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ABSTRACT 

Chronic itch can be extremely devastating and, in many cases, difficult to treat. One challenge in 

treating itch disorders is the limited understanding of the multitude of chemical players involved 

in the communication of itch sensation from the peripheral to central nervous system. 

Neuropeptides are intercellular signaling molecules that are known to be involved in the 

transmission of itch signals from primary afferent neurons, which detect itch in the skin, to 

higher-order circuits in the spinal cord and brain. To investigate the role neuropeptides play in 

transmitting itch signals, we generated two mouse models of chronic itch—Acetone-Ether-Water 

(AEW, dry skin) and calcipotriol (MC903, atopic dermatitis). For peptide identification and 

quantitation, we analyzed the peptide content of dorsal root ganglia (DRG) and dorsal horn (DH) 

tissues from chronically itchy mice using liquid chromatography coupled to tandem mass 

spectrometry. De novo-assisted database searching facilitated the identification and quantitation 

of 335 peptides for DH MC903, 318 for DH AEW, 266 for DRG MC903, and 271 for DRG 

AEW. Of these quantifiable peptides, we detected 30 that were differentially regulated in the 

tested models, after accounting for multiple testing correction (q<0.1). These include several 

peptide candidates derived from neuropeptide precursors, such as proSAAS, protachykinin-1, 

proenkephalin and calcitonin gene-related peptide, some of them previously linked to itch. The 

peptides identified in this study may help elucidate our understanding about these debilitating 

disorders. Data are available via ProteomeXchange with identifier PXD015949. 

Keywords: Label-free quantitation, Liquid chromatography, Mass spectrometry, Skyline, 

Peptidomics  

Page 2 of 30

ACS Paragon Plus Environment

Journal of Proteome Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3 
 

INTRODUCTION 

Pruritus, also known as itch, has been estimated to afflict approximately 16% of the population1 

and can be a significant symptom of many disorders, including chronic conditions like psoriasis, 

atopic dermatitis, and cholestasis. The symptoms of pruritus are typically characterized as an 

irritating sensation that causes the victim to scratch the affected area and, when chronic, can 

cause significant distress to the point of impairing the affected individual’s quality of life. 

Unfortunately, chronic pruritis is an important health issue for which we do not have reliable 

treatments, partly because we do not yet understand the wide range of molecular players 

involved in the transmission of itch sensation from the peripheral to central nervous system 

(CNS). 

Itch can be classified into four categories: neurogenic, psychogenic, neuropathic, and 

pruritoceptive, with pruritoceptive being the most common type.2 A diverse class of molecules 

have been implicated in the transmission of itch from the primary sensory neurons to higher-

order spinal and brain structures, including amines, interleukins, neuropeptides, cannabinoids, 

and eicosanoids.3 The itch-producing stimulus is first detected in the skin by primary sensory 

neurons, which then transmit this information to central neurons in the spinal or medullary dorsal 

horn (DH) neurons. These afferent fibers that innervate the skin can be classified as either Aβ, 

Aδ, or C fibers, based on their size, transmission speed, and myelination status.4 Most well-

characterized pruritoceptive primary afferents are unmyelinated, small diameter C-fiber 

neurons.5-6  

Primary sensory neurons within spinal nerves have a single axon that bifurcates and 

projects from the peripheral nerve endings to the DH of the spinal cord, transmitting important 

sensory information to the CNS.4,6 These neurons have their cell bodies located within the dorsal 
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root ganglia (DRG), which are clusters of neurons that lie in the intervertebral foramen of the 

spinal cord.7-9 The sensory information from the external stimuli is transmitted to the CNS 

through the release of a variety of signaling molecules, including neurotransmitters, 

neuropeptides, and neuromodulators.  

Given the large diversity of neuropeptides, and their ability to serve as neurotransmitters, 

neurohormones, and neuromodulators, the current study focuses on the identification and 

quantitation of those that play a role in the transmission of itch. Neuropeptides are a class of 

signaling molecules, typically about 3–40 amino acid residues in length, that are synthesized and 

released by neurons to modulate various physiological processes in the body. These processes 

include itch, learning, and reproduction; cardiovascular, gastrointestinal, and respiratory control; 

food and water intake; and analgesia and pain.10 Neuropeptides are typically produced from the 

cleavage of larger precursor proteins, which is sometimes followed by enzymatic post-

translational modifications (PTMs) such as C-terminal amidation,11-12 acetylation,13 

phosphorylation,14-15 sulfation,16-17 and pyroglutamination.18 Previous studies have shown that 

several neuropeptides, such as substance P (SP) (TAC1[58-68]; P41539), bradykinin 

