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Abstract 

C-nociceptors (C-Ncs) and non-nociceptive C-low threshold mechanoreceptors (C-LTMRs) are two 

subpopulations of small unmyelinated non-peptidergic C-type neurons of the dorsal root ganglia 

DRGs) with central projections displaying a specific pattern of termination in the spinal cord dorsal 

horn. Although these two subpopulations exist in several animals, remarkable neurochemical 

differences occur between mammals, particularly rat/humans from one side and mouse from the 

other. Mouse is widely investigated by transcriptomics. Therefore, we here studied the 

immunocytochemistry of murine C-type DRG neurons and their central terminals in spinal lamina 

II at light and electron microscopic levels. We used a panel of markers for peptidergic (CGRP), 

non-peptidergic (IB4), nociceptive (TRPV1), non-nociceptive (VGLUT3) C-type neurons and two 

strains of transgenic mice: the TAFA4Venus knock-in mouse to localize the TAFA4+ C-LTMRs, 

and a genetically engineered ginip mouse that allows an inducible and tissue specific ablation of the 

DRG neurons expressing GINIP, a key modulator of GABABR-mediated analgesia. We confirmed 

that IB4 and TAFA4 did not coexist in small non-peptidergic C-type DRG neurons and separately 

tagged the C-Ncs and the C-LTMRs. We then showed that TRPV1 was expressed in only about 7% 

of the IB4+ non-peptidergic CNcs and their type Ia glomerular terminals within lamina II. Notably, 

the selective ablation of GINIP did not affect these neurons, whereas it reduced IB4 labeling in the 

medial part of lamina II and the density of C-LTMRs glomerular terminals to about one half 

throughout the entire lamina. We discuss the significance of these findings for interspecies 

differences and functional relevance. 

 

Introduction 

Lamina II of the spinal gray matter modulates nociception at the synaptic interface between first 

order sensory neurons in the dorsal root ganglia (DRGs) and second order projection neurons in 

laminae I and III-V of the dorsal horn, but is also implicated in the integration of non-nociceptive 

mechanical and thermal stimuli, pleasant touch and itch (Merighi 2018). 

DRG neurons are of heterogeneous sizes and the smallest ones (type C neurons), which in rodents 

are 20 μm or less in diameter, give rise to small diameter unmyelinated somatic or visceral C-type 

primary afferent fibers, herein simply indicated as C-fibers, which were initially demonstrated to 

have a slow conductance and high thresholds of activation (Lawson et al. 1993). Therefore, until 

recently, it was believed that the type C DRG neurons, and hence their C-fibers, were only activated 

by noxious stimuli, albeit of heterogeneous nature (mechanical, thermal, chemical), and were 

commonly referred to as C-type nociceptors (C-Ncs). In rodents, current classification of C-Ncs 

postulates the existence of two main populations of peptidergic and nonpeptidergic neurons, based 

on histological, neurochemical and physiological properties; morphology of peripheral projections; 

and pattern of central termination into the spinal cord dorsal horn. The most accepted view was that 

the Ctype non-peptidergic DRG nociceptive neurons projected to the inner part of lamina II (IIi) 

(Silverman and Kruger 1990) and, at least in mouse, formed a neurochemically homogenous 

population labeled by the isolectin B4 from Griffonia simplicifolia (IB4)1 and/or the LA4 antibody 
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(Stucky and Lewin 1999; Braz et al. 2005; Cavanaugh et al. 2009), whereas in rat there was not a 

neat distinction between peptidergic and non-peptidergic Ncs in relation to IB4 binding (Price and 

Flores 2007). However, in the more recent past, it became clear that these neurons, at least in 

mouse, also encompassed a subpopulation that did not respond to noxious stimuli. Such a change of 

opinion largely derived from the continuous discovery of novel neurochemical and functional 

markers (Le Pichon and Chesler 2014), and from the application of single-cell transcriptomics to 

cluster murine DRG neurons into more specific functional subpopulations (Usoskin et al. 2015; 

Zheng et al. 2019). 

Thus, it is today accepted that some C-type non-peptidergic DRG neurons are not nociceptors, but, 

instead, lowthreshold mechanoreceptors (C-LTMRs), with slow conduction velocity, low thresholds 

of activation (Abraira and Ginty 2013; Pitcher et al. 2016) and specific projections to the ventral 

part of inner lamina II (IIiv) of the spinal cord (Li et al. 2011). In parallel, it was demonstrated that 

these non-peptidergic C-LTMRs contribute to gentle touch under normal conditions (Olausson et al. 

2002; Seal et al. 2009; Vrontou et al. 2013) and touch hypersensitivity after injury (Seal et al. 2009; 

Delfini et al. 2013). Their neurochemistry was, at first, characterized by expression of the vesicular 

glutamate transporter type 3 (VGLUT3) (Seal et al. 2009), but, later, two other markers joined in: 

the chemokine-like secreted protein TAFA4 and the Gαi-interacting protein GINIP. These two 

proteins were not mere additional markers, as they acted as new C-LTMR modulators to be 

activated only in certain injury-mediated general pain conditions, such was the case of TAFA4 

(Delfini et al. 2013; Kambrun et al. 2018), or mechanical neuropathic pain, for GINIP (Gaillard et 

al. 2014; Liu et al. 2016). However, GINIP not only was expressed in VGLUT3+/TAFA4+ non-

peptidergic C-LTMRs but also in IB4+ non-peptidergic C-Ncs (Reynders et al. 2015; Urien et al. 

2017). This latter observation was in some way confusing and rendered even more difficult to frame 

the organization of the non-peptidergic DRG neurons and their C-fibers into a coherent picture. It 

remains, in fact, quite difficult to substantiate the idea that the two subpopulations of C-Ncs and C-

LTMRs are, indeed, fully distinguishable in neurochemical and functional terms. Further 

complexity was after that added because 30% of the peptidergic neurons that were immunoreactive 

for the calcitonin-gene related peptide (CGRP) and the transient receptor potential vanilloid 1 

(TRPV1) also contained GINIP, at least in rat (Liu et al. 2016). This observation was puzzling for 

several reasons. First, CGRP is a well-recognized general peptidergic marker of the DRG neurons 

throughout species (Gibson et al. 1984) but, at the minimum in rat, it is considered to label the 

nociceptors irrespectively that they give rise to C or Aδ fibers (Lawson et al. 1996). Second, 

TRPV1 is a transduction molecule that is also specifically expressed in nociceptors (Patil et al. 

2018) but has a quite variegated and controversial tissue distribution across species. To be precise, 
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in rats both peptidergic and nonpeptidergic C-Ncs expressed TRPV1 (Tominaga et al. 1998; Guo et 

al. 1999; Michael and Priestley 1999; Woodbury et al. 2004; Hwang et al. 2005), and, in a similar 

fashion, TRPV1 was detected in larger proportions of human DRG nociceptors compared to mice 

(Haberberger et al. 2019). However, in mouse C-Ncs, irrespectively of their neuropeptide content, 

expressed TRPV1 during development, but the receptor became limited to the peptidergic 

subpopulation in adulthood (Cavanaugh et al. 2011). Nonetheless, according to some authors 2-4.5 

% of the non-peptidergic IB4+ C-Ncs also expressed TRPV1 (Zwick et al. 2002; Woodbury et al. 

