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Multimodal Use of Calcitonin Gene-Related Peptide and
Substance P in Itch and Acute Pain Uncovered by the
Elimination of Vesicular Glutamate Transporter 2 from
Transient Receptor Potential Cation Channel Subfamily V
Member 1 Neurons
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Primary afferents are known to use glutamate as their principal fast neurotransmitter. However, it has become increasingly clear that
peptides have an influential role in both mediating and modulating sensory transmission. Here we describe the transmission accounting
for different acute pain states and itch transmitted via the transient receptor potential cation channel subfamily V member 1 (TRPV1)
population by either ablating Trpv1–Cre-expressing neurons or inducing vesicular glutamate transporter 2 (VGLUT2) deficiency in
Trpv1–Cre-expressing neurons. Furthermore, by pharmacological inhibition of substance P or calcitonin gene-related peptide (CGRP)
signaling in Vglut2-deficient mice, we evaluated the contribution of substance P or CGRP to these sensory modulations, with or without
the presence of VGLUT2-mediated glutamatergic transmission in Trpv1–Cre neurons. This examination, together with c-Fos analyses,
showed that glutamate via VGLUT2 in the Trpv1–Cre population together with substance P mediate acute cold pain, whereas glutamate
together with CGRP mediate noxious heat. Moreover, we demonstrate that glutamate together with both substance P and CGRP mediate
tissue-injury associated pain. We further show that itch, regulated by the VGLUT2-mediated transmission via the Trpv1–Cre population,
depends on CGRP and gastrin-releasing peptide receptor (GRPR) transmission because pharmacological blockade of the CGRP or GRPR
pathway, or genetic ablation of Grpr, led to a drastically attenuated itch. Our study reveals how different neurotransmitters combined can
cooperate with each other to transmit or regulate various acute sensations, including itch.
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Introduction
Nociceptive and pruritic responses are triggered by activation of
sensory receptors expressed on primary afferents by external
noxious stimuli or the release of itch- or pain-inducing agents.
The neurons expressing the transient receptor potential cation
channel subfamily V member 1 (TRPV1) constitute a population
of somatosensory neurons involved in the transduction of vari-
ous sensations, including acute heat, cold, and tissue injury-
induced pain and itch (Lagerström et al., 2010; Mishra et al.,

2011). However, the neurotransmitters required for the sensation
of these diverse sensations have not yet been established fully.

Conditional genetic deletion of vesicular glutamate transport-
ers (VGLUTs) provides an approach to silence glutamatergic sig-
naling in defined neuronal populations (Lagerström et al., 2010,
2011; Liu et al., 2010; Scherrer et al., 2010; Rogoz et al., 2012).
This has allowed for studies of the role of glutamate-mediated
neurotransmission in acute and chronic pain states, which has
begun to unravel interactions between the peptidergic and the
glutamatergic neurotransmitter systems (Koga et al., 2011; Lager-
ström et al., 2011; Rogoz et al., 2014).

The molecular characterization of nociceptors has demon-
strated a substantial heterogeneity, especially within C-fibers, di-
viding them into nonpeptidergic and peptidergic, the latter
releasing calcitonin gene-related peptide (CGRP) and substance
P (Snider and McMahon, 1998). Previously, substance P trans-
mission has been connected mainly to the mediation of hyperal-
gesia associated with neuropathic or inflammatory conditions
(Mansikka et al., 2000; Cahill and Coderre, 2002; Rogoz et al.,
2014) but also contributes to the sensation of tissue-injury in-
duced pain, as shown in studies of substance P-deficient mice
(Zimmer et al., 1998). Whether substance P- or CGRP-positive
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primary afferents are required to sense acute thermal or mechan-
ical stimuli has been unclear (McCoy et al., 2012), but it was
reported recently that the CGRP-expressing population of neu-
rons plays a role in encoding heat and can tonically cross-inhibit
cold (McCoy et al., 2013).

Although substance P and CGRP have been associated with
nociception, little is known regarding their role in pruriception.
An early study on the subject demonstrated that intradermal in-
jections of substance P in humans can produce flare and itching,
suggesting a peptidergic involvement in peripheral transmission
of itch (Hägermark et al., 1978). Later studies, using an animal
model of atopic dermatitis, reported an increased release of
CGRP and substance P during scratching (Katsuno et al., 2003)
and a decreased sensitivity to itch after specific deletion of CGRP-
positive neurons (McCoy et al., 2013).

Here, we have evaluated the contribution of the TRPV1 pop-
ulation and VGLUT2-mediated glutamate signaling via TRPV1
neurons to pain and itch transmission by a genetic approach. We
have also combined the genetic approach with pharmacological
interventions toward the substance P and CGRP systems to de-
termine the role of these neuropeptides in the presence and ab-
sence of VGLUT2-mediated glutamatergic signaling from
Trpv1–Cre neurons. This permitted us to compare transmission
originating from the Trpv1–Cre population and examine the role
of VGLUT2-mediated glutamate release from within this popu-
lation, as well as the role of selected peptidergic primary afferent
pathways.

Materials and Methods
Generation of transgenic animals
Mice heterozygous for the diphtheria toxin A (DTA) allele
[Gt(ROSA)26Sor tm1(DTA)Jpmb], hereafter called R26 DTA/wt (Ivanova et
al., 2005), were crossed with mice heterozygous for the Trpv1–Cre allele
(Lagerström et al., 2010) to generate mice lacking TRPV1-positive neu-
rons (R26 DTA/w t;Trpv1–Cre tg/wt) and controls (R26 DTA/wt;Trpv1–
Cre w/w or R26 wt /wt;Trpv1–Cre w/w). The Trpv1–Cre mice were also
crossed with Vglut2 f/f mice (Wallén-Mackenzie et al., 2006) to generate
mice in which Vglut2 was selectively removed from Trpv1–Cre-
expressing neurons (Vglut2 f/f;Trpv1–Cre). R26 DTA/w t;Trpv1–Cre tg/wt

mice were further crossed with the reporter line tdTomato
[Gt(ROSA)26Sor tm14(CAG-tdTomato)Hze; Allen Brain Institute] to confirm
deletion of all Trpv1–Cre-positive cells.

Genotyping by PCR
First, 1–2 mm tail was incubated in 75 �l of buffer consisting of 25 mM

NaOH and 200 �M EDTA at 96°C for 45 min and placed on ice before the
sample was neutralized with 75 �l of Tris-HCl (40 mM), pH 8.0. Mice
were genotyped for the presence of the Trpv1–Cre, R26 DTA, Vglut2 f/f,
and tdTomato alleles. The following primers were used: Trpv1–Cre, 5�-
TGGGAAGGGTGACTCAGAAG (forward) and 5�- TCCCTCACATC-
CTCAGGTTC (reverse); R26 DTA, 5�- GTTATCAGTAAGGGAGCT
GCAGTGG, 5�-AAGACCGCGAAGAGTTTGTCCTC, and 5�- GGCGG
ATCACAAGCAATAATAACC; Vglut2 f/f, 5�-CTGTCCACCTTT
GTATCCCA (forward), 5�-GCAATCACATTTCACTGTTC (reverse,
floxed allele), and 5�-CACACCCACTCCACTTGAGG (reverse, excised
allele); and tdTomato, 5�-CTGTTCCTGTACGGCATGG (forward), 5�-
GGCATTAAAGCAGCGTATCC (reverse), 5�-AAGGGAGCTG-
CAGTGGAGTA (forward), and 5�-CCGAAAATCTGTGGGAAGTC
(reverse). The mutated gastrin-releasing peptide receptor (GRPR) allele
was detected using the following primers: 5�- GATCTCTCGTGGGAT-
CATTG (forward), 5�-CATCAACAAACTGAGCTAGAGT (reverse),
and 5�-AGCCAGGTACTTGCTGGCAT (reverse).

Tissue preparation
Mice (�7 weeks old) were perfused (described previously by Gezelius et
al., 2006). Dorsal root ganglia (DRGs) and lumbar and sacral spinal cord
were isolated for immunohistochemistry. The isolated tissue was fixed in

fresh 4% PFA for 2 h shaking on ice, followed by a graded series of sucrose
solutions ending at 30% sucrose, before the tissue was mounted and
frozen in O.C.T compound (Sakura Finetek) at �80°C. Sections of 16
�m were cut and mounted on Superfrost glass (Menzel-Gläser) and
stored at �80°C.

Immunohistochemistry and in situ hybridization
The following criteria were used for immunohistochemical analysis: sec-
tions were briefly rinsed in 1� TBS, followed by an incubation in 10%
methanol and 3– 4% H2O2 in 1� TBS, before the sections were rinsed in
1� TBS and incubated overnight, or 48 h in the case of c-Fos staining, in
4°C in blocking buffer with 0.5% gelatin and 0.01% Triton X-100 in TBS
supplied with primary antibodies. Primary antibodies used were chicken
anti-VGLUT1 at 1:200 (Frontier Science), guinea pig anti-VGLUT3 at
1:200 (Millipore Bioscience Research Reagents), rabbit anti-CGRP at
1:1000 (Peninsula Laboratories), guinea pig anti-substance P at 1:200
(Abcam), goat anti c-Fos at 1:200 (Santa Cruz Biotechnology), rabbit
anti-Cre at 1:1000 (Convance), guinea pig anti-VGLUT3 at 1:200 (gift
from Hiroyuki Hioki, Department of Morphological Brain Science,
Kyoto University, Japan), and Alexa Fluor 647-conjugated isolectin B4
(IB4) at 1:50 (Invitrogen). The sections were then rinsed repeatedly in
1� TBS, followed by incubation for 1 h at room temperature in blocking
buffer with 0.5% gelatin and 0.01% Triton X-100 in TBS supplied with
the secondary antibodies goat anti-chicken Alexa Fluor 488 at 1:400 (In-
vitrogen), goat anti-rabbit Alexa Fluor 594 at 1:800 (Invitrogen), goat
anti-guinea pig Alexa Fluor 647 at 1:200 (Invitrogen), and donkey anti-
goat Alexa Fluor 555 at 1:400 (Invitrogen). The VGLUT2 analysis was
performed differently: the sections were rinsed three times in PBS, fol-
lowed by 3 h incubation in blocking solution (5% goat serum, 1% Triton
X-100, and 0.01% NaAz). The sections were then incubated overnight
with rabbit or guinea pig anti-VGLUT2 at 1:200 (Frontier Science) and
then rinsed in PBS. The secondary antibody used for visualizing fluores-
cent signal was goat anti-guinea pig Alexa Fluor 647 at 1:200 (Invitrogen)
or Alexa Fluor 488 goat anti-rabbit at 1:200 (Invitrogen).

