitization and in males and females. 

To assess this, wild-type and TRPA1 knock out mice were subjected to the 

repeated nitroglycerin treatment and mechanical sensitivity was assessed at 

specific time points (Figure 29). 

 

Figure 29 Protocol to unveil the importance or TRPA in our nitroglycerin migraine model, male and female 

mice of wild-type and TRPA1 knock out were treated with five nitroglycerin injections, and their mechanical 

sensitivity was assessed by von Frey filaments in the hind paws. 

TRPA1 KO mice did not develop acute mechanical sensitization regardless of the 

sex (Figure 30A) (p>0.05 vs. vehicle). These results are in harmony with  a 

previous study describing lack of acute nitroglycerin sensitization in TRPA1 

knockout males205.  We could corroborate that this effect extended into the 

chronic state, as TRPA1 KO did not develop hypersensitivity in the long 

term(p>0.05 vs. vehicle) (Figure 30B). This experiment confirms that TRPA1 is 

needed for nitroglycerin acute and chronic sensitization. 
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Figure 30 TRPA1KO mice are insensitive to nitroglycerin treatment. A) TRPA1KO prevents 

acute hypersensitivity. TRPA1KO animals treated with nitroglycerin did not present the evident 

sensitization two hours after injection, regardless of the sex. B) TRPA1KO prevents chronic 

hypersensitivity. TRPA1KO males and females did not develop the characteristic chronic 

sensitization after repeated nitroglycerin doses.  Results presented as mean ± S.E.M. (A & B) 

^p0.05, ^^p0.01, ^^^p0.001 vs vehicle. #p<0.05, ##p<0.01 vs baseline, 2-way RM ANOVA, n=6 

per condition. 

2. TRPA1 IS A FAST NITROGLYCERIN RESPONDER 

Given the relevance of TRPA1 in the response to nitroglycerin, we studied the 

relationship between nitroglycerin and TRPA1 in cellular models. TRPA1 is known 

to be activated by NO2, and nitroglycerin is a donor of such a molecule205. Thus, 

we investigated if nitroglycerin could activate TRPA1 in murine cultures of 

trigeminal neurons. We performed primary trigeminal cultures and conducted 

calcium imaging (Figure 31A). Cultures from wild-type animals revealed a subset 

 

B) 

A) 
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of neurons that presented calcium transients in response to nitroglycerin 100 µM 

and AITC 100 µM, while cultures made from TRPA1 KO mice lacked these calcium 

transients in response to both stimuli (Figure 31A, left panel), in line with results 

obtained elsewere205. The percentage of neurons responding to these TRPA1-

related stimuli was of 15% (p<0.01 WT vs. TRPA1KO) (Figure 31B, right panel). 

Therefore, TRPA1 is necessary for trigeminal neuron activation in response to 

nitroglycerin, explaining why TRPA1 knockout mice lack nitroglycerin acute and 

chronic sensitization. 

 

Figure 31 In-vitro study of the implication of TRPA1 in nitroglycerin response A) Protocol. 

Cultured primary trigeminal neurons from wild-type and TRPA1 KO mice. After 48 hours of 

incubation, neuronal activity was monitored by calcium imaging. TRPA1-expressing cells were 

first identified by applying the agonist AITC 70 µM then we applied nitroglycerin 100 µM, in the 

perfusion to see if it presented agonistic activity. Finally, KCl 40 mM was applied as a positive 

neuronal control. 

 

 

 

 

 

 

 

Figure 32 nitroglycerin activates TRPA1 A) Representative calcium traces of the 

aforementioned experiment. Neurons responding to nitroglycerin 100 µM were also responsive 

to AITC 100 µM. These responses were abolished in trigeminal cultures from TRPA1 knockout 

mice. B) Percentage of neurons responding to nitroglycerin and AITC. Around 15% of 

trigeminal neurons were sensitive to both stimuli in wild-type mice whereas only 1-2% were 

responsive in TRPA1 knockout mice. Mean calcium fluorescence increment ± S.E.M. Data points 

represent independent experiments. **p<0.01 Mann-Whitney U n=5; black traces represent wild-

type and ochre ones TRPA1 KO. 

A) B) 
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3. TRPA1 EXPRESSION AND ACTIVITY IS INCREASED IN TRIGEMINAL GANGLIA AFTER 

NITROGLYCERIN TREATMENT 

In-vivo procedures showed that TRPA1 determined the acute and chronic 

hypersensitivity after nitroglycerin treatments, and in-vitro experiments clarified 

its role as a nitroglycerin/NO target. Given TRPA1 importance, we considered the 

possibility that TRPA1 played a differential role between sexes in our nitroglycerin 

model of chronic migraine. Thus, we studied TRPA1 mRNA expression levels in 

the trigeminal ganglia of male and female mice chronically treated with 

nitroglycerin or its vehicle, to determine whether differential expression levels 

could explain sexual dimorphism of our migraine model (Figure 33). The results 

showed that male and female mice treated with vehicle had similar TRPA1 

expression. Furthermore, there was an increase in TRPA1 mRNA expression in 

male and female mice treated with nitroglycerin when compared with the vehicle-

treated animals (Figure 34) (p<0.001 vs. vehicle). However, the increased TRPA1 

expression was similar between sexes (p>0.05 between sexes). 

 

Figure 33 Chronic nitroglycerin exposure increases trigeminal trpa1. A) Protocol. Male and 

female wild-type animals were subjected to the chronic migraine model, at the end of the protocol 

trigeminal ganglia were extracted and RNA was purified.  RT was performed with trigeminal 

mRNA and resulting cDNA was used to perform qPCR against TRPA1. 
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Figure 34 Increased mTRPA1 expression in both sexes. Trigeminal ganglia of male and 

female mice chronically exposed to nitroglycerin (red) show increased TRPA1 mRNA expression 

when compared to vehicle-treated mice (black). Mean expression ± S.E.M. datapoints represent 

independent experiments. ***p<0.001 2-way ANOVA, n=5-6 nitroglycerin, nitroglycerin. Veh, 

vehicle. 

Similar TRPA1 mRNA expression between sexes may not mean equal activity of 

the receptor, since its activity could be increased at the translational and 

posttranslational levels. Thus, we performed trigeminal cultures of male and 

female animals subjected to the migraine model (Figure 36A), and challenged 

the cultured neurons with the TRPA1 agonist AITC. Notably, we could observe 

increased calcium transients in response to the TRPA1 agonist AITC after 

nitroglycerin treatment in both sexes (p<0.001 vs. vehicle) (Figure 36B).  

 

Figure 35 Trigeminal TRPA1 activity was increased after nitroglycerin treatment. A) 

Protocol. Wild-type male and female adult mice were subjected to the chronic nitroglycerin 

treatment, at the end of the protocol we performed trigeminal ganglia cultures and calcium 

imaging. (Continued in next page) 
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Figure 36 Trigeminal TRPA1 activity was increased after nitroglycerin treatment. B) 

Representative calcium traces in response to AITC 70 µM normalized to KCl 40 mM. C) 

Calcium response size quantification. AITC responses are increased in cultures from 

nitroglycerin-treated animals regardless of the sex. Mean calcium fluorescence response ± 

S.E.M. Data points represent independent experiments.  ***p<0.001 2-way ANOVA, n=5-6. 

Ntrigeminal, nitroglycerin. Veh, vehicle. 

Trigeminal cultures from nitroglycerin-treated animals presented an increased 

percentage of AITC responding neurons when compared with cultures from 

vehicle-treated animals. Specifically, the percentage of AITC-responding neurons 

went from 17,2% ± 3.1 to 23.8 ± 2.4 in males and 18.6 ±1.6 to 24,2 ± 1.8 in females 

(p0.001 vs. vehicle).  

 

 

 

 

Figure 37 Percentage of TPA1 responding neurons increased in both sexes after 

Ntrigeminal administration. Percentage of AITC-sensitive neurons defined by their sensitivity 

to KCl is similarly increased in cultures from male and female nitroglycerin-treated mice. 

***p0.001, 2-way ANOVA, n=5. 
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To discriminate if the increased AITC responsiveness was produced in a neuronal 

subpopulation distinguishable by size, the area of all registered neurons was 

organized in two groups: responding and non-responding (Figure 38). AITC-

responding neurons was small to medium sized and the increased percentage of 

AITC-sensitive neurons was spread across all the distribution between 200 and 

600 μm2.  

 

 

Figure 38 AITC activates small to medium-sized neurons in trigeminal cultures.  Distribution 

of trigeminal neurons in culture, cells were distributed in AITC responding (filled bars) and AITC 

non responding (empty bars) neurons. In each graph, filled bar represents AITC,black graphs 

represent cultures from vehicle-treated animals and red graphs represent cultures from 

nitroglycerin-treated animals. Both male and female results show that AITC sensitive cells are 

mainly small and medium sized cells (200-600 μm2), the increase in response is produced by 

cells along all this distribution. 
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In summary, nitroglycerin produces TRPA1 activation in small to medium-sized 

trigeminal neurons, and this activity drives mechanical hypersensitivity in the 

chronic nitroglycerin model.  TRPA1 activity and expression is similarly increased 

after chronic nitroglycerin administration in male and female mice, thus does not 

seem responsible for the sex dimorphism observed in our model.  
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3. NITROGLYCERIN MEDIATES CGRP RELEASE 

As it has been previously described, migraine is CGRP dependant. In fact, 

promising new treatments target CGRP molecule or receptor through the use of 

antibodies. We investigated the importance of CGRP neuropeptide by performing 

the nitroglycerin chronic model on CGRP knockout mice. Interestingly, CGRP 

knockout animals did not present any mechanical hypersensitivity during 

nitroglycerin treatment (Figure 39). Indicating that CGRP release is needed for 

the sensitization obtained in this migraine model.  

 

Figure 39 Nitroglycerin injection did not produce mechanical sensitization in CGRP 

knockout mice regardless of the sex. Mechanical sensitivity measurements showed that 

nitroglceryn treatment of male and female CGRP knockout animals did not produce sensitization 

when compared with vehicle treated mice. n=6 2-way ANOVA 

SinceTRPA1 is one of the TRP channels expressed in peptidergic C nociceptors, 

which activation induces CGRP release, we studied if nitroglycerin is a nociceptive 

stimulus capable of releasing this neuropeptide. For this, we performed a 

trigeminal culture, and exposed cells to nitroglycerin and the exocytosis inhibitor 

(DD047107) or its vehicle (Figure 41A), then we assessed the content of CGRP 

inside the cultured neurons by immunocytochemistry. Neurons exposed to 

nitroglycerin presented a decrease in CGRP immunoreactivity when compared to 

control neurons (Figure 41C, p<0.001 vs. nitroglycerin vehicle). Interestingly, 

neurons pretreated with the exocytosis inhibitorDD04107, did not present 
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significant decrease of CGRP when compared to vehicle (p>0.05 vs. nitroglycerin 

vehicle). 

Group First incubation (60 min) Second incubation (30 min) 

1.Basal condition DD04107 vehicle NTG vehicle 

2.CGRP release DD04107 vehicle NTG 

3. Inhibition of CGRP release DD04107 NTG + DD04107 

 

 

 

Figure 40 Nitroglycerin elicits CGRP release from trigeminal neurons. A) Protocol. We 

performed trigeminal culture, after 48 h the cells were treated for 1h with the exocytosis inhibitor 

DD04107 or its vehicle and finally nitroglycerin 100 µM was added to the cultures for 30 minutes. 

Cultures where then processed for immunocytochemistry, neurons were marked with rabbit 

antiMAP2 antibody and labelled with goat anti-rabbit green secondary antibody. CGRP was 

marked with mouse antiCGRP and labelled with goat anti-mouse red secondary antibody. B) 

Representative images from study groups, first row of images include MAP2 (green) and 

CGRP (red), while the second one only presents CGRP labelling for clearer view. (Continued in 

next page) 

 

A) 

 

B) 
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Figure 41 Nitroglycerin elicits CGRP release from trigeminal neurons. C) Red fluorescence 

quantification, NTG exposure produces a decrease in red fluorescence when compared with the 

NTG vehicle, this decrease can be partially prevented with the exocytosis inhibitor DD04107.  

Mean red fluorescence ± S.E.M. Data points represent the mean red fluorescence for one image 

(n>30). *p<0.05, ***p<0.001, one-way ANOVA.  

We also checked the effectiveness of exocytosis inhibitor on mice subjected to 

the nitroglycerin treatment, on day 9 after the last nitroglycerin injection animals 

were treated with 3 mg/kg of DD04107 peptide (Figure 42). Animals treated with 

the peptide rapidly recovered their basal sensitivity values, indicating that CGRP 

is needed for the maintenance of the sensitized state. 

 

Figure 42 Exocytosis inhibitor DD04107 precipitates a rapid recovery of mechanical 

sensitization in male and female mice treated with nitroglycerin. Animals subjected to the 

chronic nitroglycerin treatment that were treated with 3 mg/kg of exocytosis inhibitor recovered 

sensitivity to basal values regardless of the sex. Mean ± S.E.M. 
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In summary, in a previous work we uncovered that CGRP neuropeptide was 

essential for long term sensitization in our nitroglycerin chronic migraine model, 

with no difference between sexes. Thus, blocking of CGRP exocytosis with the 

novel molecule DD04107 prevents chronic sensitization. In-vitro experiments 

confirmed that nitroglycerin is a stimulus capable of CGRP exocytosis, which could 

be blocked by exocytosis inhibitor DD04107.  
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4. ROLE OF TRPV1 IN THE MIGRAINE MODEL 

1. NITROGLYCERIN TREATMENT DID NOT PRODUCE TRPV1 INCREASED 

FUNCTIONALITY 

TRPV1 has been linked to migraine models and other trigeminal sensitization 

alterations213, we wanted to study the possibility that TRPV1 activity was increased 

in trigeminal ganglia of female mice treated with nitroglycerin. Percentage of 

neurons responding to different capsaicin concentrations (10 nm and 1 μM) 
showed no difference between females treated with nitroglycerin and vehicle. 

 

Figure 43 Nitroglycerin treatment did not produce alterations in activation of TRPV1 in-

vitro. As females presented persistent sensitization, we decided to study the possibility that 

TRPV1 activity was increased in trigeminal ganglia of female mice treated with nitrglycerin. A) 

representative trace of calcium responses to capsaicin 10 nM and 1 μM. B) Percentage of 

responding neurons showed no difference between nitroglycerin and vehicle treated animals n= 

4 per condition, T test. 
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2. ACUTE NITROGLYCERIN DOES NOT POTENTIATE TRPV1 ACTIVITY IN-VITRO 

It has been described that TRPA1 and TRPV1 are strongly co-expressed, and 

activation of TRPA1 could lead to TRPV1 potentiation through local calcium 

increase248 and mobilization of large dense core vesicles, recruiting more TRPV1 

to the plasma membrane25. In our migraine model nitroglycerin activates TRPA1 

and this could produce TRPV1 potentiation, contributing to the sensitization 

produced by nitroglycerin. To study cross-potentiation between the two TRPs, 

trigeminal ganglia cultured neurons were challenged with four pulses of capsaicin 

as a TRPV1 agonist with a nitroglycerin 100 µM application between the second 

and third pulses (Figure 44). This experiment was performed with male and 

female mice. Capsaicin responsive neurons majorly also responded to 

nitroglycerin, as it was expected due to TRPA1-TRPV1 expression (Figure 45A).  

 

Figure 44 Experiment design to study nitroglycerin TRPA1-dependent TRPV1 potentiation. 

Trigeminal culture from male and female mice were challenged with four capsaicin 200 nm 

applications intercalated by NTG 100 µM. 

Quantification of the potentiation was obtained by a division of the calcium 

response to the 4th capsaicin pulse by the response to the 1st one.  Comparison 

of the normalized 4th response showed no difference between nitroglycerin and 

vehicle experiments, nor between sexes. Nitroglycerin does not present a fast 

potentiation of TRPV1 after activating TRPA1 (Figure 45B). 
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Figure 45 Nitroglycerin does not potentiate the activity of TRPV1  A) Calcium traces from 

male and female cultures in response to capsaicin and nitroglycerin. B) Mean calcium 

fluorescence increment ± S.E.M. Data points represent independent experiments. Mann-Whitney 

U n=5; Black represents vehicle treated, and red nitroglycerin treated cultures. 
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3. NITROGLYCERIN TREATMENT DID NOT PRODUCE INCREASED IN-VITRO 

POTENTIATION OF TRPV1 

Given the relevance of CGRP in potentiation mechanisms, we studied if treated 

animals presented a stronger potentiation for TRPV1, which had been extensively 

characterized in our laboratory. It has been described that P2X and bradykinin 

receptors can be overexpressed in trigeminal sensitization249. So we performed a 

protocol to study bradykinin and APT mediated TRPV1 potentiation, to assess 

whether if sensitization in the migraine model was accompanied by increased 

TRPV1 potentiation. We could 

  

Figure 46 Nitroglycerin treatment did not increase in-vitro potentiation of TRPV1 by ATP 

and bradykinin receptor, but it increased response to ATP and bradykinin. A) Protocol 

applied to trigeminal culture neurons, third pulse of capsaicine was potentiated by ATP 10 μM + 

bradikynin (BK) 100 μM. B) Nitroglycerin treatment did not produce a potentiation increase of 

capsaicin responses after ATP + bradykinin. Mean calcium fluorescence increment (3/1) ± S.E.M. 

Data points represent independent experiments. One-Way ANOVA, n=5; Black represents 

vehicle treated, and red nitroglycerin treated cultures. 

In summary, TRPV1 activity was not increased in trigeminal cultures from female 

mice treated with repeated nitroglycerin injections. Acute application of 

nitroglycerin did not potentiate TRPV1 activity in culture. Female animals treated 

with nitroglycerin did not present a stronger TRPV1 potentiation in response to 

sensitizers ATP and bradykinin. 
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5. ROLE OF TRPM8 IN THE MIGRAINE MODEL 

1. TRPM8 ACTIVITY DETERMINES THE RECOVERY OF NORMAL SENSITIVITY IN MALE 

MICE  

Association of TRPM8 variants and migraine prevalence189 and the antimigraine 

effect of TRPM8 agonists220,221 point the melastatin receptor as an interesting 

target in our chronic migraine model217–219. Thus, we studied wild-type and 

TRPM8 knockout male and female mice under the repeated nitroglycerin 

administrations (Figure 48A). Knockout mice of either sex presented a normal 

acute sensitization in response to nitroglycerin administration (Figure 48B, 

p>0.05 vs. wild-type). Regarding long lasting sensitization, wild-type animals 

developed the expected hypersensitivity; males presented low mechanical 

thresholds on days 8 and 15 (Figure 48C, <0.01 vs. Baseline) that had recovered 

normal values at day 20. Surprisingly, TRPM8 knockout males maintained a 

persistent sensitization as the one observed in females (Figure 48C, p<0.01 vs 

vehicle at day 20). These results reveal a protective function of the melastatin 8 

channel in males under repeated nitroglycerin administration, which could play a 

role in sex dimorhism of the model of chronic migraine. 

 

Figure 47. TRPM8 allows wild-type males to recover basal values after nitroglycerin 

injections. A) Protocol. wild-type and TRPM8 knockout were subjected to the nitroglycerin 

treatment, and their mechanical sensitivity was measured by von Frey. (Continued in next page) 
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Figure 48. TRPM8 allows wild-type males to recover basal values after nitroglycerin 

injections.  B) Acute response. Wild-type and trpm8 knockout males and females display similar 

acute mechanical hypersensitivity after nitroglycerin treatment. C) Chronic response. TRPM8 

wildtype males treated with NTG develop mechanical hypersensitivity that can be recorded at 

days 8 and 15 but is resolved by day 20. In the case of females, both genotypes present similar 

behaviour and TRPM8 knockout females developed the expected long lasting sensitization. Mean 

mechanical thresholds ± S.E.M.## p<0.01 vs baseline. ^^p0.01 vs vehicle 2-way RM ANOVA, 

n=6 

2. TRIGEMINAL TRPM8 DOES NOT PRESENT DIFFERENCES BETWEEN SEXES 

Given the relevance discovered of TRPM8 for the sexual dimorphism shown in our 

migraine model, we studied the expression and activity of TRPM8 in trigeminal 

ganglia, looking for traits alterations that could explain the observed sex 

differences. First we isolated and studied mRNA of TRPM8 mRNA 

expressionchannel in trigeminal ganglia of wild-type male and female adult mice 

subjected to the nitroglycerin model. Upon the end of the experiment, we 

extracted RNA form trigeminal ganglia of the mice and performed mRNA 

B) 

 

 

C) 
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retrotranscription followed by a qPCR for TRPM8 channel (Figure 49A). TRPM8 

mRNA values were similar among sexes, and the nitroglycerin treatment did not 

produce significant changes in its expression (Figure 49B) (p>0.05 vs. vehicle and 

between sexes). 