2004; Breese et al. 2005) and their number increased during inflammation (Breese et al. 2005). 

Thus, several questions still need answering to classify properly the non-peptidergic C-type DRG 

neurons in mouse as it is not clear yet if, under normal conditions, all C-LTMRs are non-

nociceptive, and what is the functional importance of GINIP in these neurons. 

To provide some answers to these questions and better characterize the different subpopulations of 

mouse nonpeptidergic C-type DRG neurons and their fibers, we have here investigated two 

different strains of transgenic animals. The first was a TAFA4Venus knock-in mouse expressing the 

green fluorescent protein (GFP) variant Venus in a population of TAFA4+ non-peptidergic C-

LTMRs (Delfini et al. 2013). The second was a genetically engineered ginip mouse that allows an 

inducible and tissue specific ablation of GINIP-expressing sensory neurons in DRGs (Urien et al. 

2017). 

 

1 Strictly speaking, IB4 binds to some sugar residues that are present at the cellular membrane of 

positive neurons. For the sake of simplicity, these neurons will be indicated as IB4+ to differentiate 

them from the IB4- neurons that are unable to bind the lectin. 

 

Experimental procedures 

Animals 

Young adult (two-three months) male mice were housed in a temperature-controlled room (22°C, 

40% humidity), under a 12 h light-dark cycles, and with free access to food and water. The number 

of the animals used in this study were reduced as much as possible and all efforts were employed to 

minimize their stress and suffering during all experimental procedures. Work was performed on 

male mice only to save transgenic females for breeding that was carried out with harem mating (≥3 

females/male) on estimates made according to the National Research Council (US) Committee on 

Guidelines for the Use of Animals in Neuroscience and Behavioral Research (2003). Yet, recent 

findings indicate that there are no sex differences after RNA-seq transcriptomic experiments in 

mouse DRGs, both in basal and experimental neuropathic conditions (Lopes et al. 2017). Similarly, 
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a study in rat, which was also focused on the occurrence of sex differences in gene regulation in 

DRGs after nerve injury (Stephens et al. 2019), found that, after analysis of the expression levels of 

14,403 genes in naïve male and females, there were no significant differences in 94.0% of cases. 

Notably, the list of the 862 genes with expression amounts that differed significantly between the 

two sexes did not include those encoding for CGRP, VGLUT3, GINIP, TAFA4 or TRPV1. 

Therefore, we are confident that the results of our present work can be generalized to animals of 

both sexes. All experiments were conducted in conformity with the directive (2010/63/EU) of the 

European Parliament and of the Council of September 22, 2010, with an authorization for animal 

experimentation by the Italian Ministry of Health (600.8/82.20/AG1826), the French Ministry of 

Agriculture and the European Community Council Directive (2015070217242262-V5#1537). The 

animals used in the study were: 

1) Sixteen TAFA4Venus heterozygous (+/-) knock in mice (Delfini et al. 2013) [n=8 for light 

microscopy (LM) immunofluorescence (IMF) studies divided in n=3 for DRGs and n=5 for spinal 

cord; n=8 for electron microscopy (EM) studies, divided in n=4 for post-embedding staining 

procedures and n=4 for pre-embedding Fluoronanogold staining]. We have used these mice to 

localize the TAFA4-expressing neurons in DRGs and spinal cord. They specifically express the 

GFP variant Venus in TAFA4+ C-LTMRs. Thus, for the sake of simplicity, we will indicate GFP 

expressing neurons as TAFA4+ in both text and figures. 

2) Twelve three weeks old GINIP mice received two intraperitoneal injections of diphtheria toxin 

(DT; 20g/kg), separated by 72 h interval (n=3 controls and n=3 DT for LM; n=3 control and n=3 

DT for EM). Spinal cord tissues were prepared five weeks after DT injections following the same 

method reported in two previous publications (Salio et al. 2005; Calorio et al. 2019). 

3) Six CD1 mice (n=3 for LM; n=3 for EM), as control animals to verify peptidergic and non-

peptidergic marker expression in genetically unmodified animals. 

We sampled the DRGs and the spinal cord after deep pentobarbital anesthesia (3 mg/100 g body 

weight, intraperitoneal) following standard procedures (see Salio et al. 2005). 

LM 

Anesthetized animals were perfused with Ringer’s solution followed by 4% paraformaldehyde in 

0.1 M phosphate buffer (PB). The L1–L6 lumbar spinal cord segments and the corresponding 

DRGs were dissected out and post-fixed for two additional h in the same fixative. Spinal cord 

segments were cut with a vibratome (70 m); DRGs were cryoprotected by overnight incubation in 

30% sucrose and then cut at 10 m with a cryostat. Alternatively, DRGs were dehydrated and 

embedded in paraffin wax and eventually cut at 10 m with a microtome. 

Multiple IMF 
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Free-floating vibratome spinal cord sections (from CD1, TAFA4Venus and GINIP-mice) and DRG 

sections (from CD1 and TAFA4Venus mice) were processed following standard procedures (Table 

1 and Salio et al. 2005). 

Previous and the present studies, as referenced in Table 1, provided full validation of all primary 

antibodies. Specificity controls consisted in omission of primary antibodies and/or pre-absorption 

tests with the corresponding immunogenic peptide. Method controls consisted in omission of 

secondary antibodies and/or their substitution with species inappropriate reagent. 

The paraformaldehyde vapor blocking method, originally proposed by Wang and Larsson (1985), 

was used for VGLUT3+TRPV1, VGLUT3+CGRP and CGRP+TRPV1 double IMF experiments, 

because the two primary antibodies were raised in the same species (Salio et al. 2005). 

For the experiments with GINIP-mice, sections from control and DT-treated animals were 

processed together by an operator unaware of the experimental group. 

Single-channel stack images from spinal cord sections and single-channel snapshot images from 

DRGs sections at 20x were acquired using a Leica TCS SP5 confocal laser scanning microscope 

(Leica Microsystems, Wetzlar, Germany) with appropriate filter settings and merged using 

Photoshop CS2 9 (Adobe Systems, San Jose, CA, USA). 

Electron microscopy (EM) 

Anesthetized animals were perfused with Ringer’s solution followed by 4% paraformaldehyde + 

0.1% glutaraldehyde. 

The spinal cord was processed for EM studies as indicated in Table 2. Immunostained sections were 

observed with a JEM-1010 transmission electron microscope (Jeol, Tokyo, Japan) equipped with a 

side-mounted CCD camera (Mega View III, Olympus Soft Imaging System, Brandeburg, 

Germany). 

