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Abstract 

The perception of noxious environmental stimuli by nociceptive sensory neurons is an 

essential mechanism for the prevention of tissue damage. Etv4 is a transcriptional factor 

expressed in most nociceptors in dorsal root ganglia (DRG) during the embryonic 

development. However, its physiological role remains unclear. Here, we show that Etv4 

ablation results in defects in the development of the peripheral peptidergic projections 

in vivo and deficits in axonal elongation and growth cone morphology in cultured 

sensory neurons in response to NGF. From a mechanistic point of view, our findings 

reveal that NGF regulates Etv4-dependent gene expression of molecules involved in 

extracellular matrix (ECM) remodeling. Etv4-null mice were less sensitive to noxious heat 

stimuli and chemical pain and this behavioral phenotype correlates with a significant 

reduction in the expression of the pain-transducing ion channel TRPV1 in mutant mice. 

Together, our data demonstrate that Etv4 is required for the correct innervation and 

function of peptidergic sensory neurons, regulating a transcriptional program that 

involves molecules associated to axonal growth and pain transduction. 

 

 

Introduction 

Understanding the development and establishment of neural circuits that regulate pain 

transduction is an important issue in neural development. However, little is known about 

the molecular mechanisms underlying this process. Primary afferent neurons, located in 

the dorsal root ganglion (DRG), are sensory neurons with the capacity to detect and 

transduce external physical stimuli into electrical signals that are then conveyed to the 

central nervous system (CNS). Primary afferent neurons have a single axon that bifurcates 

into a peripheral branch, that innervates diverse targets such as the skin or muscle, and a 

central branch, that establishes synaptic contact with CNS neurons. According to their 

perception modalities, sensory neurons can be classified into proprioceptors, which sense 

body positions, mechanoreceptors, which mediate touch, and nociceptors, which are 

involved in the perception of pain and temperature (Basbaum et al., 2009). These major 

subpopulations exhibit different physiological, morphological and molecular properties 

(Usoskin et al., 2015).  
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It has been established that the expression of neurotrophic factor receptors defines the 

functionality of DRG neurons (Marmigere and Ernfors, 2007). Neurons that express TrkA 

respond to nerve growth factor (NGF); while TrkB+ or TrkC+ are activated by brain-

derived neurotrophic factor (BDNF) and neurotrophin 4/5 (NT4/5) or neurotrophin 3 

(NT3), respectively. These neurothrophic signals are essential for the peripheral 

innervation of appropriate targets, cell survival and the expression of ion channels, 

receptors and molecules defining their functional properties (Lallemend and Ernfors, 

2012; Meltzer et al., 2021).  

Neurons that express the TrkA receptor during embryonic development project fibers 

into the epidermis in response to NGF and originate nociceptive neurons. Animals 

deficient in TrkA and NGF lack nociceptive neurons and their projections, and are 

defective in response to noxious stimuli (Carroll et al., 1992; Crowley et al., 1994; Smeyne 

et al., 1994). In humans, mutations in TrkA or NGF have been associated to deficits in 

nociceptor development and pain sensation (Einarsdottir et al., 2004; Indo, 2010; Indo et 

al., 1996). Later throughout development, these neurons segregate into two 

subpopulations, peptidergic and non-peptidergic neurons. Peptidergic nociceptors are 

defined by the expression of calcitonin gene-related peptide (CGRP) and other specific 

neuropeptides, such as substance P (Ju et al., 1987; Xu et al., 1990) and maintain the 

expression of TrkA. On the other hand, non-peptidergic neurons extinguish the 

expression of TrkA and respond to Glial-Derived Neurotrophic Factor (GDNF) family 

ligands (GFLs) through the receptor tyrosine kinase, Ret, and its coreceptor molecules 

GFRs (Lallemend and Ernfors, 2012; Meltzer et al., 2021).  

As mentioned, in adult DRGs, TrkA expression exclusively persists in peptidergic neurons, 

and signaling through NGF plays an important role in setting pain sensitivity. Many 

reports indicate that endogenous NGF levels are elevated in chronic pain (Denk et al., 

2017; Pezet and McMahon, 2006; Woolf et al., 1994). Moreover, the administration of 

NGF in the periphery leads to hyperalgesia (Dyck et al., 1997; Lewin et al., 1993; Petty et 

al., 1994; Rukwied et al., 2010).  

Different ion channels expressed in peptidergic neurons are involved in the transduction 

of painful stimuli, including the Transient Receptor Potential Vanilloid 1 (TRPV1), which is 

a heat- and capsaicin-evoked channel expressed predominantly by peptidergic afferents 

(Caterina et al., 1997; Yang and Zheng, 2017). The genetic deletion of the Trpv1 gene 
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results in an impaired response to heat stimuli and capsaicin (Caterina et al., 2000). 

Interestingly, the expression of TRPV1 and its phosphorylation levels are controlled by 

the activity of NGF/TrkA receptor (Amaya et al., 2004; Ji et al., 2002; Xue et al., 2007; 

Zhang et al., 2012; Zhu and Oxford, 2007). 

NGF signaling in sensory neurons involves its binding to the TrkA receptor at the axon 

terminal, subsequent activation of the MEK/ERK and PI3K/Akt pathways, and retrograde 

signal transduction to the nucleus where it triggers a specific transcriptional program. 

This signaling is essential for neuronal viability, neurite outgrowth and pain sensitivity 

transduction (Chowdary et al., 2012; Harrington and Ginty, 2013). In mammals, members 

of the Pea3 (polyoma enhancer activator 3) subfamily of ETS (E26 transformation specific) 

transcription factors have been implicated as mediators of neurotrophic factor signaling 

downstream of the MEK/ERK pathway and in regulating the establishment of synaptic 

connections (Arber et al., 2000; Fontanet et al., 2013). This family includes three 

members: Etv1, Etv4 and Etv5, also named Er81, Pea3 and Erm, respectively. These factors 

have been associated with the development and progression of different types of tumors 

and also with tissue remodeling processes (de Launoit et al., 2006; Oh et al., 2012; 

Oikawa and Yamada, 2003; Yordy and Muise-Helmericks, 2000). In particular, Etv4 was 

found to be highly expressed in embryonic DRG TrkA+ sensory neurons. Furthermore, in 

vitro studies have shown that Etv4 is induced by distal NGF and is required for proper 

axonal growth of TrkA+ neurons (Fontanet et al., 2013). However, the physiological role 

of Etv4 in the development of the peripheral nervous system (PNS) remains unclear.  

We show herein that Etv4 is required for a correct cutaneous peptidergic innervation and 

pain transduction. Our findings indicate that Etv4 is necessary for the expression of 

enzymes involved in extracellular matrix (ECM) remodeling, and for the proper formation 

of growth cones that mediate NGF-dependent axonal growth. We also demonstrate that 

Etv4 mutant mice are less susceptible to heat nociception and chemical stimuli. 

Furthermore, we provide evidence indicating that Etv4 is essential for the development of 

nociceptors, by mediating the expression of the pain transducing channel, TRPV1. 
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Results 

Etv4 is required for proper epidermal innervation of peptidergic sensory neurons  

Based on the fact that Etv4 mediates NGF signaling (Fontanet et al., 2013), and that NGF 

is required for the epidermal innervation of DRG neurons that express TrkA (peptidergic 

nociceptive cells) during embryonic development (Patel et al., 2000), we examined 

whether Etv4 deletion plays a role in such event by analyzing Etv4-deficient mice. For 

this purpose, we examined presence of free nerve endings in transverse sections of the 

glabrous skin of the hindpaw of Etv4-/- and wild-type (wt) mice at two different 

developmental stages (newborn P0 and 2-month-old mice). The peptidergic fibers were 

visualized using antibodies against calcitonin gene-related peptide (CGRP), which label 

neurons that respond to NGF. In these assays, we found fewer CGRP+ axon terminals 

penetrating through the basal membrane into the epidermis in Etv4-null mice compared 

to wild-type littermates at P0 (Fig. 1A and C). A similar deficiency in CGRP+ epidermal 

innervation was also observed in adult Etv4-/- compared to wild-type (Fig. 1B and D). 

Likewise, epidermal CGRP+ fibers were shorter in adult mutant than in control mice (Fig. 

1E). This shortening did not result from external constraints such as a reduced thickness 

of the skin, as no difference in skin thickness was observed between control and Etv4-

deficient mice (data not shown). These findings indicate that developing peptidergic 

nociceptive sensory neurons do not adequately innervate the epidermis in the absence 

of Etv4. In order to analyze epidermal innervation of non-peptidergic nociceptive 

neurons, we performed stainings using antibodies against the GFR1/GFR2 receptors, 

which labeled non-peptidergic DRG sensory fibers (De Vincenti et al., 2021; Sakai et al., 

2017). Quantification of this innervation indicated that the density of cutaneous non-

pepetidergic fibers was unchanged between wild-type and Etv4-KO adult mice (Fig 1F 

and G). Taken together, these observations indicate that Etv4 is essential for cutaneous 

peripheral peptidergic projections, but is not required for non-peptidergic innervation. 

We next examined the expression of Etv4 mRNA in DRG at different embryonic and 

postnatal stages, using RT-PCR. Interestingly, while Etv4 mRNA is expressed during 

embryonic development, its expression decreases in the postnatal ages (Fig.1H). 

Immunostaining of DRG sections of E14.5 and P20 mice confirmed this result at the 

protein level, indicating that at embryonic stages Etv4 colocalizes with a great number of 

TrkA-positive neurons and that after birth its levels are substantially downregulated 
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(Fig.1I). The specificity of the Etv4 antibodies was evaluated on tissue from Etv4-deficient 

mice (Fig S1) (Fontanet et al., 2018). In agreement with previous work, we observed that 

the vast majority of TrkA-positive neurons express Etv4 at early developmental stages 

(Fontanet et al., 2013). However, the expression of Etv4 exceeds the TrkA-positive cell 

population, opening the possibility that Etv4 might have physiological contribution in 

other population of DRG neurons. At postnatal stages we observed the presence of Etv4 

in the nuclei of TrkA-positive but also in TrkA-negative neurons, indicating that Etv4 

expression is not exclusive of peptidergic cells (Fig 1I).   

 

To assess whether Etv4 is required for the proper development of central spinal 

projections of CGRP+ afferents, we evaluated the distribution of CGRP projections in 

tissue from Etv4-deficient and wild-type animals at P15. In wild-type mice, CGRP-labeled 

fibers were found extending into the dorsal horn and projecting predominantly towards 

the superficial lamina I and II.  No differences were observed either in the area covered 

by CGRP+ fibers nor in the number of CGRP+ terminals that innervate the dorsal horn of 

the spinal cord between Etv4 mutant and wild-type mice (Fig. 2). Moreover, aberrant 

CGRP+ projections were not detected in the spinal cord of Etv4-deficient mutant mice 

compared to wild-type animals (Fig. 2D). Intriguingly, a reduction in the intensity of 

CGRP+ staining was detected in Etv4 null mice (Fig. 2E).  Despite this, no differences in 

CGRP mRNA levels were observed between wild-type and Etv4-KO mice (data not shown). 

To further analyze the role of Etv4 in peptidergic central innervation, we  labeled central 

spinal projections of small-diameter neurons by TrkA staining. No differences were 

observed neither in the area covered by TrkA-positive fibers nor in the intensity of the 

TrkA-positive terminals innervating the spinal cord dorsal horn between Etv4-mutant and 

wild-type mice (Fig. 2 C and F). Thus, together these findings suggest that Etv4 affects 

the morphology and density of peripheral but not central axons of peptidergic neurons. 