(KNG1[380-388]; O08677), calcitonin gene-related peptide (CGRP) (CALCA[83-119]; 

Q99JA0), neuromedin B (NMB[47-56]; Q9CR53), gastrin-releasing peptide (GRP[24-52]; 

Q8R1I2), and natriuretic polypeptide B (ANFB[103-134]; P16860) are linked to pruritus.19-21 

However, there has yet to be an untargeted study of the peptide repertoire in the DH and DRG 

regions to identify the dynamics of neuropeptide changes in chronic itch. 

Here liquid chromatography coupled to tandem mass spectrometry (LC–MS/MS) was 

used for the identification and quantification of neuropeptides. LC–MS/MS is a valuable 

technique for performing peptidomic analyses; complex samples can be simplified by separation 
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and elution on a chromatographic column, followed by subsequent analysis and fragmentation on 

a mass spectrometer.22-24 The resulting fragmentation spectra of the eluted peptides can then be 

searched against a protein database of the studied organism for identification of the peptides.25 

In this study, we generated two well-described chronic itch models: an atopic dermatitis-

like model, using calcipotriol (MC903), and a dry skin model using Acetone-Ether and Water 

(AEW). Atopic dermatitis, a skin disorder in which eczematous lesions appear on the skin, is 

associated with intense itch.26 MC903 is a synthetic analogue of vitamin D3 that has been shown 

to induce atopic dermatitis-like inflammation and itch when applied topically to the skin.27-29 

Chronic itch has also been associated with dry skin; mice that have had a mixture of acetone and 

diethyl ether, followed by water, applied topically to the skin show an increase in scratching 

bouts at the affected area.30-31 The peptidomic analysis was performed on both DRG and DH 

tissues from mice that were subjected to MC903 treatment to induce atopic dermatitis-like 

symptoms, or AEW treatment to induce scratching at the affected areas; a label-free 

quantification was performed to determine the relative changes in the abundance of peptides 

between treated and control mice (Figure 1).  

 

 
Figure 1. Workflow for label-free relative quantitation of peptides in itch models of mice.  
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EXPERIMENTAL PROCEDURES  

Additional details about the experimental design are presented in Table S1. 

Chemicals 

Reagents and solvents were obtained from either MilliporeSigma (St. Louis, MO) or Thermo 

Fisher Scientific (Waltham, MA), unless stated otherwise. 

Animals 

Twenty, 8-week-old, male B6J WT mice (Jackson Laboratories, https://www.jax.org/; stock 

#000664) were housed on a 12 h light/dark cycle and fed ad libitum. All experimental 

procedures, including euthanasia, were performed in accordance with protocols approved by the 

Institutional Animal Care and Use Committee of Washington University School of Medicine, 

and in full compliance with both federal and ARRIVE guidelines for the humane care and 

treatment of animals. 

AEW (Dry Skin) Model 

Ten mice were shaved on both their left and right thoracic flanks; 5 mice were treated on their 

shaved right flank and the other 5 mice were treated on their shaved left flank. A 1:1 mixture of 

acetone:diethyl ether was topically applied to the treated side in an approximately 1 cm × 2 cm 

area for 15 s followed by milliQ water for 30 s. The treatment was applied daily for 7 d; the 

untreated side served as the control.32  

MC903 (Atopic Dermatitis) Model 

Ten mice were shaved on either their left or right thoracic flank; 5 mice were treated on their 

shaved right flank and the other 5 mice were treated on their shaved left flank. MC903 (40 µl of 

0.1 mM in ethanol; Tocris, Minneapolis, MN) was topically applied in an approximately 1 cm × 

2 cm area under anesthesia (3% isoflurane) to the treated side for 7 consecutive days to induce 

atopic dermatitis-like disease;33 the untreated side served as the control. 
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Behavioral Assessment 

Animals were video recorded in their cages for 50 min before their first treatment to serve as a 

baseline measurement, and again after the final day of treatment to confirm development of 

spontaneous itch at the treated sites. Scratch bouts directed at the treated sites were quantified 

from the recorded videos for 30 min, starting after a 20-min habituation period. 