Cryo in situ was performed as described previously (Schaeren-
Wiemers and Gerfin-Moser, 1993) with a few exceptions. Briefly, sec-
tions were fixed in 4% PFA, followed by repeated washes in 1� PBS,
incubation with Proteinase K in 10 mM Tris-HCl, pH 8.0, for 8 min,
followed by washes with 1� PBS and acetylation for 10 min. Sections
were then rinsed briefly before incubation in hybridization buffer (50%
formamide, 5� SSC, 5� Denhardt’s solution, 500 �g/ml salmon sperm
DNA, and 50 �g/ml tRNA) in 55°C for 1 h. Sections were then incubated
with hybridization buffer supplied with the denaturated Vglut1 or Vglut2
probe in 55°C for 6 h. Sections were then briefly washed with 5� SSC and
later 0.2� SSC for 1 h at 55°C before equilibration in 1� TBS at room
temperature. The preblock was performed at room temperature for 1 h in
1� TBS supplied with 1� blocking reagent (Roche) before the sections
were incubated with blocking buffer containing anti-digoxigenin alka-
line phosphatase Fab fragments at 1:5000 (Roche) and left overnight in
4°C. Sections were later washed with 1� TBS supplied with 0.1% Tween
20 and 2 mM Levamisole (Sigma). Development was performed at 37°C
using filtrated fast red (Roche) 0.1 nM Tris HCl, pH 8.2, solution. When
the development was finished, the sections were again incubated with the
secondary antibodies used before the in situ hybridization to strengthen
the signal. Sections were then washed and closed with coverslips.

Imaging
Fluorescent images were viewed in an Olympus BX61WI microscope and
analyzed using the Volocity software (Improvision).

Multiplex single-cell PCR
DRGs were dissected from Trpv1–Cre mice and collected in ice-cold
Leibovitz’s L-15 Medium (Invitrogen). The tissue was treated with dis-
pase (Sigma) for 30 min at 37°C and then with trypsin (Invitrogen) for 15
min at 37°C. Trypsin was neutralized, and the tissue was triturated by
several passages through glass pipettes of decreasing diameter to obtain a
cell suspension that was centrifuged in a differential gradient to eliminate
dead cells and debris. Cells were plated on poly-L-lysine-coated cover-
slips, left to adhere for 30 min at 37°C, and then washed with Krebs–
Ringer buffer (KRB) (in mM: 140 NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 10
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HEPES, 10 glucose, and 6 sucrose, pH 7.35) to eliminate non-attached
cells. Coverslips were kept in KRB during single-cell collection. Cells
were individually collected under RNase-free conditions using auto-
claved borosilicate patch pipettes; each cell was collected by applying
light negative pressure to the pipette; no intracellular pipette solution was
used. The content of each pipette was transferred immediately into indi-
vidual prechilled 200 �l tubes containing 6 �l of a freshly prepared
solution of 20 U of RNaseOUT (Fermentas) and 8.3 mM DTT (Invitro-
gen), and the samples were immediately frozen on dry ice until use.
Frozen samples were thawed on ice and subjected to cDNA synthesis for
1 h using 0.5 mM dNTPs mix, 1.25 �M random hexamers (Invitrogen), 40
U of RNase inhibitor (Fermentas), 100 U of Moloney murine leukemia
virus reverse transcriptase (Invitrogen), 50 mM Tris-HCl, 75 mM KCl,
and 3 mM MgCl2, pH 8.3. The reverse transcriptase enzyme was dena-
tured, and the cDNAs were stored at �80°C until use. A first round of
PCR was performed using 1.5 mM MgCl2, 10 pmol of each primer, 1.0 U
of Maxima Hot Start Taq Polymerase (Fermentas), 20 mM Tris-HCl, and
10 mM KCl, pH 8.3, and 35 cycles with 55°C of annealing temperature. A
second round of PCR was then performed using 10% of the first PCR
reaction. Primers were designed based on sequences deposited in the
GenBank database (www.ncbi.nlm.nih.gov/nucleotide). They were de-
signed to bind different exons; therefore, they detect only mRNA and not
genomic DNA (ladder, 100 bp; Fermentas). Right primers are followed
by left primers: MAS-related GPR, member A3 (Mrgpra3), 5�-
cctggttcctgttattctgg-3�and 5�-acattaataaaattcccata-3�; Mrgpra3 nested,
5�-gtactagattatagccctct-3� and 5�-actggtccaccaacaccttc-3�; transient re-
ceptor potential cation channel subfamily A member 1 (Trpa1), 5�-
agaaaggagagagcaagcaa-3� and 5�-cttaactgcgtttaagacaa-3�; Trpa1 nested,
5�-tctcatttaaaccatcacaa-3� and 5�-atagttacattaattcttat-3�; Natriuretic
polypeptide b (Nppb), 5�-aaccccacccctactccgtg-3� and 5�-attttctttctttttc-
tacaa-3�; Nppb nested, 5�-agagacagctcttgaaggc-3� and 5�-tttgaagtgatc-
catttat-3�; transient receptor potential cation channel subfamily M
member 8 (Trpm8), 5�-ctgcctgaagaggaaattga-3� and 5�-ttgctgtaacactcgg-
taa-3�; Trpm8 nested, 5�-agcaagacaaggacaactgg-3� and 5�-taggagttcttggc-
gatctg-3�; Cre, 5�-ggaagatgctcctgtctgtg-3� and 5�-gatttcagggatggacacac-3�;
and Cre nested, 5�-tgaggatgtgagggactacc-3� and 5�-ttctccatcagggatctgac-3�.

General behavior
All behavioral tests were performed on adult (�7 weeks old) female and
male mice. Control mice were littermates and gender matched. All be-
havior analyses were performed in a controlled environment of 20 –24°C,
45– 65% humidity, and 12 h light/dark cycle. All animal procedures were
approved by the local ethical committee in Uppsala following the Direc-
tive 2010/63/EU of the European Parliament and of the Council, the
Swedish Animal Welfare Act (Swedish Animal Welfare Act: Swedish code
of statues 1988:534), the Swedish Animal Welfare Ordinance (Swedish
Animal Welfare Ordinance: Swedish code of statues 1988:539), and the
provisions regarding the use of animals for scientific purposes (Animal
Welfare Authority 2004:15 and The Swedish Board of Agriculture’s reg-
ulations and general guidelines on laboratory animals 2012:26). All be-
havior experiments were performed by an observer blind to the
genotype.

Pain behavior
Hargreaves test. The mice were tested and acclimatized in transparent
Plexiglas chambers with a glass floor for 30 – 60 min or until no explor-
atory behavior was observed. The Hargreaves heat source (IITC Life
Science) was placed with the guide light pointing toward the plantar
surface of a hindpaw and the thermal beam was started. A paw with-
drawal would stop the test, and the time was monitored. The cutoff time
was set to 20 s. The test was repeated at least three times for each animal,
allowing at least 5 min between each test. To assess the contribution of
substance P and CGRP in the acute heat responses, animals underwent
the same procedure to obtain baseline values, followed by an intraperi-
toneal or an intrathecal injection of 5 mg/kg the substance P antagonist
Win51078 (Sigma; dissolved in 10% DMSO) 10 min before the first
Hargreaves measurement or an intraperitoneal or an intrathecal injection of
0.5 mg/kg the CGRP antagonist BIBN4096BS (1-piperidinecarboxamide,
N-[2-[[5-amino-L-[[4-(4-pyridinyl)-l-piperazinyl]carbonyl]pentyl

]amino]-1-[(3,5-dibromo-4-hydroxyphenyl)methyl]-2-oxoethyl]-4-
(1,4-dihydro-2-oxo-3(2 H)-quinazolinyl; donated by Boehringer Ingel-
heim; dissolved in 10% DMSO) 30 min before the first Hargreaves
measurement. The result was expressed as the mean withdrawal latency
time for each animal and group � SEM. To exclude possible effects from
administration of 10% DMSO, we have compared a group of animals
that repeatedly received saline injections at the time points and in the
volumes corresponding to the drug injections, with a group of animals
that received 10% DMSO injections.

Tail-immersion test. The mouse was placed in a Plexiglas restrainer and
left to settle for 10 min. Half of the tail was then immersed in �14°C to
�15°C ethanol, and the time until the mouse would withdraw/rattle its
tail was monitored (Mogil and Pasternak, 2001). The test was repeated
two to three times. The animal was left to settle for 5 min between the
tests. Cutoff was set to 20 s. For treatments with Win51078 and
BIBN4096BS, the same procedure as above applies, with the exception
that animals were injected (intraperitoneally or intrathecally) with
Win51078 (Sigma; dissolved in 10% DMSO) 10 min before the measure-
ment or 0.5 mg/kg BIBN4096BS (Boehringer Ingelheim; dissolved in
10% DMSO) 30 min before the measurement. The groups of Vglut2 f/f;
Trpv1–Cre animals used for the test without and with pharmacological
treatment represent two separate sets of animals to avoid stress factors
related to restraining. Results were expressed as mean withdrawal latency
for each animal and group � SEM.

Formalin test. Each mouse was restrained using a tissue, gently keeping
the right hindpaw isolated. Twenty microliters of 5% Formalin (37%
formaldehyde; Sigma-Aldrich) in 0.9% saline (Sigma) were injected sub-
cutaneously into the plantar surface of the right hindpaw using a Ham-
ilton microsyringe (1710 TLL; 100 �l) with a 32 gauge needle. The mouse
was observed in a transparent cage for the following 60 min to monitor
pain behavior and licking and biting of the injected paw. The results were
expressed in two different ways. First, the results were expressed as the
mean time spent licking/biting 0 –10 min (acute phase) and 10 – 60 min
(inflammatory phase) for each group � SEM. Second, the results from
each 5 min interval was expressed as the mean time spent licking/biting
for each group � SEM and visualized in a graph showing the develop-
ment in pain behavior over the 60 min. To assess the contribution of
substance P, 5 mg/kg Win51078 (Sigma; dissolved in 10% DMSO) was
injected intraperitoneally or intrathecally 10 min before the Formalin
injection. To analyze CGRP contribution, 0.5 mg/kg BIBN4096BS
was injected intraperitoneally (Boehringer Ingelheim; dissolved in 10%
DMSO) 30 min before the measurement.