 

Etv4 is dispensable for DRG neuronal viability  

Based on the defects in peptidergic epidermal innervation observed in Etv4-null mice, we 

decided to further analyze whether the Etv4 deletion affects neuronal viability in the 

development of DRG sensory neurons. To this end, sections of P15 Etv4-mutant and 

wild-type mice were stained with the pan-neuronal marker NeuN or with the sensory 
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neuron marker PGP9.5. No significant differences were observed in the total number of 

sensory neurons, suggesting that Etv4 is not associated with the survival of DRG neurons 

(Fig.  3A and B), and therefore the defect observed in peripheral peptidergic innervation 

is not a consequence of a change in neuronal viability. According to these data, the size 

of lumbar sensory ganglia of the Etv4 mutants was comparable to that of wild-type mice 

(Fig. S2). 

Then, we decided to examine whether the altered epidermal innervation in Etv4-

knockout (KO) mice could be explained by changes in the number of nociceptive 

neurons. As mentioned above, these neurons are classified into non-peptidergic, 

expressing the GFL receptor Ret and GFR1/2, or peptidergic, characterized by the 

expression of TrkA. No changes were observed in the percent of TrkA+ cells relative to 

the total number of DRG neurons (NeuN+) in Etv4- mutant mice compared to wild-type 

mice in young P15 animals (Fig. 3A and C). The expression of TrkA, Ret and GFR1 

mRNAs was analyzed by RT-PCR. No differences were observed in the expression levels 

of the mRNA of these receptors in Etv4-deficient mice compared to wild-type animals 

(Figure 3D-E). 

Taken together, these results allow us to conclude that whereas Etv4 ablation does not 

impact neither the number of TrkA+ nociceptive neurons, nor the expression of 

neurotrophic factor receptors, it leads to a deficit in peptidergic peripheral innervation. 

The change in peripheral innervation observed in Etv4 mutants is therefore attributable 

neither to cell death, nor to a cell fate conversion. 

 

Etv4 is required for axonal growth of NGF-dependent sensory neurons 

To further characterize the role of Etv4 in axonal extension, we performed in vitro assays 

on dissociated DRG primary neurons. Embryonic DRG neurons from Etv4-/- or wild-type 

mice were cultured in the presence of NGF and the extent of axonal processes was 

measured after 24-36h. Etv4 mutant neurons showed shorter neurites compared to 

neurons derived from wild-type animals (Fig. 4A-C). These differences were not due to 

variations in cell viability (Fig. 4D). In addition, the growth of cranial sensory neurons 

obtained from the trigeminal ganglia (TG), which also express Etv4 and respond to NGF, 

was analyzed (Fig. S3). Consistent with the results obtained using DRG neurons, the 

absence of Etv4 in TG sensory neurons also resulted in poor axonal growth in presence 
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of NGF (Fig. 4E-G). Therefore, our data indicate that Etv4 is required for proper axonal 

growth of the NGF-responsive sensory neurons. 

Developing axons are guided to their target tissues by extracellular physical and 

molecular cues detected by the growth cones at their tips. Extracellular signals are locally 

integrated in the growth cone and converge on dynamic changes in the actin 

cytoskeleton that play a key role in generating the force required for neurite extension. 

Since Etv4 is involved in the growth of neurites, we decided to examine whether it does 

so by regulating the morphology of the growth cone. We measured growth cone area of 

Etv4-deficient and wild-type DRG and TG neurons, cultured in the presence of NGF. Cells 

were labeled with phalloidin, which stains polymerized actin. DRG sensory neurons 

derived from Etv4-/- mice exhibited a significant reduction in growth cone area compared 

to their wild-type counterparts, in the presence of NGF (Fig. 4H and I). A similar 

reduction in the growth cone size was observed in Etv4-deficient trigeminal sensory 

neurons (Fig. 4J and K). 

Several studies indicate that Pea3 transcription factors regulate the expression of 

different metalloproteinases (MMPs), which are involved in axonal growth of DRG 

sensory neurons, likely via their known activity on ECM remodeling (Sanz et al., 2017; Yan 

and Boyd, 2007). Consistent with a role of metalloproteinases in NGF-induced DRG 

sensory neurite growth, a significant reduction in the neurite length and growth cone 

area was observed when wild type neurons were treated with the pan-metalloproteinase 

inhibitor GM6001 (Fig. 5A and B), mimicking the phenotype of Etv4-/- neurons. These 

results indicate that metalloproteinases are required for the correct growth of NGF-

dependent embryonic sensory neurons.   

Previous evidence suggests that expression of metalloproteinases, such as MMP3, 

MMP13 and MMP10, as well as urokinase-type plasminogen activator receptor (UPAR), a 

GPI-anchor molecule that regulates the MMPs activation, are induced by NGF (Chen et 

al., 2008; Farias-Eisner et al., 2000; Fontanet et al., 2013; Yan and Boyd, 2007).  Moreover, 

the analysis of the promoter sequences of the corresponding genes reveals the existence 

of specific sites for the binding of PEA3 transcription factors (Bhattacharya et al., 2001; 

Yan and Boyd, 2007). To analyze the possibility that Etv4 could mediate their expression 

in response to NGF, we used the neuronal PC12 cell line, which expresses the NGF 

receptor TrkA and respond to NGF stimulation by increasing Etv4 levels. The cells were 
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transfected with a plasmid containing a specific Etv4-shRNA and stimulated with NGF for 

8 h. While an increase in the expression of Etv4, Mmp3, Mmp13, Mmp10 and Upar 

mRNAs was observed in response to NGF, transfection of PC12 cells with the shRNA for 

Etv4 inhibited these changes (Fig. 5C). Subsequently, we analyzed the changes in the 

expression of these molecules in dissociated DRG neuronal cultures obtained from wild-

type and Etv4-deficient mice, in response to 8h of stimulation with NGF. As shown in Fig. 

5D and E, NGF promoted a significant increase in the mRNA expression of Mmp3, 

Mmp13, Mmp10 in DRG neuronal cultures obtained from wild-type but not in cultures 

from Etv4-deficient mice, confirming that Etv4 is required for the induction by NGF of 

these ECM-remodeling molecules. Although a substantial, but not significant increase in 

Upar mRNA expression was observed upon NGF stimulation, a significant reduction in 

the levels of this molecule was observed in cultures obtained from Etv4-KO mice, 

indicating that Etv4 is required for promoting Upar mRNA expression in NGF-responsive 

sensory neurons (Fig 5D and E). The absence of the expression of Etv4 mRNA in DRG 

neurons obtained from Etv4-deficient mice was confirmed by RT-PCR (Fig S4).  

In order to analyze whether the deficit in neurite outgrowth observed in Etv4-/- neurons 

is attributable to reduced levels of MMPs, we next asked if exogenously supplied MMPs 

could revert the phenotype of Etv4-deficient DRG cells. To this end, HEK-293 cells were 

transfected with control or Mmp3 and Mmp13-expressing vectors. After confirming the 

expression of these molecules (Fig S5), the conditioned medium was added to wild-type 

and Etv4-deficient DRG neurons cultured in the presence of NGF.  Our results indicate 

that these MMPs were able to compensate the outgrowth deficiency exhibited by Etv4-

KO neurons, supporting the idea  that their induction by Etv4 is necessary for the axonal 

growth of NGF-dependent sensory neurons (Fig 5F). 

Together, these results support a model in which Etv4 would be required for NGF-

induced expression of ECM remodeling proteins and for NGF-induced axonal growth. 

Alteration of this pathway may partially account for the deficiencies in peptidergic 

nociceptive innervation observed in the epidermis of Etv4-mutant mice 
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Loss of Etv4 results in decreased thermal nociception 

Given that Etv4 is highly co-expressed with TrkA during the development of DRG 

neurons, and is required to mediate NGF/TrkA signaling effect on sensory axonal 

outgrowth and epidermal innervation, we next asked whether ablation of Etv4 could also 

affect other NGF-induced sensory properties, such as the sensitivity to painful stimuli. As 

NGF/TrkA signaling mediates thermal and inflammatory sensory modalities (Khodorova 

et al., 2017; Ueda et al., 2010), we analyzed the behavioral response of Etv4-deficient 

mice to noxious thermal and chemical stimuli. Hot-plate and tail-flick tests were applied 

to analyze the responses to acute thermal pain, and the formalin test, as a model of 

chemically-induced pain. 

As heat nociceptors are known to be activated by any temperature above 43ºC, mice 

were exposed to the hot plate test, subjecting them to a heat stimulus of 48 and 50 ºC, 

and the withdrawal latency at different temperatures was measured in wild-type and 

Etv4-deficient animals. As shown in Fig. 6A, Etv4 mutant mice exhibited significantly 

delayed escape latency at a plate temperature of 50 ºC (but not 48 ºC) compared to 

wild-type animals, indicating that Etv4-KO mice are less sensitive to noxious heat stimuli 

than wild-type littermates. 

Then we used the tail immersion test, in which the tail of each mouse is immersed in 

water at different temperatures and the time from onset of stimulation to rapid 

withdrawal of the tail from the water is recorded. Although none of the experimental 

groups showed differences in response to a water bath temperature of 4ºC or 48ºC, 

exposure of Etv4-deficient mice to 55 ºC caused a significant delay in the withdrawal of 

the tail from the water compared to wild-type animals (Fig. 6B). Taken together, these 

results suggest that Etv4-mutant animals are less sensitive to noxious heat, normally 

transduced by peptidergic neurons that express TrkA, but not to noxious cold, which is 

mediated by Ret-expressing non-peptidergic sensory neurons (Cavanaugh et al., 2009; 

Lindfors et al., 2006; Lippoldt et al., 2013; Wang et al., 2013). 

The formalin test was then applied to examine responses to painful chemical stimuli. 

Both Etv4-mutant and wild-type animals showed two-phase nociceptive responses after 

intraplantar injection of formalin into the skin of the left hindpaw. No significant 

differences were detected during the early phase of the test; however, in the second 

phase, Etv4-deficient mice exhibited reduced pain-like responses compared to wild-type 
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mice  (Fig. 6C). Finally, the sensitivity to mechanical stimuli was studied by applying the 

Von Frey test. No significant differences were observed between the two experimental 

groups (Fig. 6D). 

Overall, we conclude that Etv4-mutant animals are less sensitive to noxious heat stimuli 

and to the second phase of the formalin test, but show normal responses to cold and 

mechanical stimuli and in the early phase of the formalin test. These findings suggest 

that Etv4 is required for the nociceptive responses mediated by peptidergic sensory 

neurons. 

 

Etv4 is required for the proper expression of TRPV1 

To gain additional insight on the mechanism through which Etv4 controls nociception, 

we examined the mRNA expression levels of different receptors and ion channels, 

including the transient receptor potential (TRP) family of cation channels TrpV1, TrpV2, 

Trpm8, TrpA1, and the voltage-gated sodium channels (VGSCs) Nav1.7 and Nav1.8, all of 

which being expressed in DRG neurons and known to contribute to the transmission of 

somatosensory signals (Dib-Hajj et al., 2010). Expression of these genes was analyzed in 

DRGs obtained from wild-type and Etv4-deficient mice at P20. TrpV1 and TrpV2 mRNA 

expression levels were shown to be significantly reduced in Etv4-deficient mice, whereas 

the other molecules analyzed were unaffected. Interestingly, TRPV1 and TRPV2 are 

known to be associated with pain induced by noxious high temperatures, whereas 

TRPM8 and TRPA1 detect pain induced by low temperatures (Mickle et al., 2015). No 

differences were observed in the Nav1.7 and Nav1.8 mRNA expression levels, previously 

linked to the maintenance of inflammatory pain states  (Levinson et al., 2012) between 

wild-type  and Etv4-KO mice (Fig. 7A).  