Tissue Collection 

On the seventh day, approximately 170–180 h after the first treatment, 24 (MC903) or 17 (AEW) 

h after the final treatment, and immediately after the last behavioral recording, the mice were 

sacrificed and DH and DRG from approximately the T4–T10 spinal levels were dissected from 

both the treated and control sides. Immediately following dissection, the DH the DRG were 

stabilized using the Stabilizor T1 system (Denator AB, Uppsala, Sweden) to minimize peptide 

degradation by peptidases.34-35 The stabilized tissues were then stored at –80 °C until prepared 

for peptide extraction. 

Peptide Extraction 

The sampling and peptide extraction approaches were modeled after our prior studies.17,35-36 The 

treated and the control samples were pooled such that two tissue samples corresponding to either 

treated or control were combined. Ice-cold LC–MS grade water (400 µL) was then added to each 

of the pooled tissues and homogenized using a pellet pestle cordless motor. The homogenized 

samples were left to incubate on ice for 40 min. Following incubation, the samples were 

centrifuged for 20 min at 16000 × g at 4 °C. Following centrifugation, the supernatant was 

transferred to a new tube, and the pellet was re-suspended in 400 µL of 40:5:5 methanol:formic 

acid (FA):water and left to incubate on ice for 40 min. The sample was then centrifuged for 20 

min at 16000 × g at 4 °C, and afterwards, this supernatant was combined with the supernatant 

from the previous step. The combined supernatants were then evaporated on a SpeedVac 
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evaporator (Genevac, Ipswich, Suffolk, UK). While the supernatants were evaporating, the 

pellets were re-suspended in 400 µL of 0.25% FA in LC–MS grade water and incubated on ice 

until the combined supernatants were dry (~60 min). The reconstituted pellets were then 

centrifuged for 20 min at 16000 × g at 4 °C. The pellets were discarded, and the supernatants 

added to the vial containing the dried extracts from the previous incubations. 

Peptide Cleanup and De-Salting 

The samples were loaded onto an equilibrated Pierce C18 spin column (Thermo Fisher 

Scientific) and washed twice with 200 µL of 95:5:0.1:0.01 water:acetonitrile 

(ACN):FA:trifluoroacetic acid (TFA); the peptides were then eluted twice with 50 µL of 

50:50:0.1:0.01 water:ACN:FA:TFA and twice with 50 µL of 20:80:0.1:0.01 

water:ACN:FA:TFA. After eluting the peptides, the samples were evaporated until dry on the 

SpeedVac evaporator. The dried samples were stored at –80 °C until analysis by LC–MS/MS. 

Nano-LC for Peptide Identification and Quantitation 

For the peptide library construction, the pooled samples were reconstituted in 10 µL of 95:5:0.1 

water:ACN:FA and loaded onto an Acclaim PepMap100 C18 trap column at 15 µL/min. After 3 

min, the trap column was then connected in-line with the analytical column (Acclaim PepMap 2 

Å, 75 µm × 150 mm, Thermo Fisher Scientific) using a Thermo Scientific Ultimate 3000 RSLC 

system. The solvents used were water with 0.1% FA, and ACN with 0.1% FA, as solvents A and 

B, respectively, at a flow rate of 300 nL/min. A 120-min gradient elution was used with the 

following parameters: 0–3 min, 1–1% B, 3–6 min, 1–10% B, 6–90 min, 10–70% B, 90–100 min, 

70–99% B, 100–110 min, 99–1% B, 110–120 min, 1–1% B. For the peptide quantitation, the 

dried samples were reconstituted in 95:5:0.1 water:ACN:FA and then centrifuged for 20 min at 

16000 × g. An 8-µL sample was then transferred to an autosampler vial, with 7 µL being injected 
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for analysis on the Ultimate 3000 RSLC coupled to an Impact Q-TOF mass spectrometer 

(Bruker, Billerica, MA). 

Orbitrap Parameters 

Top speed data-dependent precursor selection was used on a Thermo Scientific Quadrupole-Ion 

Trap-Orbitrap Fusion mass spectrometer with a cycle time of 3 s. Parent ions were scanned with 

an Orbitrap resolution of 120K with an AGC target of 200,000. Dynamic exclusion was used 

with the following settings: exclusion time = 60 s, mass tolerance = ± 10 ppm, repeat count = 3. 