Assessment of c-Fos expression after heat, cold, and Formalin tests. For
assessment of c-Fos activity, mice underwent the same procedure as
described in the heat, cold, and Formalin tests. In heat and cold measure-
ments, the mice were stimulated twice, with 5 min between each mea-
surement with Hargreaves or �15°C ethanol, respectively. The animals
were then placed back in their home cage for 55 min after the last stim-
ulation and before they were perfused (described previously by Gezelius
et al., 2006). During the Formalin experiment, after 1 h of scoring the
behavior, the mice were perfused. The spinal cords were dissected out
and prepared for subsequent cryo-sectioning (as described above). Ani-
mals that underwent Win51078 or BIBN4096BS treatment were addi-
tionally injected intraperitoneally with Win51078 10 min before each
measurement or BIBN4096BS 30 min before each measurement.

Itch behavior
Spontaneous itch behavior. Before experiments, adult mice (7 weeks old)
were given 5 min to acclimate in a plastic chamber (820 cm 2) supplied
with bedding from the home cage. The behavior was recorded with a
digital video camera for 30 min. One bout of scratching by either hind-
paw was defined as a scratching episode. Grooming was defined as epi-
sodes of biting/licking of the body and/or rubbing by either forepaw. The
behavior was scored by an observer blind to the genotype using the
software AniTracker version 1.0 (www.rsutils.com/downloads.html).
The result was expressed as the mean number of scratch episodes for each
group/30 min � SEM. Vglut2 f/f;Trpv1–Cre w/w;Grpr �/0 male mice (con-
trols), Vglut2 f/f;Trpv1–Cre tg/wt;Grpr �/0 (conditional knock-outs) male
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mice, and Vglut2 f/f;Trpv1–Cre tg/wt;Grpr �/0 (conditional knock-outs/
full knock-out for Grpr) male mice were 8 weeks old when recorded.

Provocation of itch. R26 DTA/w t;Trpv1–Cre tg/wt and control mice were
recorded for 1 h before they were injected intradermally with 50 �l of
NaCl using a 100 �l Hamilton syringe supplied with a 32 gauge needle.
The animals were then recorded again for 1 h. The following day, the
animals were again recorded for 1 h before they were injected intrader-
mally with 100 �g of Compound 48/80 (Sigma) or 200 �g of chloroquine
(CQ; Sigma) dissolved in 50 �l NaCl. The protocol ended with a 1 h
recording of each mouse, directly after the injection. The behavior was
scored by an observer that was blind to the treatment and genotype using
the software Anitracker version 1.0 (www.rsutils.com/downloads.html).

Treatment of itch. To assess the possible contribution of different pep-
tides in the spontaneous scratch response, Vglut2 f/f;Trpv1–Cre mice with
obvious scratch behavior (with visible lesions on skin) were recorded on
the first day for 1 h. On the second day, the mice were treated with the
substance P antagonist Win51078, 5 mg/kg (Sigma; dissolved in 10%
DMSO in NaCl), the CGRP antagonist BIBN4096BS, 0.3 mg/kg (Boehr-
inger Ingelheim; dissolved in 10% DMSO in NaCl), or the GRPR antag-
onist RC3095, 10 mg/kg (Invitrogen, dissolved in NaCl). Win51078 and
BIBN4096BS were injected intraperitoneally or intrathecally using a 100
�l Hamilton syringe, and RC3095 was injected intrathecally using a 10 �l
Hamilton syringe to Vglut2 f/f;Trpv1–Cre mice 10 min (or 30 min for
BIBN4096BS) before the scratch recordings. To assess whether
BIBN4096BS induces itch, control mice were injected intraperitoneally
with 0.3 mg/kg (Boehringer Ingelheim; dissolved in 10% DMSO in
NaCl) 30 min before a 30 min recording of the itch behavior. The behav-
ior was scored by an observer that was blind to the treatment and geno-
type using the software Anitracker version 1.0 (www.rsutils.com/
downloads.html).

Statistics
Nonparametric calculations of p values between two groups were con-
ducted using Mann–Whitney test (Prism version 5.01; GraphPad Soft-
ware). One-way ANOVA with Dunn’s post hoc test was used for
calculations of p values between three different groups of animals or
pharmacological treatments on one group (before and after treatment;
one variable) and two-way ANOVA with Bonferroni’s post hoc test for
calculation of p values for two groups in pharmacological treatments
(two variables). For negative results, the power of the test was calculated,
and, if necessary, the number of samples was increased.

Results
A majority of Trpv1–Cre cells express VGLUT1, VGLUT2,
substance P, and CGRP
We first set out to investigate the neurotransmitter phenotype of
Trpv1–Cre neurons by analyzing the expression of the three
VGLUTs and two neuropeptides in the Trpv1–Cre subpopula-
tion of DRG neurons using immunohistochemistry and in
situ hybridization. Our analyses showed that 33.1 � 1.6% of
VGLUT1-positive neurons coexpress Trpv1–Cre, which corre-
sponds to 46.1 � 2.2% of the Trpv1–Cre;tdTomato population
(Fig. 1A). We could also show that VGLUT2, known to play an
important role in sensory transmission (Lagerström et al., 2010;
Liu et al., 2010; Rogoz et al., 2012), overlaps to a large extent
(68.9 � 1.8%) with Trpv1–Cre;tdTomato-positive DRG neu-
rons, which corresponds to 53.5 � 2.2% of the Trpv1–Cre;
tdTomato-positive cells (Fig. 1B). Conversely, VGLUT3 showed
almost no coexpression with Trpv1–Cre;tdTomato-positive neu-
rons (7.4 � 0.7%), corresponding to 4.3 � 0.4% of Trpv1–Cre;
tdTomato-positive neurons (Fig. 1C). The extensive overlap
between the first two VGLUTs and Trpv1–Cre prompted us to
study the overlap between the VGLUTs themselves, using in situ
hybridization, to elucidate whether each VGLUT enables gluta-
matergic transmission in a specific Trpv1–Cre subpopulation or
whether they are overlapping (Fig. 1G–I). Our analysis showed
that 35.6 � 2.4% of Vglut2-expressing cells overlap with Vglut1

mRNA expression, which corresponds to 57.1 � 4.1% of the
Vglut1 population. Vglut3 showed little overlap with both Vglut1
(2.4 � 0.5%) and Vglut2 (11.1 � 1.5%) and thus represents an
almost entirely separate subpopulation. To investigate whether
genetic ablation of Vglut2 from Trpv1–Cre cells affect the expres-
sion of the other VGLUTs, we examined the expression of Vglut1
and VGLUT3 in Vglut2 f/f;Trpv1–Cre and control tissue using in
situ and immunohistological analyses, respectively. The analysis
showed that there were no differences in overlap between neither
Vglut1-positive cells and Trpv1–Cre cells (p � 0.28, power of
test � 0.99) nor VGLUT3-positive cells and Trpv1 cells (p �
0.37, power of test � 0.99) when comparing Vglut2 f/f;Trpv1–Cre
and control mice (n � 3 per genotype, 44 Vglut2 f/f;Trpv1–Cre
sections and 42 control sections analyzed, respectively). Hence,
our data indicate that the glutamatergic signaling involved in
Trpv1–Cre-mediated transmission is mediated by VGLUT1 and
VGLUT2, coexpressed or expressed individually.

We next investigated the neuropeptide and receptor content
of the TRPV1 population. We could observe that 73.3 � 1.8% of
the substance P-expressing neurons overlap with the Trpv1–Cre;
tdTomato population, which corresponds to 32.3 � 1.8% of the
Trpv1–Cre;tdTomato population (Fig. 1D). Furthermore,
66.3 � 2.4% of the CGRP-expressing cells overlap with the
Trpv1–Cre;tdTomato population, which corresponds to 35.5 �
1.6% of the Trpv1–Cre;tdTomato population (Fig. 1E). Our
analysis also showed that 10% of the Trpv1–Cre;tdTomato pop-
ulation overlap with 21% of the IB4-positive population, which is
considered to represent nonpeptidergic neurons (Fig. 1F). More-
over, our single-cell PCR analysis showed that 52% of the Trpv1–
Cre population also expressed the cold receptor Trpm8, which
corresponds to 65% of Trpm8-positive cells (Fig. 1J). Further-
more, 44% of Trpv1–Cre-positive cells coexpressed a receptor for
noxious cold and Formalin; Trpa1, which corresponds to 75% of
Trpa1-positive cells (Fig. 1K). These data indicate that Trpv1–
Cre is affecting a substantial part of both Trpa1- and Trpm8-
expressing neurons. We have also looked at two other markers
related to itch transmission: Mrgpra3 and Nppb. Our analysis
showed that 45% of Trpv1–Cre cells also express Mrgpra3, which
corresponds to 50% of the Mrgpra3 population (Fig. 1L). Addi-
tionally, 66% of Trpv1–Cre cells coexpressed Nppb, which corre-
sponds to 69% of the Nppb population (Fig. 1M).

In summary, we demonstrate that the Trpv1–Cre population
contains components of the glutamatergic transmission machin-
ery, as well as receptors for noxious cold, Formalin, and itch and
the pain- and/or itch-associated neuropeptides substance P,
Nppb, and CGRP, which presumably implicate a role for the
Trpv1–Cre population in these sensory modalities.