 

 

 

 

 

 

 

Figure 49 TRPM8 expression is similar between sexes and not altered by nitroglycerin 

treatment. A) Protocol. Male and female wild-type animals were subjected to the chronic 

migraine model, at the end of the protocol trigeminal ganglia were extracted and RNA was 

purified. mRNA molecules were retrotranscribed and resulting cDNA was used to perform qPCR 

against TRPM8. B) Quantification. Trigeminal ganglia of male and female mice chronically 

exposed to nitroglycerin (red) showed no TRPM8 mRNA expression modifications when 

compared to vehicle-treated mice (black). Mean expression ± S.E.M. Data points represent 

independent experiments. 2-way ANOVA, n=5-6.  

To investigate whether TRPM8 could respond differently in males and females in 

spite of the similar expression We we complemented the expression study with a 

functional onecalcium imaging, as we did for TRPA1. We first made trigeminal 

primary cultures form wild-type male and female animals subjected to the 

nitroglycerin chronic exposure. Then we studied calcium responses when 

challenged with the selective TRPM8 agonist WS12 (500 nM), and KCl 40 mM was 

A) 

 

 

B) 
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used as a positive control (Figure 50A). TRPM8 activity was similar across sexes 

and treatments (Figure 50B, p>0.05 vs. vehicle and between sexes), meaning that 

nitroglycerin treatment didn’t change this TRPM8 activity. 

 

 

Figure 50 Trigeminal TRPM8 activity was not modified after nitroglycerin treatment. A) 

Protocol. Wild-type male and female adult mice were subjected to the chronic nitroglycerin 

treatment, at the end of the protocol we performed trigeminal ganglia cultures and calcium 

imaging. B) Representative calcium traces in response to WS12 500 nM normalized to KCl 40 

mM. C) Quantification of calcium response size. WS12 responses were unaltered in cultures 

from nitroglycerin-treated animals of both sexes. Mean calcium fluorescence response ± S.E.M. 

Data points represent independent experiments.  ***p<0.001 2-way ANOVA, n=6.  

The percentage of WS12-responding neurons was around 8-9% in both sexes, 

with no significant differences after treatment. Then, we characterized the WS12 

responding cell population by size, the area of all registered neurons was 

measured and cells were organized in two groups: responding and 

nonresponding. WS12-responding neurons were of small to medium size, from 

150 to 300 μM. 

A) 
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Figure 51 WS12 activates small to medium-sized neurons in trigeminal cultures.  

Distribution of trigeminal neurons in culture, cells were distributed in WS12 responding (filled bars) 

and WS12 non-responding (empty bars) neurons. In each graph, filled bar represents WS12, 

black graphs represent cultures from vehicle-treated animals and red graphs represent cultures 

from nitroglycerin-treated animals. Both male and female results show that WS12 sensitive cells 

are mainly small sized cells, and no modification is observed by nitroglycerin treatment. 

3. TRPM8 ACTIVITY SHOWS ANTINOCICEPTIVE EFFECT IN WILD-TYPE MICE SUBJECTED 

TO THE NITROGLYCERIN MODEL OF CHRONIC MIGRAINE 

Since we could not find clear differences between sexes in TRPM8 expression or 

function, we about hypothesized about the existence of an endogenous TRPM8 

activator that could explain its protective role in male mice. To asses this 

hypothesis, we performed an experiment to test the antinociceptive effect of 

TRPM8 in male mice subjected to the migraine model.  At day 20 they had 

recovered their baseline sensitivity, animals were treated with increasing doses of 

TRPM8 blocker AMTB and we measured mechanical sensitivity two hours after 

injection (Figure 52A). AMTB at 10 or 15 mg/kg precipitated  resensitization 

(Figure 52A, p<0.05 vs vehicle).  
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Figure 52. TRPM8 antagonism reinstates mechanical sensitization in males 

recovered from the chronic nitroglycerin treatment. A) Protocol. After the last 

measurement on day 20, animals were administered with different doses of AMTB or its 

vehicle and after 30 minutes their sensitivity was measured again. B) Effect of AMTB 

on recovered males. Administration of specific TRPM8 antagonist AMTB to mice 

chronically exposed to nitroglycerin that already recovered their basal sensitivity 

unmasks a latent mechanical pain sensitization.  Results are mean mechanical 

sensitivity values ± S.E.M. ***p<0.001 nitroglycerin vs vehicle, 3-way ANOVA n=6-7. 

+p<0.05 vs vehicle Friedman Test n=6. 

After the results with TRPM8 blocker AMTB in males, we tested if introducing an 

exogenous TRPM8 agonist could help female mice to recover their baseline 

sensitivity after the chronic nitroglycerin treatment (Figure 53A). Female mice 

treated with the TRPM8 agonist WS12 showed a tendency to improve their 

mechanical sensitivity (Figure 53B), although without significant differences.  

A) 
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Figure 53 WS12 produces a tendency for recovery in nitroglycerin sensitized 

females. A) Protocol. Female mice chronically exposed to nitroglycerin showed 

increased mechanical sensitivity when compared to vehicle-treated mice. B) This 

sensitivity could not be significantly alleviated after treatment with WS12 10 mg/kg.  

Results are mean mechanical sensitivity values ± S.E.M. ***p<0.001 nitroglycerin vs 

vehicle, 3-way ANOVA n=6-7. +p<0.05 vs vehicle Friedman Test n=6.   

This experiment was repeated using WS12 at 5 mg/kg and 20 mg/kg of WS12, 

while the lowest dose had no effect on mechanical sensitivity, an antinociceptive 

trend could be observed after intraperitoneal injection of 20mg/kg (Figure 54, 

P=0.053 vs. vehicle). 
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Figure 54 Effects of WS12 on mechanical hypersensitivity of nitroglycerin or vehicle-

treated female. A) WS12 5 mg/kg or its vehicle (2.5% DMSO in corn oil) did not modify 

mechanical sensitivity of female mice chronically treated with nitroglycerin. B) WS12 20 mg/kg 

did not modify mechanical sensitivity of female mice chronically treated with nitroglycerin although 

a trend (p=0.053) was observed when comparing WS12 and vehicle-treated mice. Mean 

mechanical thresholds ± S.E.M. (A, B) 2-way RM ANOVA n=7-9 per group., n=6-7 per group. 

NTG, nitroglycerin. Veh, Vehicle. 

4. TRPM8 HAS POTENTIAL ANALGESIC EFFECT IN ANOTHER TRPA1-DEPENDENT 

PAIN MODEL 

The antinociceptive effect of TRPM8 was also tried in the formalin test, another 

TRPA1-dependent pain model173. Intraplantar formalin injection produces 

nocifensive behaviour characterised by licking, biting and shaking of the affected 

limb. This behaviour presents two different phases; the 1st pain starts some 

seconds after paw injection, where TRPA1 activation by formalin produces pain 

and then it stops around the ten-minute mark. The 2nd pain slowly builds up again 

and can last until an hour. A work in rats showed that pain persisted for an hour 

in males while it extended longer in females29. To confirm the protective effect of 

TRPM8, males were injected in the paw with formalin, after one hour measuring 

nocifensive behaviour AMTB was injected i.p., the observation continued for 

another hour (Figure 55A). Male mice injected with AMTB after pain extinction 

showed a significant reinstatement of the nociceptive behaviour 30 minutes after 

administration (Figure 55B, p<0.05 vs vehicle). 
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B) 

 

 

 

 

 

 

 

Figure 55 AMTB reinstates formalin-induced nocifensive behaviour in males. A) Protocol. 

Male mice were injected with formalin in the right hind paw and nocifensive behaviour was 

measured for 1h, then mice received an i.p. injection of AMTB and behavioural observation was 

resumed for 1h. B) AMTB unmasks formalin-induced pain in male. AMTB 10 mg/kg 

administered 1 h after formalin injections induces significant reinstatement of licking and biting 

behaviour in male mice. Mean nocifensive behaviour ± S.E.M. *p<0.05 vs vehicle. Multiple t-test 

n=5-6.  

Similarly, to the migraine model, we wanted to test if the effect of an exogenous 

TRPM8 agonist in the formalin test. For this, female mice were con-injected with 

formalin and WS12 or its vehicle, and their nocifensive behaviour was measured 

for 1 hour (Figure 56A). We observed that nocifensive behaviour was less intense 

during the first phase in females treated with the TRPM8 agonist (Figure 56B, 

p<0.05  vs vehicle). Although it did not present significant differences, females 

treated with WS12 seem to present faster recovery than vehicle treated females. 
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B) 

 

 

 

 

 

 

Figure 56 WS12 decreases formalin induced pain in female. A) Protocol. Female wild-type 

mice were injected with formalin plus WS12 (6 nM) or its vehicle (Cyclodextrin 45%), then liking 

and biting of the affected limb was counted for one hour. B) Nocifensive behaviour is 

significantly alleviated when females receive formalin co-injected with 6 nM WS12. Mean 

nocifensive behaviour ± S.E.M. (g) *<0.05 vs vehicle. Multiple t-test n=6 per condition.  

In summary, TRPM8 plays a protective role in male mice exposed to the model of 

chronic migraine. Blockade of TRPM8 produces a rapid resensitization of already 

recovered males, which points to a possible latent sensitization masked by tonic 

activation of TRPM8 in male mice. This effect could be confirmed in a formalin 

pain model, that also depends on TRPA1, were TRPM8 agonism produced pain-

relieving effects in males and females. 
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5. ROLE OF TESTOSTERONE IN THE MODEL OF MIGRAINE  

1. TESTOSTERONE RELIEVES MECHANICAL SENSITIZATION IN MALE MICE EXPOSED TO 

NITROGLYCERIN 

It has been suggested that testosterone works as an endogenous TRPM8 

agonist187,188, and it associated with better prognosis in men with migraine239. 

Thus, we hypothesized that the endogenous androgen could play an 

antinociceptive function in males in our nitroglycerin chronic pain model. Thus, 

we performed the von Frey measurements in orchidectomized and sham animals 

to study the relevance of gonadal testosterone (Figure 57A). Acute nitroglycerin 

administration elicited similar pain in both groups (Figure 57B p<0.001 vs 

vehicle). But, orchidectomized animals presented a persistent chronic 

sensitization absent in the sham group (Figure 57B, p<0.001 vs nitroglycerin 

vehicle, p<0.01 vs sham). This result indicated a possible protective role of 

testosterone in our model of chronic migraine. 

 

 

Figure 57 Gonadal testosterone presents a protective function in males treated with 

nitroglycerin. A) Protocol. Male mice were orchidectomized and two weeks later were subjected 

to the chronic nitroglycerin administration. (Continued in next page) 
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Figure 58 Gonadal testosterone presents a protective function in males treated with 

nitroglycerin. B) Orchidectomized animals treated with nitroglycerin present similar acute 

hypersensitivity after nitroglycerin when compared to sham animals. C) However, 

orchidectomized mice develop a persistent mechanical hypersensitivity. Mean mechanical 

threshold ± S.E.M. ***p<0.001 vs nitroglycerin vehicle, $$p<0.01 vs sham, 3-way RM ANOVA. n= 

6 Veh, vehicle. Testos, testosterone. Orx, orchidectomized 

2. TRPM8-TESTOSTERONE INTERACTION PARTICIPATES IN THE MALE RECOVERY 

In order to investigate the implication of TRPM8 in the possible antinociceptive 

effect of testosterone, we orchidectomized WT and TRPM8 knockout mice and 

after full recovery from the operation, mice were implanted with subcutaneous 

osmotic ALZET minipumps containing testosterone or its vehicle. Three days after 

minipump implantation, animals were subjected to the chronic nitroglycerin 

model and at day 21 after the last measurement they were treated with TRPM8 

blocker AMTB (Figure 60A). TRPM8 knockout animal presented lower 

mechanical thresholds in the acute response at day 8 (Figure 60B, 0.01 vs 

wildtype). Regarding long lasting sensitization, testosterone induced complete 

recovery of mechanical thresholds in wild-type mice (Figure 60C,  day 20, 

P<0.001 vs. Vehicle wild-type, nonsignificant vs. baseline), while vehicle-treated 

animals remained sensitized by the end of the experiment (Figure 60C,  P<0.001 

vs. baseline on day 20). Remarkably, TRPM8 knockout mice lacked this restorative 

effect of testosterone (Figure 60C,  day 20, P<0.001 vs. wild-type, P<0.001 vs. 

C) 
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baseline), although an antinociceptive effect independent of TRPM8 activity was 

also evidenced in knockouts (Figure 60C, day 20, P<0.05 vs. vehicle TRPM8 

knockout). Finally, at day 21 these male mice were injected with AMTB to double-

check the implication of TRPM8 in the positive effect of testosterone, this revealed 

that blocking TRPM8 in wild-type mice subjected to the nitroglycerin treatment 

and supplemented with testosterone produces a resensitization (Figure 26D, 

P<0.01 vs. values before AMTB), pointing to the possibility of a latent sensitized 

state masked by some testosterone-TRPM8 interaction in wild-type male mice 

chronically treated with testosterone. 

 

 

Figure 59 TRPM8 and testosterone inhibit hysensitivity of male mice chronically treated 

with nitroglycerin. A). Wild-type and TRPM8KO mice were orchidectomized, recieved 

minipumps containing testosterone or its vehicle and were subjected to the chronic migraine 

model. At day 20, mice received a treatment with AMTB at day 20. B), Orchidectomized animals 

receiving testosterone supplementation or its vehicle showed similar acute hypersensitivity after 

the first dose of nitroglycerin, orchidectomized TRPM8 knockout mice developed stronger 

sensitization after the last nitroglycerin dose, regardless of the hormonal treatment. C) Only wild-

type mice receiving testosterone supplementation showed inhibition of the long-lasting 

hypersensitivity induced after chronic nitroglycerin treatment, and recovered normal sensitivity. 

TRPM8 deletion or lack of testosterone supplementation did not allow recovery of normal 

mechanosensitivity values. (Continued in next page) 
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Figure 60 TRPM8 and testosterone inhibit hysensitivity of male mice chronically treated 

with nitroglycerin. D) AMTB resensitizes WT animal supplemented with testosterone. 

Testosterone-supplemented wild-type mice that recovered their normal sensitivity reinstateed 

their pain sensitization after administration of TRPM8 blocker AMTB on day 21. This response is 

absent in control and TRPM8 knockout mice. Mean mechanical threshold ± S.E.M. (B) ^^p<0.01, 

^^^p<0.001 vs TRPM8 KO; &p<0.05, &&p<0.01 vs testosterone vehicle; ##p<0.01, ###p<0.001 

vs. Baseline, 3-way RM ANOVA n=6. (C) ^^^p<0.001 vs TRPM8 ko; &p<0.05, vs testosterone 

vehicle; ##p<0.01 vs. basal, 3-way RM ANOVA n=6.  

Next, to determine if testosterone could also present a rapid antinociceptive 

effect in females, we treated nitroglycerin-exposed wild-type and TRPM8 

knockout females with a single 1mg/kg testosterone or its vehicle (2.5 DMSO in 

corn oil) (Figure 61A). Testosterone produced a significant recovery of basal 

values in wild-type females (Figure 61B, p<0.05 vs before testosterone 

treatment). But testosterone did not ameliorate TRPM8 knockout females (Figure 

61B, p<0.001 vs wild-type mice). The fast antinociceptive effect of testosterone 

only in wild-type females indicates a non-genomic effect through TRPM8. 
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Figure 61 Testosterone produceed rapid alleviation of mechanical sensitivity in 

nitroglycerin treated female wild-type mice, but not in TRPM8 knockout females. A) 

Protocol. Wild-type and TRPM8 KO female adult mice were subjected to the chronic migraine 

model. On day 20, animals were measured for mechanical sensitivity and were injected with 

1mg/kg testosterone i.p. and their mechanical threshold was measured again. B) Testosterone 

had an antinociceptive effect in females sensitized by chronic nitroglycerin. Wild-type 

female mice suffering from persistent hypersensitivity presented rapid recovery of basal sensitivity 

values 1 h after i.p. testosterone 1 mg/kg, but not TRPM8 KO mice. Mean mechanical threshold 

± S.E.M. ^^^p<0.001 vs trpm8 ko, #p<0.05 vs. Basal, 2-way ANOVA n=7-9. 

3. TESTOSTERONE ELICITS TRPM8-MEDIATED CALCIUM TRANSIENTS 

We then assessed the interaction between testosterone and TRPM8, as the 

androgen was suggested to have an agonistic effect over the melastatin channel. 

For this, we performed primary trigeminal cultures, and studied neuronal activity 

in calcium imaging when challenged with testosterone (Figure 62A). Primary 

cultures from trigeminal ganglia showed calcium transients in response to 

testosterone 10pM in the same cells that responded to WS12 500nM (Figure 62B, 

7.9± 0.8 % of KCl-sensitive cells). On the other hand, TRPM8 knockout mice did 

not present calcium transients when challenged with neither of the stimuli (Figure 

62B, P<0.001 vs WT). 
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Figure 62 Testosterone presented agonistic activity over TRPM8 receptor. A) Protocol. 

Neuronal cultures of trigeminal ganglia were obtained from adult wild-type male mice. B) Left 

panel, cultured trigeminal neurons showing transient calcium currents after testosterone 10 nM 

were also sensitive to WS12 (500 nM) and cultured trigeminal neurons of TRPM8 knockout mice 

were largely unresponsive to both stimuli. B) Right panel, 7% of neurons from trigeminal cultures 

of wild-type mice showed calcium transients in response to testosterone 10 pM, while this 

response was abolished in TRPM8 knockout. Mean response size ± S.E.M. (e) *p<0.05 mann 

whitney u n=4.  

In summary, testosterone plays a protective role in male mice through an 

interaction with TRPM8. In fact, testosterone application can elicit calcium 

transients in TRPM8 expressing neurons. Furthermore, testosterone can rapidly 

alleviate sensitized wild-type females but not TRPM8 knockout females, 

indicating a rapid non-translational effect of testosterone dependent on TRPM8. 

These results underline the possibility of a latent sensitization that is masked by 

tonic TRPM8 activity in males because of their higher testosterone levels.  

A) 
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6. HUMAN VS MOUSE TRANSLATABILITY 

Experimental models based on animals find low rates of translatability to humans. 

To assess the translatability of the previous cellular data, additional experiments 

were designed to evaluate the activity of human TRPA1 and TRPM8 against the 

previously studied ligands, i.e. nitroglycerin and testosterone respectively. For the 

study of human TRPA1, we used human IMR90 cell line that naturally expresses 

TRPA1 and we used HEK293 LTV cells transfected with murine TRPA1 as a control 

(Figure 63A). Then, we studied calcium transients in response to nitroglycerin 

(100, 50 and 10 μM) normalized to ionomycin-induced activation (Figure 63B).  

 

 

Figure 63 Nitroglycerin produces calcium transients in human and murine TRPA1. A) 

Protocol. HEK293 LTV cells transfected with murine TRPA1 and IMR90 cells that constitutively 

express TRPA1 was studied by calcium imaging in response to 3 different nitroglycerin 

concentrations and normalized to Ionomycin 10 µM. B) Nitroglycerin activates human and 

murine TRPA1 in both species. Nitroglycerin produced calcium transients of different magnitude 

according to concentration in TRPA1 channel of both species.  

Next, we checked if testosterone could activate human TRPM8 (Figure 64A), for 

this we used HEK293 cells constitutively expressing rat and human TRPM8. As a 

result, Testosterone produced calcium transients in HEK cells expressing human 

A) 

 

B) 

 

 



 

112 

 

and murine TRPM8, but not in naïve HEK cells (Figure 64B, p<0.001 vs control 

HEK293). 

 

 

Figure 64. Testosterone elicits calcium transients in HEK293 cells expressing human or 

murine TRPM8. A) Protocol We used HEK293 cells with constitutive expression of human or 

murine TRPM8 and naïve HEK cells as a negative control. Cells were challenged with 

testosterone 10 pM and ionomicin 10 μM. B) Testosterone produced responses in TRPM8 

expressing cells from both species. Testosterone produced calcium transients in HEK cells 

expressing human and murine TRPM8, but not in naïve HEK cells. Mean esponse size ± 

S.E.M.***p<0.001 vs control, Mann-Whitney n>80.  