Quantification and statistical analysis 

LM quantification of immunoreactive DRG neurons 

Twelve lumbar DRGs from TAFA4Venus mice (n = 3) and twelve lumbar DRGs from CD1 mice 

(n = 3) were serially sectioned in toto at 10 m. One out of five sections in the series was 

immunostained, thus minimizing the risk of double counting the same neuron and allowing the 

analysis of the entire ganglion. Individual sections were triple immunostained with one of the 

following combinations of markers: GFP+VGLUT3+IB4; GINIP+VGLUT3+IB4; 

GINIP+CGRP+IB4; VGLUT3+CGRP+IB4; TRPV1+CGRP+IB4; TRPV1+VGLUT3+GINIP. 

Single, double or triple labeled DRG neurons were directly counted from fluorescence images with 

the software Adobe Photoshop CS2 9. 
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Results were expressed as mean (±SEM) number of cells/DRG or as mean percentages (±SEM) of 

double-labeled neurons vs the total number of single-labeled cells for each combination of multiple-

antigens, with n indicating the number of mice. To test homogeneity of variance across DRG 

samples the Levene’s test for equality of variances was used. Variances were considered different 

for p < 0.05. 

LM quantification of immunoreactive non-peptidergic primary afferent fibers (PAFs) from GINIP-

mice 

Spinal cord sections triple immunostained for TRPV1+GINIP+IB4 were observed at the confocal 

microscope. Laser parameters were unchanged for the two different experimental conditions 

(controls vs DT) so that the detection of staining was maximal, while avoiding pixel saturation. Ten 

randomly selected sections/animal were analyzed with the ImageJ software (NIH, Bethesda, MD, 

USA) by an operator unaware of the experimental group. 

Mean fluorescence intensity (MFI), the fluorescent dorsal horn (lamina II) area (FDHA) and 

fluorescence-integrated density (FID) were measured. MFI was estimated by subtracting the 

background mean value from the overall mean grey value. FID was calculated as MFI x FDHA. 

EM quantification of glomeruli in GINIP-mice 

We counted the number of glomeruli in lamina II to assess whether there was a loss after DT-

selective ablation of GINIP-expressing neurons. Glomeruli are known to occur in two main types, 

each, in turn, existing in two different configurations (see Ribeiro-da-Silva, 2015). Type Ia 

glomeruli (GIa) are known to arise from non-peptidergic PAFs. Therefore, we focused our analysis 

on counting GIa from control vs DT-animals in (i) plain ultrathin sections; and (ii) sections 

immunolabeled for GINIP, IB4 and VGLUT3. However, being previously reported that VGLUT3+ 

C-LTMRs were engaged in type II glomeruli (GII) in both rat and mouse (Larsson and Broman 

2019) and that GINIP was expressed in almost 30% of peptidergic DRG neurons in rat (Liu et al. 

2016), quantification of GII and peptidergic type Ib glomeruli (GIb) was also performed. 

For a more precise quantification, since IB4+ afferents innervating the most lateral part of the spinal 

dorsal horn were still present after DT-injection in previous IMF studies (Urien et al. 2017), lamina 

II was divided into a medial and lateral part of equal wideness after observation of toluidine blue-

stained semi thin sections at the light microscope. Ten sections/animal for control (medial and 

lateral part; n=3) and 10 sections/animal for DT (medial and lateral part; n=3) mice were examined 

in studies that were carried out by an operator unaware of the experimental group. More precisely, 

the experimenter directly counted the number of glomeruli within all the 90x90 μm squares of 200 

mesh EM grids that were occupied by relevant tissue. Quantitative analysis was performed by using 

the ImageJ software (NIH, Bethesda, USA) and Graph Pad Prism 6 (GraphPad Software, San 
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Diego, CA, USA). Differences were evaluated with nonparametric Mann Whitney test, and 

considered significant for p < 0.05. 

 

Results 

IB4 labeling and TAFA4 immunoreactivity identify two distinct subpopulations of mouse non-

peptidergic C-type DRG neurons. 

As the mouse C-type non peptidergic DRG neurons have been distinguished into two main 

subpopulations of VGLUT3+/TAFA4+ C-LTMRs and IB4+ C-Ncs, we have first established the 

pattern of coexistence of these markers in TAFA4/VGLUT3/IB4 triple labeling experiments and 

then calculated the relative abundance of the two subpopulations of neurons in lumbar DRGs. All 

labeled neurons were of small size and, thus, histologically, could be positively identified as C-type 

neurons (IB4+ neurons <20 μm diameter, average 18.5±0.2μm; TAFA4+ neurons: <20 μm 

diameter, average 18±0.2μm; VGLUT3+ neurons: <20 μm diameter, average 18.7±1.2μm). The 

percentages of coexpression of TAFA4 and VGLUT3 were above 90% (VGLUT3+ vs TAFA+: 

95.5±0.4%; TAFA4+ vs VGLUT3+:90.1±0.8%). Thus, if one considers the inherent technical 

drawbacks associated with the use of multiple immunostaining techniques, it seems reasonable to 

held that the two molecules coexisted in all C-LTMRs. On the other hand, the DRG neurons labeled 

for IB4 formed, as expected, a fully separate subpopulation (Fig. 1a-d). Given the coexistence of 

VGLUT3 and TAFA4, and the absence of IB4/VGLUT3 double stained neurons, we counted 

VGLUT3+ and TAFA4+ neurons to measure the number of C-LTMRs/DRG and to calculate their 

relative abundance compared to the IB4+ C-Ncs. We thus observed that the IB4+ neurons resulted 

3.5 times more numerous than those expressing VGLUT3 (500.3 ± 3.3 IB4+ cells/DRG vs 140.6 ± 

1.45 VGLUT3+ cells/DRG) and 3.4 times more abundant than those expressing TAFA4 (500.3 ± 

3.3 IB4+ cells/DRG vs 146.6 ± 1.6 TAFA4+ cells/DRG). The variances in numbers for IB4+, 

VGLUT3+ and TAFA4+ DRG neurons sampled from the ganglia of three different mice were not 

statistically different at the Levene’s test (P = 0.93, P = 0.52 and P = 0.57, respectively) indicating 

homogeneity in the samples and, hence, the absence of individual variations. 

In another set of triple labeling experiments, we investigated the coexistence of the IB4, VGLUT3 

and GINIP labels in single DRG neurons (Fig. 1e-h). As predictable, VGLUT3+ and IB4+ DRG 

neurons also expressed GINIP. The degree of co-expression of VGLUT3 and GINIP was so high 

(97.8±0.2%) that, again, one could safely conclude that the two markers coexisted in all C-LTMRs. 

The percentage of IB4/GINIP double-labeled DRG neurons was also high (IB4+ vs GINIP+: 

77.7±0.2 %), but about one fourth of the GINIP-expressing neurons were not stained by IB4. To 

confirm that the VGLUT3+ neurons were not peptidergic and to ascertain if the IB4-/GINIP+ 
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neurons could be peptidergic, we performed another series of multiple labeling experiments leading 

us to conclude that, neither GINIP+ (Fig. 1i-l) nor VGLUT3+ DRG neurons (Fig. 1m-p) co-

expressed the peptidergic marker CGRP.  

 

TRPV1 is expressed in peptidergic CGRP+ and a small percentage of non-peptidergic IB4+ C-

type DRG neurons and their PAFs projecting to laminae I-II of the dorsal horn. 