Considering that TRPV1 is critically involved in the transduction of noxious heat and 

taking into account that its expression is regulated by NGF (Ji et al., 2002; Zhang et al., 

2005), we analyzed possible differences in the number of TRPV1-expressing DRG neurons 

between Etv4-deficient and wild-type mice. A significant reduction in the proportion of 

TRPV1-positive DRG neurons was detected in Etv4-mutant mice (Fig. 7B).  

This result raises the possibility that reduction of TRPV1-expressing neurons may result in 

a loss of TRPV1-dependent peripheral signaling in Etv4-mutant mice. To test this 

hypothesis, we performed the capsaicin test, a well-characterized model of TRPV1–
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dependent sensitization of peripheral nerve terminals, using capsaicin, a natural TRPV1 

agonist. To this end, capsaicin was injected into the plantar surface of wild-type and 

Etv4-deficient mice, followed by monitoring and quantifying the time spent licking, 

flinching and guarding (nociceptive behaviors), per minute, for the first 5 minutes 

thereafter injection. As shown in Fig.7C, both wild-type and Etv4-mutant animals spent a 

similar amount of time developing nociception-associated behaviors during the first 2 

minutes after capsaicin injection. However, these nociception-associated behaviors did 

not persist beyond 3 minutes after injection in Etv4-deficient animals,  in contrast to 

controls, in which the behavior pattern was maintained for the rest of the time evaluated 

(Fig. 7C). Overall, Etv4-mutant mice were less sensitive to capsaicin, and this result is 

consistent with the decreased levels of TRPV1 expression observed in these mice. 

 

 

Discussion 

Our findings point to an essential role of specific transcriptional programs in pain 

transduction processes. In particular, they suggest that the transcription factor Etv4 plays 

a crucial role in the development of primary sensory afferent neurons specialized in the 

transduction of noxious heat and chemogenic inflammatory pain. This molecule 

participates in the regulation of genes relevant for the transduction of noxious stimuli in 

the adult. In addition, we found that, while Etv4 is dispensable for the viability of DRG 

peptidergic neurons, it is involved in the outgrowth and arborization of their projections 

into the epidermis. Consistently, in vitro assays indicate that Etv4 is required for growth 

cone expansion and axonal growth of NGF-dependent sensory neurons. From a 

mechanistic point of view, we show that this process involves the Etv4-mediated 

regulation of the expression of a group of ECM remodeling enzymes. Moreover, our data 

indicate that Etv4 is also necessary for the correct maturation of sensory nociceptive 

neurons expressing TRPV1, and that Etv4 ablation result in the loss of the sensory 

modality associated with TRPV1 expression.  

Based on these data, and our previous work, we propose a model in which, during 

development, NGF-derived from the target tissue triggers signals that are transported 

retrogradely along nociceptive axons. These signals promote, during embryonic 

development, the expression of the Etv4 transcription factor, which in turn, regulates the 
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expression of effector genes,  including those involved in ECM remodeling, which allow 

an efficient target innervation, maturation of nociceptive neurons, and peripheral pain 

transduction (Fig. 8). 

 

Pea3 transcription factors in the development of the nervous system 

Pea3 transcription factors are expressed during normal development and in oncogenic 

processes, characterized by extensive remodeling of the ECM (Lu et al., 2009; Oh et al., 

2012; Wang and Zhang, 2009). Many studies have emphasized the key role played by 

Pea3 subfamily proteins in central and peripheral neurons(Chotteau-Lelievre et al., 1997; 

Hagedorn et al., 2000; Paratore et al., 2002). Etv1 was described in fast-spiking cortical 

interneurons (Dehorter et al., 2015), Etv4 and Etv5 in hippocampal pyramidal neurons 

(Fontanet et al., 2018), and Etv1 and Etv4 in spinal cord motoneurons (Arber et al., 2000; 

Haase et al., 2002; Helmbacher et al., 2003; Lin et al., 1998; Livet et al., 2002; Vrieseling 

and Arber, 2006). The three Pea3 transcription factors are expressed in different 

subpopulations of DRG neurons. While Etv1 is found in TrkC+, Etv4 and Etv5 were 

reported to be expressed in TrkA+ and Ret+ sensory neurons,  and their expression in 

TrkB+ cells is still unclear (Arber et al., 2000; Fontanet et al., 2013; Patel et al., 2000). 

These transcription factors are induced by the neurotrophic factors corresponding to 

each Trk receptor: Etv1 is upregulated in response to NT3 in proprioceptive neurons, 

while Etv4 and Etv5 are induced in response to NGF in nociceptive cells (Fontanet et al., 

2013; Patel et al., 2003). Previously, we have shown that the reduction of Etv4 expression 

through the use of specific shRNA sequences inhibits axonal growth of sensory neurons 

in response to NGF, while its overexpression is sufficient to induce axonal growth in 

response to this neurotrophin (Fontanet et al., 2013). In the present work, we extend 

these findings, showing that peptidergic DRG and trigeminal sensory neurons from Etv4-

mutant mice do not respond adequately to NGF.  

 

Etv4 as a cue molecule for peptidergic epidermal innervation 

Despite several studies have analyzed the contribution of Etv4 in the CNS its 

physiological role in the development of the PNS still remains unknown. Previous 

evidence demonstrated that targeting in the Etv1 locus a transcription factor resulting 

from the fusion of Ewing sarcoma (EWS) with Etv4 DNA binding domain, results in its 
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ectopic and precocious expression in postmitotic DRG proprioceptive sensory neurons 

(which normally do not express Etv4, but express Etv1) and lead to perturbations of 

axonal projections, the acquisition of differentiation markers and a switch in their 

dependence on neurotrophic support, indicating that the precise timing and location of 

ETS transcription factor signaling is essential for normal sensory neuron development 

(Hippenmeyer et al., 2005). Later, we described, that Etv4, expressed in embryonic DRG 

peptidergic neurons, plays a role in sensory axonal growth in response to NGF (Fontanet 

et al., 2013). However, the physiological contribution of this NGF/Etv4 pathway in 

peptidergic neuron development was not analyzed. Here, we evaluated the physiological 

consequences of Etv4 depletion in the development of nociceptive sensory neurons. We 

show that it is necessary for the expression of molecules induced by NGF, that behave as 

effectors of sensory axonal growth during embryonic development; and is required for 

correct peptidergic epidermal innervation and pain transduction. 

In contrast, Etv4 deficiency did not affected the epidermal innervation of GFR1/2-

positive fibers nor the nociceptive cold behavior, both of which being mediated by non-

peptidergic Ret-positive sensory fibers. 

Many transcriptional factors have been described as mediators of NGF function in DRG 

neurons. Although most of them have been associated with the survival and maturation 

of TrkA-expressing sensory neurons (Huang et al., 2015; Lonze et al., 2002), few have 

been described as involved in neurite outgrowth and target innervation independently of 

survival (Harrington and Ginty, 2013). Among them, the serum response factor, SRF, 

acting downstream of NGF signaling, was shown to promote in vivo axonal growth and 

target innervation of embryonic DRG sensory neurons, by regulating key cytoskeletal 

genes (Wickramasinghe et al., 2008).  

Previously, we have shown that Etv4 is expressed at high levels  in approximately 80% of 

the TrkA+ DRG neurons during a developmental critical period peripheral innervation. 

Moreover, we have described that the expression of Etv4 in sensory neurons is induced 

in response to NGF, functioning as a critical mediator of NGF signaling involved in 

sensory neurite outgrowth (Fontanet et al., 2013). Here, we extend these observations 

showing that DRG peptidergic neurons in Etv4-null mice have deficient axonal growth 

and target innervation. Our results indicate that Etv4 is required for the expression of 

adequate levels of metalloproteinases -such as MMP3, MMP10, MMP13- and UPAR, a 
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group of molecules involved in ECM remodeling and DRG neurite outgrowth, in response 

to NGF (Farias-Eisner et al., 2000; Fontanet et al., 2013; Sanz et al., 2017). The promoters 

of Mmp3, Mmp10 and Mmp13 characterized by the presence of a binding site for Pea3 

factors. The presence of these sites in many Mmp promoters makes these genes 

responsive to different trophic factors (Yan and Boyd, 2007). On the other hand, UPAR is 

also an important regulator of ECM remodeling and cell signaling. By binding the serine 

protease urokinase-type plasminogen activator (uPA), UPAR activates plasminogen, 

generating plasmin, which cleaves different ECM components and activates MMPs. In 

addition, UPAR is also a signaling receptor that promotes cell motility and invasion 

(Smith and Marshall, 2010). 

 

Defects in pain sensitivity in Etv4-deficient mice 

Different subpopulations of nociceptors are responsible for the encoding of specific 

nociceptive stimuli. Peptidergic nociceptors have been involved in the transduction of 

pain induced by thermal and inflammatory stimuli. Our results indicate that Etv4 deletion, 

while not affecting the number of TrkA+ sensory neurons, critically perturbs pain 

transduction by altering the development of an adequate functional modality of 

peptidergic epidermal innervation.  

At adult stages, peptidergic and non-peptidergic sensory neurons can also be 

distinguished by the expression of a combination of ion channels involved in the 

transduction of different external stimuli into electrical activity. While peptidergic neurons 

have been associated primarily with heat-sensitivity, non-peptidergic neurons play a role 

in cold detection. The transient receptor potential (TRP) family of ion channels are the 

main sensors of temperature, cold or heat, and are expressed in different DRG 

subpopulations (Wang and Siemens, 2015). Among them, TRPV1 was identified as the 

molecular target of capsaicin (the main active component in hot peppers) and is 

predominantly expressed in peptidergic neurons (Caterina MJ et al 1999). Genetic 

ablation of TRPV1 in mice eliminates capsaicin responsiveness and results in an altered 

reaction to noxious heat stimuli (Caterina et al., 2000). In humans, pharmacological 

inhibition of TRPV1 reduces their ability to detect painful heat stimuli (Gavva et al., 2008; 

Rowbotham et al., 2011; Szallasi and Sheta, 2012). When TRPV1 is sensitized in the 

context of inflammation, it also plays a dominant role in heat detection (Amaya et al., 
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2004; Caterina et al., 2000; Caterina et al., 1997; Davis et al., 2000; Huang et al., 2006). 

Moreover, activation of TRPV1 by intradermally injected capsaicin was shown to induce 

neurogenic inflammation by promoting the antidromic release of CGRP and substance P 

(Lin et al., 2007). Furthermore, different studies indicate that the expression, trafficking 

and phosphorylation of TRPV1 are controlled by the activity of NGF/TrkA (Amaya et al., 

2004; Ji et al., 2002; Xue et al., 2007; Zhang et al., 2005). In our study, we found reduced 

expression levels of Trpv1 mRNA in DRGs of Etv4-/- animals. Nevertheless, it is not clear 

how Etv4 would regulate the expression of TRPV1 since Pea3 binding sites have not 

been described in the promotor of Trpv1 gene. Interestingly, the transcription factor Sp1 

was found to directly regulate TRPV1 in response to NGF, and Etv4 is known to be an 

interactor of Sp1 (Chu et al., 2011; Jiang et al., 2007). Thus, Etv4 could induce TRPV1 

through the formation of a complex with Sp1. Alternatively, Etv4 may induce TRPV1 

expression in an indirect manner, by activating expression of other transcription factors 

acting as relays. 