In summary, human and murine TRPA1 present calcium responses when 

challenged with nitroglycerin and TRPM8 from both species showed activity in 

response to testosterone. 

 

  

A) 

B) 
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DISCUSSION 

 And I will say that 

We should take a day to break away 

From all the pain our brain has made 

-Twenty-one Pilots; Migraine 
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DISCUSSION 

This project is cantered in the study of mechanisms underlying pain chronification 

that could explain sexual differences in pain sensitization. With this objective in 

mind, we performed a chronic murine migraine model obtained by 5 nitroglycerin 

injections described by Pradhan et al 2014. Nitroglycerin injections produce 

similar acute sensitization in male and female mice, but repeated administration 

elicits a long lasting hypersensitivity exclusively persistent in females. 

Nitroglycerine as a nitric oxide donor activates TRPA1 which is responsible for 

short term sensitization and it produces CGRP release, which is responsible for 

chronic mechanical hypersensitivity. Then we discovered that TRPM8 plays an 

anti-hyperalgesic role in male mice, which was testosterone dependent. Meaning 

that lower levels of androgens in females could explain the persistency of 

mechanical hypersensitivity. Notably, sexual dimorphism produced by our chronic 

nitroglycerin model is similar to that observed in humans, were women are more 

prone to transition into a chronic sensitization67 and men present higher 

resistance to this process239 in a testosterone dependent manner. In summary, 

our results show that the exposure to repeated noxious insults like NO-related 

stimuli recruit TRPA1 receptor and induce CGRP release, leading to the 

chronification of painful states in both sexes. Male mice present a protective 

hormone-dependent mechanism involving activation of TRPM8 receptor by 

testosterone that allows them to recover basal sensitivity. 

1. TRPA1  

TRPA1 has been described as a sentinel of stress and tissue damage166, 

evolutionary studies suggest a primordial role of response to almost any type of 

chemical and physical damage28, finally, TRPA1 activation leads to the activation 

of protective mechanisms. The problem arises from excessive activation of the 

ankyrin receptor, which leads to pain sensitization. Here we discuss its relevance 

in the chronic migraine model obtained by repeated nitroglycerin injections. In-

vitro results show that nitroglycerin produces TRPA1 activation. TRPA1 relevance 

translated into the in-vivo experiments, as TRPA1 knockout mice lack acute 

sensitization in response to nitroglycerin. These mice also did not develop the 

chronic sensitization produced by repeated nitroglycerin injections. In agreement, 
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previous studies showed that TRPA1 participated in response to acute 

nitroglycerin application, and sensitivity elicited by nitroglycerin could be 

prevented by TRPA1 antagonism and antioxidants250–252.  

Recurrent nitroglycerin exposition produced similar increase of TRPA1 mRNA 

expression in both sexes. Increased TRPA1 expression was accompanied by 

stronger TRPA1 activity in response to AITC in trigeminal cultures from animals 

exposed to the chronic migraine model. TRPA1 overexpression and gain of 

function is common in pain alterations that curse with activation of the channel253. 

For example, formalin long-lasting pain produces TRPA1 overexpression in dorsal 

root ganglia and spinal cord252, it is also upregulated in inflammatory44,254, 

neuropathic255 and even in cancer pain models172. TRPA1 can be activated by a 

diversity of stress and damage signals166,256, and its activation leads to neurogenic 

inflammation and more production of the aforementioned TRPA1 noxious stimuli. 

This positive loop of nociceptive signalling appoints TRPA1 as a gatekeeper of 

sensitization and pain161,215 (Figure 20). Thus, TRPA1 could be a candidate 

underlying migraineurs hyper-excitable trigeminovascular system, which can elicit 

migraine paroxysms in response low threshold stimuli, like umbelolone or 

cigarette smoke193. TRPA1 gain of function could also be associated to activation 

of silent nociceptors257,258, which gain mechanosensitivity upon sensitization16, 

and TRPA1 is a known trigger of mechanosensitivity. This could explain why 

migrainerus, especially those with high frequency of attacks, suffer from a 

throbbing sensation in the head and mechanical allodynia even between migraine 

attaks67. When sensitized, TRPA1 expressing nociceptors also present gain of 

function in voltage-gated sodium channels259–262 and a decrease of potassium 

channels263, increasing excitability of nociceptors.  

TPRA1 was originally described as a cold sensor59, recent studies show molecular 

capability to respond to both heat and cold176. In-vivo experiments presented 
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controversial results upon the role of TRPA1 response to cold in basal conditions, 

although its relevance in cold hypersensitivity in pain conditions is more clear182. 

Furthermore, TRPA1 is needed for noxious temperature perception in mice102. 

Given all this evidence, high or low temperatures could activate the sensitized 

TRPA1 in migraine and contribute to nociception. However, a study in migraine 

patients did not find a relation between heat or cold with the origin of migraine 

attacks264. Furthermore, cold hats (devices that hold ice against the head, neck 

and face) have proven useful in preventing and alleviating migraine pain222. In 

fact, cold and heat application have shown effectiveness in treating pain in 

migraine265. To conclude, TRPA1 is the convergence point of many sensitization 

mechanisms which encompass sustain of chronic pain, thus TRPA1 could be  a 

pharmacological target58 for pain treatment. Although, its role in response to 

stress and damage266 could produce undesirable secondary effects. 

2. TRPV1 

TRPV1 channel is the canonical pain TRP, and it has been linked to trigeminal 

sensitization and migraine211,267, as happens with TRPA1, it is a transductor 

capable of stimulating CGRP release25. But, pharmacological ablation of the 

TRPV1 receptor with resiniferatoxin (data not shown in this thesis) did not prevent 

development of the migraine model, indicating that it is not essential for the nitric 

oxide-dependent sensitization mechanism. Nevertheless, it was interesting to 

check a possible implication of the vanilloid receptor in this model. Cultures of 

trigeminal ganglia from mice treated with nitroglycerin did not present increase 

TRPV1 activity. TRPV1 and TRPA1 co-express in nociceptors and can influence 

each others activity; activation of TRPA1 produces a local increase of intracellular 

calcium, which can sensitise TRPV147. For this reason, we explored the possibility 

that nitroglycerin activation of TRPA1 produced TRPV1 potentiation268,269. In our 

experiments, TRPV1 activation by capsaicin was not potentiated by nitroglycerin-

mediated TRPA1 activation. Finally, it has been described that ATP and bradykinin 
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receptors can be overexpressed during pain sensitization216 and activation of their 

receptors produce TRPV1 recruitment to the membrane by exocytosis of Large 

Dense Core Vesicles producing TRPV1 potentiation25. Still, potentiation of 

capsaicin response by ATP and bradykinin was not increased in cultures from male 

or female animals treated with nitroglycerin. A possible limitation of our migraine 

model is that it recruits directly TRPA1 for pain signalling and sensitization, thus 

other relevant molecular entities like TRPV1 can be overstepped.  

3. CGRP 

CGRP could be considered the cornerstone of migraine, it participates in its onset 

and together with TRPA1 forms a closed network of mediators that feeds 

neurogenic inflammation in the trigeminovascular system216. We could 

demonstrate that TRPA1 activation by nitroglycerin promotes CGRP release from 

trigeminal neurons in culture. Accordingly, CGRP knockout prevented chronic 

sensitization of the animals treated with nitroglycerin. Furthermore, CGRP release 

from cultured trigeminal neuros  is prevented with the exocytosis inhibitor 

DD04107, which inhibits Large Dense Core Vesicles fusion with cellular membrane 

by interacting with SNAP-25270. Indeed, intraperitoneal injection of DD04107 at 

experimental day 10 of the migraine model precipitated a fast recovery both in 

male and female animals. Thus, TRPA1 has a priming function in the 

trigemnovascular system initiating CGRP release, the resulting sensitization 

requires CGRP signalling to persist after the end of introduction of exogenous 

nitric oxide. The relevance of CGRP in sensitization can be explained by the 

distribution of its receptors, and the consequences of its activation. Our results 

are in line with the critical role of this neuropeptide in the pathophysiology of 

chronic migraine271.  
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Diverse antibodies designed to interfere with CGRP signalling have been 

approved by the FDA for migraine treatment210. Another drug that interferes with 

CGRP signaling is the botulinum toxin, that blocks CGRP release. It successfully 

alleviates migraine in preclinical models of migraine272, and it has even been 

successful with migraine patients273. Furthermore, botulinum toxin has also shown 

anti-itch effect in a model produced by chloroquine, which is CGRP dependent. 

In this line, the exocytosis inhibitor DD04107 presents potential against CGRP 

dependent pain alterations, like migraine.  

 

Figure 65 DD04107 inhibits Large Dense Core Vesicles (LDCV) fusion with cellular 

membrane. This peptide interferes with SNAP25 of the SNARE complex, inhibiting the correct 

alignment of the machinery for LDCV regulated exocytosis. This prevents CGRP release and 

recruitment of TRPV1/TRPA1 to the membrane of peptidergic C nociceptors, decreasing 

neuroinflammation and nociceptor sensitization. 
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4. TRPM8 

Regarding TRPM8, the results obtained in TRPM8 knock out animals treated with 

repeated nitroglycerin injections showed a potential antinociceptive function of 

the melastatin receptor, since TRPM8 knockout males developed persistent 

mechanical sensitivity like wildtype females. Accordingly, TRPM8 stimulation has 

proven efficacy alleviating nocifensive behaviours in headache-type pain 

models219,274. This anti-nociceptive role is also present in pain models produced 

by extreme temperatures or substances like the TRPV1 agonist capsaicin or the 

TRPA1 agonist acrolein162,163,185,275. Activation of TRPM8 has also been proven 

effective against mechanical and heat sensitivity produced by neuropathic 

pain276,277. Indeed, TRPM8 agonists have been used medicinally for alleviating 

diverse pain alterations, including migraine220,221,278,279, although never as a first-

choice treatment280. In contrast, TRPM8 antagonists produced analgesia 

particularly in neuropathic pain models obtained by chronic constriction injury 

and oxaliplatin, which are characterised by cold hypersensitivity281. In these cases, 

patients experience pain sensations in response to non-noxious cooling at 

temperatures in the range of TRPM8 activation approximately form 27 to 16ºC. 

TRPM8 agonists have also presented proalgesic activity in migraine217, although 

these results could be a consequence of the use of TRPM8 agonists with partial 

effect over TRPA1 such as icilin282 or menthol179. There are studies developing 

new TRPM8 antagonists for the treatment of migraine281,283, although these 

studies are based on modifications of TRPM8 blocker AMG333 which was used in 

a clinical trial that started in 2013 (NCT01953341) with no significant effects in 

migraine pain relief.  

We ratified the anti-nociceptive role of TRPM8 by the application of TRPM8 

antagonist AMTB, that produced a rapid re-sensitization in males that had already 

recovered after nitroglycerin injections, indicating the existence of a basal activity 

of TRPM8 opposing pain sensation. In relation to all of this, it has been recently 
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described that TRPM8 cold sensing neurons are needed for warmth sensation; 

these neurons present a basal activity that is silenced by warm temperatures102. 

Thus, they have discovered that warm perception arises from the integration of 

distinct sensory inputs; increased activity of warm sensing neurons expressing 

TRPV1 and TRM3 and decreased activity of TRPM8. TRPM8 has been described 

to prevent irritation produced by TRPA1 agonists (cigarette smoke and 

nicotine284–286) in the respiratory system. It has been proposed that activation of 

TRPM8 expressing fibres  produces a silencing of C nociceptors expressing 

TRPA1287. Activation of TRPM8 pathways could inhibit TRPA1 transmission in two 

main ways: 1. Glutamatergic activation of inhibitory interneurons in the second 

lamina of the dorsal horn, which modulate the activity of projection neurons from 

the lamina I in the TRPA1 pathway190,217,219,274,287. It has also been described that 

nociceptor inhibition by TRPM8 activation is dependent  on inhibitor 

metabotropic glutamatergic receptors II & III (mGluRs), which are expressed in 

the presynaptic cleft of nociceptors190.  

 

Figure 66 Activation of TRPM8 pathways inhibit TRPA1 expressing nociceptor 

transmission hypothesis. TRPM8 expressing neurons apply inhibitory over TRPA1 pathways 

via inhibitory interneurons, and could even inhibit the C nociceptor soma and terminal through 

backpropagation of hyperpolarization190,217,219,274,287. 
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In order to confirm the obtained results in the nitroglycerin model of chronic 

migraine, we used another TRPA1-dependent pain model; formalin injection in 

the paw produces TRPA1 dependent pain173. Intraplantar formalin injection 

produces a particular pattern of nocifensive behaviour; the first 10 minutes are 

characterised by a nociceptive response that is caused by direct activation of 

TRPA1 in nociceptors. Then, the activity recedes until approximately 20 minutes 

after injection, when nocifensive behaviour starts again in response to the 

inflammation produced CGRP liberation288. Thus, we wanted to corroborate in this 

model if TRPM8 also masks the latter pain sensitisation in the formalin pain 

model. Male mice that had already stopped expressing nocifensive behaviour re-

started this phenotype after AMTB application. Our results pointed to a possible 

latent sensitization 60 minutes after formalin application that is masked by a tonic 

activity of TRPM8 channel. Female mice that were injected with WS12 and 

formalin presented less nociceptive response in the first 10 minutes. These results 

highlight the protective effect that TRPM8 presents in males. Interestingly TRPM8 

activation by WS12 in females only a produced a short-lived alleviation of pain, 

this could be due to a strong activation and desensitization of the melastatin 

channel, or to pharmacodynamics of the substance. Similar results have been 

described in an acrolein plantar test, which also depends on TRPA1 and produces 

similar behavioural responses. TRPM8 agonists menthol and WS12 produced pain 

alleviation that was opioid dependent289. Furthermore, TRPM8 agonists have 

proven antiinflamatory284–286 and antinociceptive289,290 effects dependent of 

opioid activity. Thus, TRPM8 agonists could be used for pain relief in diverse pain 

alterations. 

5. TESTOSTERONE 

TRPM8 anti-hyperalgesic effect was only present in male mice, suggesting the 

existence of an endogenous TRPM8 agonist present in males and not in females, 

which regulates sexual dimorphism of the pain model. Testosterone hormone has 

been proposed as a TRPM8 agonist188,291. We could show that primary cultures 



 

122 

 

from trigeminal ganglia presented calcium transients when challenged with 

testosterone at picomolar concentration. Interestingly, these calcium responses 

could not be obtained in TRPM8 KO mice, this event had been previously 

described in different cell lines exogenously expressing TRPM8 and in planar 

membranes292. Indeed, activity of TRPM8 elicited by testosterone had been 

proven in primary DRG neurons through TRPM8 antagonism187. An in-silico 

model of human and murine TRPM8 made in our laboratory (based on the known 

structure of a bird TRPM8152) has shown that menthol and WS12 binding 

pocket323 could potentially be targeted by testosterone Figure 67. This 

computational model, also predicts that estradiol and progesterone can interact 

with the menthol binding pocket with lesser potency than testosterone, this could 

explain the results obtained by Mohandass et al. 2020, where they saw that 

progesterone and estradiol could produce TRPM8-dependent currents188. Finally, 

the warm temperature receptor TRPM3 has also been described as a detector of 

sexual hormones like pregnenolone and progesterone294, highlighting the 

relevance of these proteins as detectors of endogenous stimuli. 

 

Figure 67 Binding of the menthol derivative WS12 and testosterone to the human TRPM8 

menthol pocket after local docking simulations. A) WS12 B) Testosterone. The TRPM8 structure 

is shown as yellow cartoon representing with sticks the side chains involved in the binding. WS12 

and testosterone are shown as sticks of different color. Gray-dashed lines indicate Van der Waals 

interactions with ligands, whereas blue-solid lines are hydrogen bonds. Hydrogen atoms have 

been removed. S1, S2, S3, S4 and TRP are TRPM8 transmembrane domains. ∆G is an 

estimation of the binding energy. Kd is the dissociation constant calculated with ΔG using the 

equation ΔG=R·T·lnKd. 

A) B) 
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In our nitroglycerin migraine model, sensitized females injected with testosterone 

developed a rapid antinociception that was TRPM8 dependent, as TRPM8 

knockout females did not respond to the testosterone treatment. In addition, 

male orchidectomized mice presented a long-lasting hypersensitivity in response 

to nitroglycerin, similar to females. It has been described that orchidectomized 

males have difficulty to recover normal sensitivity after stress or inflammatory-

related lesions295–297. These studies also reported antinociceptive role of 

testosterone through signalling over the androgen receptor296, decreased 

expression of anti-opioid neurotransmitter BDNF (brain derived neurotrophic 

factor)297 or involvement of serotonin transporters295. We found that 

orchidectomized wild-type mice supplemented with testosterone behaved like 

control animals, and the testosterone-driven recovery needed of TRPM8 

expression. Thus, we propose a role of TRPM8 as a receptor of the endogenous 

testosterone that produces antinociceptive effect and provides pain resilience.  

Other alterations affecting only males have been described for TRPM8 knockout 

mice, were the knockout males present similar characteristics as females, with 

lower bone density and slower acclimation to cold298, while TRPM8 knockout 

females showed the same bone density and thermoregulatory responses as wild-

type females. The differential role of TRPM8 between sexes has been recently 

linked to the activity of sexual steroids299. In our results, testosterone had a fast 

antinociceptive effect in females treated with nitroglycerin, similar to the 

anxiolytic effect described for this androgen300. Furthermore, testosterone has 

proven efficacy in preclinical studies of chronic and acute pain 295–297. In 

agreement, testosterone has successfully been used with antinociceptive effects 

in clinical trials93, and men and women with lower levels of the androgen tend to 

be more sensitive to pain alterations94,246, including migraine239. Androgens can 

be used as pain treatment93, but hormonal therapies might present strong 

secondary effects that hamper their use301.   
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The opioid system has also shown connections with testosterone signalling. For 

instance, opioid signalling reduces testosterone production, as shown by the fact 

that overuse of opioid drugs such as methadone produces hypogonadism in 

men302. Curiously, chronic migraine in men is also associated with 

hypogonadism239. Furthermore, central opioid system recruitment by mu-opioid 

agonists is stronger in males and this difference depends on testosterone 

signalling137. Indeed testosterone regulates the expression of opioid receptor 

subtypes146 and modulates opioid receptor activity. TRPM8-testosterone 

interaction regulate sexual behaviour (mounting frequency) and satiety in mice 

by its interaction with amygdala and ventral tegmental area188. It could be 

possible that descending pathways form amygdala regulated by TPM8-

testosterone interaction explained part of the differential recruitment of opioid 

system in the periaqueductal gray, thus modulating analgesic303 and anti-

inflammatory effects304 mediated by this system. 

6. TRANSLATABILITY OF OUR RESULTS AND PHARMACOLOGICAL APPLICATIONS 

Given the sequence differences between the TRPA1 and TRPM8 genes of human 

and murine species, it was important to determine whether the results obtained 

in the animal models could also be reproduced in human receptors. We observed 

that murine TRPA1 transfected in HEK cells and IMR90 natively expressing human 

TRPA1 presented calcium transient in response to nitroglycerin in a dose-

response manner. TRPM8 activation by testosterone was also confirmed for the 

human receptor, increasing the translatability of our results for its potential use 

as a druggable target for migraine treatment. Hence, unravelling interaction 

between testosterone and TRPM8 could be helpful for the design of new 

molecules that mimic the agonistic activity of testosterone but avoiding the 

secondary effects of hormonal treatments. Mutagenesis studies will be needed to 

ratify the potential sites of interaction. 
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Overall, we found druggable targets with therapeutic potential against chronic 

migraine; targeting TRPA1 signalling could serve to stop the onset of migraine, 

that can be elicited by endogenous and exogenous triggers, and sustained 

activation of TRPM8 could constitute a viable mechanism for recurrent migraine, 

as it has proven rapid and long-lasting anti-hyperalgesic effects. TRPM8 agonists 

have already been approved for medical and culinary use, which rends them as 

an interesting approach. Targeting the peripheral nervous system may be an 

effective strategy to prevent pain sensitization and it presents some advantages 

from other types of treatment305,306,  such as the local administration that can 

avoid systemic effects. In this line, TRPM8 agonists like menthol have shown 

topical analgesic properties307, and TRPM8 agonist applied in the face produced 

analgesia in a preclinical model of migraine219.  