We then investigated the pattern of expression of TRPV1 in C-type DRG neurons by performing 

triple labeling experiments with the anti-TRPV1 antibody, the anti-CGRP antibody and the IB4-

biotin conjugate. As expected, TRPV1 was co-expressed with CGRP in a large percentage of these 

neurons (TRPV1+/CGRP+: 88.5±0.7%; CGRP+/TRPV1+56.8±0.7%; n = 3 mice; Fig. 2a-b, d). 

However, a small percentage of IB4+ non-peptidergic C-type neurons also expressed TRPV1 

(IB4+/TRPV1+: 3.6±0.2%; TRPV1+/ IB4+: 11±0.2%; n = 3 mice; Fig. 2a, c-d). In another set of 

experiments, we showed that TRPV1 was never expressed in TAFA4+ (Fig. 2e-f, h) or in GINIP+ 

neurons (Fig. 2e, g-h). At the spinal cord level, the pattern of expression of TRPV1 was fully 

consistent with the above observations in DRGs. TRPV1 and CGRP co-expression occurred in 

lamina I and II outer (IIo; Fig. 2i). TRPV1+ non-peptidergic IB4+ C-fibers were, instead, localized 

in a band at the border between lamina IIo and the dorsal part of inner lamina II (IIid) (Fig. 2i, j). 

Finally, TRPV1 and TAFA4 immunoreactive PAFs occupied the two subdivisions of lamina IIi, 

with the former in IIo-IIid and the latter in IIiv (Fig. 2j), at the border with lamina III. 

 

Non-peptidergic C-LTMRs and C-Ncs in lamina II form the central boutons of GIa but no other 

types of glomeruli or axo-dendritic synapses. 

TEM experiments confirmed the concomitant presence of TAFA4/VGLUT3 (Fig. 2k) and 

TRPV1/IB4 staining (Fig. 2l) in non-peptidergic PAF terminals. These terminals were engaged in 

GIa that today we know to originate specifically from non-peptidergic C-fibers (Ribeiro-da-Silva 

2015). In rat, GIa are exclusive to lamina II, and chiefly prominent in IIid (Ribeiro-da-Silva and De 

Koninck 2008). Thus, ultrastructural observations were valuable to confirm beyond doubts the 

nature and functional properties of the VGLUT3/TAFA4 and TRPV1/IB4 labeled PAFs. Finally, it 

is worth mentioning that simple axo-dendritic synapses in lamina II were consistently unlabeled. 

 

The selective ablation of GINIP-expressing sensory neurons in DRGs does not affect 

TRPV1+non-peptidergic PAFs but reduces IB4+ non-peptidergic PAFs predominantly in the 

medial part of lamina II. 
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To investigate further the coexistence of GINIP in specific subpopulations of C-type non-

peptidergic fibers and ascertain whether TRPV1 was indeed present in IB4+ C-Ncs, we performed 

experiments on engineered ginip mice (Fig. 3). These experiments revealed that DT treatment was 

effective in abolishing almost completely GINIP immunostaining in the superficial dorsal horn (Fig. 

3a), but not the TRPV1 signal (Fig. 3a). In addition, when TRPV1/GININ/IB4 triplelabeled 

preparations were subjected to quantitative analysis of IMF (Fig. 3b), FID and FDHA for TRPV1 

immunoreactivity were unchanged after DT administration (FID: CTR: 457528±1347.73; DT: 

469877±39.70; Mann-Whitney test, p=0.1021; FDHA: CTR: 21069±160.13; DT: 20755±29.23; 

Mann-Whitney test, p=0.7441), whereas the GINIP signal was significantly reduced. Therefore, we 

concluded that GINIP+ non-peptidergic PAFs did not express TRPV1. In these experiments, we 

also observed that not all IB4+ PAFs disappeared after the ablation of GINIP and that surviving 

fibers were particularly abundant in the lateral part of the dorsal horn as clearly seen at the 

fluorescence microscope (Fig. 3a) and after quantitative analysis (Fig. 3b). 

 

Selective ablation of GINIP-expressing sensory neurons affects the non-peptidergic C-LTMRs 

glomerular terminals in lamina II. 

Given that we have observed the existence of a DT-resistant subpopulation of IB4 stained fibers in 

lamina II, we have counted GIa to better characterize the alterations determined by the DT-

injection. First, we have considered the absolute number of GIa in plain, not-immunostained 

sections. Of note, GIa resulted to be more concentrated in the lateral part of lamina II, and, after 

DT, glomeruli diminished to 55.4% of those in control mice (Fig. 4a). However, consistently with 

IMF observations, the numerical ratio of GIa in the lateral vs the medial lamina II raised from 1.24 

in control mice to 1.91 after DT. This observation confirmed that at least part of the non-peptidergic 

C-fibers in lateral lamina II were resistant to DT, likely because they did not express GINIP as there 

were many IB4+/GINIP- neurons in DRGs (see Fig. 1i-l). We also calculated the density of GIa 

(number of GIa/section - Fig. 4b) and, again, observed a numerical reduction after DT. Decrease 

was statistically significant in both the medial (57.4% reduction; Mann-Whitney test, p<0.0001) 

and lateral (33.7% reduction; Mann-Whitney test, p=0.0035) part of lamina II, but with a clearly 

much minor effect in the latter. 

We have then performed a series of GINIP/IB4/VGLUT3 triple labeling experiments to quantitate 

the relative contribution of the different subpopulations of C-type non-peptidergic fibers to the total 

number of GIa in lamina II. 

After these experiments, the total number of GIa in lamina II of DT-treated mice was 45% of that in 

untreated controls (Fig. 4 c), but their density was not statistically changed (CTR: Mann-Whitney 
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test, p=0.4; DT: Mann-Whitney test, p=0.1). Of these, in CTR (Fig. 4c, 5a) we observed a 

prevalence of IB4+ GIa (N=134; 39.6%), followed by GINIP+/IB4+GIa (N=102; 30.2%), 

GINIP+/VGLUT3+ GIa (N=69; 20.4%), and unlabeled GIa (N=33; 9.8%). In DT, as expected, we 

detected a complete loss of GINIP+/VGLUT3+ and GINIP+/IB4+ GIa (N=69 in CTR and N=0 in 

DT, Fig. 4c; 5b), while IB4+ GIa (N=118; 79.2%; Fig. 4c, 5b) and unlabeled GIa (N=31; 20.8%; 

Fig. 4c) were unaffected. It is worth remarking that the absolute number of glomeruli in the two 

DT-insensitive subpopulations (singularly labeled IB4+ and unlabeled) was similar in treated and 

untreated mice, with ratios of 0.88 and 0.94, respectively. It is also relevant that, in CTR, the 

different type of labeled GIa showed a comparable distribution in the medial and lateral part of 

lamina II (Fig. 4d), while, after DT, IB4+ GIa were almost doubled in the lateral part of lamina II 

(Fig. 4d). This is a remarkable finding as it suggests that there is very little plasticity or 

reorganization of the projection patterns of the surviving terminals. 