For the Orbitrap detection, the parent ions were scanned in the range of 200–1400 m/z, the 

fragment ions were scanned with the ion trap detector, a maximum injection time of 35 ms, and 

an AGC target of 10,000. Precursor ions with a charge ranging from +1 to +7 were considered 

and a normalized collision energy of 35% was used for the CID fragmentation. 

Q-TOF Parameters 

The samples used for the peptide quantitation were analyzed using a Bruker Impact HD QqTOF 

mass spectrometer equipped with a CaptiveSpray nanosource. Data was acquired with MS1, with 

a mass range of 290–3000 m/z, a cycle time of 3 s, and a scan rate of 1 Hz. An absolute intensity 

threshold of 694 counts was used for spectra collection. 

Peptide Library Construction 

The .RAW files obtained from the Thermo Orbitrap Fusion were imported into the PEAKS 8 

software (Bioinformatics Solutions Inc., Canada); the spectra were searched against a mouse 

proteome database with 81,515 proteins from UniProt.37 For the database search, the following 

parameters were used: precursor mass tolerance = 10 ppm; fragment mass tolerance = 0.1 Da; no 

enzymatic cleavage; variable PTMs selected, which included acetylation, amidation, 

phosphorylation, half-disulfide bond, pyroglutamination, and methionine oxidation; and a 
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maximum number of variable PTMs. A false discovery rate (FDR) threshold of 1% peptide 

spectrum match was used to filter out the identified peptide sequences. The peptide libraries for 

the DH and DRG are provided in Table S2. 

Peptide Quantitation via Skyline 

Relative quantitation of the identified peptides was performed using Skyline (version 4.2.0) 

software.38 A peptide library was constructed that consisted of individual peptide details, 

including amino acid sequence, PTMs, m/z, and retention time. After the library construction, the 

individual LC–MS data files corresponding to each of the studied regions were imported into the 

Skyline project. An extracted ion chromatogram (XIC) for each of the peptides present in the 

library was then generated by Skyline from the LC–MS files. The integrated peak areas of the 

XIC for each peptide were then exported to a CSV file for further statistical analysis. 

Statistical Analysis 

Following peptide quantitation, the summed peak areas were subjected to a locally weighted 

regression analysis using the Normalyzer tool.39 The purpose of performing this normalization 

was to account for inter-run variability brought about by sample preparation inconsistencies and 

instrument variability. The normalization was performed with the basic assumption that the sum 

of all the quantifiable peptide areas that were matched to the peptide library should be equal / 

similar across the biological replicates of a given treatment. The data was transformed into the 

standard M (log ratio) and A (mean average) scales within a specific treatment group. Next a plot 

of M vs. A values was constructed and the individual peptide peak areas for each sample were 

corrected based on a locally weighted regression algorithm as described by Chawade et al.39 The 

plots corresponding to the peptide peak areas are included in the Supporting Information (Figure 

S1). To determine if there was a significant change in peptide levels between the treated and the 
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control samples, a student’s t-test was performed; p values that were less than 0.05 were 

considered significantly different. A permutation-based FDR correction was then applied to 

account for false-positive values using the Perseus computational platform (Version 1.6.2.3),40 in 

which the values that had a q-value of less than 0.1 were considered. The peptide quantitation 

workflow presented here has been implemented and validated in our prior work.41 

Principal component analysis (PCA) was performed using the statistical package of R.42 

Briefly, the dataset was first scanned for missing values. Since PCA cannot handle missing 

values, the missing values for peptide peak areas were imputed based on random draw from a 

truncated normal distribution-based approach, which is known to perform well in case of left-

censored missing values; i.e., values that are missing due to low intensity / peak area.43 

Following the imputation, the data is centered to ensure that the first principal component (PC1) 

does indeed describe the direction of maximum variance. PCA was then performed on this 

centered data. Once the PCA was performed, a clustering analysis was performed using the first 

3 PCs to identify the pairs that capture the maximum variance and separate the two treatment 

groups. A loadings plot was further constructed with the scores corresponding to these PCs and a 

cutoff of 1
columns

where columns represent the number of quantified peptides. Given the 

number of peptides quantified in both of the regions, this cutoff is between 0.05–0.06.  
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RESULTS 

Behavioral Model Validation  

Animals were video recorded from above in their cages for at least 1 h at baseline and after 7 d 

of treatment for the AEW mice and 5 d of treatment for the MC903 mice. Upon review of the 

videos, the scratch bouts per side for each animal were counted and recorded. When compared 

with baseline or with the untreated flank, all animals showed significantly increased spontaneous 

scratching directed at the treatment site; confirming that the AEW and MC903 treatments 

successfully produced chronic itch in our model animals (Figure 2A, B). 