7. SUMMARY 

In conclusion, a chronic migraine model produced by repeated nitroglycerin 

injections produces cutaneous hypersensitivity which is associated with chronic 

migraine in humans244, a type of sensitization that can be elicited by internal and 

environmental factors involving TRPA1 activation, like  inflammation, oxidative 

stress and pungent substances215. In our model, TRPA1 serves as a nitric oxide 

sensor that produces CGRP release from nociceptors, for this reasons both are 

necessary mediators for the instauration of the model. This model presented a 

sexual dimorphism characterized by a longer lasting sensitization on females, 

explained by a stronger of male individuals. This effect was associated to TRPM8 

stimulation by the androgen testosterone, which presents higher levels in males. 

TRPM8 anti-hyperalgesic effect is then presented as a physiological restorative 

mechanism exclusively present in males, encouraging further research on the 

mechanisms underlying pain resilience. Additionally, results from this work have 

shown interesting druggable targets that could be further explored in preclinical 

models of pain. In first place, TRPA1 antagonism could be an interesting analgesic 
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target, although its neuroprotective role as a hypoxia sensor call for careful 

modulation. CGRP release inhibition also shows promising effects in migraine and 

other pain alterations dependent on neurogenic inflammation. Finally, 

development of TRPM8 agonists mimicking testosterone but lacking secondary 

effects of hormonal treatments could provide pain relief for individuals with low 

testosterone. 
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CONCLUSIONS 

 Am I the only one I know? 

Waging my wars behind my face and above my throat 

Shadows will scream that I'm alone 

But I know we've made it this far, kid 

-Twenty-one Pilots; Migraine 
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CONCLUSIONS 

1. Nitroglycerin administration produces rapid mechanical sensitization in 

male and female mice. Repeated injections produce a long lasting 

mechanical sensitization that is persistent only in female mice. 

2. Nitroglycerin activates TRPA1 which is necessary to inflict acute and 

chronic mechanical hypersensitivity in male and female mice treated with 

repeated injections of nitroglicerin. 

3. Nitroglicerin migraine model produces overexpression of trigeminal 

TRPA1, which translates into an increase of TRPA1 activity in trigeminal 

cultures from treated animals. 

4. Nitroglycerin is a stimulus capable of CGRP exocytosis, which could be 

blocked by exocytosis inhibitor DD04107.  

5. TRPV1 activity is not increased in trigeminal neurons of animals exposed 

to the nitroglycerin model and it doesn’t increase TRPV1 potentiation by 
ATP or bradikinin. Nitroglicerin does not potentiate TRPV1 activity when 

applied in culture. 

6. TRPM8 plays a protective role in male mice exposed to the chronic 

migraine model. Blockage of TRPM8 produces a rapid resensitization of 

already recovered animals. 

7. TRPM8 plays a protective role in male mice exposed to the intraplantar 

formalin model, and exogenous administration of TRPM8 agonist WS12 

produced nociceptive alleviation in females. 

8. Testosterone application can elicit calcium transients in TRPM8 expressing 

neurons. Testosterone plays a protective role in male mice through an 

interaction with TRPM8. Testosterone can rapidly reverse sensitized wild-

type females but not TRPM8 knockout, indicating a rapid effect dependent 

on TRPM8.  

9. Testosterone can activate human TRM8 and nitroglicerin can activate 

TRPA1, showing that our results can be translated into human. 
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Conclusiones 

1. La administración de nitroglicerina produce una sensibilización mecánica 

rápida en ratones machos y hembras. La inyección repetida produce una 

sensibilización mecánica duradera que es persistente solo en hembras. 

2. La nitroglicerina activa TRPA1 el cual es necesario para el desarrollo de la 

hipersensibilidad mecánica en ratones machos y hembras tratados con 

inyecciones repetidas de nitroglicerina. 

3. El modelo de migraña inducido por nitroglicerina produce sobreexpresión 

de TRPA1 en el trigémino, lo cual va acompañado de un incremento de la 

actividad de TRPA1 en cultivos de trigémino de animales tratados. 

4. Nitroglicerina es un estímulo capaz de producir exocitosis de CGRP, la cual 

puede ser bloqueada con el inhibidor DD04107. 

5. La actividad de TRPV1 no se ve aumentada en el trigémino de animales 

expuestos a nitroglicerina y tampoco se ve aumentada su potenciación por 

ATP o bradiquinina. La nitroglicerina no potencia la actividad de TRPV1 

cuando es aplicada en cultivo. 

6. TRPM8 juega un papel protector en ratones macho expuestos al modelo 

de nitroglicerina. El bloqueo de TRPM8 produce una re-sensibilización 

rápida de animales ya recuperados. 

7. TRPM8 juega un papel protector en ratones machos expuestos al modelo 

intraplantar de formalina y la administración del agonista de TRPM8 WS12 

produce alivio del door en hembras. 

8. La administración de testosterona puede producir respuestas de calcio en 

neuronas que expresan TRPM8.  

9. La testosterona juega un papel protector en machos dependiente de la 

presencia de TRPM8. La testosterona puede revertir rápidamente hembras 

silvestres sensibilizadas pero no en knockout para TRPM8, indicando un 

efecto rápido de TRPM8. 

10. La testosterona puede activar TRPM8 humano y la nitroglicerina puede 

activar el TRPA1 humano, indicando que nuestros resultados pueden ser 

transferibles a humanos. 
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MATERIALS AND METHODS 

1. ANIMALS 

Experiments were performed on adult male and female mice of different mouse 

strains with a common C57BL/6J background were, including wild-type mice 

(C57BL/6JRccHSd) and knockouts for Calca (CGRP KO), Trpa1 (TRPA1 KO) and 

Trpm8 (TRPM8 KO) genes.  C57BL/6JRccHSd mice were originally obtained from 

Harlan Laboratories and bred in the animal facility at University Miguel Hernández 

de Elche (Elche, Alicante, Spain). TRPM8 knock out mice were originally designed 

in the laboratory of Dr. David Julius184 and were a gift from Dr. Félix Viana. TRPA1-

deficient mice were supplied by Dr. David Corey174. αCGRP knock out mice 
(B6;129-Calcatm) were kindly donated by Dr. J.P. Changeaux. All procedures were 

approved by the Institutional Animal and Ethical Committee of the University 

Miguel Hernández de Elche, in accordance with the guidelines of the Economic 

European Community and the Committee for Research and Ethical Issues of the 

International Association for the Study of Pain.  

1. DRUGS FOR BEHAVIOURAL STUDIES 

Two nitroglycerin formulations were used: 5 mg/1.5 ml ampoules and 50 mg/50 

ml vials (Bioindustria LIM, Novi Liguri, Italy). The ampoules contained nitroglycerin 

dissolved on a vehicle made of 1 ml propylene glycol and 0.5 ml ethanol 

(Bioindustria LIM). This initial solution was dissolved in saline to obtain 1 mg/ml 

nitroglycerin, reaching final concentrations of 10% ethanol and 20% propylene 

glycol. The 50 mg/50 ml nitroglycerin vials contained a vehicle made of 5% 

dextrose and 0.105% propylene glycol in pure water (Bioindustria LIM). This 

nitroglycerin or its vehicle was administered without further dilution. The TRPM8 

selective blocker AMTB hydrochloride (AMTB, N-(3-aminopropyl)-2-{[(3-

methylphenyl) methyl] oxy}-N-(2-thienylmethyl) benzamide hydrochloride, 

Tocris, Bristol, UK) was dissolved in dimethyl sulfoxide (DMSO, Merck, Darmstadt, 

Germany) and was further diluted in saline to reach 2.5% DMSO. The potent and 
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selective TRPM8 agonist WS12 ((1R,2S,5R)-2-Isopropyl-N-(4-methoxyphenyl)-5-

methylcyclohexanecar-boxamide, Tocris) was dissolved in DMSO and diluted in 

corn oil to reach 2.5% DMSO. In a previous preparation, WS12 was dissolved in 

ethanol and diluted in 45% 2-Hydroxypropyl-β-cyclodextrin in water to reach 5% 

ethanol, although precipitation was found at these concentrations. All these 

compounds and vehicles were injected intraperitoneally at a volume of 10 ml/kg. 

In the formalin test, WS-12 was dissolved in DMSO and diluted in saline up to 

0.6% DMSO to achieve an amount of 6 nmol in 20 µl as previously described28. 

We used WS12 and not menthol or icilin as a TRPM8 agonist to avoid unspecific 

signaling over TRPA129. Testosterone (T1500, Merck) was dissolved in 45% 2-

Hydroxypropyl-β-cyclodextrin in water to obtain a solution of 22 mg/ml. 

2. GENOTYPING  

Genotyping for the identification of knockout mice was performed on genomic 

DNA obtained from the tail tip of mice. For the DNA extraction we used the 

Sodium Hydroxide protocol as described elsewere308. In brief, mouse tail tissue 

was incubated with 75 µL of basic solution (25mM NaOH and 0.2 mM EDTA) for 

1 h at 98 ºC and then 75 µL of acid solution (40 mM Tris-HCl, pH 5.5). Then, 

samples were centrifuged at 1500 g for 3 min. The resulting pellet was air-dried 

and dissolved in water. 2-4 µl of the extract were used for PCR amplification. PCR 

was performed with Promega enzyme GoTaq G2, although the protocol was 

adapted for a 25 µL reaction. Each reaction was adjusted to a final concentration 

of MgCl2 2 mM, dNTP 0.2 mM, primers 0.5 µM (Table 5) and 2µL of cDNA. 

 

Table 5. Primers used to genotype the different knockout mice 

 Forward/ Reverse 

TRPM8KO AGGCCTGCCGATTCACACAGC/ GCTCGCCCCCAAGGCTG 

TRPA1KO ATCAAACTATATACATAATCA/ ACAGATCACATACAGTCG 

CGRPKO TACAACAAGTATACGACAAC/ CCGCGGGCTATATAGGCCT 
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CHRONIC MIGRAINE MODEL INDUCED BY NITROGLYCERIN  

The chronic migraine model is based on a work from Pradhan A.A. et al and 

consists of the repeated administration of nitroglycerin242,309. This model is based 

on the migraine attacks induced after nitroglycerin treatments in humans 

226,243,310,311. In this work, we used nitroglycerin (Bioindustria L.I.M., Italy) dissolved 

in two different formulations of vehicle, the first one contained 10% ethanol and 

20% propylene glycol in saline solution, the second vehicle contained 5% 

dextrose and 0.105% propylene glycol in water. Nitroglycerin was injected i.p. at 

a final dose of 10mg/kg (1mg/ml) each other day for 9 consecutive days, for a 

total of 5 injections. Control animals were treated with the excipients of the drug 

described previously. Animals treated with nitroglycerin showed acute and 

chronic mechanical sensitization that could be measured with von Frey filaments. 

3. ASSESSMENT OF MECHANICAL SENSITIVITY 

Mechanical sensitivity was quantified by measuring the hind paw withdrawal 

response to von Frey filament stimulation, following the “Up and Down” 
method312. Briefly, animals were placed in Plexiglas® chambers (10 x 13 x 17 cm) 

with a wire grid bottom (hole aperture 6x6 mm) through which the von Frey 

filaments (bending force range from 0.008 to 2 g) (North Coast Medical, Inc., San 

Jose CA, USA) were applied as previously described312 . The filament of 0.4 g was 

first applied. Then, the strength of the next filament was decreased when animal 

responded or increased when animal did not respond. 2 g and 0.02 g filaments 

were the cut-offs, and the response to these filaments was considered positive (2 

g) or negative (0.02 g) regardless of the actual response. This up-down procedure 

was stopped 4 measures after the first change in animal responding (i.e. from 

response to no response or from no response to response). The threshold of 

response was then calculated by using the up-down excel program generously 

provided by the laboratory of Dr A. Basbaum (UCSF, San Francisco, USA). Prior to 

baseline measurements, mice were habituated for 4 hours to the testing 
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environment during 2 days. On the evaluation days, animals were allowed to 

habituate for 1-2 hours before testing in order to obtain appropriate behavioural 

immobility. Both ipsilateral and contralateral hind paws were alternatively tested 

whenever possible and the average of both responses was calculated for each 

mouse. Stimuli were applied at a minimum of 2 min intervals to avoid 

hypervigilance or sensitization between successive filament applications. 

Filaments were completely bent before considering responses and hold up to 4-

5 s to consider a negative response. Clear paw withdrawal, shaking or licking were 

considered as nociceptive-like responses. 

Table 5 Filaments used in the allodynia test: 

 (-) Cut-off   Initial filament   (+) Control 

Grams 2.44 2.83 3.22 3.61 6.84 4.08 4.31 

Newtons 0.02 0.07 0.16 0.4 0.6 1 2 

 

4. FORMALIN TEST 

We studied chemically-induced nocifensive behaviour through the injection of 20 

μl 5% formalin (F8775, Merck) into the paw of the mice. Animals were placed 
individually in transparent plastic chambers 1 h prior the experiment for 

habituation. Then, we performed 20 μl subcutaneous injections in the plantar 
aspect of the right hind paw. Injections were performed with a Hamilton syringe 

(Hamilton Syringe Gastight™ series 1700, TLL end, Merck) attached to a 30-gauge 

needle. Observational measurements of behaviour were performed by measuring 

the time licking or biting the treated paw in intervals of 5 min during 1 or 2 h 

depending on the experiments. Experiments assessing the effect of TRPM8 

activation in females were performed injecting 20 µl of a 45% 2-Hydroxypropyl-

β-cyclodextrin solution containing 5% formalin (F8775, Merck) and 0.6% DMSO 

(Merck) with or without 6 nmol of WS-12 ((1R,2S,5R)-2-Isopropyl-N-(4-
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methoxyphenyl)-5-methylcyclohexanecarboxamide, Tocris). Experiments 

assessing the effect of TRPM8 blockage in males were performed injecting AMTB 

10mg/kg (AMTB, N-(3-aminopropyl)-2-{[(3-methylphenyl) methyl] oxy}-N-(2-

thienylmethyl) benzamide hydrochloride, Tocris) i.p. or its vehicle DMSO 0.6 % in 

saline 1 hour after the injection of formalin, in this case nocifensive behaviour was 

assessed for 2 hours after formalin injection. 

5. ORHIDECTOMY 

Ochidectomy was performed as previously described with some modifications313 

. Briefly, male mice were anesthetized with an intraperitoneal injection of 

ketamine (75 mg/kg; Imalgene, 100 mg/ml, Boehringer Ingelheim, 

Ingelheim/Rhein, Germany) and xylazine (15 mg/kg, Merck). Once the absence of 

response to hind paw clamping was evidenced, the scrotum was incised through 

the midline. Testes were exposed, and vas deferens and testicular blood vessels 

were ligated with two knots of 6-0 black silk (8065195601, Alcon Cusi S.A., 

Barcelona, Spain). After dissecting between the two knots, testes and epididymis 

were removed and the scrotal incision closed with three square knots. To simulate 

the operation in sham animals, testicles were exposed but not ligated or removed. 

All animals were allowed to recover for 3 weeks before the continuation of the 

experiments. 

6. TESTOSTERONE REPLACEMENT TREATMENT 

Male animals subjected to sham or orchidectomy were treated with external 

administration of testosterone or its vehicle (45% 2-Hydroxypropyl-β-

cyclodextrin in water), as a mean to substitute natural testosterone production. 

To achieve long-lasting and gradual liberation of the hormone, we used osmotic 

minipumps from Alzet (Model 2004, 0.23 μl/h for 28 days). Animals were 
anesthetized with ketamine (75 mg/kg) and xylazine (15 mg/kg) and then a small-

access incision was made in the skin between the scapulae. Minipumps were 
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implanted subcutaneously and the incision was closed with two silk knots (6-0 

black silk 8065195601, Alcon Cusi S.A). The devices were set for a steady-state 

testosterone delivery of 6 μg/h, an infusion rate that elicited significant 
behavioural and cellular changes  in orchidectomized mice295,314. Experimentation 

with the animals continued 3 days after implantation. Minipumps were checked 

after the end of the experiments to ensure that the correct amount of liquid had 

been extruded. 

7. ESTROUS CYCLE DETERMINATION  

The phase of the oestrous cycle was determined by histological examination of 

vaginal smears, as previously described139. Briefly, mice were gently restrained 

and 20 μl of saline were flushed in and out into the vagina. The resulting smear 

was placed onto gelatinized slides, dried, stained with crystal violet and observed 

at 40× magnification under a light microscope (DM6000 B, Leica Biosystems, 

Nussloch, Germany).  

Vaginal smear cytology: The types of cells indicated the oestrous state of the 

animal; dominating squamous cells indicated estrous, inflammatory small black 

cells among sparse squamous cells indicated metestrus, combination of some 

squamous cells, small black inflammatory cells and some nucleated cells indicated 

diestrus and finally, predominant nucleated round cells forming groups indicated 

proestrus (Figure 68). 
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Figure 68. Vaginal smear cytology Each phase of the estrous cycle presents different types of 

cells. Samples from estrous cycle are characterized by clusters of squamous cells, metestrus 

presents less amounts of squamous cells plus inflammatory small dark cells, during the diestrus 

it is possible to observe nucleated, inflammatory and some squamous cells, finally, the proestrus 

is dominated by clusters of nucleated cells. 

To analyse the behaviour of the mice according to their hormonal status, animals 

of the different oestrous cycle groups were subdivided into those that were in 

stages of low oestrogen levels (estrous) and those in stages of high oestrogen 

levels (proestrus, metestrus and diestrus), as previously described139,315,316. 

8. MEASUREMENT OF THE ADRENAL GLANDS 

Adrenal glands were freshly dissected and placed in a petri dish with saline kept 

at 4 ºC to avoid dehydration. After removing the adjacent fat tissue under a 

dissecting microscope using 25 G needles, excess water was removed with filter 

paper and glands’ weight measurements were conducted using a high precision 

balance. 
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2. CELLULAR EXPERIMENTS 

1. DRUGS FOR IN-VITRO STUDIES 

Experimental substances were applied at the following vehicle concentrations: 

100 μM AITC (W203408, Merck) was dissolved in 0.001 % DMSO, 100 nM WS12 

(3040/50, Tocris) dissolved in 0.001 % ethanol, Nitroglycerin, Testosterone 10 pM 

dissolved in 0.0001% ethanol, Ionomicin (I9657 Merck). Primary cultures form 

trigeminal ganglia: Cells were kept in a hormone-free culture medium consisting 

of Dulbecco's Modified Eagle Medium/F12 (DMEM/F12) without Phenol Red 

(11039021, Thermo Fisher Scientific), MEM Vitamin Solution 1X (11120052, 

Thermo Fisher Scientific), Penicillin/Streptomycin 1% (15140-022, Thermo Fisher 

Scientific) and home-made N2-containing insulin 4 µg/ml (I2643, Merck), 

Putrescine hydrochloride 0.1 mM (P7505, Merck), Sodium Selenite 3 nM (S5261 

Merck), Transferrin 100 µg/mL (T2872, Molecular Probes, Eugene, USA) and NGF 

25 ng/ml (G5141, Promega, Madison, USA) and hGDNF 25 ng/ml (450-10, 

Peprotech, London, UK). The enzymes used in the different experiments were 

always kept as indicated by the provider to avoid degradation and loss of 

function: collagenase type XI (0,67 mg/mL, Sigma) and dispase type II (3 mg/mL, 

Gibco for disaggregation during 40 

2. TRIGEMINAL GANGLION CULTURE 

Animals were sacrificed by cervical dislocation followed by decapitation.  The skin 

of the head was removed and an incision was made through the sagittal and 

temporal sutures of the cranium. Then, the superior portion of the cranium was 

removed without affecting the base, protecting the integrity of the trigeminal 

ganglia. The brain was then removed, exposing the trigeminal ganglia at both 

sides of the optic chiasm in the base of the skull. Nerves were cut and ganglia 

were extracted and placed in a cold mixture of neuronal culture medium and 

HBSS without Ca2+ and Mg2+ (Gibco) in 1:1 proportion. Once extracted, the 

integral trigeminal ganglion presents a characteristic Y form, tissue was dissected 
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selecting the regions were the cell bodies reside (Figure 69). Clean trigeminal 

ganglia are cut in half and placed on an enzymatic mixture with collagenase type 

XI (0,67 mg/mL, Sigma) and dispase type II (3 mg/mL, Gibco for disaggregation 

during 40 minutes. After withdrawing the enzymatic mixture, mechanical 

disaggregation is conducted by pipetting up and down the ganglia. The turbid 

tissue is then placed over a solution of 15% BSA (Sigma) and centrifuged at 1200 

RCF for 7 minutes, separating the tissue remainings from the cells. Then, pelleted 

cells were washed with medium, the centrifugation repeated and the pelleted 

cells seeded in droplets of 5 µL over prepared coverslips of 12 mm diameter pre-

treated with Poly-L-Lysine 8.3 μg/ml (P9155, Merck) and laminin 5 μg/ml (L2020, 
Merck) and incubated for 12-16 h at 37ºC and 5% CO2. 