Of note, GIb and GII were consistently negative for GINIP, VGLUT3, or IB4 in control and DT-

treated mice. 

 

Discussion 

We here studied the immunocytochemistry of the mouse C-type DRG neurons and their central 

terminals in lamina II of the dorsal horn at light and electron microscopic levels. We used a panel of 

markers (CGRP, IB4, TRPV1 and VGLUT3), and two genetically modified mouse models to 

provide an exhaustive neurochemical characterization of these neurons, focusing onto C-Ncs and C-

LTMRs. We first observed that GINIP, differently from rat (Liu et al. 2016), was not expressed in 

mouse by the peptidergic CNcs, which were unlabeled with IB4 but CGRP+ and TRPV1+. These 

TRPV1+/CGRP+/IB4- murine neurons were previously proven to be heat-specific cutaneous 

nociceptors (Lawson et al. 2008), in agreement with earlier mouse studies that showed a high 

degree of coexistence of TRPV1 and CGRP in C-type DRG neurons (Zwick et al. 2002; Woodbury 

et al. 2004). Still in mouse, after inducing a degeneration of these cells and their cutaneous fibers, 

these initial findings were reinforced by observing that the peptidergic TRPV1+ DRG neurons were 

completely (substance P+) or partly (CGRP+) depleted, with the onset of thermal hypoalgesia 

(Hsieh et al. 2012). We then noticed that murine non-peptidergic C-type DRG neurons could be 

subdivided into three different subpopulations: two types of C-Ncs with different neurochemical 

features (IB4+/GINIP+/TRPV1- or IB4+/GINIP-/TRPV1+) and the C-LTMRs expressing 

VGLUT3, TAFA4, and GINIP (Fig. 6). 

It is well established that the mouse IB4+ non-peptidergic C-Ncs (Silverman and Kruger 1990; 

Ruscheweyh et al. 2007) give rise to cutaneous free nerve endings (Gaillard et al. 2014; Reynders et 
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al. 2015). Although the terminal morphology of these fibers clearly speaks in favor of their 

nociceptive role, it is much less clear whether these neurons express other putative nociceptive/non-

nociceptive markers and, thus, might form functionally different subgroups. Thus, it is of interest 

that we here reinforced the belief that the mouse non-peptidergic IB4+ C-Ncs indeed formed two 

separate subpopulations, respectively expressing GINIP or TRPV1, in line with previous 

observations (Gaillard et al. 2014). We will discuss the specific features of these two emerging 

classes of murine non-peptidergic C-Ncs and then the new information related to mouse C-LTMRs 

that could be gathered from the observations of this study. 

 

GINIP+/IB4+/TRPV1- non-peptidergic C-Ncs 

We have here calculated that IB4+/GINIP+/TRPV1- DRG neurons represented more than 90% of 

non-peptidergic IB4+C-Ncs. Lawson et al. (2008) have shown that a large proportion of the mouse 

polymodal C-type DRG neurons responding to mechanical and heat stimuli were IB4+ but negative 

for TRPV1. Therefore, it is conceivable that the IB4+/GINIP+/TRPV1- DRG neurons are 

polymodal non-peptidergic C-Ncs. Yet, Gaillard et al. (2014) have proven that GINIP null mice 

exhibited a selective and prolonged injury-induced mechanical hypersensitivity, but no obvious 

behavioral alterations after thermal testing. Then, in a subsequent study, Urien et al. (2017) have 

demonstrated that the genetic ablation of the GINIP-expressing DRG neurons impaired the 

formalin-evoked pain, likely due to a specific loss of the GINIP+ neurons that do not bind IB4. 

Thus, there is a clear discrepancy between the study of Lawson et al. (2008) from one side and 

those of Gaillard et al. (2014) and Urien et al. (2017) from the other, as from these findings, it 

appears that different types of stimuli (thermal versus mechanical/chemical) can activate 

GINIP+/IB4+/TRPV1- nonpeptidergic C-Ncs. The reason of such a discrepancy remains to be 

determined in full. Yet, as a possible explanation, one must consider that an ex vivo somatosensory 

system preparation was used by Lawson et al. (2008), whereas transgenic mice were employed in 

the other two studies. To achieve more information about this class of non-peptidergic C-Ncs, we 

have experimentally depleted them in the ginip conditional model. At LM, we have thus observed 

that the ablation of GINIP resulted in a strong reduction of IB4 labeling in the medial part of lamina 

II, but only affected minimally the lateral lamina II. These IMF observations were consistent with 

those at the ultrastructural level where, after DT treatment, the surviving IB4+ GIa were almost 

twofold more numerous in the lateral lamina II compared to its medial half. These two series of 

experiments showed that the GINIP+/IB4+ C-Ncs displayed an uneven spread along the transversal 

axis of the spinal cord, with prevalence in its medial half. 
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Cruz et al. (1987), after horseradish peroxidase (HRP) tracing and Golgi impregnation, were the 

first to show that rat laminae I-II contained several morphological types of PAFs. They found that, 

all along its medial-to-lateral extension, lamina IIi, which, as shown here and in previous studies 

(Bailey and Ribeiro-da-Silva 2006), is the site of termination of IB4+ PAFs, housed numerous 

finely undulating C-fibers with large terminal boutons. The morphology of the HRPfilled boutons 

detected after LM examination by Cruz and co-workers is fully compatible to that of the IB4+ GIa 

that we have here observed at TEM. Their observations provided good support to the view that the 

termination of the different types/subtypes of PAFs in lamina II was not random. Other studies 

added additional pieces of information and led to conclude that C-fibers terminals in the superficial 

dorsal horn also followed a precise somatotopic pattern in rat (Molander and Grant 1985) and 

mouse (Odagaki et al. 2019). Specifically, the lumbar segments of the spinal cord receive afferents 

from the hind limb, with fibers originating from the foot occupying the medial (from the digits and 

the plantar surface) and middle (from the medial, lateral and dorsal surfaces of the foot) third of the 

dorsal horn. Thus, the DT-induced disappearance of IB4+/GINIP+ GIa in the medial half of lamina 

II provides a strong histological substrate to confirm the intervention of GINIP-expressing neurons 

in the modulation of chemical pain after intraplantar-injected formalin (Urien et al. 2017). 

 

Non-peptidergic IB4+ C-Ncs expressing TRPV1 

The second group of murine C-Ncs was IB4+/TRPV1+ but did not express GINIP. For several 

reasons, TRPV1, which as here and previously demonstrated (Zwick et al. 2002; Woodbury et al. 

2004; Breese et al. 2005; Bencivinni et al. 2011) was detected in a subpopulation of IB4-binding 

non-peptidergic C-Ncs, is of relevance to this discussion. The receptor, in fact, contributes to the 

elaboration of nociceptive thermal and chemical stimuli (Tominaga et al. 1998; Imamachi et al. 