 

 
Figure 2. Number of scratches on the control and treated sides for the (A) MC903 and (B) AEW models. (C) 
Overlap of all the quantified peptides between the DH and DRG regions (in both models combined). (D) Select 
peptides that were significantly different between the treated and control DH AEW.  

Page 12 of 30

ACS Paragon Plus Environment

Journal of Proteome Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13 
 

Itch-Related Peptides Detected by LC–MS/MS Analysis 

This study was performed in two different cohorts. The initial cohort consisted of N=3 replicates 

per model (AEW and MC903) per condition (treated and control) with tissue from N=1 animal 

being used per replicate. Though we did find some encouraging results with peptides such as 

somatostatin-28 (SST[89-116]; P60041), dynorphin B29 (PDYN[221-248], O35417), β-

preprotachykinin C-terminal flanking peptide (TAC1[111-126], P41539), SP (TAC1[58-68], 

P41539), nocistatin (PNOC[98-138], Q64387), and PEN (PCSK1[219-240], Q9QXV0), which 

were differentially regulated in treated vs. control samples (p<0.05), none of the peptides crossed 

the set threshold (q≤0.1) for multiple testing correction by FDR estimation. Therefore, we 

performed a second independent cohort experiment with a higher number of replicates (N=4 per 

condition per treatment) and also a higher number of animals per replicate (tissues of N=2 

animals pooled into one). De novo-assisted database searching followed by quantitation 

facilitated the quantitation of 329 and 354 peptides from the DRG and DH, respectively (Figure 

2C). Of these total quantified peptides, 266 are from MC903 DRG and 271 from DRG AEW, 

and 335 peptides are from DH MC903 and 318 from DH AEW. Moreover, increasing the sample 

size led to an increase in the power (the probability of rejecting the null hypothesis when, in fact, 

it is false) of the hypothesis test used to investigate the differences between the treated and 

control mice; hence, only the results from the second cohort were considered (Table S3). 

Differentially Regulated Peptides in Itch Models 

Among the quantified peptides (Figure 2C) in the DRG and DH (cohort 2, AEW and MC903 

models), 30 peptides were differentially regulated after accounting for the multiple testing 

correction (q≤0.1) (Table 1). All 30 peptides are from the DH of the AEW model and include 

several derived from prohormones such as proSAAS (PCSK1[243-252], Q9QXV0), 
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protachykinin-1 (TAC1[72-94], P41539), proenkephalin (PENKA[107-132], P22005), and 

CGRP (CALCA[26-48]; Q99JA0) (Figure 2D). Additionally, we noticed several other 

prohormone-derived peptides had a p-value<0.05. Though these peptides did not cross the 

multiple testing correction threshold (q≤0.1) a further careful analysis may reveal their potential 

role in mediating itch. These include:: secretogranin1 (SCG1, P16014), cerebellin-1 (CBLN1, 

Q9R171), and tachykinin-3(TKNK; P55099) in DH MC903; proSAAS (PCSK1, Q9QXV0) in 

DRG AEW; and CGRP (CALCA, Q99JA0) and proSAAS in DRG MC903.   
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Table 1. Peptides and the corresponding precursor proteins from DH AEW after accounting for 
multiple testing correction (q≤0.1). 

Precursor Protein with 
Accession Number 

Peptide Sequence Log2 Fold 
Change 

Beta-hexosaminidase 
subunit beta (P20060) ARLQPALWPFPRSVQMF* 0.728 

 
Calcitonin gene-related 

peptide 1 (Q99JA0) VPLRSILESSPGMATLSEEEVRL* 1.306 
 

Calmodulin-1 (P62204) A(+42.01)DQLTEEQIAEFKEAFSLFD* 1.875 
Cathepsin B (P10605) IDLPETFDAREQWSN* 2.432 
Cathepsin D (P18242) PVFDNLMQQKLVDKNIF* 0.987 

Macrophage migration 
inhibitory factor (P34884) 