Glutamate in peripheral TRPV1 neurons is, together with
substance P, required for intact transmission of noxious cold
sensation
To define the precise role of the Trpv1–Cre-expressing neurons
in acute pain, the behavior phenotype of R26 DTA/w t;Trpv1–Cre
mice and controls was investigated and compared with the be-
havior phenotype of mice lacking Vglut2 in Trpv1–Cre neurons
(Vglut2 f/f;Trpv1–Cre mice; Lagerström et al., 2010). Our analysis
showed that 99.1% of Trpv1–Cre-positive cells are lost in
R26 DTA/ w t;Trpv1–Cre mice compared with control littermates
(n � 2 per genotype, 23 sections/R26 DTA/w t;Trpv1–Cre/tdTo-
mato mice and 25 sections/R26 w t;Trpv1–Cre/tdTomato mice),
which indicates that expression of diphtheria toxin resulted in an
almost complete deletion of the Trpv1–Cre population and
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therefore represents a suitable model for
analyzing the role of the Trpv1–Cre pop-
ulation in sensory transmission.

Although TRPV1 is associated tradi-
tionally with heat transmission, Trpv1–
Cre-positive neurons also play a role in
noxious cold transmission. TRPA1,
known to detect noxious cold, is ex-
pressed extensively in TRPV1 neurons
(Karashima et al., 2009; Mishra et al.,
2011; Fig. 1K). Therefore, we decided to
investigate noxious cold sensation associ-
ated with glutamate in Trpv1–Cre neu-
rons. The sensation of cold pain was
assessed by the tail-withdrawal test from a
�15°C ethanol solution. The mean la-
tency of tail withdrawal was 9.5 � 0.71
and 4.6 � 0.74 s for R26 DTA/ w t;Trpv1–
Cre mice and controls, respectively (p �
0.008; Fig. 2A), confirming the role of
TRPV1 neurons in cold pain transmis-
sion. Conversely, Vglut2-deficient mice
did not display any difference in response
time compared with control littermates
(7.8 � 0.9 and 7.6 � 0.6 s, respectively;
p � 0.71, power of test � 0.94; Fig. 2A).
To test how substance P is affecting cold
pain transmission in the presence of im-
paired or intact VGLUT2-mediated trans-
mission, we injected Vglut2 f/f;Trpv1–Cre
mice and controls with the substance P
receptor antagonist Win51708. This treat-
ment resulted in a mean latency of with-
drawal of 13.8 � 1.1 and 7.2 � 0.9 s for
Vglut2 f/f;Trpv1–Cre mice and controls,
respectively (Fig. 2A). There was no dif-
ference between treated and untreated
control mice (p � 0.71, power of test �

Figure 1. Peptidergic and glutamatergic markers are expressed robustly in Trpv1–Cre primary sensory neurons. The neuro-
chemical phenotype of Trpv1–Cre;tdTomato-positive neurons was investigated using immunohistochemistry and in situ hybrid-
ization with different markers. A–C, Overlap analysis of Trpv1–Cre;tdTomato neurons with different VGLUTs. A, 62.1 � 4.6 cells
per section expressed VGLUT1 and 85.0 � 5.0 cells per section expressed Trpv1–Cre;tdTomato; of these, 27.1 � 1.8 coexpress
Trpv1–Cre;tdTomato and VGLUT1 (n � 3 and 10 sections per animal). B, A total of 85.9 � 6.6 cells per section expressed VGLUT2,
and 110.7 � 7.9 cells per section expressed Trpv1–Cre;tdTomato; of these, 60.1 � 5.7 cells per section coexpress VGLUT2 and
Trpv1–Cre;tdTomato (n � 4 and 10 sections per animal). C, VGLUT3 represents an almost distinct neuronal population from
Trpv1–Cre;tdTomato in which only 4.8 � 0.4 cells per section of the 119.0 � 7.7 Trpv1–Cre;tdTomato cells per section expressed
VGLUT3. A total of 72.4 � 5.3 cells per section expressed VGLUT3 (n � 3 and 10 sections per animal). D, Approximately one-third
(38.4 � 4.7 cells per section) of the 110.8 � 8.0 Trpv1–Cre;tdTomato cells per section were positive for substance P. A total of
53.6 � 6.7 cells per section expressed substance P (n � 4 and 10 sections per animal). E, Similarly, approximately one-third
(39.6 � 3.3 cells per section) of the 113.3 � 7.8 Trpv1–Cre;tdTomato cells per section express CGRP. A total of 63.5 � 5.8 cells per
section expressed CGRP (n � 4 and 10 sections per animal). F, Approximately 10% (6.56 � 0.01 cells per section) of the 67.9 �
3.8 Trpv1–Cre;tdTomato cells per section expressed IB4. A total of 31.9 � 2.56 cells per section expressed IB4 (n � 3 animals per
39 sections). G, Vglut1 mRNA showed partial overlap with Vglut2 mRNA in the DRGs; of 64.3�3.1 cells per section, 37.4�1.8 cells
per section overlap with Vglut2, which corresponds to 57.1 � 4.1% of Vglut1-positive cells per section and 35.6 � 2.4% of the
105.5 � 5.3 Vglut2-positive cells per section (n � 3 and 10 sections per animal). H, Of 112.2 � 7.7 Vglut2 mRNA-expressing cells
per section, only 4.7 � 0.4 cells per section overlap with the 42.7 � 3.4 Vglut3 mRNA-positive cells per section (n � 3 and 10

4

sections per animal). I, Only 1.3 � 0.2 cells per section coex-
press Vglut1 and Vglut3 mRNA (n � 3 and 10 sections per
animal). J, Single-cell PCR analysis show that, of 69 primary
neurons analyzed, 17 neurons expressed both Cre and Trpm8,
16 neurons expressed only Cre, 9 neurons expressed only
Trpm8, and 27 neurons expressed neither marker. K, Of 75
neurons analyzed, 18 expressed both Cre and Trpa1, 23 ex-
pressed only Cre, 6 expressed only Trpa1, and 28 expressed
neither marker. L, Analyses of Mrgpra3 mRNA expression in
primary afferent neurons revealed that, of 92 neurons ana-
lyzed, 28 expressed both Cre and Mrgpra3, 13 neurons ex-
pressed only Cre, 14 neurons expressed only Mrgpra3, and 37
expressed neither marker. M, Analyses of Nppb mRNA expres-
sion showed that, of 87 neurons analyzed, 27 expressed both
Cre and Nppb, 16 expressed only Cre, 12 expressed only Nppb,
and 32 expressed neither marker. A 100 bp ladder, size of PCR
products: Cre, 405 bp; Trpm8, 290 bp; Trpa1, 261 bp; Mrgpra3,
284 bp; Nppb, 249 bp. Black/white arrows indicate a double-
labeled cell. Green arrow indicates a cell singularly labeled
with the marker in question. Red arrow highlight a Trpv1–Cre;
tdTomato labeled cell. Scale bars, 60 �m. The Venn diagrams
have been generated using the Venn diagram plotter (PNNL).
Part of data presented in B, D, and E were also included in the
study by Rogoz et al. (2014).
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0.83), which suggests that substance P is redundant for cold trans-
mission. However, when VGLUT2-mediated transmission was
removed from Trpv1–Cre neurons, treated Vglut2 f/f;Trpv1–Cre
mice became less responsive than treated control mice (p �
0.0006) and untreated Vglut2 f/f;Trpv1–Cre mice (p � 0.0012),
which suggests a role for both substance P and VGLUT2-
mediated glutamatergic transmission in cold pain. These results
were confirmed by intrathecal administration of Win51708,
which resulted in mean latencies of withdrawal of 16.4 � 1.1 s
compared with 8.0 � 0.9 s for Vglut2 f/f;Trpv1–Cre mice and
controls, respectively (p � 0.0012).

The role of CGRP in cold pain sensation was investigated by
treating the Vglut2 f/f;Trpv1–Cre mice and controls with the
CGRP antagonist BIBN4096BS 30 min before the experiment.
This treatment did not result in any significant changes between
Vglut2 f/f;Trpv1–Cre mice and controls (p � 0.24, power of test �
0.91) or between treated and untreated controls or between
treated and untreated Vglut2 f/f;Trpv1–Cre mice (p � 0.051,
power of test � 0.91; p � 0.73, power of test � 0.85, respectively;
Fig. 2A). In summary, these data demonstrate that VGLUT2-
mediated glutamatergic transmission from Trpv1–Cre neurons
together with substance P, but not CGRP, mediate acute cold
transmission. We next analyzed the onset of c-Fos protein ex-
pression in the dorsal horn in response to tail immersion in
�15°C ethanol. The experiment revealed a significant decrease in
the number of c-Fos-positive cells in laminae I–III in segment L6
(Fig. 2B) in R26 DTA /w t;Trpv1–Cre mice compared with control
littermates (p 	 0.0001; Fig. 2C), accompanying the observed
difference in responses to acute cold stimulation (Fig. 2A). Abla-

tion of Vglut2 from Trpv1–Cre neurons did not decrease the
number of c-Fos-positive cells in Vglut2 f/f;Trpv1–Cre mice com-
pared with controls in laminae I–III (p � 0.06, power of test �
0.8; Fig. 2D). This is also supported by the behavioral data, which
demonstrate that VGLUT2 alone is not crucial for acute cold
sensation (Fig. 2A). Preinjection with Win51708 resulted in a
decreased number of c-Fos-positive cells throughout laminae
I–III in Vglut2 f/f;Trpv1–Cre mice compared with injected
controls ( p 	 0.0001; Fig. 2E), suggesting cooperative roles of
glutamate and substance P in cold pain transmission. On the
contrary, pharmacological blockage of CGRP transmission by
BIBN4096BS did not alter the number of c-Fos-positive cells in
the dorsal horn of the spinal cord in Vglut2 f/f;Trpv1–Cre mice
compared with controls (p � 0.41, power of test � 0.81; Fig. 2F).

In summary, our data suggest that VGLUT2-mediated gluta-
matergic transmission from Trpv1 neurons, together with sub-
stance P, transmit noxious cold sensation.