2009; Han et al. 2013) in physiological (Caterina et al. 1997), inflammatory (Caterina et al. 2000) 

and neuropathic conditions (Hudson et al. 2001). We here calculated that nonpeptidergic 

IB4+/TRPV1+ were about 7% of the total of the IB4+ cells, thus more numerous than previously 

reported by others (Zwick et al. 2002; Woodbury et al. 2004; Breese et al. 2005). Notably, these 

neurons did not contain GINIP, as they survived DT treatment in GINIP-DT mice, and their central 

projections were localized in the lateral part of lamina IIi. 

In keeping with earlier observations in rat (Molander and Grant 1985), Odagaki et al. (2019) have 

very recently shown that cutaneous injections in the sacral region of the mouse pelvis resulted in the 

labeling of the more laterally located PAFs in the dorsal horn. Aside from technical differences, 

both studies converge to demonstrate that the lateral lamina II receives cutaneous afferents from the 
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sacral dorsum irrespective that these afferents are of the C and/or Aδ type(s) in relation to the type 

of tracer employed (Shehab and Hugher 2011). Interestingly, Breese et al. (2005) have shown that 

murine IB4+/TRPV1+ neurons increase in number after peripheral inflammation and, very recently, 

these nonpeptidergic C-Ncs resulted to be essential for mechanical inflammatory hypersensitivity in 

mice (Pinto et al. 2019). 

From our experiments, it appears that these neurons have a very specific territory of distribution, 

which is consistent with a role in tactile sensation, but the reason of such a topographic specificity 

remains, at present, obscure. 

 

C-LTMRs 

C-LTMRs, the third group of murine C-fibers that we have described here, are a small non-

peptidergic population of PAFs only found in hairy skin (Li et al. 2011; Abraira and Ginty 2013) 

and principally involved in tactile sensation (Olausson et al. 2002; Seal et al. 2009; Delfini et al. 

2013). We here showed the coexistence of GINIP, VGLUT3 and TAFA4 in C-LTMRs, being the 

two latter molecules specifically expressed in mouse C-LTMRs (Seal et al. 2009; Li et al. 2011; 

Delfini et al. 2013; Gaillard et al. 2014; Reynders et al. 2015; Liu et al. 2016; Urien et al. 2017). We 

also observed that the non-peptidergic TAFA4+/VGLUT3+C-LTMRs were about one fourth of the 

total of the non-peptidergic C-Ncs, as defined after IB4 labeling. Then, having shown a near 100% 

coexistence of TAFA4, VGLUT3 and GINIP in individual DRG neurons, we have also noticed that 

the GINIP+/VGLUT3+ GIa made by these fibers in lamina IIiv disappeared after DT administration 

in both the medial and lateral halves of this sublamina. It is worth recalling that C-LTMRs were 

proposed to tonically inhibit a population of yet uncharacterized excitatory interneurons triggering 

the response to chemical pain in the superficial dorsal horn (Urien et al. 2017). 

Ultrastructural organization of unmyelinated C-LTMRs 

Numerous ultrastructural studies agree that the terminals of the IB4+ fibers in the spinal cord dorsal 

horn constitute the central boutons of GIa, both in basal conditions (Bencivinni et al. 2011, Salio et 

al. 2014; Kambrun et al. 2018) and after peripheral nerve injury (Bailey and Ribeiro-da-Silva 2006). 

Ultrastructural observations are thus important to confirm function, as the non-peptidergic C-fibers 

specifically intervene in the composition of GIa (Ribeiro-da-Silva 2015). 

Two papers up to now described the ultrastructural characteristics of the glomeruli made by C-

LTMRs, with strikingly different results. Some of us (Kambrun et al. 2018) reported that the murine 

non-peptidergic TAFA4+/VGLUT3+ CLTMRs exclusively formed GIa, whereas Larsson and 

Broman (2019) indicated that VGLUT3+ C-LTMRs were the central terminals of GII in lamina IIi 

of both mouse and rat. The observation that C-LTMRs display a specific GIa glomerular 
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configuration was not surprising if one takes into consideration their slow conduction velocities (Li 

et al. 2011; Abraira and Ginty 2013; Olson et al. 2016) and lack of neuropeptides (Seal et al. 2009; 

Li et al. 2011; Lou et al. 2013; Reynders et al. 2015; Urien et al. 2017). Additionally, we here 

observed that TAFA4 immunoreactivity was specifically localized to lamina IIiv in agreement with 

previous studies showing that C-LTMRs terminated in lamina IIi (Li et al. 2011; Abraira and Ginty 

2013; Abraira et al. 2017). Then, the notion that bona fide C-LTMRs only give rise to GIa in lamina 

II obtains strong support by the observation of the complete disappearance of these glomeruli in 

DT-treated ginip conditional mice. The results of Larsson and Broman (2019) are difficult to 

explain, as the central boutons of GIIa are made by Aδ LTMRs and those of GIIb by Aβ fibers 

(Ribeiro-Da-Silva and De Koninck 2008). Larsson and Broman have identified C-LTMRs only on 

immunoreactivity for VGLUT3, a marker that might not be exclusive for this type of fibers (see 

below), whereas we have confirmed the functional type of C-LTMRs also after TAFA4 and GINIP 

immunostaining. 

Larsson and Broman carefully used three different antibodies against VGLUT3 in their study, one 

of which was previously tested by others in VGLUT3 KO mice (Stensrud et al., 2013). Thus, 

antibody specificity should not have been an issue in their material. Hoverer, validation of the 

VGLUT3 antibody was carried out only in very young animals and Stensrud et al. have reported 

coexistence of VGLUT3 with vesicular GABA transporter (VGAT), a type of association never 

observed in spinal cord, as VGAT has never been localized in PAFs (Merighi 2018). 

There may be several other technical reasons to explain the differences in the outcomes of these few 

studies on the ultrastructure of C-LTMRs, but further observations will be undoubtedly necessary to 

clarify this issue. One interesting additional development would be to stain for these fibers in 

VGLUT3 knockout mice and check for disappearance of GII in the substantia gelatinosa. Indeed, 

Peirs et al. (2015) have demonstrated, at light level, the lack of VGLUT3 in CLTMRs from KO 

mice. However, they also showed that, under allodynic conditions, expression of the transporter 

occurred transiently (P5-P20) in deep dorsal horn neurons. Therefore, the pattern of expression of 

the transporter appears to be more complex than at first hypothesized. The issue is further 

complicated by the observation that in adult rats VGLUT3 was upregulated in lumbar laminae I-II 

in response to a visceral inflammatory stimulus (Yang et al. 2012). Thus, additional light and 

ultrastructural studies on the developmental expression of the transporter, regulation of its 

expression under increased nociceptive conditions, and a careful comparison of data obtained in 

normal and transgenic mice will be essential to clarify in full the pattern of expression of VGLUT3 

in synaptic glomeruli. 
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In conclusion, we here have shown the existence of three different subpopulations of murine C-type 

DRG neurons: the IB4+/GINIP+/TRPV1- C-Ncs, the IB4+/GINIP-/TRPV1+ C-Ncs and the C-