DMNAANVGWNGSTFA** 1.363 
PMFIVNTNV* 2.135 

PMFIVNTNVPRASVPEGFLSEL** 1.416 
PMFIVNTNVPRASVPEGFLSELTQQL* 1.466 

Neuroendocrine convertase 
2 (P21661) Q(-17.03)ELEEELDEAVERSLQSILRKN* 0.784 

Neuroendocrine protein 7B2 
(P12961) YSPRTPDRVSETDIQRLLHGVMEQL* 1.113 

Neurosecretory protein VGF 
(Q0VGU4) 

Q(-
17.03)AEATRQAAAQEERLADLASDLLLQYLLQGGARQ* 0.885 

Peptidyl-prolyl cis-trans 
isomerase A (P17742) 

EDENFILKHTGPGILSM** 3.838 
V(+42.01)NPTVFFDIT*** 1.488 

Pituitary Adenylate cyclase 
activating enzyme (O70176) Q(-17.03)MAVKKYLAAVL(-0.98)** 0.366 

Phosphatidylethanolamine-
binding protein 1 (P70296) 

A(+42.01)ADISQW** 1.030 
AGVTVDELGKVLTPTQV* 2.268 

MNRPSSISWDGLDPGKLYTL* 1.585 
PSSISWDGLDPGKLYTL* 2.293 

QAEWDDYVPKLYEQLSGK* 0.857 

Proenkephalin-A (P22005) FAESLPSDEEGENYS(+79.97)KEVPEIE* 2.303 
YGGFMKKMDELYPMEPEEEANGGEIL* -0.329 

ProSAAS (Q9QXV0) AGDETPDVDPELLRYLLGRILTGSSEPEAAPAPRRL* 0.073 
LENPSPQAPA** 0.677 

Protachykinin-1 (P41539) DADSS(+79.97)VEKQVALLKALYGHGQIS* 3.012 
Protein AF1q (P97783) PIASIHSVDLDLL** 1.022 

Protein virilizer homolog 
(A2AIV2) EAFLRST** 1.470 

Secretogranin-1 (P16014) SFARAPQLDL* 0.545 
Thioredoxin (P10639) VKLIESKEAFQEALAAAGDKLVVVDF* 0.956 

Ubiquitin carboxyl-terminal 
hydrolase isozyme L1 

(Q9R0P9) 
MQLKPMEINPEMLNKVLAKLGVAGQWRFADVL* 0.858 

***p<0.001; **p<0.01; *p<0.05.  
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Clustering Analysis of the Quantified Peptides  

Changes in the levels of individual peptides / proteins usually do not capture the entire picture of 

the dynamic changes that they undergo under a specific physiological condition. Oftentimes a 

group of peptides or proteins have correlated levels of change or directions of change. Here, we 

performed additional clustering analysis to identify if a particular peptide / group of peptides are 

responsible for differentiation between the treated and control groups. Moreover, clustering 

analysis also identifies if a certain group of peptides / proteins have a similar pattern of 

regulation. First, by PCA (Figure 3), a widely used technique for dimensionality reduction and 

cluster visualization,44-46 we were able to distinguish between the treated and control group of 

samples for DH AEW, DRG AEW, and DRG MC903. A further loadings plot analysis was 

performed to gain more insights into the peptides that contributed to this separation (based on the 

cutoff described earlier) (Table S4). From this analysis, several prohormone-derived and 

signaling pathway-related peptides contribute towards differentiating the control and treated 

groups: PENK-A (P22005), TAC1 (P41539), CGRP (Q99JA0), pituitary adenylate cyclase-

activating polypeptide (O70176), and proSAAS (Q9QXV0) for DH AEW; CGRP (Q99JA0), 

neurofilament light polypeptide (NFL-P08551), and mast cell protease 4 (Q3UN88) for DRG 

AEW; CGRP (Q99JA0), SCG (Q03517), mast cell protease 4 (Q3UN88) and cathepsinB 

(CATB-P10605) for DRG MC903.  

Functional Classification of Precursor Proteins Involved in Itch 

Precursor proteins corresponding to the significantly changed peptides (p<0.05, after accounting 

for multiple testing correction (q≤0.1), only from DH AEW) were further grouped according to 

their protein class. These proteins were subjected to a gene ontology (GO) classification using 

PANTHER.47 Though all of the identified peptides fall into 11 different classes of precursor 
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proteins, the 30 significantly changed peptides from DH AEW were mapped to three classes: 

signaling molecules, hydrolase, and enzyme modulators (Figure 4).  