In summary, our data demonstrate that genetic ablation of Etv4 results in reduced 

responses to noxious heat, formalin, and capsaicin, and suggest that these behavioral 

phenotypes are the consequence of the lack of a correct peptidergic innervation and/or 

reduced expression of TRPV1 channels. Although Etv4 is not exclusively expressed in 

TrkA-positive peptidergic neurons, the absence of behavioral differences between wild-

type and Etv4-mutant mice exposed to cold or mechanical stimuli, suggests that Etv4 is 

dispensable for the function of both cold- and mechanoreceptor-sensing nociceptive 

neurons, characterized by the expression of Ret and TrkB receptors. Indeed, the fact that 

both, the expression of the Trpv8 cold-sensing channel and the non-peptidergic 

cutaneous innervation are preserved in Etv4-null mice, additionally supports the idea that 

Etv4 is not critically involved in the non-peptidergic nociceptive function analyzed here. 

Taken together, our findings are in accordance with a model in which Etv4 is required for 

target-secreted NGF-dependent mechanisms that regulate peptidergic axonal growth 

and the correct maturation of TrkA+ nociceptive neurons. Therefore, these results provide 

a key insight into the transcriptional program by which growth factors regulate axonal 

growth, innervation, and transduction of sensory pain. Understanding the molecular basis 

of the perception of noxious stimuli by sensory neurons is essential for the design of 

new therapeutic treatments for pain. 
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Material and Methods 

Cell lines, plasmids, recombinant proteins and inhibitors 

PC12 cells were grown in DMEM in the presence of 5% horse serum and 10% FBS 

(Invitrogen) (Shirazi Fard et al., 2010). Etv4-shRNA, HA-tagged-MMP3 and Flag-tagged-

MMP13 vectors were purchased from Cellogenetics. The retroviral vector pRetro-U6G 

shRNA was used for expression of Etv4-shRNA (Fontanet et al., 2013; Fontanet et al., 

2018). NGF was purchased from Promega; and the matrix metalloproteinase inhibitor 

GM6001 was purchased from Calbiochem. 

 

Mouse strain 

Etv4-/- mice were kindly provided by Dr. Olivia Bermingham-McDonogh (University of 

Washington, Seattle, USA). The Etv4-mutant mice were described in detail in Livet J et al. 

(2002). Transgenic strain was genotyped using PCR-based strategy. The use of animals 

was approved by the Animal Care and Use Committee (CICUAL) of the School of 

Medicine, University of Buenos Aires, Instituto Leloir and Austral University, according to 

the Principles for Biomedical Research involving animals of the Council for International 

Organizations for Medical Sciences and previsions stated in the Guide for the Care and 

Use of Laboratory Animals. 

 

Sensory neuron culture and neurite outgrowth assay 

DRG neurons obtained from Etv4+/+ and Etv4-/-mice at embryonic (E) day 14.5 were 

prepared as previously described (Baudet et al., 2000). Briefly, the ganglia were 

dissociated with collagenase (2% wt/v, Sigma-Aldrich), trypsin (0.1% wt/v, Invitrogen), 

and DNAse I (10 µg/ml, Invitrogen). For cranial sensory neuron culture, trigeminal ganglia 

(TG) from Etv4+/+ and Etv4-/-mice at embryonic day 15.5 were collected and dissociated 

using trypsin (0.05% wt/v, Invitrogen) during 30 min. Cells were seeded onto poly-

ornithine (0.5 mg/ml, Sigma-Aldrich) and laminin (10 μg/ml, Sigma-Aldrich) coated 24 

well plates at a density of 15000 cells/well and were incubated for 24-36 h. Neurons 

were maintained in DMEM:F12 (1:1) medium supplemented with 60 mg/ml penicillin, 100 

mg/ml streptomycin, 2mM glutamine (Invitrogen), 1 mg/ml BSA (Sigma-Aldrich) (Sensory 

neuron media). DRG and TG neurons were maintained with NGF (Promega) 50 ng/ml or 

10 ng/ml respectively. 
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Primary cultures of DRG or TG neurons were performed as previously described (see 

above). Cells were fixed with 4% PFA and stained with anti-βIII-tubulin to identify 

neurites (mouse anti-βIII-tubulin (cat#: G7121, clone 5G8, dil 1/5,000, Promega)or PFA 

4% in the presence of sucrose 4% and stained with anti-βIII-tubulin and Phalloidin 

(ThermoFisher) to analyze growth cone area. Neuronal survival was evaluated using the 

nuclear stain 4",6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich). 

Neurons containing fragmented or condensed nuclear staining were scored as apoptotic 

cells and not computed in the differentiation assays. Neuron viability was quantified as 

the number of live neurons in relation to the total amount of neurons (live and apoptotic 

cells). For DRG dissociated neurons, images were acquired using a Zeiss Observer 

microscope. For TG dissociated neurons, images were acquired using an Olympus IX-81 

inverted microscope. For growth cone analysis, images were acquired using a Zeiss 

LSM710 NLO confocal microscope (Plan-APOCHROMAT 63X, a.4 N/A). Images were 

analyzed using the ImageJ software. 

Outgrowth assay in the presence of the pan-metalloproteinase inhibitor GM6001 

(Calbiochem) was done using 5 m of the inhibitor. The cells were cultured during 30h 

and after that, were maintained during 6 h in the presence of GM6001. Cells were fixed 

with PFA 4% supplemented with sucrose 4% and stained with anti-βIII-tubulin and 

Phalloidin. All the experiments were done independently at least with 3 mice/condition 

or genotype in duplicate. 

For outgrowth recovery assay with exogenous MMP3 and MMP13, HEK-293T cell line 

was transfected using polyethylenimine (PEI from Polyscience) with control or HA-

tagged-MMP3 and Flag-tagged-MMP13 plasmids, and incubated in sensory neuron 

media. After 2 days, the conditionate medium containing MMP3 and MMP13 was 

collected, followed by centrifugation at 20, 000 x g for 20 min. DRG neurons obtained 

from Etv4+/+ and Etv4-/- mice at embryonic (E) day 14.5 were cultured for 36 h in 

presence of control or MMP3/MMP13 containing media. 

 

mRNA analysis in PC12 and DRG neurons in culture 

PC12 cells were grown in DMEM supplemented with 5% horse serum and 10% FBS 

(Invitrogen). Cells were transfected using X-treme GENE (Roche) following manufacturer´s 

instructions. For downregulation of Etv4, PC12 cells were transfected with control or 
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Etv4-shRNA containing vector and selected with puromycin to enrich in the transfected 

cells. PC12 Etv4-shRNA clones were generated by isolation of colonies transfected with 

the construct and selected with puromycin as previously described (Fontanet et al., 2013). 

PC12 control and PC12-Etv4-shRNA were stimulated during 8 hours with NGF (50 ng/ml).   

DRG cultures from Etv4+/+ and Etv4-/- mice at embryonic (E) day 14.5 was performed as 

previously described (De Vincenti et al., 2021). Neurons were maintained with NGF 20 

ng/ml during 44 hours, serum-starved during 12 hours and treated with or without NGF 

50 ng/ml for 8 hours.  

 

Immunofluorescence and microscopy  

For immunofluorescence assays of DRG and spinal cord, mice at the indicated 

developmental stages were euthanized and perfused transcardially with 4% 

paraformaldehyde (PFA) in PBS under deep anesthesia. The lumbar section (L1-L4) 

containing the DRG and spinal cord was dissected and post-fixed overnight in 4% PFA. 

DRGs and spinal cord immunostaining were done on 20 µm cryostat transversal sections 

on glass at the different developmental stages. Tissue sections were permeabilizated for 

30 min in PBS containing 0.3% Triton X-100, washed with PBS and then blocked for 1 h 

with 5% donkey normal serum (DNS) (Jackson ImmunoResearch). Antibodies were 

applied in PBS containing 0.3% Triton X-100 and 3% DNS. For double labeling with the 

neuronal marker NeuN and TrkA or TrpV1, a serial protocol was performed. Sections 

were first permeabilizated for 1 h in PBS containing 1.5% Triton X-100 and incubated 

with NeuN antibody during 48 h and followed by TrkA or TrpV1 antibody incubation 

overnight. Secondary antibodies were from Jackson ImmunoResearch. 

For neuron quantification or central peptidergic projections quantification assay, images 

were obtained using an Olympus IX83 DSU 20X objective at a resolution of 2,048 x 2,048 

pixels (16 bits) using identical settings between control and experimental images with no 

saturation. Each image corresponds to a merge of 15 optical sections of 0.9 µm each. 

The number of CGRP+ fibers in the dorsal horn was measured as the total amount of 

fibers that extend through the lamina I/II into the medial zone of the dorsal horn/section 

(Hancock et al., 2011). For CGRP intensity levels, corrected CGRP fibers fluorescence was 

calculated for each dorsal horn of the spinal cord section using a hand-draw ROI. The 

intensity level was calculated as the integrated density (IntDen) of the selected dorsal 
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horn area minus the area of the selected dorsal horn times the background (Bck) reading 

for each image [CGRP intensity level = IntDen – (Area x Bck)]. All images were analyzed 

using ImageJ software.  

For peripheral innervation analysis, 2-month-old mice were euthanized and perfused 

transcardially with 4% PFA in PBS under deep anesthesia. Glabrous skin from the 

hindpaw of newborn or 2-month-old mice was sectioned on glass at a thickness of 20 

µm. For peptidergic innervation, images were obtained using an Olympus IX83 DSU 20X 

objective at a resolution of 2,048 x 2,048 pixels (16 bits) using identical settings between 

control and experimental images with no saturation. Each image corresponds to a merge 

of 15 optical sections of 0.9 µm each. For non-peptidergic innervation, images were 

obtained using a Zeiss LSM 880 Airyscan 20X objective (0.8 NA). Each image corresponds 

to a merge of 12 optical sections of 0.9 µm each. Only fibers crossing the dermis-

epidermis line were analyzed on segments of 500 µm of skin using ImageJ software.  

Immunofluorescence was performed using the following antibodies: mouse anti-Etv4 

(cat#: sc-166629, dil 1/200; Santa Cruz Biotechnology), rabbit anti-NeuN (cat#: D4G40, dil 

1/600, Cell Signaling), rat anti-TrkA (cat#: AF1056, dil 1/800 R&D Systems), rabbit anti-

TRPV1 (cat#: ACC-030, dil 1/200 Alomone labs), rabbit anti-CGRP (calcitonin gene related 

peptide cat#: PC205L, dil 1/1000, Sigma-Aldrich), rabbit anti-PGP9.5 (cat#: NE1013, dil 

1/1000, Calbiochem), goat polyclonal anti-GFRα1 (cat#: AF560, dil 1/200, R&D Systems), 

goat polyclonal anti-GFRα2 (cat#: AF429, dil 1/200, R&D Systems).  