LTMRs expressing VGLUT3, TAFA4, and GINIP. We also described the pattern of distribution of 

the central projections of these neurons in spinal cord lamina II at the light and electron microscopic 

levels, as well as the effects of GINIP ablation in conditional KO mice. Our observations provided a 

more in-depth characterization of the neurochemistry of these three populations of neurons in the 

adult mouse. With the limitations chiefly related to the differences in the distribution of TRPV1 in 

rat and humans, we hope that they will be useful to fuel other studies aiming to a better 

comprehension of the functional role of C-type DRG neurons across species, particularly in the 

processing of normal and pathologic pain. 
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Figure Legends 

Fig. 1 Neurochemical characterization of non-peptidergic C-type DRG neurons. a-d GFP, used to 

detect the TAFA4+Venus fusion protein (a, green) and VGLUT3, used as marker of C-LTMRs (b, 

blue), are highly co-expressed in small-sized non-peptidergic DRG neurons (d, light blue), while 

IB4 (c-d, red) labels a different population of smallsized non-peptidergic neurons. As an example, 
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the arrows indicate two TAFA4+/VGLUT3+ neurons, whereas the arrowheads point to two neurons 

that are singularly labeled by IB4. e-h Both IB4+ (e, green) and VGLUT3+ (f, blue) small-sized 

non-peptidergic DRG neurons also express GINIP (g, red) as shown in h (yellow and fuchsia, 

respectively). The arrows and arrowheads point to some IB4+/GINIP+ and VGLUT3+/GINIP+ 

neurons, respectively. i-l GINIP (i, red) is not co-expressed with CGRP (j, l, blue) in small-sized 

peptidergic DRG neurons, but coexists with IB4 (k, green; l, yellow, arrows) in non-peptidergic 

neurons. m-p VGLUT3 (m, red) is not expressed in CGRP+ (n, p, blue) or IB4+ (o, p, green) small-

sized DRG neurons. Scale bars: 50 m. 

 

Fig. 2 TRPV1 expression in CGRP+ peptidergic and IB4+ non-peptidergic DRG neurons and PAFs 

projecting to laminae I-II of the dorsal horn. a-d TRPV1 (a, red) is highly co-expressed with CGRP 

(b, blue; d, fuchsia, arrows) in small-sized peptidergic DRG neurons, while occasional TRPV1+ 

small-sized non-peptidergic neurons are also IB4+ (c, green; d, yellow, arrowhead). e-h TRPV1 (a, 

blue) is not co-expressed with TAFA4 (f, green) or GINIP (g, red), while TAFA4+ (f, green) small-

sized non-peptidergic DRG neurons also express GINIP (g, red) as shown in h (yellow; 

arrowheads). i TRPV1 (blue) and CGRP (green) are extensively co-expressed in PAFs distributed 

in lamina I and IIo (light blue merge), while TRPV1 (blue) and IB4 (red) are only co-expressed 

(fuchsia merge) in a small population of PAFs distributed in a band at the border between lamina 

IIo and the dorsal part of inner lamina II (IIid). j TRPV1 (blue) and TAFA4 (green) are not co-

expressed in PAFs, with TRPV1 distributed in laminae I- IIo and TAFA4 in IIiv. TRPV1 (blue) and 

IB4 (red) co-express in PAFs laying at the border between IIo and IIid (fuchsia). k several 

unlabeled dendrites (d) and a vesicle-containing dendrite (v1) are engaged in a GIa with the central 

bouton double labeled for TAFA4 and VGLUT3. The immunogold signal is scattered over the 

small clear synaptic vesicles. The area in the square is enlarged in the insert (the arrow points to a 

cluster of three 10-nm gold particles; the arrowhead to a 30-nm gold particle). l a TRPV1+/IB4+ 

double-labeled terminal in GIa is surrounded by a few unlabeled dendrites (d). Both gold labels (30 

nmintensified gold particles of irregular shape for TRPV1 and plain 20 nm-gold particles for IB4) 

are localized over the terminal axolemma. The area in the square is magnified in the insert, where 

the arrowhead points to a gold-intensified particle and the arrow to one of the two 20 nm gold 

particles of regular shape. Scale bars: a-h: 50 m; i-j: 200 m; k-l: 250 nm; inserts: 30 nm. 

 

Fig. 3 TRPV1 expression in non-peptidergic PAFs after DT-treatment a Spinal cord sections from 

control (CTR) and GINIP-ablated (DT) mice, labeled for TRPV1 (blue), GINIP (red) and IB4 

(green). TRPV1 immunoreactive fibers are not affected by DT-injection. After DT treatment, 
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GINIP immunostaining completely disappears and IB4 labeling principally persists in the lateral 

part of the dorsal horn. b Histogram illustrating the fluorescence integrated density (FID) in CTR vs 

DT mice for TRPV1 (light grey bar, Mann–Whitney test, p=0.1021), GINIP (black bar, Mann–

Whitney test, p<0.0001), IB4 medial (dark grey bar, Mann–Whitney test, p<0.0001) and IB4 lateral 

(grey bar, Mann–Whitney test, p<0.0001). c Bar chart illustrating the fluorescent dorsal horn area 

(FDHA) in CTR vs DT mice for TRPV1 (light grey bar, Mann–Whitney test, p=0.7441), GINIP 

(black bar, Mann–Whitney test, p<0.0001), IB4 medial (dark grey bar, Mann–Whitney test, 

p<0.0001) and IB4 lateral (grey bar, Mann–Whitney test, p<0.0001). Scale bar: a: 200 m. 

 

Fig. 4 Numerical changes of non-peptidergic GIa after DT treatment. a Histogram illustrating the 

total number of Gla glomeruli counted in lamina II (N= 467 in CTR; N=259 after DT). GIa are 

more concentrated in the lateral part of lamina II both in CTR (N=258 lateral, N=209 medial,) and 

after DT (N=170 lateral, N=89 medial). b Histogram showing the number of GIa/section in the 

medial and lateral part of lamina II. A statistically significant reduction of GIa density is seen after 

DT vs CTR both in the medial (Mann-Whitney test, p<0.0001) and lateral part of lamina II (Mann- 

Whitney test, p=0.0035). c Histogram illustrating the total number of immunolabeled Gla glomeruli 

in lamina II (N=338 in CTR and N=149 after DT). CTR: IB4+ (N=134, GINIP+/IB4+ (N=102), 

GINIP+/VGLUT3+ (N=69) labeled GIa and not labeled GIa (N=33). DT: IB4+ GIa (N=118) and 

not labeled GIa (N=31). d Histogram illustrating the total number of immunolabeled Gla glomeruli 

counted in the medial and lateral part of lamina II. In CTR the different type of immunolabeld GIa 

show a similar distribution in the medial and lateral part of lamina II, while after DT IB4+ GIa in 

the lateral part are almost double than in the medial one. 

 

Fig. 5 Ultrastructure of non-peptidergic C-Ncs and C-LTMRs in lamina II of CTR and DT-treated 

mice a Top, low magnification electron micrograph showing four GIa in the lateral part of lamina II 

in CTR mice. Bottom, higher magnification images corresponding to GIa numbered 1-4 in a, 

showing a GINIP+/IB4+ GIa (1), an unlabeled GIa (2), a IB4+ GIa (3) and a GINIP+/VGLUT3+ 

GIa (4). b Top, low magnification electron micrograph showing a few GIa in the lateral part of the 

spinal lamina II after DT. Bottom, higher magnification images corresponding to GIa numbered 5-6 

in b, both labeled for IB4. Scale bars: a-b: 2 m; 1-6: 100 nm. 