Validation of Detected Neuropeptide Localization in the Nervous System 

To verify that the differentially detected peptides associated with itch are present in the analyzed 

regions of the nervous system, we checked the gene expression profiles of the DH in the Allen 

Brain Atlas (https://portal.brain-map.org/).48 From this analysis, we found that all significantly 

changed peptides have their precursor protein gene expressed in the DH (except for Protein 

Virilizer homolog (A2AIV2) and neuroendocrine protein 7B2 (P12961), for which the 

 

 
 
Figure 3. Volcano plot, PCA, and loadings plots of the (A) DH AEW, (B) DRG AEW, and (C) DRG 
MC903 models. 
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expression information was not available). This comparative analysis indicates that genes or 

transcripts corresponding to the identified candidates are indeed present in the mouse DH (Table 

S5).  

 

DISCUSSION 

To the best of our knowledge, this is the first MS-based peptidomics analysis of models of 

chronic itch. We performed a comprehensive peptidomic analysis on DRG and DH samples from 

control and treated regions of mouse models for atopic dermatitis and dry skin. The quantitation 

results were analyzed to investigate peptide level changes between the control and treated sides 

 

 
 
Figure 4. Gene ontology analysis of the precursor proteins corresponding to (A) All the quantified 
peptides and (B) peptides that were significantly different (p<0.05, q≤0.1) in DW AEW. The 
hydrolase, enzyme modulators, and signaling molecule classes of enzymes are depicted with an 
exploded view. 
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of subject animals and statistically significant differences were found after accounting for 

multiple testing correction. Additionally, an unsupervised clustering based on reduced 

dimensions (via PCA) revealed that the change in peptide levels indeed contributed towards 

differentiating the treated vs. control groups in three of the four tested conditions (Figure 3 and 

Table S4). A further analysis via loadings plot demonstrated that several known signaling 

molecules, as well as important signaling regulators, do make a major contribution towards this 

differentiability. 

Importantly, many of the peptides detected in our study have already been reported to be 

involved in itch. For example, SP acts as a neurotransmitter in the spinal cord and induces 

scratching responses when injected intrathecally into mice.49 CGRP serves as a neuromodulator 

and potentiates glutamatergic itch signals from TRPV1+ primary afferents.50 Additionally, these 

neuropeptides are also released from the peripheral terminals of DRG neurons in the skin. There, 

CGRP and SP have specifically been shown to recruit and activate mast cells, respectively, and 

potentiate chronic itch.51   

Within the list of peptides that have significantly changed in the DH AEW model after 

accounting for multiple testing correction are two known endogenous neuropeptides and 

significant portions of two other known full-length neuropeptides. These are PCSK1[243-252] 

(little LEN), PENK[238-259] (P22005), the first 7 residues of hippocampal cholinergic 

neurostimulatory peptide (PEBP1[2-9]; P70286), and the first 22 residues of neuropeptide K 

(TAC1[72-94]; P41539). Additionally, along with PENK[238-259], another PENK-derived 

peptide; PENK[107-132], which contains the sequence for met-enkephalin (PENK[107-111]), 

was significantly changed. 
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Little LEN, first identified by Fricker et al.,52 is derived from the prohormone proSAAS. 

Not much is known about the function of this peptide, except that it may have a neuroendocrine 

function. While it has been found in the mouse hypothalamus and pituitary, little LEN does not 

localize to neuropeptide Y-expressing cells or influence feeding behavior like other proSAAS-

derived peptides do.53-54 One recent study reported that the expression of the proSAAS encoding 

gene, PCSK1N, is enriched in Mrgpra3+ expression in DRG neurons, which are selective 

neurons for detecting itch.55  

PENK[238-259] and met-enkephalin are peptides derived from proenkephalin-A, a 

member of the endogenous opiate enkephalin family. In general, opiates decrease the sensitivity 

of neurons to pain by inhibiting their firing rates and decreasing neurotransmitter release.10,56 

Particularly, the enkephalins play a role in pain regulation at the spinal level through the 

functioning of met-enkephalin interneurons.10,57 However, it has been noted that while opiates 

provide relief from pain processes, they cause an increase in itch sensation.58 This differential 

sensory response to opiate stimuli has in fact been used to support the idea that there are separate 

sensory pathways for pain and itch sensation. Interestingly, PENK expression has been found to 

be increased within the skin in various skin diseases, including psoriasis,59 which indicates a role 

for PENK in the diseases we were modeling in this study.  