 

Figure 69 Trigeminal ganglia dissection. Trigeminal ganglia are localized in the base of the 

cranium lateral to the optic chiasm and rostral to the pituitary gland (not shown in the image). In 

order to extract intact trigeminal ganglia, the three afferents must be cut. Trigeminal ganglia 

present the neuronal somata for each trigeminal branch (V1, V2 and V3) grouped as explained in 

the image, only these segments were collected. 

3. CALCIUM IMAGING 

Calcium experiments were performed with non-ratiometric fluorescent probe 

fluo4-AM (F14201, Thermo Fisher Scientific). Cells were incubated 60 minutes at 

37 ºC with a loading buffer containing 6 mg/ml fluo4-AM and 0.2% w/v pluronic 

acid (F-127, Thermo Fisher Scientific) dissolved in HBSS (HANKS balanced salt 

solution) (NaCl 140 mM, KCl 3 mM, CaCl2 2.4m M, MgCl2 1.3 mM, HEPES 10 mM, 
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and glucose mM, adjusted to pH 7.4 with NaOH 1M). In order to remove excess 

of fluorophore, cells were washed with HBSS for at least 20 minutes. Calcium 

imaging experiments were performed in an inverted microscope (Axiovert 200/B, 

ZEISS) mounted with a camera Hamamatsu Flash 4.0 LT (C11440-42U30, 

Hamamatsu, Sunayama-cho, Japan). Cells were individuated using bright field 

microscopy and regions of interest were drawn by hand. Then, Fluo4 was excited 

at 480 nm (200-400 ms of excitation time) with a rapid-gating shutter (lambda-

shutter 10/2 Sutter instruments, Novato, USA) and photos were taken each 3 s. 

Using the regions of interest, mean fluorescence intensity was measured for each 

cell in each time point with HCimage DIA software (Hamamatsu Photonics). 

Experiments were made at 35 ºC. Size of calcium transients were obtained by 

measuring maximum values after agonist application minus fluorescence values 

at resting state. To increase comparability, these results were divided by the 

positive control in each experiment. Calcium transients were counted as positive 

responses if fluorescence increases were superior to 0.2 arbitrary units. 

Substances dissolved in HBSS were applied through a perfusion system controlled 

with automatic valve clamps (PC-16 Bioscience Tools, S. Diego, USA) for periods 

of 10 to 30 s. Cells were washed with extracellular solution between calcium 

responses for a period of at least 300 s to ensure recovery of basal fluorescence 

levels. 

4. CGRP RELASE 

CGRP release assay. Trigeminal cultured cells were first exposed to the 

exocytosis blocker DD04107 10 µM (BCN Peptides SA, San Quintí de Mediona, 

Spain) or its vehicle (saline) for 1h. Afterwards, nitroglycerin 100 µM or its vehicle 

(5% dextrose and 0.105% propylene glycol) were co-applied with DD04107 10 µM 

or its vehicle for 30 additional min. Incubation solutions were made in culture 

medium and kept at 37ºC and 5% CO2.  
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Immunocytochemistry. 30 min after nitroglycerin exposure (vehicle 5% dextrose 

and 0.105% propylene glycol), the media was removed from the cells and the 

culture was washed with PBS 1X (D8662, Merck) 3 times. Afterwards, 

paraformaldehyde 4% (158127, Merck) was applied for 20 min at room 

temperature. Permeabilization was achieved with Triton 100X 0.1% v/v (P8787, 

Merck) for 5 min and blocking with 5% Normal Goat Serum (NGS, G9023, Merck) 

for 1 h, both in PBS 1X. Neurons were labelled with rabbit anti-MAP 1:250 (17490-

1-AP, LabClinics, Barcelona, Spain) and mouse anti-CGRP 1:200 (AB81887, Abcam, 

Cambridge, UK). Secondary antibodies were Goat anti-rabbit Alexa 488 1:1000 

(A11034, Thermo Fisher Scientific) and Goat anti-mouse Alexa 568 1:1000 

(SAB4600400, Merck). Nuclei were stained with DAPI 1.5:10000 (D9564, Merck). 

Slides where mounted with mowiol (475904, Merck) and images taken with a 

confocal microscope (LSM 900, ZEISS, Jena, Germany). Mean fluorescence 

intensity for each cell was obtained, and the average value of positive cells was 

calculated for each picture. 

5. HEK CULTURES 

Human embryonic kidney 293 cells (HEK293) were maintained in DMEM plus 

Glutamax, supplemented with 10% Fetal Bovine Serum (FBS, Thermo Fisher 

Scientific) and 1% penicillin/streptomycin (Gibco) and incubated at 37°C in a 5% 

CO2 atmosphere. For the nitroglycerin/AITC experiment, HEK293 cells were 

plated in 24-well dishes at 2x10^5 cells/well and transiently transfected with 

Human TRPA1 in a pCMV6-AC-GFP vector (Viktorie Vlachova, Czech Academy of 

Sciences) using Lipofectamine 3000 (Thermo Fisher Scientific). For the 

transfection, 2 ml of Lipofectamine 3000 was mixed with the DNA in DMEM plus 

Glutamax with 1% FBS, a reduced serum media. Control cells received the media 

without the vector. Calcium imaging recordings took place 24 h after transfection. 

For the testosterone/WS-12 experiment, TRPM8-permanently transfected cells 

were obtained from Prof. Belmonte Laboratory (Instituto de Neurociencias, San 
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Juan, Alicante, Spain). IMR90 fibroblast (CCL-186 ATCC, Virgina, USA) were seeded 

in 12 mm coverslips at 50.000 cells/well and were maintained in Minimum 

Essential Medium (MEM) enriched with 10% FBS and penicillin/streptomycin 1% 

at 37°C in a 5% CO2 atmosphere. The cells were seeded in 12 mm coverslips at 

50.000 cells/well and were maintained in Minimum Essential Medium (MEM) 

enriched with 10% FBS and penicillin/streptomycin 1% at 37°C in a 5% CO2 

atmosphere. IMR90 experiments were performed when confluence reached 50-

60%. Cells were kept overnight in a hormone free medium, by eliminating FBS 

from the composition of the culture medium, substituting MEM or DMEM by no 

phenol red opti-MEM (Gibco 11058021). 

6. RNA PREPARATION AND RTQPCR 

Trigeminal ganglia tissue was dissected and cleaned from excess fat tissue 

because lipids difficult RNA extraction, then samples were dry frozen on dry ice 

until extraction of RNA. Samples were submerged in 500ul TRIZOL (15596-026 

Thermo Fisher Scientific) AND triturated in ice using polytron (Polytron PT 2000 

Kinematica AG, Malters, Switzerland), RNA was extracted as explained 

elsewhere317. In brief, we added chloroform to the trizol-tissue homogenate to 

produce 2 phases, the lipophilic part at the bottom and the hydrophilic part on 

top with the molecules of RNA. Upon centrifugation, the aqueous phase 

separated into a new recipient, where RNA was precipitated by the addition of 

isopropanol. To eliminate reactants of the process, the pellet was washed two 

times with ethanol and air-dried. Spectrometry ratios 260/230 and 260/280 were 

used to calculate RNA purity and quantity. (NanoDrop 2000, Thermo Fisher 

Scientific). Resulting RNA was retrotranscripted to cDNA with First Strand 

Synthesis Kit (K1612, Thermo Fisher Scientific). We used dT primers to ensure 

mRNA retrotranscription. Relative expression values were obtained by applying 

the equation 2-(ΔCT sample-ΔCT GAPDH). RNA was extracted from cells cultured 
in microfluidic chambers with E.Z.N.A. MicroElute Total RNA Kit (Omega Bio-TEK) 
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using a RNA carrier to optimize the amount of RNA extracted. The 

retrotranscription to cDNA and RTqPCR were performed as described above.  

Table 6 Primers for cDNA amplification: 

GAPDH 
fw 5’- CCAATGTGTCCGTCGTGGATCT 

rv 5’-GTTGAAGTCGCAG GAGACAACC 

TRPM8 
fw 5’- CTTTCTAAGCAATGGTATGGAG 

rv 5’-GGTTTCTTCCTAAATGATACGAG 

TRPA1 
fw 5’- GCAGGTGGAACTTCATACCAA 

fw 5’- CACTTTGCGTAAGTACCAGACTGG 

CGRP 
fw 5’- TTTCCTGGTTGTCAGCATCTT 

fw 5’- GCGAACTTCTTCTTCACTGAG AGT 

 

 

3. STATISTICAL ANALYSIS 
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  -I'm simply saying that life, uh... finds a way. - 

Jurassic Park; Michael Crichton 
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Article https://doi.org/10.1038/s41467-022-33835-3

TRPM8 contributes to sex dimorphism by
promoting recovery of normal sensitivity in
a mouse model of chronic migraine

David Alarcón-Alarcón1,2, David Cabañero 1,2 , Jorge de Andrés-López 1,

Magdalena Nikolaeva-Koleva 1, Simona Giorgi 1,

Gregorio Fernández-Ballester 1, Asia Fernández-Carvajal 1,3 &

Antonio Ferrer-Montiel 1,3

TRPA1 and TRPM8 are transient receptor potential channels expressed in

trigeminal neurons that are related to pathophysiology in migraine models.

Here we use a mouse model of nitroglycerine-induced chronic migraine that

displays a sexually dimorphic phenotype, characterized by mechanical

hypersensitivity that develops inmales and females, and is persistent up to day

20 in femalemice, but disappears by day 18 inmalemice. TRPA1 is required for

development of hypersensitivity in males and females, whereas TRPM8

contributes to the faster recovery from hypersensitivity in males. TRPM8-

mediated antinociception effects required the presence of endogenous tes-

tosterone in males. Administration of exogenous testosterone to females and

orchidectomizedmales led to recovery fromhypersensitivity. Calcium imaging

and electrophysiological recordings in in vitro systems confirmed testosterone

activity on murine and human TRPM8, independent of androgen receptor

expression. Our findings suggest a protective function of TRPM8 in shortening

the time frame of hypersensitivity in a mouse model of migraine.

Chronic migraine is a highly prevalent and recurrent headache
affliction particularly severe in women1. While considerable advan-
ces have been made in the understanding of the disease2,3, the
mechanisms underlying the sex dimorphism of chronic migraine
remain largely unknown. A migraine model with high predictive
validity is the sensory sensitization induced by nitroglycerin (NTG)4.
Acute NTG treatments lead to a delayed hypersensitivity to
mechanical stimulation that lasts hours in humans and rodents4,5.
Furthermore, repeated NTG exposure causes a chronic hypersen-
sitivity that lasts several weeks in murine models6. This chronic
hypersensitivity is characterized by generalized cutaneous sensiti-
zation, which has also been described as a reliable predictor of
migraine chronification in humans7,8 that is found more prevalently
in women9,10.

Multiple migraine triggers including NTG have demonstrated a
crucial involvementof transient receptor potential ankyrin 1 (TRPA1) in
rodentmodels of acutemigraine5,11. In these acutemodels, NTG acts as
a donor of nitric oxide triggering a TRPA1-mediated neuronal activity
that promotes nociceptive hypersensitivity5. Indeed, TRPA1 is expres-
sed in primary afferent neurons innervating the meninges where its
activation favors the release of α-calcitonin gene-related peptide
(αCGRP)11,12, a neuropeptide that plays a pivotal role in migraine
development4,13,14. Thus, TRPA1 antagonists reduce meningeal inflam-
mation and hypernociception in basic pain models2,15 and αCGRP
inhibition constitutes an effective strategy for migraine treatment in
humans3. Although recent reports have described higher contribution
of αCGRP in females16, the involvement of TRPA1 in males and females
has not been yet studied in preclinical models of chronic migraine.
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An additional TRP channel tightly associated with the expression
of chronic migraine in humans is the transient receptor potential mel-
astatin 8 (TRPM8). Several single-nucleotide polymorphisms affecting
TRPM8 have been linked to chronic migraine and allodynia17,18. Con-
currently, TRPM8 agonists such asmenthol have been usedmedicinally
for the alleviation of migraine-related19,20 and TRPA1-associated
pain21.TRPM8 is a cation channel expressed in primary afferent neu-
rons, known for being the menthol receptor and the principal detector
of environmental cold22–24. As such, TRPM8 activity shows modulatory
effects on thermal and mechanical hypersensitivity in preclinical
models of pain25. However, its presence in internal structures kept at
euthermic temperature26 and its recent description in central brain
areas27 suggest additional functions of this protein that may go beyond
cold perception. In this line, TRPM8 was previously described as a
testosterone receptor in cellular models28. While high testosterone
levels have been associated with decreased nociceptive sensitivity in
mice29,30 and humans31, it is unknown whether testosterone-TRPM8
interactions could have functional relevance in nociception.

Here we implemented a murine model of chronic migraine that
displays a sexual dimorphism characterized by enhanced nociceptive
sensitivity of females as described in humans3. The aim of the study
was to investigate the involvement of TRPA1 and TRPM8 in this sexu-
ally dimorphic behavior. To address this, mechanical sensitivity was
assessed in mice of both sexes chronically exposed to NTG and the
participation of TRPA1 and TRPM8was evaluated through genetic and
pharmacological approaches. To dissect the functional and molecular
consequences of TRPA1 and TRPM8 activities, murine cultures of tri-
geminal neurons and transfected cell lines expressing murine and
human receptors were evaluated through calcium imaging. After
finding a male-specific function of TRPM8, the role of testosterone-
TRPM8 interactions and the effects of exogenous TRPM8 stimulation
were elucidated in in vitro and in vivo models of acute and chronic
pain. Molecular docking in human ligand-receptor models may pro-
vide further insight on testosterone activity through TRPM8 and the
effects of this interaction were corroborated through electro-
physiological recordings that show independency of androgen
receptor expression. Collectively, our data suggest that testosterone,
through its interaction with TRPM8, drives sexual dimorphism in the
model of chronic migraine and likely in other pain-related behaviors.

Results
Repeated NTG treatment induces a persistent mechanical
hypersensitivity that remains up to 20 days in female mice but
disappears in male mice
We implemented in our laboratory a modification of a previousmodel
of chronicmigraine inducedby repeatedNTG treatment6. NTG (10mg/
kg) or vehicle (5%dextrose and 0.105% propylene glycol in water) were
administered intraperitoneally (i.p.) every other day during 8 days to
male and female mice, and mechanical sensitivity was assessed before
and after each treatment and for 12 additional days after the end of the
repeated administrations (Fig. 1a). Two hours after each NTG treat-
ment, acute hypersensitivity was observed in male and female mice,
whereas the vehicle did not induce nociceptive sensitization (Fig. 1b,
left panel, p <0.001 treatment effect). Mechanical sensitivity assessed
before NTG injections and after the end of the repeated treatment (up
to 20 days after beginning of the treatments, right panel of Fig. 1b)
showed a long-lasting hypersensitivity in male mice (days 2–16,
p <0.05 vs. baseline and vehicle, Fig. 1b) that returned to baseline
values 8 days after the lastNTG injection (day 18, Fig. 1b, nonsignificant
vs. baseline or vs. vehicle). In contrast, female mice presented a per-
sistent cutaneous hypernociception that was significant until the end
of the experimental procedure (p <0.05 vs. baseline, vs. vehicle,
Fig. 1b). Thus, data obtained in this observation period indicate a
sexual dimorphism as males can fully recover from NTG sensitization,
while females improve partially.

Repeated NTG treatment induces long-lasting TRPA1-depen-
dent hypersensitivity in female and male mice
Migraine-related nociception produced by acute NTG treatment
has been associated to TRPA1 activity in trigeminal ganglia of male
mice5. We investigated the possible participation of TRPA1 on the
model of chronic migraine. Wild-type and TRPA1 knockout mice
received NTG injections and mechanical sensitivity was assessed
(Fig. 2a). As expected, wild-type mice showed acute hypersensi-
tivity 2 h after each NTG injection. On the contrary, this sensiti-
zation was absent in TRPA1 knockout mice of both sexes (Fig. 2a,
p < 0.001 genotype effect, left panels), in agreement with a pre-
vious study describing lack of acute NTG sensitization in TRPA1
knockout males5. TRPA1 deletion also prevented the development
of chronic hypersensitivity in males and females (Fig. 2a, right
panels).

To understand the role of TRPA1 in mediating NTG-induced
sensitization in mice, we assessed TRPA1 mRNA expression and
intracellular calcium imaging in trigeminal ganglia of male and
female mice chronically exposed to NTG (Fig. 2b, c). Samples from
NTG-treated wild-type animals showed an increased TRPA1 mRNA
expression regardless of the sex (Fig. 2b, p < 0.001 vs. vehicle). In
parallel, trigeminal neuronal cultures of male and female mice
revealed calcium transients in response to the TRPA1 agonist allyl
isothiocyanate (AITC) at 70 µM (Fig. 2c). These responses were of
similar magnitude in samples of both sexes and had higher ampli-
tude in neurons of mice chronically exposed to NTG (p < 0.01 vs.
vehicle, Fig. 2d). These results obtained with non-ratiometric cal-
cium imaging were obtained by normalization of AITC-induced
transients to 40mMKCl responses whichwere similar in vehicle and
NTG-treated mice. The neuronal population responding to AITC
was composed of small to medium size neurons (100–700 µm2,
Supplementary Fig. 2a). This increased TRPA1 responsiveness was
also characterized by a higher percentage of cells showing sig-
nificant activity (percentage of KCl-sensitive cells, p < 0.001 vs.
vehicle, Supplementary Fig. 2b), and the size of these responses was
proportional to the percentage of sensitive cells (Supplementary
Fig. 2c). Thus, the trigeminal cultures revealed small tomedium size
neurons with increased TRPA1 activity after chronic NTG treatment,
regardless of the sex.

To further investigate TRPA1 involvement on NTG sensitiza-
tion, trigeminal neurons of naïve wild-type and TRPA1 knockout
mice were cultured to assess calcium responses. These neurons
were challenged with 100 µM NTG followed by 70 µM AITC
(Fig. 2e). A 15.7 ± 3.2% of the cells responded to both stimuli in wild-
type mice, while this percentage decreased drastically in TRPA1
knockouts (0.6 ± 0.3%, p < 0.001, Fig. 2f), revealing an essential
participation of TRPA1 in calcium transients elicited by both NTG
and AITC in mice. To assess the translatability of this NTG activity
to human TRPA1, NTG was applied to human TRPA1-transfected
HEK293 cells and IMR90 fibroblast cells natively expressing this
receptor (Fig. 2g). Both cell types showed a dose-dependent rela-
tionship for NTG-evoked calcium influx, whereas control HEK293
cells did not respond. Thus, NTG activated both human andmurine
TRPA1 channels.

TRPA1-mediated trigeminal sensitization may involve the release
of the vasodilator peptide αCGRP11,12. This neuropeptide is an essential
neurotransmitter for migraine neuroinflammation and pain13. Hence,
we next examined NTG-induced αCGRP release in cultured trigeminal
neurons through αCGRP immunofluorescence. A treatment with
DD04107, an exocytosis inhibitor that interacts with the exocytosis-
related protein SNAP-2532 was used to investigate vesicular release.
Control neurons exposed to NTG vehicle showed stronger αCGRP
immunoreactivity than NTG-treated neurons (Fig. 2h, i, p < 0.001)
suggesting vesicular αCGRP release after NTG. In contrast, neurons
pre-treated with DD04107 showed significantly higher αCGRP
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immunoreactivity (Fig. 2i, p < 0.01 vs. NTG+ vehicle), indicating inhi-
bition of the neuropeptide release after NTG. Collectively, these data
indicate that TRPA1 activity was essential for acute and chronic NTG
hypersensitivity, although it could not explain the observed sexual
dimorphism.

TRPM8 activity determines the recovery of normal sensitivity in
male mice exposed to the model of chronic migraine
TRPM8 is a thermoTRP channel that has been signaled in the
pathophysiology of chronic migraine. Thus, we next investigated the
involvement of TRPM8 in NTG chronic sensitization. For this pur-
pose, male and female wild-type and TRPM8 knockout mice were
exposed to the chronic NTG treatment (Fig. 3a). Wild-type males
presented the expected sensitization (Fig. 3a, p < 0.01 vs. Baseline on
days 8 and 15) that was resolved by the end of the experimental
procedure (day 20, Fig. 3a). Noteworthy, TRPM8 knockout males
maintained a persistent sensitization that was significant until the last
day ofmeasurements, akin to the persistent sensitization observed in
females (p < 0.01 vs. Baseline and wild-type, Right panel of Fig. 3a).
This finding revealed a protective function of TRPM8 in males sub-
jected to NTG-mediated chronic sensitization and signaled a poten-
tial role of this channel in sex dimorphism in the model of chronic
migraine.