 

RT-PCR analysis 

For mRNA analysis, total RNA was isolated from lumbar DRG (L1-L6) or DRG cultures, 

using RNA columns (NucleoSpin RNA) according to manufacturer’s instructions and 

cDNA was synthesized using M-MLV reverse transcriptase (Invitrogen) and random 

hexamers (Applied Biosystems). The cDNA was amplified using the following primers 

sets: mouse Etv4: forward, 5´-CAG CCC TTT TCC AGG GCA GAA C-3´, reverse, 5´-GCT 

GGA AGA CGG AGC TGT GCT-3´;mouse TrkA: forward, 5´-CTG CCA GGA CAA ACA GAA 

CAC-3´, reverse, 5´-GTG GTT GGC TTC GTC TGA GTA-3´; mouse Ret: forward, 5´-TGA AGA 

AAA GCA AGG GCC GG-3´, reverse, 5´-ACA ATC TCC CAG AGC AGC AC-3´; mouse 

GFRα1, forward, 5’-GAC CGT CTG GAC TGT GTG AAA G-3’; reverse, 5’- TTA GTG TGC 

GGT ACT TGG TGC T-3’;ratEtv4: forward, 5´-ACT CAG ATG TCC CTG GAT GTG-3´; reverse, 
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5´-TCA CTC CAT CAC CTG AAG AGG-3´; rat Mmp3: forward, 5´-GCT ATT CTG GCC ACC 

TTC TTC-3´; reverse, 5´-TCA TCA TCA CCA TAG GGA AGG-3´; rat Mmp13: forward, 5´-GAC 

AGA TTC TTC TGG CGT CTG-3´; reverse, 5´-GAA GTT CTG GCC AAA AGG ACT-3´; mouse 

TrpV1: forward, 5´- GAC GGC AAG GAT GAC TTC CG-3´, reverse, 5´- AGT TGC CTG GGT 

CCT CGT T-3´; mouse Mmp3: forward, 5´-TAA AGA CAG GCA CTT TTG GCG-3´, reverse, 

5´-TTA GTA ACC TCA TAT GCA GCA TCC A-3´; mouse Mmp13: forward, 5´-TGA TGC 

CAT TAC CAG TCT CC-3´, reverse, 5´-ACA TGG TTG GGA AGT TCT GG-3´; rat and 

mouse Mmp10: forward, 5´-AGG AAG TCA GTT CTG GGC AG-3´, reverse, 5´-GCA TCA 

ATC TTC TTC ACG GTG G-3´; rat and mouse Upar: forward, 5´-AAT GGT GGC CCA GTT 

CTG GA-3´, reverse, 5´-CCC AGC ACA TCT AAG CCT GT-3´;mouse Trpv2: forward, 5´-

TTA CTG GGC CAG CTG TGG TA-3´, reverse, 5´-CCT GGG ACA GCA CTG TGA G-3´; 

Trpm8: forward, 5´- AAG AAG TGT TTC AAA TGC TG-3´, reverse, 5´-AAT TCT CCT TCA 

TGA CAC CC-3´; Trpa1: forward, 5´-ATG CAA GAA ACA CGA CAA GA-3´, reverse, 5´-TGA 

GCT CAT GCT GCT TTT AA-3´; NaV1.7: 5´-AAG CTT GGA GGT CAA GAT AT-3´, reverse, 

5´-TCA AAA GCT TGG TTT GTC ACT-3´;  NaV1.8: forward, 5´-CAT GAA GAA GCT GGG 

CTC CA-3´, reverse, 5´-TGA TGT CAA ATG CTT GCC TGG-3´; ratTata binding protein 

(Tbp): forward, 5′-GGG GAG CTG TGA TGT GAA GT-3′; reverse, 5′-CCA GGA AAT AAT TCT 

GGC TCA-3′ and mouse Gapdh: forward, 5´ TGT TCC TAC CCC CAA TGT GT-3´, reverse, 

5´-AGG AGA CAA CCT GGT CCT CA-3´ 

 

Behavioral procedures 

Mice were acclimatized to the different behavioral testing apparatus at least 2 h during 

two-three days before the testing day. To measure heat pain, mice were placed within a 

Plexiglass observation chamber surrounding a hot plate, and the latency to hindpaw 

flicking, licking or jumping was measured (using a stopwatch). The hot plate was set at 

two different temperatures, 48 °C and 50 °C and all animals were tested sequentially at 

each temperature with 90 min between test. For the tail immersion test, the water bath 

was set at three different temperatures, 4 °C, 48 °C and 55 °C controlled by a digital 

thermometer. Animals were gently restrained using a restrainer tube, presented 

previously in the habituation session in order to reduce stress. The tail withdrawal latency 

was measured (using a stopwatch) by immersing the terminal 3 cm of tail into the water 

bath. Mice were tested three times at each bath temperature every two minutes with 90 

min interval between different temperatures.  
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To measure responses to chemical nociceptive stimuli, mice were placed in Plexiglass 

cubicles, and after 30 min, habituation, received an intraplantar injection of 2.5% formalin 

(30 l). The amount of time spent licking, flinching and guarding was measured in 

phases I and II of the formalin test. Phase I included observation during the first 5 min 

after formalin injection, and phase II run from 10 min to 45 min after formalin injection 

(Bannon and Malmberg, 2007).  

To measure capsaicin-evoked pain, mice were given a 3 µg/10 µl injection of capsaicin 

(Sigma-Aldrich) in the intraplantar hind leg. The time spent licking, flinching and 

guarding was measured every 1 min for a period of 5 min after capsaicin injection (Seal 

et al., 2009).  

To measure responses to mechanical stimuli, animals were placed into Plexiglass domes 

placed on an elevated wire grid. Von Frey nylon monofilaments of different bending 

forces (0.16, 0.4, 0.6 and 1 g; Stoelting Inc., Wooddale, USA) were used to stimulate the 

center of the plantar surface of hind legs, following the up-and-down method of Dixon, 

as described previously (Chaplan et al., 1994). Quantitative assessment of tactile allodynia 

in the mouse paw was performed to establish the 50% withdrawal threshold. Results 

were obtained using the formula: 50% g threshold = (10 Xf+k)/10.000, where Xf = value 

(in log units) of the final von Frey hair used; k = tabular value for the pattern of 

positive/negative responses; and  = mean difference (in log units) between stimuli. 

For all behavioral experiments, only 2-month-old male mice were used to avoid sex 

difference in nociception. 

 

Statistical analysis 

Data were analyzed using GraphPad Prism 8.0 and are expressed as mean ± SEM. 

Significance was accepted at p<0.05. No statistical method was performed in order to 

define sample size, but our sample sizes were similar to those used in the field and the n 

of each experiment was indicated in the figure legends. For animal studies the handling 

of the data was performed in a blinded manner. The selection of the mice was unbiased 

in terms of size and weight. Statistical analysis was performed in GraphPad Prism 8.0. The 

normal distribution of the variable was evaluated with the Shapiro-Wilk test. Only for 

small dataset, normality was assumed. For the statistical analysis of the data, two-tailed 
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Student’s t test, one-way ANOVA or two-way ANOVA analysis followed by a respective 

post-hoc test was preformed and is indicated in figure legends in each case. 

 

 

Acknowledgements 

We thank Dr. O. Bermingham McDonogh (University of Washington, Seattle, USA) for 

sharing transgenic mice, N. Villalba, A. Rossi  and C. Pascuale for technical assistance in 

microscopy, M. Ponce and Maria Jimena Afonso for animal care. Innova-t, UBATEC and 

Fundación Instituto Leloir for research grant administration. Financial support was 

obtained from the Argentine Agency for Promotion of Science and Technology 

(ANPCyT), PICT-2017-4597, PICT-2017-4513, PICT-2019-1472 and PICT-2019-1467. PB, 

J.B.A., G.P. and F.L. were supported by Research Career Position from the Argentine 

Medical Research Council (CONICET). A.S.R., A.P.D.V. and M.C. was supported by a 

fellowship from CONICET.  

 

 

Author Contributions 

Conceptualization: ASR, GP, FL. 

Investigation: ASR, APDV, MC, PB. 

Analysis: ASR, APDV, MC, PB, JBA, GP, FL. 

Funding acquisition: GF and FL. 

Supervision: FL. 

Writing-original draft: FL. 

Writing-review and editing: ASR, APV, MC, JBA, PB, GP, FL. 

  

Conflict of interests   

The authors declare no competing or financial interests 

  

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



References 

Amaya, F., Shimosato, G., Nagano, M., Ueda, M., Hashimoto, S., Tanaka, Y., Suzuki, H. and Tanaka, 
M. (2004). NGF and GDNF differentially regulate TRPV1 expression that contributes to 
development of inflammatory thermal hyperalgesia. Eur J Neurosci 20, 2303-2310. 

Arber, S., Ladle, D. R., Lin, J. H., Frank, E. and Jessell, T. M. (2000). ETS gene Er81 controls the 
formation of functional connections between group Ia sensory afferents and motor neurons. 
Cell 101, 485-498. 

Bannon, A. W. and Malmberg, A. B. (2007). Models of nociception: hot-plate, tail-flick, and formalin 
tests in rodents. Curr Protoc Neurosci Chapter 8, Unit 8 9. 

Basbaum, A. I., Bautista, D. M., Scherrer, G. and Julius, D. (2009). Cellular and molecular 
mechanisms of pain. Cell 139, 267-284. 

Baudet, C., Mikaels, A., Westphal, H., Johansen, J., Johansen, T. E. and Ernfors, P. (2000). Positive 
and negative interactions of GDNF, NTN and ART in developing sensory neuron 
subpopulations, and their collaboration with neurotrophins. Development 127, 4335-4344. 

Bhattacharya, A., Lakka, S. S., Mohanam, S., Boyd, D. and Rao, J. S. (2001). Regulation of the 
urokinase-type plasminogen activator receptor gene in different grades of human glioma cell 
lines. Clin Cancer Res 7, 267-276. 

Carroll, S. L., Silos-Santiago, I., Frese, S. E., Ruit, K. G., Milbrandt, J. and Snider, W. D. (1992). Dorsal 
root ganglion neurons expressing trk are selectively sensitive to NGF deprivation in utero. 
Neuron 9, 779-788. 

Caterina, M. J., Leffler, A., Malmberg, A. B., Martin, W. J., Trafton, J., Petersen-Zeitz, K. R., 
Koltzenburg, M., Basbaum, A. I. and Julius, D. (2000). Impaired nociception and pain 
sensation in mice lacking the capsaicin receptor. Science 288, 306-313. 

Caterina, M. J., Schumacher, M. A., Tominaga, M., Rosen, T. A., Levine, J. D. and Julius, D. (1997). 
The capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 389, 816-
824. 

Cavanaugh, D. J., Lee, H., Lo, L., Shields, S. D., Zylka, M. J., Basbaum, A. I. and Anderson, D. J. 
(2009). Distinct subsets of unmyelinated primary sensory fibers mediate behavioral 
responses to noxious thermal and mechanical stimuli. Proc Natl Acad Sci U S A 106, 9075-
9080. 

Chaplan, S. R., Bach, F. W., Pogrel, J. W., Chung, J. M. and Yaksh, T. L. (1994). Quantitative 
assessment of tactile allodynia in the rat paw. J Neurosci Methods 53, 55-63. 

Chen, L., Maures, T. J., Jin, H., Huo, J. S., Rabbani, S. A., Schwartz, J. and Carter-Su, C. (2008). 
SH2B1beta (SH2-Bbeta) enhances expression of a subset of nerve growth factor-regulated 
genes important for neuronal differentiation including genes encoding urokinase 
plasminogen activator receptor and matrix metalloproteinase 3/10. Mol Endocrinol 22, 454-
476. 

Chotteau-Lelievre, A., Desbiens, X., Pelczar, H., Defossez, P. A. and de Launoit, Y. (1997). 
Differential expression patterns of the PEA3 group transcription factors through murine 
embryonic development. Oncogene 15, 937-952. 

Chowdary, P. D., Che, D. L. and Cui, B. (2012). Neurotrophin signaling via long-distance axonal 
transport. Annu Rev Phys Chem 63, 571-594. 

Chu, C., Zavala, K., Fahimi, A., Lee, J., Xue, Q., Eilers, H. and Schumacher, M. A. (2011). 
Transcription factors Sp1 and Sp4 regulate TRPV1 gene expression in rat sensory neurons. 
Mol Pain 7, 44. 