Hippocampal cholinergic neurostimulatory peptide is derived from 

phosphatidylethanolamine-binding protein 1 and has been shown to modulate acetylcholine 

synthesis through either stimulation of or suppression of acetylcholine transferase, depending on 

location and length of exposure.51,60 Acetylcholine is a monoamine neurotransmitter that plays 

multiple roles in the nervous system, one of which involves communication between neurons and 

mast cells, which are involved in inflammatory response.51,61 Within this context, acetylcholine 
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has been shown to induce itch in patients with atopic disease compared with pain that is induced 

in controls under the same circumstances,62 suggesting a possible role for an acetylcholine 

modulatory peptide within atopic disease states.  

Finally, the particular shortened form of neuropeptide K detected within our experiments 

has been previously detected and tentatively identified in a peptidomics study comparing levels 

of peptides in the brains of Cpefat/fat mice to wild type controls performed by the Fricker group.63 

Neuropeptide K is derived from protachykinin, which is also the precursor of the well-known 

pain peptide SP. While TAC1[72-94] (P41539) was not detected in enough samples in the 

aforementioned Fricker study for the difference to be statistically significant, a similar peptide 

with one additional amino acid on its C terminus, TAC1[72-95] (P41539), was significant. An 

alternative but equally interesting lead related to this result is that neurokinin A, another peptide 

derived from protachykinin, expressed in sensory neurons and distributed similarly to SP in the 

spinal cord,64 is formed by cleavage at a nearby dibasic site to our detected peptide. Therefore, 

the detection of this peptide may be a result of the processing of the prohormone to make 

neurokinin A. 

Within the GO analysis of the precursor proteins, the protein levels that changed the most 

between treatment and control samples were those that were characterized as signaling 

molecules, enzyme modulators, and hydrolases. Neuropeptides are typically produced from the 

cleavage of larger precursor proteins through a sequence of processing steps that use a variety of 

enzymes, including prohormone convertases, endopeptidase, carboxypeptidase, and 

aminopeptidase. Therefore, in addition to the observation that the levels of signaling molecules 

are changing between the treatment and control groups, changes in the proteins used by the cell 

to synthesize and process specific neuropeptides is a promising result. 
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Finally, it might seem paradoxical that the peptide levels are decreasing in the treatment 

groups compared to the control groups when we hypothesize that these peptides are involved in 

the transmission of sensory information, including itch. Two aspects of this study make these 

observations more reasonable. First, MS measures the amount of peptide in the tissue at the time 

of sample collection. If a peptide undergoes activity-dependent release, its amount within the 

tissue may decrease. A longer-term use of a peptide within the system can result in more 

synthesis and accumulation. However, it could also result in decreased synthesis as the organism 

tries to modulate its sensitivity to the stimulus over time. Thus, we expect the amount of a 

peptide involved in sensory transmission within our itch model to change, but the direction of 

change depends on peptide release / synthesis dynamics and is difficult to predict. Additionally, 

neuropeptides involved in signal transmission may originate from either the DRG or spinal 

neurons, making their detection complex. 

Neuropeptide signaling is a dynamic system in which location, timing, and sampling 

methods all influence which peptides are present, as well as if we can detect that change. Our 

study began the process of identifying peptides to target for follow-up studies within itch model 

systems. Overall, we are hopeful that the increased insight into this complex system provided by 

this work helps to identify important peptide candidates for further investigation into the 

mechanistic processes leading to itch and other peripheral nervous system-related disorders in 

the future. 
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Supporting Information 

Figure S1. Fold-change (M) vs. average (A) plots for the quantified peptides and the box plots 
corresponding to all quantified peptides before and after normalization. Figure S2. Plot of q-
values for all the quantified peptides from the DH AEW model. (PDF) 
 
Table S1: Details of the experimental design. Table S2: List of all the identified peptides via 
PEAKS search from the DH and DRG. Table S3: List of all the quantified peptides from both 
regions (DH and DRG) and both models (AEW and MC903). Table S4: Loadings plot for the 
first 3 principal components from both regions (DH and DRG) and both models (AEW and 
MC903). Table S5: Gene expression validation from the Allen Brain Atlas (spinal cord). (MS 
Excel files) 

Data Availability 

The mass spectrometry peptidomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository with the dataset identifier PXD015949 and 
DOI:10.6019/PXD015949.  
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