To investigate the involvement of TRPM8 in sex dimorphism,
we next analyzed its expression in trigeminal ganglia of male and

female wild-type mice chronically exposed to NTG. TRPM8 mRNA
values were similar regardless of treatment and sex (Fig. 3b).
Functionally, perfusion with the selective and potent TRPM8
agonist WS12 (500 nM) elicited calcium transients of similar
amplitude in both sexes, after chronic vehicle or NTG (Fig. 3c, d).
WS12 activated 8 ± 2.1% of the cultured neurons (Supplementary
Fig. 3a), which were small size cells (50–400 µm2, Supplementary
Fig. 3b, c). This percentage was similar in samples of vehicle and
NTG-treated mice. Hence, trigeminal cultures showed that TRPM8
activity and expression were similar between sexes and after the
NTG treatment.

Given this similar functionality, we conducted additional
experiments to test the antinociceptive efficacy of WS12 in wild-type
female mice sensitized after chronic NTG. On day 20, females
received WS12 or its vehicle. The observed responses were highly
variable and nonsignificant results were found after 10mg/kg WS12
(i.p.), a dose with reported antinociceptive efficacy in male mice33

(Fig. 3e). In a separate experiment, we tested the effect of lower
(5mg/kg, Supplementary Fig. 4a) and higher doses of WS12 (20mg/
kg, Supplementary Fig. 4b) in wild-type and TRPM8 knockout
females. Both the highest dose (Supplementary Fig. 4b, p = 0.053 vs.
vehicle), and the lowest dose were ineffective. WS12 showed efficacy
when administered in a vehicle containing 5% ethanol and 45%
cyclodextrin, however possible antinociceptive effects of this vehicle
were detected (Supplementary Fig. 4c). To further characterize the
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in vivo activity of WS12 in females, we decided to examine the anti-
nociceptive effect of TRPM8 activity on the formalin pain model,
another TRPA1-dependent painmodel34. As illustrated in Fig. 3f,WS12
induced significant antinociception in the acute phase, whereas the
late phase was unaltered, revealing a short-lasting effect of this
compound.

To further investigate the function of TRPM8 in wild-type
males, mice previously exposed to NTG that had recovered their
baseline sensitivity were exposed to increasing doses of the
TRPM8 blocker AMTB (Fig. 3g). This compound precipitated a
significant re-sensitization when administered at 10 or 15 mg/kg

(p < 0.05 vs. vehicle, Fig. 3g) in this model. Interestingly, similar
results were obtained in male mice previously subjected to the
formalin test. To corroborate the existence of a TRPM8-
dependent tone in males providing relief after TRPA1-induced
nociception, male mice were treated with AMTB after the extinc-
tion of formalin-induced nocifensive activity. These mice showed
a significant reinstatement of licking behavior evident 30min
after administration of the compound (p < 0.05 vs. vehicle,
Fig. 3h). Altogether, these results suggest the presence of
endogenous TRPM8 activity with antinociceptive function in
male mice.
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Testosterone activates TRPM8 to resolve mechanical sensitiza-
tion in mice exposed to the model of chronic migraine
Testosterone has been suggested as an endogenous TRPM8 agonist28

and shows antinociceptive functions in mice29. We hypothesized that
this endogenous androgen could have a protective function in the
mousemodel of chronicmigraine. To address this question,micewere
first subjected to a sham surgery or to an orchidectomy to deplete
gonadal testosterone. Once their nociceptive sensitivity was restored
the animals received theNTG treatment (Fig. 4a). AcuteNTGproduced
similar hypernociception in sham and orchidectomized animals
(Fig. 4a, left panel, p <0.001 vs. vehicle). In contrast, the repeated NTG
evidenced a persistent chronic sensitization selectively expressed in
orchidectomized animals (Fig. 4a, right panel, p <0.01 vs. sham),
indicating possible protective role of testosterone.

To investigate whether testosterone could have TRPM8-mediated
antinociceptive effect in males, wild-type and TRPM8 knockout males
were orchidectomized and received subcutaneous osmotic pumps
filled with testosterone or its vehicle (cyclodextrin 45% in water).
Afterwards, all mice were chronically treated with NTG, and their
mechanical sensitivity was assessed. Testosterone induced complete
recovery of mechanical thresholds in wild-type mice (Fig. 4b, right
panel, day 20, p <0.001 vs. Vehicle wild-type, nonsignificant vs. base-
line), while vehicle-treated animals remained sensitized by the end of
the experiment (Fig. 4b, right pane,p <0.001 vs. baseline onday20). In
contrast, TRPM8 knockout mice lacked this restorative effect of tes-
tosterone (Fig. 4b, right panel, day 20, p <0.001 vs. wild-type,
p <0.001 vs. baseline), although anantinociceptive effect independent
of TRPM8 activity was also evidenced in knockouts (Fig. 4b, right
panel, day 20, p <0.05 vs. vehicle TRPM8 knockout). To further clarify
the involvement TRPM8 in the protective effect of testosterone, AMTB
was administered to all mice after the nociceptive measurement on
day 20 (Fig. 4c). A significant drop in the mechanical thresholds was
selectively observed in wild-type animals treated with testosterone
(Fig. 4c, p <0.01 vs. values before AMTB), whereas mice receiving
vehicle and knockouts showed unaltered mechanosensitivity. These
results revealed significant testosterone-TRPM8 antinociception
in males.

Next, to determine whether testosterone could have rapid anti-
nociceptive effects we treated NTG-exposed wild-type and TRPM8
knockout females with a single subcutaneous administration of 1mg/
kg testosterone or its vehicle (2.5% DMSO in corn oil, Fig. 4d). A sig-
nificant testosterone-induced antinociception was observed selec-
tively in wild-type mice (p <0.05 vs. pre-treatment values, p < 0.05 vs.
testosterone-treated TRPM8 knockouts). Overall, the present beha-
vioral results suggest nongenomic antinociceptive effects of testos-
terone through TRPM8.

We next investigated if testosterone activated TRPM8 channels in
trigeminal cultures as a mechanism to account for the protective role

of the androgen. Trigeminal cultures of wild-type mice showed cal-
cium transients in response to 10 pM testosterone (Fig. 4e). Cells
responding to testosterone also presented calcium transients in
response to 500 nM WS12 (7.9 ± 0.8% of KCl-sensitive cells; Fig. 4e).
These responses were abolished in neural cultures from TRPM8
knockout animals tested side-by-side (Fig. 4e, p <0.001 vs. wild-type),
revealing a testosterone activity through TRPM8 in trigeminal neu-
rons. Previous studies described structural and functional differences
between murine and human TRPM835. To evaluate this possibility, we
assessed testosterone activity on HEK293 cells constitutively expres-
singmurine or human TRPM8 (Fig. 4f). Similar calcium transients were
elicited after testosterone 10 pM in cells expressing human or murine
TRPM8, whereas control HEK293 cells lacked this response (Fig. 4f).
Altogether, the present data reveal a testosterone activity on murine
and human TRPM8.

Testosterone-induced current of human TRPM8 is independent
of androgen receptor expression
Given the possible interaction of testosterone with TRPM8, we con-
ducted patch-clamp whole-cell recordings to assess possible
testosterone-induced currents on HEK293 cells heterologously
expressing human TRPM8 (hTRPM8-HEK293). Current density (pA/pF)
vs. voltage relationships in these cells (Fig. 5a) evidenced an increase in
outward rectifying current after 10 s applicationof 10 pM testosterone.
This testosterone-induced current was significantly different from the
basal current (Fig. 5b, p < 0.05) and was completely blocked in the
presence of 10 µMAMTB, the specific TRPM8 blocker (Fig. 5b, p < 0.01
vs. 10 pM testosterone). As testosterone’s primary mechanism of
action is through binding to the androgen receptor (AR), an additional
experiment was conducted knocking down the androgen receptor in
hTRPM8-HEK293 cells. Thus, hTRPM8-HEK293 cells were transfected
with small interfering RNA (siRNA) targeting the AR or with scrambled
siRNA. In parallel, wild-type HEK293 cells lacking heterologous
expression of TRPM8 were assayed (WT HEK293). hTRPM8-HEK293
cells transfectedwith either anti-AR siRNAor scrambled siRNA showed
similar current density-voltage curves after 10 pM testosterone
(Fig. 5c), whereas WT HEK293 cells did not display testosterone-
induced currents (p <0.01 WT HEK293 vs. hTRPM8-HEK293, current
fold increase at +80mV, Fig. 5d). To ensure the silencing of AR
expression, western blot was performed in samples of hTRPM8-
HEK293 and WT HEK293 cells cultured in parallel to the cells used for
electrophysiological recordings (Fig. 5e). A disruption of AR expres-
sion was confirmed in hTRPM8-HEK293 cells treated with anti-AR
siRNA, whereas hTRPM8-HEK293 cells treated with scrambled siRNA
orWTHEK293 cells presented evident AR expression. In order to allow
the comparison to an established TRPM8 agonist in the same setting,
we conducted dose-response curves for testosterone and WS12 in
untreated hTRPM8-HEK293 cells, obtaining EC50s of 7 pM for

Fig. 2 | TRPA1-related activity is essential for mechanical hypersensitivity after

nitroglycerin and TRPA1 expression and function increase in trigeminal

ganglia of chronically exposed males and females. a TRPA1 deletion prevents

acute and chronic mechanical hypersensitivity after nitroglycerin in male and

female mice. b Trigeminal ganglia of male and female mice show increased TRPA1

mRNA expression after chronic nitroglycerin exposure. c Representative calcium

traces in response to 70 µM AITC normalized to 40mM KCl in trigeminal cells of

mice chronically exposed to vehicle or nitroglycerin. d AITC responses increase in

trigeminal cultures from nitroglycerin-treated animals regardless of the sex. Aver-

age response size of AITC-sensitive neurons vs. KCl responses. e Wild-type tri-

geminal neurons responding to 100 µM nitroglycerin also respond to 70 µM AITC.

TRPA1 knockout mice lack these responses. f 15% of trigeminal neurons respond to

AITC and NTG in wild-type mice vs. 1–2% in TRPA1 knockouts. g TRPA1-transfected

HEK293 cells and IMR90 cells constitutively expressing hTRPA1 show calcium

responses after 10, 50 and 100 µM nitroglycerin. h Trigeminal culture exposed to

vehicle, nitroglycerin or the exocytosis inhibitor DD04107. Cells labeled with pan-

neuronal marker antiMAP2 (green), antiαCGRP (red) and nuclei marked with DAPI

(blue). i Nitroglycerin decreases intracellular αCGRP immunoreactivity and

DD04107 prevents this. Mean mechanical thresholds (a), expression (b), calcium

response (d, f) or red fluorescence (i) ± S.E.M. Datapoints without error bars

represent values of individual animals, except for iwhere dots represent quantified

images. a ^p <0.05, ^^p <0.01, ^^^p <0.001 vs. vehicle. #p <0.05, ##p <0.01 vs.

baseline, two-wayRMANOVA,n = 6miceper condition except forWT female group

which was of five mice; b ***p <0.001 two-way ANOVA, n = 6 samples from six

different mice per condition, obtained after one behavioral experiment;

d ***p <0.001 two-wayANOVA,n = 5 samples fromfivedifferentmiceper condition,

obtained in three independent experiments; f *p <0.05 two-sidedMann–WhitneyU

n = 5 samples from five differentmice per condition, obtained in three independent

experiments; i ***p <0.001, one-way ANOVA n = 26 images from samples of five

mice per condition, obtained in five independent experiments. NTG nitroglycerin,

Veh vehicle. Source data are provided in Source Data file, statistical results in

Supplementary Table 2.
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testosterone and 500nM for WS12 (Supplementary Fig. 5a). The EC50
of WS12 was afterwards used to estimate the IC50 of the TRPM8
antagonist AMTB, which also binds to the menthol-binding site36

(Supplementary Fig. 5b). Subsequent application of AMTB IC50
(15 nM) shifted the testosterone dose-response curve to the right
(Fig. 5f, EC50= 34 pM), being compatible with competitive inhibition.
Hence, testosterone-induced currents were selectively elicited in

HEK293 cells heterologously expressing human TRPM8, were inde-
pendent of AR expression and sensitive to the TRPM8 antagonist
AMTB, substantiating an ionotropic action of the hormone28.

Discussion
The most salient contribution of our study is the discovery of the
role of TRPM8 as an androgen-activated receptor that provides
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antinociception in a sex-dependent fashion. Specifically, TRPM8
activity favors recovery in a mouse model of NTG-induced chronic
migraine that produces similar acute mechanosensitivity in males and
females but persistent chronic hypersensitivity exclusively in females.
Our results suggest that testosterone by activating TRPM8 channels
drives a sexual dimorphism characterized by recovery of normal sen-
sitivity inmales.Wepropose that the lackof thisprotectivemechanism
in females leads to a persistent mechanical hypersensitivity. Note-
worthy, our model of chronic migraine mimics the sexual dimorphism
observed in humans, characterized by stronger transitions to chronic
sensitization in women30 and possible faster recovery inmen. Previous
studies also described higher female sensitivity in models of formalin-
inflammatory pain37 and models of persistent pain such as stress-
induced visceral hypersensitivity or muscle pain after repeated saline
injections and forced activity29,37,38. We considered the direct assess-
ment of trigeminal sensitization in the head, however the repeated
restraint stress required for this type of assessment couldhave been an
additional factor in promoting sexual dimorphism39. Overall, these
findings suggest that the exposure to repeated noxious insults such as
ongoing inflammation and stress-related stimuli favor the perpetua-
tion of painful responses in females, whereas males show faster
recovery and are able of reinstating their normal sensitivity.

In our model of chronic migraine, NTG provokes mechanical
hypersensitivity by signaling through the TRPA1 channel, although this
receptor is not involved in the sex dimorphism observed. Indeed,
repeated NTG exposure induced similar TRPA1 mRNA overexpression
in trigeminal ganglia of male and female mice. Increased expression
translated into exacerbated TRPA1 activity and trigeminal cultures of
males and females chronically exposed to NTG presented stronger
TRPA1 activity in response to the specific agonist AITC. In line with our
results, previous research described TRPA1-specific neuronal respon-
ses after acute NTG5, andmale rodents exposed to NTG were sensitive
to TRPA1 antagonism40. Our findings reveal an essential participation
of TRPA1 for the development of chronic NTG hypersensitivity in male
and female mice, in agreement with studies showing TRPA1 involve-
ment in persistent nociceptive sensitizations12,41,42.

The NTG-TRPA1 mechanism involved in promoting the mechan-
ical hypersensitivity relies on the release for αCGRP from trigeminal
neurons11,12, in agreement with the critical role of this neuropeptide in
the aetiology of chronic migraine13. Our data further substantiate this
tenet as sensitivity to the exocytosis inhibitor DD04107 revealed a
mechanism involving large dense core vesicles and vesicular fusion
protein SNAP-2532. Notably, the data obtained with DD04107 suggest a
potential efficacy of this peptide for the treatment of chronicmigraine
through inhibition of αCGRP release, similar to botulinum
neurotoxin14. Accordingly, we propose antagonistic roles of TRPA1 and
TRPM8 activities determined by the continuous exposure to exogen-
ous and endogenous agonists. Namely, nitric oxide derived from the

treatment with NTG elicits a hyperalgesic state via TRPA1 stimulation
both in males and females, whereas testosterone exerts an anti-
nociceptive role through interactions with TRPM8. Several mechan-
isms could underlie TRPM8-mediated antinociception. On the one
hand, it has been proposed that TRPM8 activation produces silencing
of C nociceptors expressing TRPA143 through interneuron recruitment
in the spinal cord dorsal horn44,45 or via inhibitory metabotropic glu-
tamatergic receptors expressed in the central terminal of
nociceptors46. Thus, in the studied pain models TRPM8 activity may
occlude signaling of TRPA1-expressing nociceptors and subsequent
CGRP release43. In addition, a participation of central brain areas can-
not be excluded fromour data, given the recent description of TRPM8
also in supraspinal locations27.

Notably, our results in TRPM8 knockout mice subjected to
chronic NTG sensitization reveal a protective function of TRPM8. In
line with our data, TRPM8 stimulation showed efficacy alleviating
thermal hyperalgesia and nocifensive behaviors in models of
headache-related pain44,45. A protective function was similarly descri-
bed inmodels of noxious heat or chemically-induced nociception such
as the injection of capsaicin or the TRPA1 agonist acrolein24,43.
TRPM8 stimulation also provided alleviation of mechanical and cold
sensitivity in models of chronic neuropathic pain47,48. In accordance
with these preclinical findings, TRPM8 agonists have been used med-
icinally for alleviating a variety of pain conditions including
migraine19,20,49, although using these compounds is not a first-line
treatment for this clinical condition14. Our results may be in contrast
with experiments recently published after the preprint of the present
work in which TRPM8 is depicted as a trigger of nociceptive sensiti-
zation in themodel of chronicmigraine50. While this work also stresses
the relevance of TRPM8 for future investigations, wefind experimental
differences also involving NTG-induced sensitization that may explain
the diverging results. Firstly, their exacerbated hypernociception may
be associated with the combined use of NTG with propylene glycol as
suggested by our data (Fig. 1 vs. Supplementary Fig. 1). Secondly, the
NTG-induced hyperalgesia elicited in our model would have been
overlooked in animals with a basal hypersensitive phenotype when
compared to the mice used in our experimental conditions50. Possible
explanations to basal hyperreactivity include substrain differences or
lack of habituation. Contradictory results were also published showing
pro-algesic effects of TRPM8 agonists onmigraine, although the use of
TRPM8 agonists with partial effect on TRPA1 such as icilin could have
yielded misleading results51. Similarly, we did not observe significant
antinociception after administration of high WS12 doses in female
mice treated with NTG. The absence of significant antinociception
afterWS12 couldbe associated to the potent and short-lasting effect of
this compound, as suggested by the results obtained in the formalin
test where significant effects lasted only 5min in the acute phase. In
agreement, calcium-dependent desensitization of TRPM8 is described

Fig. 3 | TRPM8 allows recovery of normal sensitivity in male mice exposed to

nitroglycerin or formalin. aWild-type and TRPM8 knockout males display similar

acute mechanical hypersensitivity after nitroglycerin (left panel). Deletion of this

receptor prevents recovery of baseline mechanical sensitivity after chronic nitro-

glycerin treatment inmales (right). Acute and long-lasting hypersensitivity is similar

in wild-type and knockout females. b Trigeminal TRPM8 mRNA expression is

similar regardless of sex or nitroglycerin/vehicle treatment. c Calcium responses of

trigeminal cultures frommales and females chronically exposed to nitroglycerin or

vehicle after exposure to TRPM8 agonist WS12 (500 nM). d Average size of calcium

transients after WS12 is similar in neurons frommales and females. Response sizes

vs. respective KCl responses. e Female mice chronically exposed to nitroglycerin

show increased mechanical sensitivity when compared to vehicle-treated mice.

This sensitivity remained unchanged after 10mg/kg WS12 i.p. f Nocifensive beha-

vior in the acute phase of the formalin test (5min) is significantly alleviated in

females receiving 6 nmolWS12 i.pl.gTRPM8 antagonist AMTB (i.p.) unmasks latent

mechanical pain sensitization in mice chronically exposed to nitroglycerin that

already recovered their basal sensitivity. h 10mg/kg AMTB administered 1 h after

formalin injections induces significant reinstatement of licking behavior in males.

Meanmechanical thresholds (a, e, g), expression (b), response size (d), nocifensive

behavior (f, h) ± S.E.M. Datapoints without error bars represent values of individual

animals. a ##p <0.01 vs. baseline. ^^p <0.01 vs. vehicle two-way RM ANOVA n = 5

mice per condition. b Two-way ANOVA n = 6 samples from six different mice per

condition, obtained after one behavioral experiment. d Two-way ANOVA

n = 5 samples from five different mice per condition, obtained after three inde-

pendent experiments. e ***p <0.001 nitroglycerin vs. vehicle, three-way ANOVA

n = 6(Veh + Veh), n = 5(NTG+Veh), n = 6(Veh+WS12), n = 7(NTG+Veh WS12) mice.

f *p <0.05 vs. vehicle. Multiple two-sided t-test n = 4(WS12) or 7(Vehicle) mice.

g +p <0.05 vs. vehicle. Two-sided Friedman test n = 6 mice. h *p <0.05 vs. vehicle.