 

Fig. 6 Subpopulations of non-peptidergic C-type DRG neurons. The pie chart shows the percentage 

of expression of IB4+/GINIP+/TRPV1- C-Ncs (dark gray; 70.2%), VGLUT3+/TAFA4+/GINIP+ 

C-LTMRs (light gray; 22.6%) and IB4+/GINIP-/TRPV1+ C-Ncs (white; 7.2%). 
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Figure 5 
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Table 1. Antibodies and buffer solutions for immunofluorescence  

Primary antibodies or biotin-

conjugate 

References for antibody 

specificity 

LM 

Pre-incubation 

buffer 

LM 

Secondary antibodies 

Rabbit anti-VGLUT3 (1:200) 

Abcam ab23977 
* PBS–5% NGS 

Anti-rabbit Alexa Fluor 

488/633 (1:500) 

Life Technologies 

Chicken anti-GFP 

(1:200) 

Aves Labs GFP-1020 

Kambrun et al. 2018 PBS–5% NGS 

Anti-chicken Alexa Fluor 

488 (1:500) 

Life Technologies 

Rabbit anti-TRPV1 
(1:1000) 

Alomone ACC-030 

* PBS–5% NGS 
Anti-rabbit Alexa Fluor 

594/633 (1:500) 

Life Technologies 

Rat anti-GINIP 

(1:100) Gaillard et al. 2014 
Gaillard et al. 2014 

PBS-10% NGS-3% 

BSA-0.4% TX 

Anti-rat Alexa Fluor 594 

(1:500) 

Life Technologies 

Rabbit anti-CGRP 

(1:1000) 

Sigma C8198 

 Ciglieri et al. 2016 PBS–5% NGS 

Anti-rabbit Alexa Fluor 

488/633 (1:500) 

Life Technologies 

IB4-biotin conjugate 

(1:250) 

Sigma L2140 

Bencivinni et al. 2011 PBS–6% BSA 

ExtrAvidin CY3(1:1000) 

ExtrAvidin FITC (1:250) 

Sigma 
 

Abbreviations:  BSA = bovine serum albumin; CGRP = calcitonin gene-related peptide; GFP = green fluorescent 

protein; GINIP = Gα inhibitory interacting protein; IB4 = isolectin B4; NGS = normal goat serum; PBS = phosphate-

buffered saline; TRPV1 = transient receptor potential vanilloid 1; TX = triton X-100; VGLUT3 = vesicular glutamate 

transporter 3. 

*Pre-absorption tests performed in this work: 

Anti-VGLUT3 antibody pre-absorption with different concentrations of a 16 residue synthetic peptide derived from C 

terminal domain of rat VGLUT3 (1–100 g/ml) resulted in a dose-dependent decrease of immunolabeling that was 

completely abolished at 25 g/ml. 

Anti-TRPV1 antibody pre-absorption with different concentrations of the immunogenic peptide 

(C)EDAEVFKDSMVPGEK corresponding to amino acid residues 824-838 of rat TRPV1 (1–100 g/ml) resulted in a 

dose-dependent decrease of immunolabeling that was completely abolished at 1.5 g/ml. 

 

 

Table 2. Antibodies and spinal cord preparation for transmission electron microscopy  

Primary antibodies or 

biotin-conjugate 

Donors Embedding  Immunostaining  Secondary 

antibodies 

Chicken anti-GFP 

(1:20) 

Aves Labs GFP-1020 

TAFA4Venus 

mice 

LR White acrylic resin (Sigma, 

St. Louis, MO, USA) to preserve 

GFP antigenicity 

Luby-Phelps et al. 2003; 

Kambrun et al. 2018 

Post-embedding 

immunogold 

Merighi and 

Polak 1993 

Anti-chicken 

antibody 10 nm gold 

conjugated (1:15) 

BBI solutions 

Rabbit anti-VGLUT3 

(1:20) 

Abcam ab23977 

CD1, GINIP, 

TAFA4Venus 

mice 

Spurr epoxy resin (Electron 

Microscopy Sciences, Hatfield, 

PA, USA) for CD1 and GINIP 

mice 

Calorio et al. 2019 

LR White acrylic resin (Sigma) 

for TAFA4Venus mice 

Luby-Phelps et al. 2003; 

Kambrun et al. 2018 

Post-embedding 

immunogold 

Merighi and 

Polak 1993 

Anti-rabbit antibody 

30 nm gold 

conjugated (1:15) 

BBI solutions 

Rabbit anti-TRPV1 

(1:500) 

Alomone ACC-030 

CD1, GINIP, 

TAFA4Venus 

mice 

Spurr epoxy resin (Electron 

Microscopy Sciences,) for CD1 

and GINIP mice 

Calorio et al. 2019 

Pre-embedding 

FluoroNanogold 

on 

free-floating 

Anti-rabbit 

biotinylated antibody 

(1:200), Vector 

+ AlexaFluor 488-
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LR White acrylic resin (Sigma) 

for TAFA4Venus mice 

Luby-Phelps et al. 2003; 

Kambrun et al. 2018 

 

vibratome 

sections 

Salio et al. 2011 

Fluoronanogold-

Streptavidin (1:100), 

Nanoprobes 

Rat anti-GINIP 

(1:20) Gaillard et al. 

2014 

CD1, GINIP, 

TAFA4Venus 

mice 

 

Spurr epoxy resin (Electron 

Microscopy Sciences) for CD1 

and GINIP mice 

Calorio et al. 2019 

LR White acrylic resin (Sigma) 

for TAFA4Venus mice 

Luby-Phelps et al. 2003; 

Kambrun et al. 2018 

Post-embedding 

immunogold 

Merighi and 

Polak 1993 

Anti-rat antibody 10 

nm gold conjugated 

(1:15) 

BBI solutions 

IB4-biotin conjugate 

(1:20) 

Sigma L2140 

CD1, GINIP, 

TAFA4Venus 

mice 

Spurr epoxy resin (Electron 

Microscopy Sciences) for CD1 

and GINIP mice 

Calorio et al. 2019 

LR White acrylic resin (Sigma) 

for TAFA4Venus mice 

Luby-Phelps et al. 2003; 

Kambrun et al. 2018 

Post-embedding 

immunogold 

Merighi and 

Polak 1993 

Streptavidin 20 nm 

gold conjugated 

(1:15) 

Sigma 

 

Sections immunostained for TRPV1 with the FluoroNanogold protocol, were then labeled for VGLUT3, IB4, GINIP, 

and GFP using conventional post-embedding immunogold staining. Abbreviations GFP = green fluorescent protein; 

GINIP = Gα inhibitory interacting protein; IB4 = isolectin B4; TRPV1 = transient receptor potential vanilloid 1; 

VGLUT3 = vesicular glutamate transporter 3. 

 