Heat nociception from primary afferents to the spinal cord is
mediated mainly by Trpv1–Cre neurons and glutamate via
VGLUT2 and CGRP
Acute thermal heat pain sensation was examined using the Har-
greaves test, and the mean latency of withdrawal of a hindpaw was
15.8 � 1.1 and 7.9 � 0.6 s for R26 DTA/ w t;Trpv1–Cre mice and
controls, respectively. This represented a significant difference
between the groups (p 	 0.0001; Fig. 3A) and is in agreement
with previous findings (Mishra et al., 2011). When Vglut2 was
selectively removed from the Trpv1–Cre population, Vglut2 f/f;
Trpv1–Cre mice also displayed a significantly decreased response

Figure 2. TRPV1 neurons are crucial for intact cold transmission, which is dependent on VGLUT2-mediated signaling from Trpv1–Cre neurons and substance P. A, R26 DTA/ w t;Trpv1–Cre mice are
less sensitive to cold pain compared with control mice (n � 6 per genotype), whereas Vglut2 f/f;Trpv1–Cre do not differ from control littermates (n � 7 per genotype). Win51708 injections resulted
in decreased responses to cold in Vglut2 f/f;Trpv1–Cre (n � 7 per genotype). Pretreatment with BIBN4096BS did not alter the behavior of either Vglut2 f/f;Trpv1–Cre mice or control littermates (n �
6 per genotype). The animals were treated with vehicle for possible side effects; however, no changes in the behavior was observed after vehicle treatment. B, Schematic representation of c-Fos
expression in the spinal cord. The major peak of expression was observed in a lumbar segment L6 and initial sections of sacral segment S1. C, Deletion of TRPV1 neurons resulted in a decreased
number of c-Fos cells in the dorsal horn in laminae I–III in R26 DTA/ w t;Trpv1–Cre mice compared with control mice (n � 2 per genotype, 46 sections for controls, 39 sections for R26 DTA/ w t;Trpv1–
Cre). C, Conversely, ablation of VGLUT2 from TRPV1 neurons did not affect the expression of c-Fos in dorsal horn in Vglut2 f/f;Trpv1–Cre mice compared with controls (n � 2 per genotype, 36 sections
for controls, 51 sections for Vglut2 f/f;Trpv1–Cre. E, Pretreatment with the substance P antagonist Win51708 induced a decreased response of c-Fos in Vglut2 f/f;Trpv1–Cre compared with controls
(n � 2, 45 sections for controls, 42 sections for Vglut2 f/f;Trpv1–Cre. F, Interestingly, injections of BIBN4096BS did not affect the expression of c-Fos in Vglut2 f/f;Trpv1–Cre compared with controls
(n�2 per genotype, 51 sections for control, 45 sections for Vglut2 f/f;Trpv1–Cre). Data represent means�SEMs. Shown are Vglut2 f/f;Trpv1–Cre and R26 DTA/ w t;Trpv1–Cre (gray) and the respective
controls (white). ***p 	 0.001. Mann–Whitney two-tailed test (A–D). Scale bars: B, 72 �m; C–F, 120 �m.
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time compared with control littermates (16.9 � 0.4 compared
with 7.6 � 0.4 s, respectively; p 	 0.0001), and the effect of the
Vglut2 ablation was comparable with the response displayed by
the R26 DTA /w t;Trpv1–Cre mice (p � 0.92, power of test � 0.97),
indicating that VGLUT2-mediated glutamatergic release is cen-
tral for the role of the Trpv1–Cre population in heat transmis-
sion, which is consistent with our previous findings (Lagerström
et al., 2010).

By eliminating VGLUT2-mediated glutamatergic signaling
from the Trpv1–Cre population, the role of other less dominant
transmitters in the primary afferents could be investigated. By the
administration of Win51708 to Vglut2 f/f;Trpv1–Cre mice and
control littermates, we induced an additional block of substance
P signaling in mice with impaired or intact VGLUT2-mediated
transmission, respectively. In acute heat sensation experiments,
the pharmacological manipulation did not result in any changes
in response time in Vglut2 f/f;Trpv1–Cre (15.7 � 1.2 s) or control
(8.6 � 1.0 s) mice when compared with untreated mice of corre-
sponding genotype (p � 0.91, p � 0.35; power of test � 0.82,
power of test � 0.91, respectively), indicating that substance P is
not crucial for transmitting acute noxious heat (Fig. 3A). We next
investigated the role of CGRP in acute heat in mice with impaired
or intact VGLUT2-mediated transmission by administrating
BIBN4096BS to Vglut2 f/f;Trpv1–Cre mice and control litter-
mates. Block of CGRP receptors resulted in decreased sensitivity

to heat stimuli in treated control animals (15.2 � 0.4 s; p �
0.0002) and in treated Vglut2 f/f;Trpv1–Cre mice (18.9 � 0.4 s;
p � 0.008) when compared with untreated mice of correspond-
ing genotype, indicating that CGRP plays an important role in
acute heat transmission (Fig. 3A). Also, when the CGRP antago-
nist was delivered intrathecally, control mice became less respon-
sive to noxious heat compared with untreated control mice (p �
0.0002), confirming the role of CGRP in the mediation of nox-
ious heat.

In summary, the Trpv1–Cre population is central for mediat-
ing acute heat pain and the main neurotransmitter is glutamate,
as revealed by the R26 DTA/ w t;Trpv1–Cre and the Vglut2 f/f;
Trpv1–Cre analyses, respectively. Substance P was shown to have
no significant role in acute heat transmission neither in control
mice nor when VGLUT2-mediated transmission was removed
from the Trpv1–Cre-expressing cells. Conversely, treatment with
the CGRP antagonist increased the response latency to acute heat
in Vglut2 f/f;Trpv1–Cre and control mice, showing that CGRP
also plays a role in acute heat transmission.

We next compared how ablation of the Trpv1–Cre popula-
tion, deletion of Vglut2 from the Trpv1–Cre population, and/or
blocking of substance P or CGRP transmission affected down-
stream activation of second-order neurons in the spinal cord. We
did this by examining the number of c-Fos protein-expressing
neurons in the dorsal horn after heat stimulation using the Har-

Figure 3. Heat nociception is dependent on TRPV1 neurons and the transmitters glutamate and CGRP but not substance P. A, R26 DTA/ w t;Trpv1–Cre mice are less sensitive to thermal pain
compared with control mice assessed by the Hargreaves test (n � 12–13 per genotype). Similarly Vglut2 f/f;Trpv1–Cre mice displayed decreased sensitivity to Hargreaves stimulation (n � 10 per
genotype). Pretreatment with Win51708 (intraperitoneally) did not alter the phenotype and still resulted in decreased sensitivity to heat in Vglut2 f/f;Trpv1–Cre mice (n � 10 per genotype).
Conversely, intraperitoneal pretreatment with BIBN4096BS led to decreased sensitivity to heat in both control littermates and Vglut2 f/f;Trpv1–Cre mice compared with untreated mice of
corresponding genotype (n � 6 per genotype). Intrathecal injections of BIBN4096BS also led to a decreased heat sensitivity in control mice compared with untreated control mice (n � 6 per
genotype). B, Schematic illustration of the segment of spinal cord with the highest expression of c-Fos induced by Hargreaves stimulation, which was involving mostly segment L2 with some
additional sections from the end of segment L1 and beginning of segment L3. C, Ablation of the Trpv1–Cre population resulted in a reduction of c-Fos-expressing spinal cord neurons after Hargreaves
stimulation throughout laminae I–III at spinal segment L2 in R26 DTA/ w t;Trpv1–Cre mice compared with control mice (n � 2 per genotype, 65 sections for controls, 66 sections for R26 DTA/ w t;
Trpv1–Cre). D, Likewise, genetic ablation of Vglut2 from Trpv1–Cre-positive neurons resulted in decreased reduction of c-Fos expression in Vglut2 f/f;Trpv1–Cre mice compared with controls (n �
2 per genotype, 58 sections for controls, 65 sections for Vglut2 f/f;Trpv1–Cre). E, Win51708 treatment resulted in a reduction of c-Fos-activated neurons in laminae I–III in Vglut2 f/f;Trpv1–Cre
compared with controls (n � 2 per genotype, 60 sections for controls and 77 sections for Vglut2 f/f;Trpv1–Cre). F, Pretreatment with BIBN4096BS led to a drastic reduction of c-Fos-positive cells in
laminae I–III in both Vglut2 f/f;Trpv1–Cre mice and control littermates (n � 2 per genotype, 58 sections for controls and 65 sections for Vglut2 f/f;Trpv1–Cre), representing no statistical difference
between the genotypes. Data represent means � SEMs. Shown are Vglut2 f/f;Trpv1–Cre (black), R26 DTA/ w t;Trpv1–Cre (gray), and respective controls (white). **p 	 0.01, ***p 	 0.001.
Mann–Whitney two-tailed test (A, C–F). Scale bars: B, 72 �m; C–F, 120 �m.
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greaves setup (Fig. 3C–F). The analyses revealed a significant
decrease in the number of c-Fos-positive nuclei in laminae I–III
in segment L2 (Fig. 3B) in R26 DTA/ w t;Trpv1–Cre mice compared
with control littermates (p 	 0.0001), reflecting the observed
difference in responses to acute heat stimulation (Fig. 3A,C).
Furthermore, Vglut2 f/f;Trpv1–Cre mice also displayed a signifi-
cant decrease in the number of c-Fos-positive nuclei compared
with littermate controls at the same spinal level (p 	 0.0001; Fig.
3D), which is in concert with the observed decreased sensitivity to
heat of Vglut2 f/f;Trpv1–Cre mice compared with controls (Fig.
3A). Additional preinjection of Win51708 did not notably affect
the c-Fos expression in the dorsal spinal cord of Vglut2 f/f;Trpv1–
Cre mice, reiterating the drastic reduction of c-Fos-expressing
cells in Vglut2 f/f;Trpv1–Cre animals compared with control
mice ( p 	 0.0001; Fig. 3E). Both Vglut2 f/f;Trpv1–Cre and
control mice displayed a similar number of c-Fos-positive
neurons compared with untreated Vglut2 f/f;Trpv1–Cre mice
and their littermate controls ( p � 0.05 and p � 0.05; power of
test � 0.83 and power of test � 0.87, respectively). Interest-
ingly, pretreatment with BIBN4096BS resulted in a significant
reduction of c-Fos-positive cells in laminae I–III in control
mice compared with untreated ( p 	 0.0001) but not in
Vglut2 f/f;Trpv1–Cre mice compared with untreated ( p � 0.2–
0.4, power of test � 0.83), which reflects the behavioral data.
Furthermore, there was no difference between c-Fos expres-
sion between Vglut2 f/f;Trpv1–Cre and control mice ( p � 0.05,
power of test � 0.8). These data support a role for CGRP
transmission independently and, together with VGLUT2-
mediated glutamatergic transmission from Trpv1–Cre pri-
mary afferent neurons, in acute heat transmission.