Crowley, C., Spencer, S. D., Nishimura, M. C., Chen, K. S., Pitts-Meek, S., Armanini, M. P., Ling, L. 
H., McMahon, S. B., Shelton, D. L., Levinson, A. D., et al. (1994). Mice lacking nerve growth 
factor display perinatal loss of sensory and sympathetic neurons yet develop basal forebrain 
cholinergic neurons. Cell 76, 1001-1011. 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



Davis, J. B., Gray, J., Gunthorpe, M. J., Hatcher, J. P., Davey, P. T., Overend, P., Harries, M. H., 
Latcham, J., Clapham, C., Atkinson, K., et al. (2000). Vanilloid receptor-1 is essential for 
inflammatory thermal hyperalgesia. Nature 405, 183-187. 

de Launoit, Y., Baert, J. L., Chotteau-Lelievre, A., Monte, D., Coutte, L., Mauen, S., Firlej, V., 
Degerny, C. and Verreman, K. (2006). The Ets transcription factors of the PEA3 group: 
transcriptional regulators in metastasis. Biochim Biophys Acta 1766, 79-87. 

De Vincenti, A. P., Alsina, F. C., Ferrero Restelli, F., Hedman, H., Ledda, F. and Paratcha, G. (2021). 
Lrig1 and Lrig3 cooperate to control Ret receptor signaling, sensory axonal growth and 
epidermal innervation. Development 148. 

Dehorter, N., Ciceri, G., Bartolini, G., Lim, L., del Pino, I. and Marin, O. (2015). Tuning of fast-spiking 
interneuron properties by an activity-dependent transcriptional switch. Science 349, 1216-
1220. 

Denk, F., Bennett, D. L. and McMahon, S. B. (2017). Nerve Growth Factor and Pain Mechanisms. 
Annu Rev Neurosci 40, 307-325. 

Dib-Hajj, S. D., Cummins, T. R., Black, J. A. and Waxman, S. G. (2010). Sodium channels in normal 
and pathological pain. Annu Rev Neurosci 33, 325-347. 

Dyck, P. J., Peroutka, S., Rask, C., Burton, E., Baker, M. K., Lehman, K. A., Gillen, D. A., Hokanson, J. 
L. and O'Brien, P. C. (1997). Intradermal recombinant human nerve growth factor induces 
pressure allodynia and lowered heat-pain threshold in humans. Neurology 48, 501-505. 

Einarsdottir, E., Carlsson, A., Minde, J., Toolanen, G., Svensson, O., Solders, G., Holmgren, G., 
Holmberg, D. and Holmberg, M. (2004). A mutation in the nerve growth factor beta gene 
(NGFB) causes loss of pain perception. Hum Mol Genet 13, 799-805. 

Farias-Eisner, R., Vician, L., Silver, A., Reddy, S., Rabbani, S. A. and Herschman, H. R. (2000). The 
urokinase plasminogen activator receptor (UPAR) is preferentially induced by nerve growth 
factor in PC12 pheochromocytoma cells and is required for NGF-driven differentiation. J 
Neurosci 20, 230-239. 

Fontanet, P., Irala, D., Alsina, F. C., Paratcha, G. and Ledda, F. (2013). Pea3 transcription factor 
family members Etv4 and Etv5 mediate retrograde signaling and axonal growth of DRG 
sensory neurons in response to NGF. J Neurosci 33, 15940-15951. 

Fontanet, P. A., Rios, A. S., Alsina, F. C., Paratcha, G. and Ledda, F. (2018). Pea3 Transcription 
Factors, Etv4 and Etv5, Are Required for Proper Hippocampal Dendrite Development and 
Plasticity. Cereb Cortex 28, 236-249. 

Gavva, N. R., Treanor, J. J., Garami, A., Fang, L., Surapaneni, S., Akrami, A., Alvarez, F., Bak, A., 
Darling, M., Gore, A., et al. (2008). Pharmacological blockade of the vanilloid receptor 
TRPV1 elicits marked hyperthermia in humans. Pain 136, 202-210. 

Haase, G., Dessaud, E., Garces, A., de Bovis, B., Birling, M., Filippi, P., Schmalbruch, H., Arber, S. 
and deLapeyriere, O. (2002). GDNF acts through PEA3 to regulate cell body positioning and 
muscle innervation of specific motor neuron pools. Neuron 35, 893-905. 

Hagedorn, L., Paratore, C., Brugnoli, G., Baert, J. L., Mercader, N., Suter, U. and Sommer, L. (2000). 
The Ets domain transcription factor Erm distinguishes rat satellite glia from Schwann cells 
and is regulated in satellite cells by neuregulin signaling. Dev Biol 219, 44-58. 

Hancock, M. L., Nowakowski, D. W., Role, L. W., Talmage, D. A. and Flanagan, J. G. (2011). Type III 
neuregulin 1 regulates pathfinding of sensory axons in the developing spinal cord and 
periphery. Development 138, 4887-4898. 

Harrington, A. W. and Ginty, D. D. (2013). Long-distance retrograde neurotrophic factor signalling in 
neurons. Nat Rev Neurosci 14, 177-187. 

Helmbacher, F., Dessaud, E., Arber, S., deLapeyriere, O., Henderson, C. E., Klein, R. and Maina, F. 
(2003). Met signaling is required for recruitment of motor neurons to PEA3-positive motor 
pools. Neuron 39, 767-777. 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



Hippenmeyer, S., Vrieseling, E., Sigrist, M., Portmann, T., Laengle, C., Ladle, D. R. and Arber, S. 
(2005). A developmental switch in the response of DRG neurons to ETS transcription factor 
signaling. PLoS Biol 3, e159. 

Huang, J., Zhang, X. and McNaughton, P. A. (2006). Inflammatory pain: the cellular basis of heat 
hyperalgesia. Curr Neuropharmacol 4, 197-206. 

Huang, S., O'Donovan, K. J., Turner, E. E., Zhong, J. and Ginty, D. D. (2015). Extrinsic and intrinsic 
signals converge on the Runx1/CBFbeta transcription factor for nonpeptidergic nociceptor 
maturation. Elife 4, e10874. 

Indo, Y. (2010). Nerve growth factor, pain, itch and inflammation: lessons from congenital 
insensitivity to pain with anhidrosis. Expert Rev Neurother 10, 1707-1724. 

Indo, Y., Tsuruta, M., Hayashida, Y., Karim, M. A., Ohta, K., Kawano, T., Mitsubuchi, H., Tonoki, H., 
Awaya, Y. and Matsuda, I. (1996). Mutations in the TRKA/NGF receptor gene in patients 
with congenital insensitivity to pain with anhidrosis. Nat Genet 13, 485-488. 

Ji, R. R., Samad, T. A., Jin, S. X., Schmoll, R. and Woolf, C. J. (2002). p38 MAPK activation by NGF in 
primary sensory neurons after inflammation increases TRPV1 levels and maintains heat 
hyperalgesia. Neuron 36, 57-68. 

Jiang, J., Wei, Y., Shen, J., Liu, D., Chen, X., Zhou, J., Zong, H., Yun, X., Kong, X., Zhang, S., et al. 
(2007). Functional interaction of E1AF and Sp1 in glioma invasion. Mol Cell Biol 27, 8770-
8782. 

Ju, G., Hokfelt, T., Brodin, E., Fahrenkrug, J., Fischer, J. A., Frey, P., Elde, R. P. and Brown, J. C. 
(1987). Primary sensory neurons of the rat showing calcitonin gene-related peptide 
immunoreactivity and their relation to substance P-, somatostatin-, galanin-, vasoactive 
intestinal polypeptide- and cholecystokinin-immunoreactive ganglion cells. Cell Tissue Res 
247, 417-431. 

Khodorova, A., Nicol, G. D. and Strichartz, G. (2017). The TrkA receptor mediates experimental 
thermal hyperalgesia produced by nerve growth factor: Modulation by the p75 neurotrophin 
receptor. Neuroscience 340, 384-397. 

Lallemend, F. and Ernfors, P. (2012). Molecular interactions underlying the specification of sensory 
neurons. Trends Neurosci 35, 373-381. 

Levinson, S. R., Luo, S. and Henry, M. A. (2012). The role of sodium channels in chronic pain. Muscle 
Nerve 46, 155-165. 

Lewin, G. R., Ritter, A. M. and Mendell, L. M. (1993). Nerve growth factor-induced hyperalgesia in 
the neonatal and adult rat. J Neurosci 13, 2136-2148. 

Lin, J. H., Saito, T., Anderson, D. J., Lance-Jones, C., Jessell, T. M. and Arber, S. (1998). Functionally 
related motor neuron pool and muscle sensory afferent subtypes defined by coordinate ETS 
gene expression. Cell 95, 393-407. 

Lin, Q., Li, D., Xu, X., Zou, X. and Fang, L. (2007). Roles of TRPV1 and neuropeptidergic receptors in 
dorsal root reflex-mediated neurogenic inflammation induced by intradermal injection of 
capsaicin. Mol Pain 3, 30. 

Lindfors, P. H., Voikar, V., Rossi, J. and Airaksinen, M. S. (2006). Deficient nonpeptidergic epidermis 
innervation and reduced inflammatory pain in glial cell line-derived neurotrophic factor 
family receptor alpha2 knock-out mice. J Neurosci 26, 1953-1960. 

Lippoldt, E. K., Elmes, R. R., McCoy, D. D., Knowlton, W. M. and McKemy, D. D. (2013). Artemin, a 
glial cell line-derived neurotrophic factor family member, induces TRPM8-dependent cold 
pain. J Neurosci 33, 12543-12552. 

Livet, J., Sigrist, M., Stroebel, S., De Paola, V., Price, S. R., Henderson, C. E., Jessell, T. M. and Arber, 
S. (2002). ETS gene Pea3 controls the central position and terminal arborization of specific 
motor neuron pools. Neuron 35, 877-892. 

Lonze, B. E., Riccio, A., Cohen, S. and Ginty, D. D. (2002). Apoptosis, axonal growth defects, and 
degeneration of peripheral neurons in mice lacking CREB. Neuron 34, 371-385. 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



Lu, B. C., Cebrian, C., Chi, X., Kuure, S., Kuo, R., Bates, C. M., Arber, S., Hassell, J., MacNeil, L., 
Hoshi, M., et al. (2009). Etv4 and Etv5 are required downstream of GDNF and Ret for kidney 
branching morphogenesis. Nat Genet 41, 1295-1302. 

Marmigere, F. and Ernfors, P. (2007). Specification and connectivity of neuronal subtypes in the 
sensory lineage. Nat Rev Neurosci 8, 114-127. 

Meltzer, S., Santiago, C., Sharma, N. and Ginty, D. D. (2021). The cellular and molecular basis of 
somatosensory neuron development. Neuron 109, 3736-3757. 

Mickle, A. D., Shepherd, A. J. and Mohapatra, D. P. (2015). Sensory TRP channels: the key 
transducers of nociception and pain. Prog Mol Biol Transl Sci 131, 73-118. 

Oh, S., Shin, S. and Janknecht, R. (2012). ETV1, 4 and 5: an oncogenic subfamily of ETS transcription 
factors. Biochim Biophys Acta 1826, 1-12. 

Oikawa, T. and Yamada, T. (2003). Molecular biology of the Ets family of transcription factors. Gene 
303, 11-34. 

Paratore, C., Brugnoli, G., Lee, H. Y., Suter, U. and Sommer, L. (2002). The role of the Ets domain 
transcription factor Erm in modulating differentiation of neural crest stem cells. Dev Biol 
250, 168-180. 

Patel, T. D., Jackman, A., Rice, F. L., Kucera, J. and Snider, W. D. (2000). Development of sensory 
neurons in the absence of NGF/TrkA signaling in vivo. Neuron 25, 345-357. 