Multiple two-sided t-test n = 6 mice per condition. ORX orchidectomy, NTG nitro-

glycerin, Veh vehicle. Source data are provided in SourceData file, statistical results

in Supplementary Table 3.
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after application of the canonical TRPM8 agonists menthol, icilin or
WS1252. In our von Frey experiments, reliable assessment of mechan-
osensitivity requires spaced and sequential application of von Frey
filaments during periods of 15–30min. Hence, mechanosensitivity
could not be precisely assessed at that specific temporal resolution
and a transient effect ofWS12 could have been overlooked. In this line,
short-lasting pain-relieving responses to menthol and its derivatives
can be found clinically and were described elsewhere49. On the other
hand, the poor hydrosolubility ofWS12 required its dissolution in corn
oil for systemic administration and the lack of a significant effect could
also be related to an erratic absorption and distribution of the
compound.

The protective role of TRPM8 was ratified by the AMTB-induced
resensitization of males already recovered from the chronic NTG
treatment. This protective TRPM8 activity was corroborated in males
previously subjected to the classical formalin test and is compatible
with a latent nociceptive sensitizationmasked by tonicTRPM8activity.
The development of latent nociceptive sensitizations or hyperalgesic
priming has been related to the establishment of chronic pain
conditions53–55 and an endogenous opioid tone has been associated
with this tonic inhibition of nociception54. In this context, an inter-
dependency between TRPM8 and the endogenous opioid system has
been described, with TRPM8 knockout mice displaying reduced mor-
phine analgesia and the antinociceptive effects of TRPM8 agonists
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being sensitive to the opioid antagonist naloxone33,56. Our results
suggest the interest of investigating opioid-TRPM8 interactions for the
promotion of antinociception.

Noteworthy, testosterone application provided rapid TRPM8-
mediated antinociception in females. In line with this finding, orchi-
dectomized males showed persistent sensitization after chronic NTG
similar to females. Previous studies also described decreased ability of
orchidectomized males in restoring normal mechanosensitivity after
inflammatory or stress-related insults29,37,38. These studies elucidated
testosterone antinociceptive mechanisms including transformation to
di-hydrotestosterone and binding to androgen receptor37, down-
regulation of anti-opioid neurotransmitter Brain-derived Neuro-
trophic Factor (BDNF)38 or modulation of serotonin transporters29. In
our study, orchidectomized wild-type males exposed to testosterone
recovered their normal sensitivity after cessation of the NTG treat-
ment, and this effect was largely dependent on TRPM8. These data
reveal a function of TRPM8 providing endogenous antinociception in
males though testosterone stimulation. Male-specific alterations have
beenpreviously observed in TRPM8knockouts, including delayed cold
acclimation and lower bone mineral density, similar to females of
either genotype that showed this same phenotype57. Interestingly,
these features are also tightly linked to the activity of sexual steroids58.
We observed rapid antinociceptive effects of testosterone in NTG-
exposed females in a time frame inwhich acute testosterone anxiolytic
effects are also found59. In agreement, preclinical studies show anti-
nociceptive efficacy of testosterone inmale and female rodentmodels
of acute and chronic pain29,37,38. Consistently, clinical treatments with
testosterone may provide pain alleviation60, and testosterone levels of
men and women are inversely proportional to pain perception61

including migraine pain31. However, hormonal treatments are sub-
jected to tight regulation and have transcriptional effects and dele-
terious consequences that limit their use.

Our trigeminal cultures revealed TRPM8 calcium transients in
response to picomolar concentrations of testosterone62 that were
absent in cultures of TRPM8 knockouts. Whole cell patch-clamp
recordings in HEK cells heterologously expressing human TRPM8 also
revealed ionic currents at low picomolar testosterone concentrations
(EC50= 7 pM), in contrast to the lower potency of WS12 (EC50= 500
nM) obtained in the same experimental conditions. These
testosterone-induced currents were independent of androgen recep-
tor expression and sensitive to the TRPM8 antagonist AMTB, as
revealed by the 5-fold decrease in testosterone potency (EC50
increased from 7 to 34 pM) in the presence of 15 nM AMTB (IC50 of
AMTB against the less potent WS12). Note that the high potency of
testosterone evoking TRPM8 ionic currents, requires higher AMTB
concentrations to abolish testosterone-induced TRPM8 responses.
Indeed, 10μMAMTB fully blocked testosterone-evoked ionic currents.

In agreement with our data, other groups have revealed TRPM8-
mediated currents after application of picomolar concentrations of
testosterone to cancer cells, somatosensory neurons28 or planar lipid
bilayers expressing TRPM863. Thus, testosterone induced rapid non-
genomic effects on primary afferent neurons and other cell types
through TRPM8. Similarly, other endogenous molecules such as oxy-
tocin have shown agonistic effects over TRPV1 also at picomolar
concentrations64. While WS12 in the nanomolar range elicits stronger
calcium transients than picomolar concentrations of testosterone, at
the picomolar level TRPM8 agonists such as menthol, icilin or WS12
lack significant effects on intracellular calcium imaging28. On the other
hand, nanomolar concentrations of testosterone inhibited TRPM865 in
HEK cells and neurons, suggesting possible inverted u-shaped dose-
effect curves for this type of steroids. In agreement, picomolar con-
centrations of dihydrotestosterone induced pronounced over-
expression of TRPM8 in cancer cells whereas higher concentrations
had a reduced effect66. Our calcium imaging, electrophysiological and
behavioral results suggest an ionotropic effect of testosterone on
TRPM8 channels and hint to the presence of a potential hormone
binding site within the receptor structure. Docking simulations on a
computational homology model of the human TRPM8 suggest the
presence of a putative testosterone binding site in the receptor
transmembrane domain with a theoretical binding energy and affinity
consistent with the hormone potency (Supplementary Fig. 6a, b and
Computational_files.zip). Furthermore, this putative ligand-receptor
complex model suggests binding of testosterone to the active pocket
described for WS12 and menthol52,67. Interestingly, female hormones
such as estradiol or progesterone were also able to be positioned in
this binding pocket (Supplementary Fig. 6c, d and Computational_fi-
les.zip) although with lower binding energy estimates than testoster-
one. This agrees with the potency of estradiol and progesterone
evoking TRPM8 ionic currents in planar lipid bilayers63, as compared
with testosterone. This computational docking model provides a tes-
table hypothesis for future studies aimed to identify the molecular
determinants of this putative binding site, either by structural and/or
by structure-function studies. In this line TRPM3, another TRP channel
of the melastatin family, has been established as a thermoreceptor68

that also responds to sexual hormones such as pregnenolone and
progesterone69, suggesting a dual role of these protein types as
detectors of both exogenous and endogenous stimuli. Our data indi-
cate a testosterone-TRPM8 interaction that could be helpful for the
design of novel compounds mimicking this channel agonist activity
without the unwanted effects of hormonal treatments.

In conclusion, a high sensitization level of females has been found
in a model that reproduces the sexual dimorphism and the enhanced
cutaneous sensitivity associatedwith chronicmigraine in humans7 and
especially in women9,10. This type of chronic sensitization could be

Fig. 4 | Testosterone stimulates neuronal TRPM8 to promote recovery of

normal mechanosensitivity after chronic nitroglycerin treatment.

a Orchidectomized and sham mice display similar acute hypersensitivity after

nitroglycerin (left panel), however only orchiectomized mice remain sensitized on

day 21 (right). b Left, all orchidectomized mice show similar acute hypersensitivity

after a first nitroglycerin dose, whereas after the last dose, orchidectomized

TRPM8KOmice develop stronger sensitization. Right, mice receiving testosterone

supplementation show inhibition of the long-lasting hypersensitivity induced after

chronic nitroglycerin. This attenuation allows recovery of baseline sensitivity in

wild-typemice, but not in TRPM8KOmice. c Testosterone-supplementedwild-type

mice that recovered normosensitivity reinstate sensitization after AMTB on day 21.

This response is absent in TRPM8knockoutsd Sensitizedwild-type females recover

basal sensitivity after acute testosterone treatment on day 21. eCultured trigeminal

neurons showing calcium transients after 10 pM testosterone also respond to

500 nM WS12 whereas TRPM8 knockouts are unresponsive. Right, 7% of neurons

from wild-type trigeminal cultures show calcium transients after 10pM testoster-

one and 500nMWS12. This is abolished in TRPM8 knockouts. f 10 pM testosterone

elicits calcium transients in HEK293 cells when heterologously expressing rat or

human TRPM8. Mean mechanical thresholds (a–d), response size (e, f) ± S.E.M.

Datapoints without error bars represent values of individual animals. a ***p <0.001

vs. vehicle, $$p <0.01 vs. sham, three-way RM ANOVA. n = 6 (Sham-Vehicle, Sham-

NTG), n = 5 (ORX-Vehicle), n = 7 (ORX-NTG) mice. b ^^p <0.01, ^^^p <0.001 vs.

TRPM8KO; &p <0.05, &&p <0.01 vs. testosterone vehicle; ##p <0.01, ###p <0.001 vs.

baseline, three-way RM ANOVA. n = 5 (WT-Veh), n = 6 (WT-Testos and TRPM8KO-

Veh), n = 7 (TRPM8KO-Testos) mice. c ^^^p <0.001 vs. TRPM8KO; &p <0.05, vs.

testosterone vehicle; ##p <0.01 vs. basal, three-wayRMANOVAn = 5 (WTVeh),n = 6

(WT Testos and TRPM8KO Veh), n = 7 (TRPM8KO Testos) mice. d ^^^p <0.001 vs.

TRPM8KO, #p <0.05 vs. basal, two-way ANOVA n = 7–9 mice per condition.

e *p <0.05 two-sided Mann–Whitney U n = 4 samples from four different mice per

condition obtained in two independent experiments. f ***p <0.001 vs. control, two-

sided Mann–Whitney U n = 64–100 cells of two independent cultures per group.

ORXorchidectomy,NTGnitroglycerin, Veh vehicle, Testos testosterone, TRPM8KO

TRPM8 knockout. Source data are provided in Source Data file, statistical results in

Supplementary Table 4.
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human TRPM8, independently of androgen receptor expression. a Current
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current 10 pM testosterone in HEK293 cells expressing human TRPM8 (hTRPM8).

10 µMAMTB inhibits testosterone effect (n = 5 cells from two independent cultures.

Each cell received a testosterone pulse followed by a pulse of AMTB with testos-

terone).b 10 pM testosterone increases basal TRPM8 current at +80mV (n = 7 cells

from two independent cultures; p <0.017 vs. Basal current) and 10 µM AMTB

reverses its effect (n = 5 cells from two cultures, p <0.009 vs. 10 pM testosterone).

c hTRPM8 HEK 293 cells (hTRPM8 HEK) transfected with small interfering RNA

(siRNA) against androgen receptor (AR) (n = 7 from two cultures) and control

hTRPM8 HEK transfected with scrambled siRNA (n = 6 from two cultures) show

similar testosterone-induced outward rectifying current. This current is absent in

wild-typeHEK293 cells (WTHEK, n = 6 from 1 culture) lacking TRPM8.dAt +80mV,

testosterone-evoked current is similar in anti-AR siRNA or scrambled siRNA-

transfected hTRPM8 HEK cells, and this current is absent in wild-type HEK

(p <0.046 vs. anti-AR siRNA, p <0.005 vs. scrambled siRNA). e Western blot of AR

(110 kDa) and β-tubulin loading control (50 kDa) shows disrupted AR expression in

anti-AR siRNA-transfected hTRPM8 HEK cells. WT HEK and scrambled siRNA-

transfected hTRPM8 HEK cells display similar AR expression. f 15 nM AMTB (IC50

for WS12 inhibition, Supplementary Fig. 5) shifts to the right the dose-response

curve for testosterone-induced currents. EC50 for testosterone (7pM, 95% CI 6–8)

increases in presence of AMTB (34 pM, 95% CI 16–61, n = 9 cells from three inde-

pendent cultures for both dose-response curves). “n” indicates number of regis-

tered cells. b, d Data were subjected to Shapiro–Wilk normality tests, then

Kruskal–Wallis followed by Mann–Whitney U tests were applied. **p <0.01,

*p <0.05. Data expressed as mean ± SEM, dots on bar charts represent individual

cells. EC50s were estimated fitting data to a sigmoidal dose-response curve with

constraints (Top= 100, Bottom=0,GraphPad PrismSoftware).e is a representative

western blot of two independent transfections. Source data are provided in Source

Data file, statistical results in Supplementary Table 5.
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aggravated after recurrent exposure to environmental factors invol-
ving TRPA1 stimulation such as pungent substances, oxidative stress or
cyclic proinflammatory events70. The present data reveals that the
difference between males and females is mainly due to an increased
antinociception of males. This effect relies partly on TRPM8 activity in
response to endogenous testosterone, an androgenic hormone that is
present at much higher levels in male individuals. Hence, novel
molecules mimicking testosterone activity on TRPM8 could lack the
unwanted effects of hormonal treatments and may provide effective
pain relief for individuals with low testosterone levels of any gender. In
addition, our data endorse the interest of analgesic drugs inhibiting
TRPA1 activity for the treatment or prevention of migraine and pain
syndromes characterized by enhanced mechanosensitivity in males
and females2,43,71, although careful modulation may be desirable since
TRPA1 shows neuroprotective effects as a hypoxia sensor that drives
vasodilation and reduces ischemic damage72.

Methods
Animals
Adult male and female mice with a C57BL/6J background (Envigo,
Horst, The Netherlands), wild-type or defective in Trpa173 or Trpm823

were bred in the animal facility at Universidad Miguel Hernández
(UMH, Elche, Alicante, Spain). Experiments involving solely wild-type
C57BL/6J mice or TPRA1 knockout mice and their wild-type controls
included 8–15-week-old age-matched mice, whereas experiments
involving TRPM8 knockouts and their respective wild-type controls
included age-matched groups of 8–20 week-old mice. TRPM8 knock-
out mice were a gift from Dr. F. Viana (Instituto de Neurociencias de
Alicante, Alicante, Spain). Care was taken to minimize the number of
animals used and the stress they experienced. All experimental pro-
cedures were approved by the Animal Care and Use Committees of
Universidad Miguel Hernández and the regional government (code:
2018/VSC/PEA/0250-3) and were conducted according to the ethical
principles of the International Association for the Study of Pain for the
evaluation of pain in conscious animals74, the European Parliament and
the Council Directive (2010/63/EU) and the Spanish law (RD 53/2013).
Housing conditions were maintained at 21 ± 1 °C and 55 ± 15% relative
humidity in a controlled light/dark cycle (light on between 8:00 a.m.
and 8:00 p.m.). Animals had free access to food and water except
during manipulations and behavioral assessment. Experiments were
performed blinded for NTG, genotype or pharmacological treatment
depending on the studied condition.

Model of chronic migraine
Animals were exposed to a schedule of repeated NTG injections pre-
viously used to precipitate long lasting mechanical hypersensitivity6.
Briefly,micewere injectedwith 10mg/kgNTGor its vehicle everyother
day for 8 days (5 i.p. injections total). Two different NTG formulations
were tested: first, 5mg/1.5ml ampoules and second, 50mg/50ml vials
(Bioindustria LIM, Novi Liguri, Italy). The 5mg/1.5ml ampoules con-
tained NTG dissolved on a vehicle made of 1ml propylene glycol and
0.5ml ethanol (Bioindustria LIM). Such solution was further dissolved
in saline to obtain 1mg/ml NTG, reaching final concentrations of 10%
ethanol and 20% propylene glycol. This preparation was no longer
used after the first behavioral experiment because the treatment with
vehicle induced mechanical nociceptive sensitization by itself as
shown in Supplementary Fig. 1. The secondNTG formulation consisted
of 50mg/50mlNTGvials containing a vehiclemadeof 5%dextrose and
0.105% propylene glycol in pure water (Bioindustria LIM). This NTG
formulation or its vehicle was administered without further dilution.
Such preparation was chosen to complete all the remaining experi-
ments because the vehicle did notmodify nociceptive sensitivity. Both
the first and the second preparations were administered at 10ml/kg
intraperitoneally (i.p.), obtaining the same NTG dose of 10mg/kg as
described6.

Experimental design
Detailed description of the rationale, timing and experimental design
followed in each experiment can be found in Supplementary Methods
within the Supplementary Information file.

Assessment of mechanical sensitivity
Mechanical thresholds were quantified by measuring the hind paw
withdrawal response to von Frey filament stimulation. To decrease
stress, prior to baselinemeasurementsmice were habituated for 4 h to
the testing environment during 2 days. On the evaluation days, animals
were also allowed to habituate for 1–2 h before testing in order to
obtain appropriate behavioral immobility. Briefly, animals were placed
in Plexiglas® chambers (10 × 10 × 14 cm) with a wire grid bottom
throughwhich the vonFreyfilaments (bending force range from0.008
to 2 g) (PanLab, Cornellá, Barcelona, Spain) were applied, by using the
up-down paradigm as described75. The filament of 0.4 g was first
applied. Then, the strength of the next filament was decreased when
the animal responded or increased when the animal did not respond.
The upper limit value (2 g) was recorded as a positive response even if
therewas nowithdrawal response, and the lower limit was recorded as
negative even if there was withdrawal response (0.008). This up-down
procedure was stopped 4 measures after the first change in animal
responding (i.e., from response to no response or from no response to
response). The sequence of the last 6 responses was used to calculate
the mechanical threshold. Both ipsilateral and contralateral hind paws
were alternatively tested whenever possible, and stimuli were applied
at a minimum of 2min intervals to avoid hypervigilance or sensitiza-
tion between successive filament applications. Filaments were com-
pletely bent before considering responses and hold up to 4–5 s to
consider a negative response. Clear pawwithdrawal, shaking or licking
were considered as nociceptive-like responses. The responses of both
hind paws were averaged to obtain the mechanical threshold of each
individual.

RNA extraction and RT-PCR
Trigeminal ganglia were isolated and frozen on dry ice until RNA
extraction. Tissue was homogenized on ice using a polytron (Polytron
PT 2000 Kinematica AG, Malters, Switzerland) and RNA was extracted
with a TRIZOL (15596-026 ThermoFisher Scientific) extractionmethod
as described76. Briefly, chloroform was added to yield 2 phases,
including one hydrophilic phase at the top containing RNA. Then after
centrifugation at 12,000 × g, 10min at 4 °C the aqueous phase was
mixed with isopropanol to precipitate RNA. The resulting pellet was
washed with ethanol and air-dried. RNA purity and quantity were
assessed by spectrophotometry (NanoDrop 2000, Thermo Fisher
Scientific). Retrotranscription to cDNA was conducted with First
Strand Synthesis Kit (K1612, Thermo Fisher Scientific) using dT pri-
mers. Primers for cDNA amplification were: TRPA1 fw 5’-GCAGGTGG
AACTTCATACCAA and rv 5’-CACTTTGCGTAAGTACCAGACTGG,
TRPM8 fw 5’-CTTTCTAAGCAATGGTATGGAG and rv 5’-GGTTTCTTCC
TAAATGATACGAG, GAPDH fw 5’-CCAATGTGTCCGTCGTGGATCT and
rv 5’-GTTGAAGTCGCAGGAGACAACC. Relative expression valueswere
obtained by applying the equation 2−(ΔCT gene of interest−ΔCT GAPDH).

Mouse trigeminal primary cultures
Adult mice (8–14 weeks) were sacrificed by cervical dislocation and
trigeminal ganglia were extracted, micro-dissected from nerve pro-
jections and kept in ice-cold HBSS solution. Trigeminal ganglia were
incubated in collagenase 48μg/ml, 3.5 U/mg (C7657, Merck) and dis-
pase 3mg/ml, 1.79 U/mg (17105-041, Thermo Fisher Scientific, Wal-
tham, USA) for 45min at 37 °C in 5% CO2

77. Thereafter, samples were
mechanically disaggregated by pipetting 15 times through a 1ml blue
plastic tip. Neurons were separated from other cell types and tissue
debris by placing the tissue homogenate over a 15% BSA solution
(073k7601, Merck) and centrifuged 7min at 300 × g78. Then, cells were
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seeded in 5μl drops over crystals treated with 8.3μg/ml poly-L-Lysine
(P9155, Merck) and 5μg/ml laminin (L2020, Merck). In total, 30min
after seeding cultures were supplemented with 500μl of culture
medium and incubated for 12–16 h at 37 °C and 5% CO2

77. Cells were
kept in a hormone-free culture medium consisting of Dulbecco’s
Modified Eagle Medium/F12 (DMEM/F12) without Phenol Red
(11039021, Thermo Fisher Scientific), 1X Minimum Essential Medium
(MEM) vitamin solution (11120052, Thermo Fisher Scientific), 1%
penicillin/streptomycin (15140-022, Thermo Fisher Scientific) and
home-made µg/ml N2-containing insulin (I2643, Merck), 0.1mM
putrescine hydrochloride (P7505,Merck), 3 nM sodium selenite (S5261
Merck), 100 µg/ml transferrin (T2872,Molecular Probes, Eugene, USA),
25 ng/ml NGF (G5141, Promega, Madison, USA) and 25 ng/ml hGDNF
(450-10, Peprotech, London, UK).