Glutamatergic, substance P, and CGRP-mediated signaling in
Trpv1–Cre neurons is crucial for Formalin-induced
nociception
We next assessed inflammatory pain by the Formalin test, which
is considered to model tissue-injury induced pain. The typical
biphasic response induced by Formalin was observed in control
littermates, whereas the R26 DTA/ w t;Trpv1–Cre mice displayed an
attenuated response in the second phase (Fig. 4A). The mean
observed pain behavior in the first phase was 62.9 � 7.6 and
59.6 � 4.1 s for R26 DTA/ w t;Trpv1–Cre mice and controls, respec-
tively (p � 0.88, power of test � 0.98), whereas the mean ob-
served pain behavior in the second phase was 150.6 � 21.8 for
R26 DTA/ w t;Trpv1–Cre mice and 331.2 � 17.8 s for control ani-
mals (p � 0.0003). Thus, no significant change in the acute re-
sponse was observed, but the secondary response was
significantly attenuated in the R26 DTA/ w t;Trpv1–Cre mice, dem-
onstrating a role for the Trpv1–Cre-expressing population in
Formalin-induced nociception.

Figure 4. The second phase of the Formalin response depends on substance P-, CGRP-, and
VGLUT2-mediated glutamatergic transmission. A, R26 DTA/ w t;Trpv1–Cre mice display an atten-
uated nociceptive response to Formalin in the second phase (10 – 60 min after the Formalin
injection) but not to the first phase (0 –10 min; n � 8 per genotype). The left displays the
cumulative time spent licking/biting of the injected paw/time interval, and the right displays
the cumulative time of nociceptive behavior/phase. B, No difference in either phase was ob-
served between Vglut2 f/f;Trpv1–Cre and control littermates (n � 8 per genotype). C, The
second phase of the Formalin-induced nociceptive response was attenuated in Vglut2 f/f;Trpv1–Cre

4

mice pretreated with the substance P antagonist Win51708. Vglut2 f/f;Trpv1–Cre mice and
littermate controls were given Win51708 (5 mg/kg, i.p.) in DMSO (10 mg/ml) 10 min before the
intraplanar Formalin injection (n � 8 per genotype). D, Similarly, BIBN4096BS injections re-
sulted in decreased responses in the second phase of the Formalin-induced nociceptive behav-
ior in Vglut2 f/f;Trpv1–Cre mice compared with littermate controls (n � 6 per genotype). E,
Intrathecal injection of Win51708 10 min prior to the formalin injection resulted in an attenu-
ated second phase in the formalin response in Vglut2 f/f;Trpv1-Cre mice compared to control
mice (n � 6/genotype). F, Intrathecal BIBN4096BS injection 30 min prior to the formalin injec-
tion attenuated both the first and the second phase of the formalin response in Vglut2 f/f;Trpv1-
Cre mice compared to control mice (n � 6/genotype). Mann–Whitney test, two-tailed. *p 	
0.05, **p 	 0.01, ***p 	 0.001. Data represent means � SEMs. Shown are Vglut2 f/f;Trpv1–
Cre and R26 DTA/ w t;Trpv1–Cre (gray) and the respective controls (white).

14062 • J. Neurosci., October 15, 2014 • 34(42):14055–14068 Rogoz et al. • Peptidergic Influence on Cutaneous Sensations



Conversely, when Vglut2 was selectively removed from the
Trpv1–Cre population, these mice responded similarly to control
littermates in both phases (Fig. 4B). The mean observed nocice-
ptive behavior in the first phase was 52.8 � 7.6 for Vglut2 f/f;
Trpv1–Cre mice and 67.0 � 6.4 s for control animals (p � 0.16,
power of test � 0.92), whereas the mean observed pain behavior
in the second phase was 276.1 � 37.8 for Vglut2 f/f;Trpv1–Cre
mice and 291.6 � 44.3 for control littermates (p � 0.72, power of
test � 0.95). Thus, these results suggest that VGLUT2-mediated
glutamatergic transmission does not play a role in Formalin-induced
nociceptive behavior mediated by the Trpv1–Cre population, which
is consistent with our previous findings (Lagerström et al., 2010).
However, it was shown previously that both VGLUT2-mediated
and substance P-mediated neurotransmission is required for the
development of the second phase of Formalin-induced pain in
the Nav1.8 population of primary afferents (Lagerström et al.,
2011) and that substance P-deficient mice show attenuated
Formalin-induced behavior (Zimmer et al., 1998). Therefore, we
treated the Vglut2 f/f;Trpv1–Cre mice and controls with
Win51708 before the Formalin injection to evaluate whether
substance P was also affecting mice with impaired VGLUT2-
mediated glutamatergic transmission in the Trpv1–Cre popula-
tion. The Win51708 treatment did not affect the first phase, but it
significantly attenuated the second phase of the Formalin re-
sponse in the Vglut2 f/f;Trpv1–Cre mice compared with control
mice (Fig. 4C). The response in the second phase was comparable
with the response from the R26 DTA/ w t;Trpv1–Cre mice (p �
0.05, power of test � 0.93), indicating that both VGLUT2- and
substance P-mediated transmission participate to evoke the no-
ciceptive behavior induced by Formalin. The mean observed be-
havior in the first phase was 41.7 � 5.9 s for treated Vglut2 f/f;
Trpv1–Cre mice and 45.8 � 7.0 s for treated control animals (p �
0.65, power of test � 0.96), and the mean observed behavior for
the second phase was 102.1 � 20.2 s for treated Vglut2 f/f;Trpv1–
Cre mice and 236.6 � 38.0 s for treated control animals (p �
0.0063). There was no difference between the first phase in the
R26 DTA/ w t;Trpv1–Cre mice compared with treated Vglut2 f/f;
Trpv1–Cre mice (p � 0.05, power � 0.85). Also, the substance P
antagonist treatment did not affect the first or second phase in con-
trol mice compared with untreated control mice (p � 0.05 for both
phases, power phase I � 0.97, phase II � 0.92), showing that the
Formalin response is not solely mediated by substance P.

CGRP-deficient mice show attenuated responses to Formalin
(Zhang et al., 2001), and we next evaluated whether CGRP-
mediated transmission may compensate for the loss of VGLUT2-
mediated glutamatergic transmission in the Trpv1–Cre
population. The CGRP component of Formalin-induced nocice-
ptive behavior was investigated by injecting Vglut2 f/f;Trpv1–Cre
mice and controls with BIBN4096BS 30 min before the Formalin
injection. The BIBN4096BS treatment did not affect the first
phase, but it significantly attenuated the second phase of the For-

Figure 5. The contribution of VGLUT2, substance P, and CGRP to the development and trans-
mission of Formalin-induced inflammation is apparent at second-order neurons. A, R26 DTA/ w t;
Trpv1–Cre mice were shown to have decreased levels of c-Fos-positive cells in the dorsal horn of
the spinal cord compared with control animals (n � 2 per genotype, 51 sections for controls, 41
sections for R26 DTA/ w t;Trpv1–Cre; n � 2 per genotype, 52 sections for controls, 42 sections for
R26 DTA/ w t;Trpv1–Cre). B, Ablation of Vglut2 from Trpv1–Cre neurons did not result in any
significant changes in the number of observed c-Fos cells between Vglut2 f/f;Trpv1–Cre and
control mice (n � 2 per genotype, 58 sections for controls, 52 sections for Vglut2 f/f;Trpv1–Cre;

4

n � 2 per genotype, 59 sections for controls, 53 sections for Vglut2 f/f;Trpv1–Cre). C, Injection of
Win51708 before the experiment resulted in a decreased number of c-Fos activated cells in the
dorsal horn of the spinal cord (n � 2 per genotype, 59 sections for controls, 47 sections for
Vglut2 f/f;Trpv1–Cre; n � 2 per genotype, 60 sections for controls; 48 for Vglut2 f/f;Trpv1–Cre).
D, Similarly, pretreatment with BIBN4096BS resulted in a decreased number of c-Fos activated
cells in Vglut2 f/f;Trpv1–Cre compared with controls (n � 2 per genotype, 49 sections for con-
trols, 57 sections for Vglut2 f/f;Trpv1–Cre; n � 2 per genotype, 50 sections for controls, 73
sections for Vglut2 f/f;Trpv1–Cre). Mann–Whitney test, two-tailed. **p 	 0.001, ***p 	
0.001. Data represent means � SEMs. Shown are Vglut2 f/f;Trpv1–Cre (black), R26 DTA/ w t;
Trpv1–Cre (gray), and respective controls (white). Scale bar, 100 �m.
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malin response in the Vglut2 f/f;Trpv1–Cre
mice compared with control mice (Fig.
4D). The mean observed behavior in the
first phase was 38.6 � 11.9 s for Vglut2 f/f;
Trpv1–Cre mice compared with 53.8 �
12.7 s for control littermates (p � 0.48,
power of test � 0.8), and the mean ob-
served behavior for the second phase was
37.7 � 7.3 s for Vglut2 f/f;Trpv1–Cre mice
compared with 225.2 � 14.1 s for control
animals (p � 0.0022). These results
suggest that VGLUT2-mediated glutama-
tergic signaling transmitted by the Trpv1–
Cre population together with CGRP- and
substance P-mediated signaling are respon-
sible for the second phase of the Formalin
response. These results were confirmed by
intrathecal administration of BIBN4096BS
or Win51708, which both resulted in at-
tenuated responses in the second phase in
Vglut2 f/f;Trpv1–Cre mice compared with
controls (p � 0.0022 and p � 0.0022, re-
spectively; Fig. 4E,F).