Patel, T. D., Kramer, I., Kucera, J., Niederkofler, V., Jessell, T. M., Arber, S. and Snider, W. D. (2003). 
Peripheral NT3 signaling is required for ETS protein expression and central patterning of 
proprioceptive sensory afferents. Neuron 38, 403-416. 

Petty, B. G., Cornblath, D. R., Adornato, B. T., Chaudhry, V., Flexner, C., Wachsman, M., Sinicropi, 
D., Burton, L. E. and Peroutka, S. J. (1994). The effect of systemically administered 
recombinant human nerve growth factor in healthy human subjects. Ann Neurol 36, 244-
246. 

Pezet, S. and McMahon, S. B. (2006). Neurotrophins: mediators and modulators of pain. Annu Rev 
Neurosci 29, 507-538. 

Rowbotham, M. C., Nothaft, W., Duan, W. R., Wang, Y., Faltynek, C., McGaraughty, S., Chu, K. L. 
and Svensson, P. (2011). Oral and cutaneous thermosensory profile of selective TRPV1 
inhibition by ABT-102 in a randomized healthy volunteer trial. Pain 152, 1192-1200. 

Rukwied, R., Mayer, A., Kluschina, O., Obreja, O., Schley, M. and Schmelz, M. (2010). NGF induces 
non-inflammatory localized and lasting mechanical and thermal hypersensitivity in human 
skin. Pain 148, 407-413. 

Sakai, K., Sanders, K. M., Youssef, M. R., Yanushefski, K. M., Jensen, L. E., Yosipovitch, G. and 
Akiyama, T. (2017). Role of neurturin in spontaneous itch and increased nonpeptidergic 
intraepidermal fiber density in a mouse model of psoriasis. Pain 158, 2196-2202. 

Sanz, R. L., Ferraro, G. B., Girouard, M. P. and Fournier, A. E. (2017). Ectodomain shedding of Limbic 
System-Associated Membrane Protein (LSAMP) by ADAM Metallopeptidases promotes 
neurite outgrowth in DRG neurons. Sci Rep 7, 7961. 

Seal, R. P., Wang, X., Guan, Y., Raja, S. N., Woodbury, C. J., Basbaum, A. I. and Edwards, R. H. 
(2009). Injury-induced mechanical hypersensitivity requires C-low threshold 
mechanoreceptors. Nature 462, 651-655. 

Shirazi Fard, S., Kele, J., Vilar, M., Paratcha, G. and Ledda, F. (2010). Tiam1 as a signaling mediator 
of nerve growth factor-dependent neurite outgrowth. PLoS One 5, e9647. 

Smeyne, R. J., Klein, R., Schnapp, A., Long, L. K., Bryant, S., Lewin, A., Lira, S. A. and Barbacid, M. 
(1994). Severe sensory and sympathetic neuropathies in mice carrying a disrupted Trk/NGF 
receptor gene. Nature 368, 246-249. 

Smith, H. W. and Marshall, C. J. (2010). Regulation of cell signalling by uPAR. Nat Rev Mol Cell Biol 
11, 23-36. 

Szallasi, A. and Sheta, M. (2012). Targeting TRPV1 for pain relief: limits, losers and laurels. Expert 
Opin Investig Drugs 21, 1351-1369. 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



Ueda, K., Hirose, M., Murata, E., Takatori, M., Ueda, M., Ikeda, H. and Shigemi, K. (2010). Local 
administration of a synthetic cell-penetrating peptide antagonizing TrkA function suppresses 
inflammatory pain in rats. J Pharmacol Sci 112, 438-443. 

Usoskin, D., Furlan, A., Islam, S., Abdo, H., Lonnerberg, P., Lou, D., Hjerling-Leffler, J., Haeggstrom, 
J., Kharchenko, O., Kharchenko, P. V., et al. (2015). Unbiased classification of sensory 
neuron types by large-scale single-cell RNA sequencing. Nat Neurosci 18, 145-153. 

Vrieseling, E. and Arber, S. (2006). Target-induced transcriptional control of dendritic patterning and 
connectivity in motor neurons by the ETS gene Pea3. Cell 127, 1439-1452. 

Wang, H. and Siemens, J. (2015). TRP ion channels in thermosensation, thermoregulation and 
metabolism. Temperature (Austin) 2, 178-187. 

Wang, T., Jing, X., DeBerry, J. J., Schwartz, E. S., Molliver, D. C., Albers, K. M. and Davis, B. M. 
(2013). Neurturin overexpression in skin enhances expression of TRPM8 in cutaneous 
sensory neurons and leads to behavioral sensitivity to cool and menthol. J Neurosci 33, 
2060-2070. 

Wang, Z. and Zhang, Q. (2009). Genome-wide identification and evolutionary analysis of the animal 
specific ETS transcription factor family. Evol Bioinform Online 5, 119-131. 

Wickramasinghe, S. R., Alvania, R. S., Ramanan, N., Wood, J. N., Mandai, K. and Ginty, D. D. (2008). 
Serum response factor mediates NGF-dependent target innervation by embryonic DRG 
sensory neurons. Neuron 58, 532-545. 

Woolf, C. J., Safieh-Garabedian, B., Ma, Q. P., Crilly, P. and Winter, J. (1994). Nerve growth factor 
contributes to the generation of inflammatory sensory hypersensitivity. Neuroscience 62, 
327-331. 

Xu, X. J., Wiesenfeld-Hallin, Z., Villar, M. J., Fahrenkrug, J. and Hokfelt, T. (1990). On the Role of 
Galanin, Substance P and Other Neuropeptides in Primary Sensory Neurons of the Rat: 
Studies on Spinal Reflex Excitability and Peripheral Axotomy. Eur J Neurosci 2, 733-743. 

Xue, Q., Jong, B., Chen, T. and Schumacher, M. A. (2007). Transcription of rat TRPV1 utilizes a dual 
promoter system that is positively regulated by nerve growth factor. J Neurochem 101, 212-
222. 

Yan, C. and Boyd, D. D. (2007). Regulation of matrix metalloproteinase gene expression. J Cell 
Physiol 211, 19-26. 

Yang, F. and Zheng, J. (2017). Understand spiciness: mechanism of TRPV1 channel activation by 
capsaicin. Protein Cell 8, 169-177. 

Yordy, J. S. and Muise-Helmericks, R. C. (2000). Signal transduction and the Ets family of 
transcription factors. Oncogene 19, 6503-6513. 

Zhang, W., Li, H., Xing, Z., Yuan, H., Kindy, M. S. and Li, Z. (2012). Expression of mRNAs for PPT, 
CGRP, NF-200, and MAP-2 in cocultures of dissociated DRG neurons and skeletal muscle cells 
in administration of NGF or NT-3. Folia Histochem Cytobiol 50, 312-318. 

Zhang, X., Huang, J. and McNaughton, P. A. (2005). NGF rapidly increases membrane expression of 
TRPV1 heat-gated ion channels. EMBO J 24, 4211-4223. 

Zhu, W. and Oxford, G. S. (2007). Phosphoinositide-3-kinase and mitogen activated protein kinase 
signaling pathways mediate acute NGF sensitization of TRPV1. Mol Cell Neurosci 34, 689-
700. 

 

  

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



Figures 

 

 

 

Fig. 1. Developmental expression of Etv4, and epidermal innervation analysis in Etv4 

null mice. 

(A and B) Images of hindlimb foot pad sections derived from Etv4+/+ and Etv4-/- mice at 

P0 (A) and two-month-old (adult) mice (B), labeled for CGRP to visualize peptidergic 

projections. Nuclei were stained with DAPI. Dashed lines indicate the limit between 

dermis (D)-epidermis (E) and epidermis-skin surface. Arrowheads indicate some of the 

CGRP fibers in the epidermis. Scale bar 50 µm. A scheme of mouse hind paw with the 

location of the thick glabrous skin indicated in red is shown at the upper corner of panel 

A. 
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(C and D) The bar graphs show quantification of the number of CGRP+ free nerve 

endings crossing the dermal-epidermal border per unit length (500m) of glabrous skin 

in control WT and Etv4-KO mice at P0 (C) and adult (D) mice. Shown are the mean   

SEM. Number of animals/genotype: for P0, n=3; for adults, n=4. *p<0.05 by two-tail 

Student´s t test.  

(E) The graph shows the quantification of the total length of CGRP+ fibers in adult skin. 

Shown are the mean  SEM (n=4 animals/genotype,). *p<0.05 by two-tail Student´s t 

test.  

(F) Images of hindlimb foot pad sections derived from Etv4+/+ and Etv4-/- mice at two-

month-old (Adult) mice labeled for GFR1/GFR2 to visualize non-peptidergic 

projections. Nuclei stained with DAPI are shown. Arrowheads indicate some GFRs+ 

fibers in the epidermis. Scale bar: 50m.  

(G) The graph shows the quantification of the number of GFR1+/GFR2+ fibers in adult 

skin per unit of length (500m). Shown are the meanSEM (n=3 animals/genotype). ns 

denotes not significant by two-tail Student´s t test.  

(H and I) Developmental expression and localization of Etv4 in mouse embryonic and 

postnatal DRG neurons. (H) Analysis of developmental expression of Etv4 and TrkA 

mRNA by RT-PCR in DRG. The housekeeping gene Gapdh is shown. (I) 

Immunofluorescence in E14.5 (Upper Panel) and P20 (Lower Panel) mouse DRG sections. 

Upper Panel, scale bar 50 m. High magnification images of boxed areas are also shown. 

Lower Panel, scale bar 50 m. White arrowheads indicate cells showing Etv4-TrkA co-

expression. Yellow arrowheads indicate cells expressing Etv4 and negative for TrkA 

staining. Grey arrow indicates non-specific staining of Etv4. 
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Fig. 2. Analysis of peptidergic central innervation in Etv4-deficient  

(A) Representative images of spinal cord sections derived from Etv4+/+ and Etv4-/- mice at 

P15. CGRP+ central projections were labeled in red and nuclei were stained with DAPI in 

cyan. Scale bar 100 µm.  

(B-C) The graph shows the percent (%) of the spinal cord area covered by CGRP+ (B) 

and TrkA+ (C) central afferents in superficial laminae of the dorsal horn in spinal cord 

sections derived from Etv4+/+ (WT) and Etv4-/- (KO) mice. Data is expressed as mean±SEM 

of 3-4 mice/genotype. ns denotes not significant by two-tail Student´s t test. 

(D) High-magnifications images of the dorsal horn are shown. CGRP+ fibers are labeled. 

Arrows indicate individual CGRP+ fibers extended beyond the laminae. Scale bar 50 µm. 

The graph shows the quantification of the number of CGRP+ fibers in spinal cord 

sections derived from Etv4+/+ and Etv4-/- mice. Data is expressed as mean±SEM of 4 

mice/genotype.  
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 (E-F) The graph shows the quantification of the CGRP (E) and TrkA (F) intensity levels in 

the dorsal horn normalized to the dorsal horn area expressed as arbitrary units (a.u). 

Data is presented as mean±SEM of 3 mice/genotype (n=3). *p<0.05 by two-tail Student´s 

t test. 
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Fig. 3. Etv4 knockout mice do not show defects in the proportion of TrkA-expressing 

neurons. 

(A) Representative images of DRG lumbar sections expressing the neuronal marker NeuN 

and TrkA in Etv4+/+ and Etv4-/- mice at P15. Scale bar 100 µm. High-magnifications 

images of boxed areas are also shown. Arrows indicate individual neurons co-expressing 

NeuN and TrkA, arrowheads indicate neurons expressing NeuN in the absence of TrkA. 