Fluorescence Ca2+ imaging
Non-ratiometric calcium imaging experiments were conducted with
the fluorescent indicator fluo4-AM (F14201, Thermo Fisher Scientific).
Trigeminal neurons or Human Embrionic Kidney 293 (HEK293) cells
(CRL-1573 ATCC) were incubated with 5mM (6mg/ml) fluo4-AM and
0.2% w/v pluronic acid (F-127, Thermo Fisher Scientific) for 60min at
37 °C in standard extracellular solution (in mM: 140 NaCl, 3 KCl, 2.4
CaCl2, 1.3 MgCl2, 10 HEPES, and 5 glucose, adjusted to pH 7.4 with 1M
NaOH)79. Afterwards, cells were washed with standard extracellular
solution for at least 20min. Fluorescence measurements were
obtained on an inverted microscope (Axiovert 200/B, ZEISS) coupled
to a Hamamatsu FLASH 4.0 LT camera (C11440-42U30, Hamamatsu,
Sunayama-cho, Japan). Before starting the experiment, an image of the
microscopic field was obtained with transmitted light to create the
regions of interest around cells with neuronal morphology. Then,
Fluo4 was excited at 480 nm (excitation time 200ms) with a rapid
gating shutter (lambda-shutter 10/2 Sutter instruments, Novato, USA).
Mean fluorescence intensity was recorded for each cell with HCimage
DIA software (Hamamatsu Photonics) every 3 s. Calcium imaging
recordings were performed at 35 °C. Response sizes after agonists
were calculated by measuring peak minus basal values and divided by
the positive control of the experiment, i.e., 40mM KCl in trigeminal
primary cultures, and 10 µM ionomycin in HEK293 and IMR90 human
cell cultures. Responses were scored as positive if the increase in
fluorescence was >0.2 arbitrary units79. Substances dissolved in
extracellular solution were delivered through a high-flow rate perfu-
sion system controlled with an automatic system of valve clamps (PC-
16 Bioscience Tools, S. Diego, USA). Cells were washed with extra-
cellular solution between calcium responses for a period of at least
300 s to ensure recovery of basal fluorescence levels. Example dataset
of calcium imaging (Fig. 2c, d) and the analysis instructions have been
deposited in Github: https://github.com/greferball/Ca_Imaging_
NatComm_2022.git

Drugs tested in behavioral studies
The TRPM8 selective blocker AMTB hydrochloride (AMTB, N-(3-
aminopropyl)−2-{[(3-methylphenyl) methyl] oxy}-N-(2-thie-
nylmethyl) benzamide hydrochloride, Tocris, Bristol, UK) was dis-
solved in dimethyl sulfoxide (DMSO, Merck, Darmstadt, Germany)
and was further diluted in saline to reach 2.5% DMSO. The range of
AMTB doses (5–15 mg/kg i.p., 10ml/kg) was chosen after dose
conversion80 from previous experiments demonstrating efficacy in
attenuating hyperactive bladder activity in rats81. Mechanical sen-
sitivity was measured 30min after AMTB, based in previous beha-
vioral results in mice82.

The potent and selective TRPM8 agonist WS12 ((1R,2S,5R)−2-
Isopropyl-N-(4-methoxyphenyl)−5-methylcyclohexanecarbox-
amide, Tocris) was dissolved in DMSO and diluted in corn oil to
reach 2.5% DMSO. The range of WS12 i.p. doses (5–15mg/kg i.p.,
10ml/kg) was chosen based on previous data showing

antinociceptive effects of WS12 in mice33. WS12 was administered
30min prior assessment of mechanical sensitivity33. In the formalin
test, WS12 was dissolved in DMSO and diluted in saline up to 0.6%
DMSO to achieve an amount of 6 nmol in 20 µl as described33. We
used WS12 and not menthol or icilin as a TRPM8 agonist to avoid
unspecific signaling over TRPA183.

Testosterone (T1500, Merck) was dissolved in 45%
2-Hydroxypropyl-β-cyclodextrin in water84 to obtain a solution of
22mg/ml for sustained delivery. This solution or its vehicle was
introduced inside Alzet osmotic minipumps (Model 2004, Durect
Corporation, Cupertino, CA, USA) to achieve a testosterone delivery of
6μg/h, based on previous studies obtaining significant effects in
orchidectomized mice29,85. In the experiments assessing the acute
effect of testosterone in females, testosterone was dissolved in DMSO
and diluted in corn oil to reach 2.5% DMSO as with WS12, and it was
administered at 1mg/kg, 1 h before the assessment of mechan-
osensitivity based on previous data assessing its effects on anxiety-like
behavior86.

Drugs for cellular studies
Fluo4-AM (F14201, Molecular Probes) was dissolved in DMSO at a
concentration of 2 µg/µl used on HBSS at a concentration of 6 µg/µl to
load the cells for calcium experiments. In calcium experiments, cells
were under a constant flowof a standard extracellular solution (inmM:
140NaCl, 3 KCl, 2.4 CaCl2, 1.3MgCl2, 10 HEPES, and 5 glucose, adjusted
to pH 7.4 with 1M NaOH)79, and stimuli were applied dissolved in this
solution. Substances used in calcium imaging were 100μM AITC
(W203408, Merck) dissolved in 0.001% DMSO, 500nM WS12 (3040/
50, Tocris) dissolved in 0.01% DMSO, 10 pM testosterone dissolved in
0.01% DMSO, 10μM ionomycin (I9657 Merck). NTG at 100μM (Bioin-
dustria LIM)wasused in calcium imaging and in theCGRP release assay
in the formulation containing 5% dextrose and 0.105% propylene gly-
col as vehicle. In the CGRP release experiment, 10 µM DD04107 (BCN
Peptides SA, San Quintí de Mediona, Spain) dissolved in water was
used79.

CGRP release assay
Trigeminal cultures were incubated for 48 h, then cells were treated
with the exocytosis inhibitor 10 µM DD04107 (BCN Peptides SA, San
Quintí deMediona, Spain) or its vehicle (H2O) for 1 h

77. Next, cells were
treated with 100 µM NTG or its vehicle (5% dextrose and 0.105% pro-
pylene glycol) for 30 additional min. Incubation solutions were made
in culture medium and kept at 37 °C and 5% CO2.

Immunocytochemistry
In total, 30min after NTG exposure (vehicle 5% dextrose and 0.105%
propylene glycol), the media was removed from the cells and the
culture was washed with 1X PBS (D8662, Merck) 3 times79. After-
wards, cells were fixed with 4% paraformaldehyde (158127, Merck)
for 20min at room temperature. Permeabilization was achieved
with 0.1% v/v Triton 100X (P8787, Merck) for 5 min and blocking
with 5% Normal Goat Serum (NGS, G9023, Merck) for 1 h, both in 1X
PBS. Neurons were labeled with primary antibodies rabbit anti-MAP
1:250 (17490-1-AP, LabClinics, Barcelona, Spain) and mouse anti-
CGRP 1:200 (AB81887, Abcam, Cambridge, UK) incubated overnight
at 4 °C. Secondary antibodies goat anti-rabbit Alexa 488 1:1000
(A11034, Thermo Fisher Scientific) and goat anti-mouse Alexa 568
1:1000 (A11031, Thermo Fisher Scientific) were incubated for 1 h at
room temperature and protected from light. Nuclei were stained
with DAPI 1.5:10000 (D9564, Merck) for 5min at room temperature.
Slides where mounted with mowiol (475904, Merck) and images
taken with a confocal microscope (LSM 900, ZEISS, Jena, Germany).
Mean fluorescence intensity for each cell was obtained with ImageJ
(Wayne Rasband, NIH), and the average value of positive cells was
calculated for each picture.
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Culture and transfection of human cell lines
Human embryonic kidney 293 cells (HEK293) were maintained in
DMEM plus Glutamax, supplemented with 10% Fetal Bovine Serum
(FBS, Thermo Fisher Scientific) and 1% penicillin/streptomycin, and
incubated at 37 °C in 5% CO2 atmosphere. For the study of TRPA1
function, HEK293 cells were plated in 24-well dishes at 2 × 105 cells/well
and transiently transfected with human TRPA1 in a pCMV6-AC-GFP
vector (Viktorie Vlachova, Czech Academy of Sciences) using Lipo-
fectamine 3000 (Thermo Fisher Scientific)87. For the transfection, 2ml
of Lipofectamine 3000 was mixed with the DNA in DMEM plus Glu-
tamax with 1% FBS87. IMR90 fibroblast-like cells (CCL-186 ATCC, Vir-
gina, USA) were seeded in 12mm coverslips at 50,000 cells/well and
were maintained in MEM enriched with 10% FBS and 1% penicillin/
streptomycin at 37 °C in 5% CO2 atmosphere88. For the initial experi-
ments assessing TRPM8 function, HEK293 cells constitutively expres-
sing human or rat TRPM835 were obtained from Prof. Belmonte
Laboratory (Instituto de Neurociencias, San Juan, Alicante, Spain). All
calcium imaging and electrophysiological recordings took place when
cells reached 60% of confluence and 72 h after transfection when
applicable.

Chemically-induced nocifensive behavior (formalin test)
Mice were individually placed into transparent chambers and were
habituated for 1 h before testing. To evaluate the pain-relieving
effect of WS12 against formalin-induced nocifensive behavior, 20 µl
of a 45% 2-Hydroxypropyl-β-cyclodextrin solution containing 5%
formalin (F8775, Merck) and 0.6% DMSO with or without 6 nmol of
WS12 were injected subcutaneously into the plantar aspect of the
right hind paw (i.pl.) by using a Hamilton syringe (Hamilton Syringe
Gastight™ serie 1700, TLL end, Merck) coupled to a 30‐gauge nee-
dle. The time spent expressing nocifensive behavior (licking or
biting of injected paw) was quantified in 5min intervals during
60min as described34. To assess the influence of endogenous
TRPM8 activity on the extinction of nocifensive behavior, mice
received first 20 µl of 5% formalin dissolved in saline in their right
hind paw, and nocifensive behavior was quantified as above. After
the initial 60min when the nocifensive responses ceased, AMTB
(10mg/kg) or vehicle (2.5% DMSO in saline) were administered i.p.
and behavioral quantification continued for 1 h.

Orchidectomy
Orchidectomywas adapted from a previous procedure89 changing to a
single midline scrotal incision to minimize tissue injury. Briefly, mice
were anesthetizedwith amixture of i.p. ketamine (75mg/kg; Imalgene,
100mg/ml, Boehringer Ingelheim, Ingelheim/Rhein, Germany) and
xylazine (15mg/kg, Merck) and a single midline scrotal incision was
made. The testes were exposed, and the vas deferens and testicular
blood vessels were ligated with 2 tight knots of 6–0 black silk
(8065195601, Alcon Cusi S.A., Barcelona, Spain). An incision wasmade
between the 2 knots to remove testes and epididymis and the incision
was closed with three additional square knots after ensuring hemos-
tasis. Sham surgeries were performed similarly but the testicles were
exposed and not ligated or removed. Subsequent nociceptive evalua-
tions were conducted 3 weeks after surgeries.

Testosterone replacement treatment
Testosterone or its vehicle (45% 2-Hydroxypropyl)-β-cyclodextrin in
water) were placed into Alzet osmotic minipumps (Model 2004,
0.23μl/h for 28 days) followingmanufacturer instructions.Minipumps
were implanted subcutaneously between the scapulae under ketamine
(75mg/kg)–xylazine (15mg/kg) anaesthesia. The pump was set to
deliver vehicle or testosterone at an estimated dose of 6μg/h, based
on previous studies obtaining significant effects in orchidectomized
mice29,85. Testing and NTG injections began after 3 days of minipump
implantation.

Patch-clamp whole-cell recordings
Whole-cell recordings were conducted using an EPC-10 amplifier
with Patchmaster software (both from HEKA Electronik, Dr.
Schulze GmbH, Germany). Patch pipettes, prepared from thin-wall
borosilicate capillary glass tubing (Warner Instruments, Hamden
CT, USA) were pulled with a horizontal flaming/brown Micropip-
ette puller Model P-97 from Sutter Instruments to a final resistance
of 2–4MΩ when filled with internal solution. Recordings were
acquired at 10 kHz and low-pass filtered at 3 kHz. Recordings with
leak currents >200 pA or series resistance >15 MΩ were discarded.
Cells were seeded on 12 mm diameter glass coverslips treated with
poly-L-lysine solution. Intracellular pipette solution contained in
mM: 150 NaCl, 3 MgCl2, 5 EGTA and 10 HEPES, pH 7.2 with CsOH.
Extracellular physiological solution contained (in mM): 150 NaCl, 6
CsCl, 1 MgCl2, 1.5 CaCl2, 10 glucose and 10 HEPES, pH 7.4 with
NaOH. All measurements were performed at room temperature.
After seal opening, cells were maintained at a holding potential of
−60mV for few minutes and then a voltage ramp from −120 to
+120mV of 300ms duration was applied.

Knockdown of androgen receptor in HEK 293 cells expressing
human TRPM8
HEK293 cells expressing human TRPM835 (Prof. Belmonte Laboratory,
Instituto de Neurociencias, San Juan, Alicante, Spain) were cultured in
EMEM(ATCC, 30-2003), 1% penicillin/streptomycin (Gibco, 15140-122),
1% geneticin (Gibco, 10131-019), 10% FBS (Gibco, 16000-044), 2mM
L-glutamine (Gibco, A2916801) and 2.5mg/ml glucose (Sigma, G8270).
T25 flasks at 80% confluency were transfected with DMEM plus Glu-
tamax (Gibco, 61965-026), 1% Penicillin/Streptomycin (Gibco, 15140-
122), 19.6μl of Lipofectamine 3000 (Invitrogen, L3000-015), 1μg of
androgen receptor siRNA (Thermo Fisher, Ambion, s1538; sense
GCCCAUUGACUAUUACUUUtt; antisense AAAGUAAUAGUCAAUGG
GCaa) or negative control scramble siRNA (Thermo Fisher, Ambion,
4390843) and 6.5μg of pcDNA3eGFP plasmid DNA (Addgene plasmid
#13031). After 72 h, GFP expression was assessed to ensure that the
transfectionhadbeen successful andwestern blot or patch clampwere
performed. GFP was excited at 500 nm with an exposure time of
500ms and emitted fluorescence was filtered at 535 nm (Lambda-10-2-
filter wheel, Sutter Instruments). The cells were imaged under a ×10 air
objective (Axiovert 200 invertedmicroscope, Carl Zeiss) with anORCA
Flash LT camera (Hamamatsu Photonics) and visually compared to
non-transfected hTRPM8 HEK cells to estimate the efficiency of
transfection. For patch clamp experiments, cells were seeded in 12mm
poly-L-lysine (Sigma-Aldrich, P4707) treated coverslips at 20,000
cells/well.

Protein extraction and western blotting
Total protein from HEK 293 cells was extracted using lysis buffer
(150mM NaCl, 50mM Tris-Base, 1mM EDTA, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, pH 8) containing 1:100 Halt Protease
Inhibitor Cocktail EDTA-free (87785, Thermo Scientific). After 40min
incubation with lysis buffer, solubilized proteins were collected by
centrifugation at 9400× g for 15min. Protein concentration was
determined with Pierce BCA Protein Assay Kit (23225, Thermo Scien-
tific). In total, 20 µg of total protein were prepared in loading buffer
(10X: 600mMTris-HCl, 400mMDTT, 1% bromophenol blue, 20% SDS,
50% glycerol, pH 6.8) and heated up to 95 °C for 5min before loading
the gel. Proteins were separated by SDS-PAGE in 7.5% gels. Electro-
phoresis ran in running buffer (0.3% Tris-Base, 1.44% glycine, 0.1% SDS,
pH 8.4) at 100V during the first 10min, and then at 150V until the end.
Separated proteins were transferred onto a 0.45 µm nitrocellulose
membrane (Bio-Rad) using a wet blotting system for 2 h at 100 V and
4 °C in transfer buffer (25mM Tris-Base, 190mM glycine, 0.1% SDS,
20% methanol, pH 8.4). Afterwards, the membrane was blocked with
5%BSA for 1 h. Androgen receptor (AR) andβ-tubulinwereprobedwith
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specific primary antibodies anti-AR (1:100 in 1% BSA/TBST; sc-7305,
Santa Cruz Biotechnology) and anti-β-tubulin (1:1000 in 2.5% BSA/
TBST; 10094-1-AP, Proteintech) and were incubated overnight (16 h) at
4 °C. After six 5-minwasheswith TBST (20mMTris-Base, 150mMNaCl,
0.1% Tween-20, pH 7.5) the membrane was incubated with secondary
antibodies anti-mouse IgG-HRP (1:10,000 in 1% BSA/TBST; A4416,
Sigma) or anti-rabbit IgG-HRP (1:25,000 in 2.5% BSA-TBST; A0545,
Sigma) for 1 h at room temperature. After six 5-min washes with TBST,
proteins were detected with substrate SuperSignal West Pico Plus
(34577, Thermo Scientific). Chemiluminescence was visualized with
ChemiDoc imaging system (Bio-Rad).

Statistical analyses
Time courses of nociceptive behavioral data conducted in male and
female mice were analyzed using two-way repeated measures ANOVA
with time as within-subjects factor and NTG treatment or genotype as
between-subject factors. The time courses involving orchidectomized
animalswere analyzedwith three-way repeatedmeasures ANOVA,with
time as within-subjects factor and either NTG and orchidectomy or
genotype and testosterone as between-subject factors. Levene’s test of
equality of error variances andMauchly’s sphericity tests were used to
assess normality of the data and Bonferroni post hoc pairwise com-
parisons were subsequently conducted when appropriate. Three-way
ANOVA was also used to analyze the data of WS12 experiments (time
point, WS12, NTG) whereas a within-design was chosen to analyze the
effects of the AMTB doses in wild-type males recovered from sensiti-
zation (Friedman’s test followed by Benjamini adjustment). A three-
way ANOVA was also used to analyze AMTB effects on NTG-exposed
orchiectomized animals (Time point, Testosterone, Genotype). The
time-course data of the chemically-induced nocifensive behavior was
analyzed with repeated unadjusted t-tests to avoid assumptions of
similar variances for thefirst and the secondphases of the formalin test
and posterior measurements. For the cellular studies, data normality
was first assessed with D’Agostino–Pearson or Shapiro–Wilk test for
the patch recordings. Then, comparisons of two groups were analyzed
accordingly with t-tests or Mann–Whitney U tests, whereas compar-
isons of more than two groups were analyzed with either one-way
ANOVA followed by Bonferroni or Kruskal–Wallis followed by
Mann–Whitney U tests. RT-PCR and cellular data containing two fac-
tors were analyzed with two-way ANOVA followed by Bonferroni.
Sample size for animal and cellular studies was estimated based on
previous experience in our laboratories using similar behavioral and
cellular approaches79,87,90. Raw data can be found in the Source Data
File and results of the statistical tests are included in the Supplemen-
tary Information file. Throughout the manuscript, data are expressed
as mean± SEM values and individual datapoints are shown whenever
possible. Differences were considered statistically significant when p

values were <0.05. Statistical analyses were performed using IBM SPSS
25 Software (IBM, Chicago, IL, USA), Microsoft Excel 2019 MSO (Red-
mond, WA, USA) and GraphPad Prism 7.04 (GraphPad Software Inc.,
San Diego, CA, USA). Additional distribution data can be found in the
Supplementary Statistical Results subsection of the Supplementary
Information file.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All sourcedata from thefigures are availablewithin themanuscript as a
Source data file and results of statistical analyses are provided within
the Supplementary Information file. Example dataset of calcium ima-
ging (Fig. 2c, d) and analysis instructions have been deposited in
Github: https://github.com/greferball/Ca_Imaging_NatComm_2022.
git. All the calcium imaging datasets generated and analyzed during

the study are available from the corresponding authors on request.
Data used for computational analyses are available as Supplementary
Information in the zip folder Computational_files.zip which contains
instructions in a readme.txt and scripts. Source data are provided with
this paper.
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