We next analyzed the onset of c-Fos pro-
tein expression in the dorsal horn that fol-
lowed Formalin injection and compared
how ablation of the Trpv1–Cre population,
deletion of Vglut2 from the Trpv1 popula-
tion, and/or blocking of substance P or
CGRP transmission affects downstream ac-
tivation of second-order neurons (Fig. 5).
Formalin injections of R26DTA/ w t;Trpv1–
Cre and control mice revealed a significant
decrease in the number of c-Fos-positive
nuclei in laminae I–III in segment L3/L4
compared with control littermates (Fig. 5A;
p 	 0.0001), reflecting the observed differ-
ence in behavior during Formalin-induced
inflammation (Fig. 4A). Similarly, Vglut2 f/f;
Trpv1–Cre mice did not show any decrease
in the number of c-Fos-positive nuclei com-
pared with littermate controls at the same
spinal level (Fig. 5B; p�0.0988,), in this case
reflecting the absence of a behavioral differ-
ence (Fig. 4B). Furthermore, the pheno-
typic alteration in Vglut2 f/f;Trpv1–Cre
mice, observed after injection of
Win51078 (Fig. 4C), was confirmed by the
c-Fos pattern (Fig. 5C). A drastic reduc-
tion of c-Fos-positive cells was observed
in Win51708-treated Vglut2 f/f;Trpv1–Cre
mice, especially in laminae I–III, com-
pared with Win51708-treated control
animals (p � 0.006). Similarly, pretreat-
ment of Vglut2 f/f;Trpv1–Cre mice with
BIBN4096BS resulted in significant re-
duction of c-Fos-positive cells in laminae
I–III compared with BIBN4096BS-
treated controls, highlighting the im-
portant role of substance P and CGRP transmission together
with VGLUT2-mediated transmission in Formalin-induced in-
flammation (p 	 0.0001). Hence, substance P and/or CGRP
together with VGLUT2-mediated glutamatergic signaling from

the Trpv1–Cre population are transmitting Formalin-induced no-
ciception, and the decimation of these transmitters leads to less acti-
vation of second-order interneurons, tentatively explaining the
observed phenotypes.

Figure 6. Itch regulated by VGLUT2 is mediated by CGRP and GRPR. A, R26 DTA/ w t;Trpv1–Cre did not differ in the observed levels of
spontaneous scratch from control littermates at the age of 7 weeks (n � 8 and 9 per genotype, respectively). B–D, Itch was induced in
R26 DTA/ w t;Trpv1–Cre mice and controls using 48/80 and CQ. B, Intradermal injections of 48/80 did not increase the number of scratch
episodes in R26 DTA/ w t;Trpv1–Cre, whereas control animals displayed elevated itch responses (n�6 per genotype). C, Similarly, intrader-
mal CQ injections resulted in an increased scratch behavior in control mice and R26 DTA/ w t;Trpv1–Cre mice (n � 6 per genotype). D,
Vglut2 f/f;Trpv1–Cre mice displayed increased levels of Cgrp mRNA in DRGs compared with control mice (n�4 per genotype). E, Intraperi-
toneal injection of the CGRP antagonist BIBN4096BS resulted in decreased scratch responses in Vglut2f/ f;Trpv1–Cre mice compared with
the level of scratch episodes before the BIBN4096BS injection (n � 6). F, Also, intrathecal injections of BIBN4096BS resulted in decreased
scratch responses in Vglut2f/f;Trpv1–Cre mice compared with the level of scratch episodes before the BIBN4096BS injection (n � 6). G,
There was no significant difference in substance p mRNA levels observed between Vglut2 f/f;Trpv1–Cre mice and controls (n � 4 per
genotype). H, Intraperitoneal injections of the substance P antagonist Win51078 in Vglut2f/f;Trpv1–Cre mice did not result in a change in
the number of scratch episodes (n�8). I, Pharmacological blockade of the GRPR receptor by intrathecal injections of the GRPR antagonist
RC3095 resulted in a significantly reduced number of scratch episodes in Vglut2 f/f;Trpv1–Cre mice compared with vehicle treatment and
before and after the injection (n�6). J, Genetic removal of the Grpr gene reduced the elevated levels of itch in Vglut2 f/f;Trpv1–Cre mice to
levels comparable with control littermates (n�10 per genotype). Mann–Whitney test, two-tailed (A, D, G); one-way ANOVA with Dunn’s
post hoc test (E, F, H–J); two-way ANOVA (B, C). *p 	 0.05, **p 	 0.001, ***p 	 0.001. Data represent means � SEMs. Shown are
R26 DTA/ w t;Trpv1–Cre (gray), Vglut2 f/f;Trpv1–Cre (black), and respective controls in A, E, and H (white).
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TRPV1 primary neurons are crucial for itch transmission,
and the sensation is dependent on VGLUT2, CGRP, and
GRPR
Primary afferents not only mediate nociceptive input to the spi-
nal cord, they also transduce pruritogenic signals. To investigate
the role of the Trpv1–Cre population in itch transmission, we
first examined the spontaneous itch behavior in R26 DTA/ w t;
Trpv1–Cre mice and controls and examined alterations in the
number of spontaneous scratch episodes. R26 DTA/ w t;Trpv1–Cre
mice displayed a mean of 7.2 � 3.3 scratch episodes/30 min com-
pared with 8.5 � 2.5 scratch episodes/30 min in control litter-
mates, representing no apparent difference in spontaneous itch
between the groups (p � 0.53, power of test � 0.84; Fig. 6A).
During intradermal injections of 48/80, which induces mast cell
degranulation and subsequent histamine release, R26 DTA/ w t;
Trpv1–Cre mice displayed no significant difference in scratch
frequency between vehicle and 48/80 injection (31.3 � 13.0 and
49.8 � 6.8 scratch episodes/h, respectively; p � 0.99, power of
test � 0.97; Fig. 6B). Conversely, control littermates displayed a
significantly elevated scratch behavior after the intradermal 48/80
injection, reaching levels of 20.5 � 3.7 scratch episodes/h for the
vehicle and 400.0 � 95.6 scratch episodes/h for the 48/80 treat-
ment, respectively (p � 0.0001; Fig. 6B), indicating that the
Trpv1–Cre population is mediating histaminergic itch induced
by mast cell degranulation.

CQ, a drug that has long been used in the treatment and
prevention of malaria, induces itch as a major side effect
(Adebayo et al., 1997). CQ inflicts itch by interacting with the
receptor MrgprA3 (Liu et al., 2009), and because half of the
MrgprA3-expressing population is affected by Trpv1–Cre (Fig.
1L), we decided to investigate whether ablation of the Trpv1–Cre
population would affect CQ-induced itch. Intradermal CQ injec-
tion resulted in an increased scratch behavior in littermate con-
trols (10.8 � 2.1 and 231.5 � 28.1 scratch episodes/h for vehicle
and CQ, respectively; p � 0.0005), and interestingly, also in
R26 DTA/ w t;Trpv1–Cre mice (14.7 � 3.0 and 49.5 � 7.4 scratch
episodes/h for vehicle and CQ, respectively; p � 0.0005; Fig. 6C).
Notably, the response was attenuated compared with the control
response (p � 0.002). In summary, the loss of 48/80-induced itch
in R26 DTA/ w t;Trpv1–Cre mice and the attenuated responses
to the histamine-independent pruritogen CQ suggest that
histamine-dependent itch is mediated by the TRPV1 population,
whereas histamine-independent itch also is mediated by addi-
tional neuronal populations.

When VGLUT2-mediated transmission from Trpv1–Cre af-
ferents is ablated, such mice develop profoundly elevated itch and
the development of small wounds attributable to intense scratching.
Induction of itch, by removal of excitatory transmission from
Trpv1–Cre afferents, indicates that glutamate, via VGLUT2, regu-
lates itch rather than mediating the sensation itself (Lagerström et
al., 2010; Liu et al., 2010; Rogoz et al., 2012). Because both previ-
ous findings and ours indicate that the TRPV1 population medi-
ates itch (Imamachi et al., 2009; Mishra et al., 2011), this apparent
paradox may be better understood by examining the neurotrans-
mitters responsible for the itch transmission regulated by
VGLUT2 and glutamate. qPCR analysis showed that the levels of
Cgrp mRNA in DRGs were upregulated in Vglut2 f/f;Trpv1–Cre
mice compared with controls (p � 0.0286; Fig. 6D), which
prompted us to evaluate whether the CGRP antagonist
BIBN4096BS could block the itch phenotype displayed by
Vglut2 f/f;Trpv1–Cre mice. Both intraperitoneal and intrathecal
injections of BIBN4096BS drastically attenuated the itch pheno-

type compared with vehicle treatment (p 	 0.05 and p 	 0.05,
respectively; Fig. 6E,F), suggesting that CGRP mediates itch.
BIBN4096BS treatment did not affect the itch behavior in control
mice [p � 1.0; 7.8 � 2.7 and 8.7 � 3.1 scratches/30 min after
vehicle and BIBN4096BS treatment (n � 6), respectively]. How-
ever, substance p mRNA levels in DRGs were not found to be
upregulated in Vglut2 f/f;Trpv1–Cre mice compared with control
mice (Fig. 6G). Also, pharmacological treatment with the sub-
stance P antagonist Win51708 on Vglut2 f/f;Trpv1–Cre mice did
not result in any significant difference in the scratching frequency
when comparing vehicle and Win51708 treatment (p � 0.05,
power of test � 0.93; Fig. 6H). These findings suggest that
VGLUT2-mediated glutamatergic transmission from Trpv1–Cre
neurons regulates itch mediated by CGRP but not substance P.

The GRPR-mediated signaling pathway in the spinal cord
dorsal horn has been shown to mediate both histamine-
dependent and -independent itch (Sun and Chen, 2007; Sun et
al., 2009). To identify whether VGLUT2-regulated itch from
Trpv1–Cre neurons depends on GRPR transmission, Vglut2 f/f;
Trpv1–Cre mice were treated intrathecally with the GRPR antag-
onist RC3095, which resulted in an attenuated scratch behavior
in the Vglut2 f/f;Trpv1–Cre mice when compared with controls
(p 	 0.05; Fig. 6I). To further examine whether the itch induced
by Vglut2 ablation from Trpv1–Cre neurons is mediated by the
GRP/GRPR pathway, Grpr null mice (Grpr�/�) were bred with
Vglut2 f/f;Trpv1–Cre mice. In control mice, spontaneous scratch-
ing behavior was consistently low (12.6 � 1.9 scratches/30 min),
whereas Vglut2 f/f;Trpv1–Cre mice displayed a robust scratching
behavior (294.2 � 67.5 scratch episodes/30 min; p 	 0.05). In
contrast, the number of scratch episodes decreased considerably
in Vglut2 f/f;Trpv1–Cre; Grpr� /0 mice (38.5 � 9.6 scratch epi-
sodes/h, p 	 0.05; Fig. 6J), and was comparable with control
levels (p � 0.05), indicating that a large part of the itch sensation
was relayed via the GRP/GRPR pathway in Vglut2 f/f;Trpv1–Cre
mice.