Scale bar 50 µm.  

(B-C) The graphs describe the density of neurons, NeuN+ and PGP9.5+ (B) cells, in 10000 

µm2 and the percentage (%) of neurons expressing TrkA respect to the total number of 

NeuN+ cells (C) in L4-L5-L6 DRG sections derived from Etv4+/+(WT) and Etv4-/-(KO) mice 

at postnatal day 15 (P15). The results are expressed as mean±SEM. n=3 mice/genotype. 

ns denotes not significant by two-tail Student´s t test.  
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(D-E) Semiquantitative RT-PCR analysis of TrkA, Ret, GFR1 mRNA expression in lumbar 

DRGs obtained from WT and Etv4-KO mice at P20 (D). The bar graph shows the levels of 

mRNA of each molecule normalized to the housekeeping gene Tbp (E). Data is 

expressed as mean of relative valuesSEM, n3 mice/genotype, ns: denotes not 

significant (Student´s t test).  
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Fig. 4. Etv4 regulates axonal growth and growth cone size in sensory neurons. 

(A and E) Representative images show DRG (A) or trigeminal ganglion (TG) (E) 

dissociated sensory neurons obtained from Etv4+/+ (WT) or Etv4-/- (KO) mice maintained 

in the presence of NGF for 24-36 hours and stained withIII-tubulin. Arrows indicate 

neuronal cell bodies and arrowheads indicate the neurite tips. Scale bar 100 µm.  

(B, C and F) The graphs show the quantification of total neurite length of DRG (B) or TG 

(F) sensory neurons and the length of the longest neurite (C) of DRG neurons in culture. 

Results are shown as meanSEM, DRG sensory neurons from n=3 mice/genotype. TG 

sensory from 4 mice/genotype were analyzed. *p<0.05, **p<0.005 by Student´s t test.  
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(D and G) The graphs show the survival of DRG (D) and TG (G) dissociated sensory 

neurons. Neuronal survival was evaluated using DAPI for nuclear staining. Neurons 

containing fragmented or condensed nuclear staining were scored as apoptotic cells. The 

results are averagesSEM from 3 mice/genotype, ns denotes not significant by two-tail 

Student´s t test.  

(H and J) Representative images of growth cones of DRG and TG from Etv4+/+ (WT), 

Etv4+/- (Het) and Etv4-/- (KO) mice grown in the presence of NGF. Cultures were stained 

with phalloidin (green) and III-tubulin (red). Scale bar: 20m. 

(I and K) The graphs show the quantification of growth cone area and phalloidin 

intensity in arbitrary units (a.u.) from DRG (I) and TG (K) neurons obtained from WT and 

Etv4-KO mice cultured in the presence of NGF. For DRG and TG sensory neurons, results 

are shown as meanSEM of 3 mice/genotype. *p<0.05, **p<0.005 by Student´s t test.  
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Fig. 5. NGF-induced Etv4 is required for metalloproteinases and UPAR expression 

involved in neurite outgrowth. 

(A) Representative images show DRG neurons cultured in the presence of NGF and 

treated with the pan-metalloproteinase inhibitor GM6001 (5 M) or control conditions 

for 6 hours and stained with III-tubulin. Arrows indicate neuronal cell bodies and 

arrowheads indicate the neurite tips. Scale bar 100 µm. The graph shows the 

quantification of total neurite length of DRG neurons in culture.  Results are shown as 

meanSEM, n= 3 animals/ genotype. *p<0.05 by Student´s t test. 

(B) Representative images show the growth cone of DRG neurons cultured in the 

presence of NGF and treated or not with GM6001 (5 M) for 6 hours and stained with 

phalloidin and III-tubulin. Scale bar: 20 µm. The graph shows the quantification of the 
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growth cone area. Results are shown as meanSEM, n=3 mice/genotype. *p<0.05 by 

Student´s t test. 

 (C and D) Analysis of Mmp3, Mmp13, Mmp10, Upar and Etv4 mRNA expression by RT-

PCR in PC12 transfected with control vector (Ctrl) or Etv4-shRNA (C) or in sensory 

neurons derived from WT and KO mice (D) treated with NGF for 8 h. TATA binding 

protein (Tbp) or Gapdh was used as a housekeeping gene. 

(E) Bar graphs show the analysis of Mmp3, Mmp13, Mmp10 and Upar mRNA levels from 

sensory neurons derived from Etv4 WT or KO mice treated with NGF for 8 h analyzed by 

semiquantitative RT-PCR. The levels of mRNA were normalized using the expression of 

the housekeeping Tbp. Data from an assay performed in triplicate is expressed as mean 

of relative valuesSEM.  6 mice/genotype were used, *p0.05, **p<0.01, ***p<0.001 by 

ANOVA followed by Tukey´s multiple comparison test.  

(F)  Representative images show DRG neurons obtained from WT or Etv4-KO mice 

cultured in the presence of medium conditioned by HEK-293 cells transfected with 

control (Ctrl) or plasmids expressing MMP3 and MMP13 (MMP3/13) in the presence of  

NGF. Arrows indicate neuronal cell bodies and arrowheads indicate the neurite tips. Scale 

bar: 100 µm.  The graph shows the quantification of total neurite length of DRG neurons. 

Results are shown as mean SEM, 3 animals/genotype were analyzed, *p<0.05, ns 

denotes not significant by Two-way ANOVA followed by Tukey´s multiple comparisons 

test. 
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Fig. 6. Etv4 knockout mice are less responsive to noxious heat sensation and 

inflammatory pain. 

(A-B) Thermal sensitivity of  WT and Etv4-KO mice evaluated in hot plate test (A) and 

water tail flick test (B) at the indicated temperatures. The graphs show the latency 

(seconds indicated as sec) it takes for the animal to lift or lick the paw (A) or the latency 

(seconds) of tail withdrawal when it was immersed in a beaker of water (B). The results 

are expressed as mean±SEM. *p<0.05; **p<0.01 by two-tail Student´s t test. ns denotes 

not significant. Number of animals analyzed of each genotype in hot plate test: WT 

(n=15), Etv4-KO (n=14),  

(C)  The bar graph shows the inflammatory pain induced by the intraplantar formalin 

injection in Etv4-KO compared to WT mice. Shown are the nociceptive behaviors scored 

as the amount of time spent (sec.) in nociceptive response in the injected hind paw; 

PHASE I: 0–5 min, PHASE II: 10-45 min after formalin injection. Results are presented as 
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mean±SEM. n=7 mice/genotype. ns denotes not significant, ***p<0.001, by two-way 

ANOVA followed by Bonferroni multiple comparisons test. 

(D) Responses to mechanical stimulation using the Von Frey test measured as described 

in Materials and Methods. Results are presented as mean±SEM. n=6 mice/genotype. ns 

denotes not significant by two-way ANOVA followed by Bonferroni multiple comparisons 

test.  
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Fig. 7.  Etv4 deletion results in a reduction of TRPV1 sensory neurons in vivo and in 

hyposensitivity to pain induced by capsaicin.  

(A) Semiquantitative RT-PCR analysis of TrpV1, TrpV2, Trpm8, TrpA1, Nav1.7 and Nav1.8 

expression in lumbar DRGs obtained from WT and Etv4-KO mice at P20. The bar graphs 

show the levels of mRNA normalized using the expression of the housekeeping gene 

Tbp. a.u. indicates arbitrary units. Data is expressed as meanSEM., n3 

mice/genotype,**p<0.01 *p0.05; by Student´s t test. ns: denotes not significant 

(Student´s t test).  

 (B) Representative images show TRPV1+ neurons in L4-L5-L6 DRG sections from WT and 

Etv4-KO mice at P20. Neurons stained with the neuronal marker NeuN are shown. Scale 

bar 100 µm. High-magnifications images of boxed areas are shown. Arrows indicate 

individual neurons co-expressing NeuN and TRPV1. Scale bar 50 µm.  The graph 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



describes the proportion of NeuN+ neurons expressing TRPV1 in WT and Etv4-KO mice. 

Data is expressed as mean±SEM of 3 mice/genotype. **p<0.01 by two-tail Student´s t 

test. 

(C) The upper graph shows the time (sec) spent by mice in nociceptive behaviors after 

intraplantar capsaicin injection. Data is expressed as mean ± SEM. WT: n=8 and Etv4-KO: 

n=10, *p<0.05; two-tailed Student´s t test. The lower graph shows the time course of the 

assay discriminating the nociceptive behaviors displayed at each time point. Data is 

expressed as mean±SEM. *p<0.05, **p<0.05 by two-way ANOVA followed by Bonferroni 

multiple comparisons test.  
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Fig. 8. Model summarizing the effects of Etv4-/- on peripheral sensory innervation 

and DRG nociceptive behavior. 
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Fig. S1. Control of anti-Etv4 antibody specificity
Images of DRG sections obtained from newborn Etv4+/+ and Etv4-/- mice stained with anti
Etv4 (red) antibodies and the nuclear staining DAPI (blue). Scale bar: 25 μm. Arrowheads
indicate neuronal nucleus

Fig. S2. Etv4 is not required for DRG sensory neurons survival
Representative images show the comparable size of L4-L5-L6 DRG from Etv4+/+ and Etv4 -/- 
mice at P15. Neurons were stained with the neuronal marker NeuN (red) and nuclei were 
stained with DAPI (blue). Scale bar 500 μm. The graph describes the area (mm2) of L4-L5-
L6 DRG sections derived from Etv4+/+ and Etv4-/- mice. Data is expressed as mean ± SEM of 
3 mice/genotype (n=3, 13 sections/animal). ns denotes not significant by two-tailed Student's 
t test. p=0.3295.

Development: doi:10.1242/dev.200583: Supplementary information
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Fig. S3. Etv4 is expressed in TrkA-positive trigeminal sensory neurons 

Representative images of trigeminal ganglia (TG) coronal sections showing the expression of 
Etv4 (red) and TrkA (green) at P0. Arrows indicate individual neurons coexpressing Etv4 and 
TrkA, arrowheads indicate neurons expressing Etv4 in the absence of TrkA. Scale bar 50 µm. 

Fig. S4. Control of Etv4 mRNA expression in DRG from control or Etv4-deficient mice used 
to analyze MMPs and Upar expression. TATA binding protein (Tbp) was used as 
housekeeping gen 

Fig. S5. Control of MMP3 and MMP13 expression in HEK-293 cells 

HEK-293 cells were transfected with control or MMP3-HA and MMP13-Flag expressing 
plasmids. Cell extracts were analyzed by immunoblot to show expression of the different 
MMPs by using antibodies against HA or MMP13. The same blot was probed for a-Tubulin. 

Etv4 TrkA/Etv4
TG

 P
0

WT KO 

Tbp

Etv4

MMP13

HA-MMP3     -    + 
Flag-MMP13     -   +

HA

α-Tub
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Supplementary Methods and Reagents 

Western Blotting of MMPs 

HEK-193 cells were lysed at 4°C in lysis buffer containing 0.5% Triton X-100, 0.1% SDS plus 

protease, and phosphatase inhibitors. Protein lysates were clarified by centrifugation and 

analyzed by immunoblotting as previously described (Fontanet et. al 2013). The blots were 

scanned in a Storm 845 PhosphorImager (GE Healthcare Life Sciences). For western-blot, 

the following antibodies were used: rat monoclonal anti-HA (3F10, dil. 1/1000, Roche), rabbit 

polyclonal anti-MMP13 (sc-30073, dil. 1/500), mouse anti-a tubulin (cat# T9026, Sigma, dil. 

1/6000). 
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