In summary, the Trpv1–Cre population was found to me-
diate primarily histaminergic itch and regulate CGRP- and
GRPR-dependent itch through VGLUT2-mediated glutama-
tergic transmission.

Discussion
Here we describe the transmission accounting for different acute
pain states and itch. First, our study corroborates and builds on
the knowledge that the Trpv1–Cre population is central for de-
tecting itch, acute heat, cold, and tissue-injury associated pain.
We next provide evidence that glutamate via VGLUT2 in the
Trpv1–Cre population together with substance P mediate acute
cold pain, whereas glutamate together with CGRP mediate nox-
ious heat. Moreover, we show that glutamate together with both
substance P and CGRP mediate tissue-injury associated pain (Ta-
ble 1). The neurons and transmitters responsible for these mo-
dalities were further studied using targeted intrathecal injections
and analysis of second-order neuron activation in the dorsal horn
of the spinal cord. Some effects persisted when switching from
systemic intraperitoneal to intrathecal injections, suggesting that
the transmission under study is central rather than peripheral
and is likely to take place at the first synapse in the dorsal horn.
Finally, we demonstrate that CGRP and GRPR play important
roles in the mediation of itch originating fromVGLUT2-
mediated transmission from Trpv1–Cre neurons. At the spinal
level, GRPR-positive neurons have been described as a labeled
line for itch sensation in the spinal cord (Sun and Chen, 2007;
Sun et al., 2009). These results are in agreement with our data,
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because we could reverse the profound scratch behavior in
Vglut2 f/f;Trpv1–Cre mice by antagonistic treatment or genetic
deletion of the Grpr gene.

The use of pharmacological treatments and the systemic ad-
ministrations are potential caveats of this study. Both CGRP and
substance P receptors are expressed in the PNS and CNS; thus,
the effects of systemic treatments have an unclear origin. There-
fore, we decided to confirm the data obtained from systemic
injections by intrathecal injections. This treatment confirmed an
effect originating from the CNS and raises the possibility that the
antagonistic site of action is in the first synapse. The selectivity of
the drugs is another potential confounding factor. However,
BIBN4096BS does not have any relevant affinity for a set of 75
different receptors or enzyme systems (Doods et al., 2000). Sim-
ilarly, Win51708 was tested both pharmacologically and bio-
chemically for its selective action on the substance P system
(Venepalli et al., 1992).

Glutamatergic and peptidergic components compensate for
each other and are both crucial for acute thermal nociception
The diverse role of the Trpv1–Cre population as a whole empha-
sizes the importance of specifically expressed neurotransmitters
and receptors in Trpv1–Cre subpopulations to accurately con-
duct the role of the population. Our study suggests that the two
thermal sensations, heat or cold pain, involve partly different
combinations of neurotransmitters. Acute noxious heat trans-
mission involves TRPV1 activity (Caterina et al., 1997),
VGLUT2-mediated glutamatergic transmission, and CGRP sig-
naling, whereas cold transmission relies on TRPA1 activation
(Karashima et al., 2009), VGLUT2-mediated glutamatergic
transmission, and substance P. In support of the differential use
of peptidergic neurotransmitters in acute heat and cold pain, and
a possible compensatory role of glutamate, it was shown previ-
ously that loss of CGRP� does not affect the behavioral responses
to acute noxious heat (Zhang et al., 2001). However, mice with
specific ablation of CGRP-expressing cells were shown to be less
sensitive to noxious heat and capsaicin (McCoy et al., 2013). This
indicates that loss of CGRP, but not the neuronal population, can
be compensated for by another transmitter, which according to
our data can be glutamate acting via VGLUT2.

Synaptic transmission through substance P signaling has been
shown to be at least in part involved in cold stress-induced hy-
peralgesia (Satoh et al., 1992). Additionally, intense cold stimulus
was shown to induce c-Fos expression in neurokinin-1 receptor-
expressing neurons in the superficial horn (Doyle and Hunt,
1999), which supports our findings. The role of substance P in

heat is more contradictory; Zimmer et al. (1998) have shown that
disruption of substance P signaling through genetic ablation of
the tachykinin-1 gene results in longer response latencies in the
hotplate test, whereas the behavioral response to the tail flick was
unaffected. However, genetic disruption of the substance P re-
ceptor gene did not result in any differences in acute heat pain
(De Felipe et al., 1998; Zimmer et al., 1998), which is consistent
with our findings that substance P is not required for heat pain
transmission.

Itch conducted via a subpopulation of TRPV1 neurons
depends on VGLUT2, GRP/GRPR, and CGRP for regulation
and transmission
Previous studies have shown that the Trpv1 population is impor-
tant for both the mediation and regulation of itch (Imamachi et
al., 2009; Lagerström et al., 2010; Mishra et al., 2011). Our results
give additional support for these findings; the R26 DTA/ w t;Trpv1–
Cre mice showed attenuated responses to both histaminergic and
nonhistaminergic pruretic agents, and the Vglut2 f/f;Trpv1–Cre
mice developed a spontaneous itch phenotype. Itch is a complex
sensation that may be transmitted and regulated via multiple
signaling pathways from the periphery to the spinal cord (LaM-
otte et al., 2014). We here investigated the role of two neuropep-
tides in itch transmission, substance P and CGRP, which are both
released by primary afferent neurons and partially expressed by
the TRPV1 population. Previous reports have indicated that sub-
stance P could contribute to pruritus, because ablation of dorsal
horn neurons expressing the neurokinin-1 receptor resulted in
reduced responses to pruritogens in rats (Carstens et al., 2010).
However, in our study, the chronic itch in Vglut2 f/f;Trpv1–Cre
mice was not reversible by substance P antagonist treatment,
indicating that substance P is not required for itch regulated by
VGLUT2-mediated transmission. Interestingly, it was shown
previously that a neurokinin-1 antagonist failed to inhibit
scratching induced by histamine, 5-HT, and bovine adrenal me-
dulla 8 –22 but could inhibit scratching when induced by CQ or a
proteinase-activated receptor 2 (PAR2) agonist (Akiyama et al.,
2013). These data imply that different transmitters regulate dif-
ferent types of itch, in which substance P is involved in the regula-
tion of nonhistaminergic itch induced by CQ or PAR2 agonists
(Akiyama et al., 2013).

Recently, mice deficient of CGRP-expressing neurons were
shown to have a decreased response to both histamine- and CQ-
induced itch (McCoy et al., 2013). We here observed that itch
regulated by VGLUT2-mediated transmission from Trpv1–Cre
neurons was blocked by intrathecal CGRP antagonist treatment,

Table 1. Summary of the role of different neurotransmitters and the Trpv1–Cre population in acute noxious and pruritic transmission in the first synapse

Trpv1–Cre neurons
VGLUT2-mediated transmission in Trpv1–Cre
neurons Substance P in the first synapse CGRP in the first synapse

Noxious heat Yesa Yesb No Yes
Noxious cold Yesa Yes, together with substance P Yes, together with VGLUT2-mediated

transmission
No

Formalin, first
phase

No Yes, together with CGRP No Yes, together with VGLUT2-mediated
transmission

Formalin, second
phase

Yes Yes, together with substance P and CGRP Yes, together with VGLUT2-mediated
transmission and CGRP

Yes, together with VGLUT2-mediated
transmission and substance P

Mediating itch Yesa No No effect on VGLUT2-regulated itch Yes, mediates VGLUT2-regulated itch
Regulating itch Yesb Yesb ND ND

The findings are based on genetic ablation of the Trpv1–Cre population (R26 DTA/wt
;Trpv1–Cre), genetic ablation of Vglut2 from the Trpv1–Cre population (Vglut2 f/f;Trpv1–Cre), intrathecal injections of peptidergic antagonists and c-Fos

analysis of second-order neurons in the spinal cord dorsal horn. ND, Not determined.
aConsistent with Mishra et al. (2011).
bConsistent with Lagerström et al. (2010).
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suggesting that CGRP is an itch mediator in the TRPV1 popula-
tion and that CGRP-mediated transmission is regulated by
VGLUT2. The TRPV1 receptor is predominantly associated with
histaminergic itch (Imamachi et al., 2009), and VGLUT2-
regulated itch is partly histaminergic (Lagerström et al., 2010).
These results, together with our present findings, indicate that
CGRP is involved in transmitting histaminergic itch via TRPV1
neurons.

Our findings show the importance of peptide signaling in sen-
sory modulation in which CGRP antagonists could be beneficial
in chronic pruritic conditions. We have shown previously that
CGRP antagonists attenuate heat hyperalgesia associated with
inflammation (Rogoz et al., 2014), and our recent findings show
that also acute noxious heat and tissue injury-induced pain in-
volves CGRP transmission, which further emphasizes the poten-
tial of CGRP targeted treatments. CGRP antagonists are currently
evaluated for use in the clinic for migraine treatment (Bell, 2014).
Substance P shows importance for cold noxious pain and shares
the importance of CGRP in inflammation-induced hyperalgesia
(Rogoz et al., 2014) and tissue injury-induced pain. Our study did
not find a role for substance P in VGLUT2-regulated itch, but
substance P antagonists are efficient in treating atopic itch (Stän-
der et al., 2010), in which histaminergic antagonists show little
therapeutic effect.

Conclusions
Our study shows how different neurotransmitters cooperate with
each other in acute sensations. We suggest that complementary
signaling of glutamate and substance P is essential for intact cold
sensation and that CGRP signaling together with VGLUT2-
mediated transmission from TRPV1 neurons is a main pathway
of acute heat transmission. Finally, we propose that CGRP and
GRPR are central for the conduction of itch regulated by
VGLUT2-mediated transmission from TRPV1 neurons.
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