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Abstract. The dorsal root ganglion (DRG) and its anatomically and functionally
associated spinal nerve and ventral and dorsal roots are important components of
the peripheral sensory-motor system in mammals. The cells within these structures
use a number of peptides as intercellular signaling molecules. We performed a
variety of mass spectrometry (MS)-based characterizations of peptides contained
within and secreted from these structures, and from isolated and cultured DRG cells.
Liquid chromatography-Fourier transform MS was utilized in DRG and nerve
peptidome analysis. In total, 2724 peptides from 296 proteins were identified in tissue
extracts. Neuropeptides are among those detected, including calcitonin gene-related
peptide I, little SAAS, and known hemoglobin-derived peptides. Solid phase extrac-

tion combined with direct matrix-assisted laser desorption/ionization time-of-flight MS was employed to investi-
gate the secretome of these structures. A number of peptides were detected in the releasate from semi-intact
preparations of DRGsand associated nerves, including neurofilament- andmyelin basic protein-related peptides.
A smaller set of analytes was observed in releasates from cultured DRG neurons. The peptide signals observed
in the releasates have beenmass-matched to those characterized and identified in homogenates of entire DRGs
and associated nerves. This data aids our understanding of the chemical composition of the mammalian
peripheral sensory-motor system, which is involved in key physiological functions such as nociception,
thermoreception, itch sensation, and proprioception.
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Introduction

Alarge amount of sensory information within the mamma-
lian nervous system is conveyed from the organism’s

periphery to the spinal cord and brain stem via sensory neurons
residing in the dorsal root ganglion (DRG), which consists of
the neuron cell bodies and support cells [1, 2]. A sensory
neuron has a single axon extending from the cell body that
bifurcates, sending one process to the dorsal region of the spinal

cord, while the other process innervates a variety of targets [1, 3,
4]. DRG neurons innervate a number of target organs, including
skin, muscles, and joints [5, 6], and are involved in mechanore-
ception, limb proprioception, thermoreception, and nociception.
A number of neuropeptides and other cell-to-cell signaling pep-
tides have been identified within DRGs, including Substance P
and calcitonin gene-related peptide I (CGRP-1) [7]. Many com-
mon pain medications (e.g., opioids) target this neuronal net-
work. DRGs are structurally associated with the spinal nerve
(SN) and its dorsal root (DR) and ventral root (VR). The DR and
SN contain neurites from the sensory neurons. TheVR possesses
mostly terminals of spinal motoneurons and presents an oppor-
tunity for a comparative analysis of motor and sensory compo-
nents of the nervous system.

Both normal and pathologic functions of the peripheral
sensory-motor system depend on the overall chemical compo-
sition of corresponding cells and their extracellular
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environments. Important studies have been performed to better
understand the metabolite, lipid, and protein content of DRGs
and their surrounding structures [8–14]. However, the cell-to-
cell signaling molecules in these areas and their releasates have
not been completely characterized. Measurements of activity-
dependent release are challenging for several reasons. First,
cells release a broad range of physiologically active com-
pounds over a wide concentration range. Second, only small
amounts of the compounds within the tissue are released,
making measurement detection limits important. Moreover,
peptide signaling can be terminated by internalization of the
signal or efficient enzymatic extracellular degradation. There-
fore, effective capture and accumulation of released peptides is
important for successful measurements. Lastly, the collection
of the sample should minimally perturb the system and allow
for a controlled stimulation of release and efficient analyte
collection.

Methods that combine analytical techniques, such as liquid
chromatography (LC)-MS, have become mainstream ap-
proaches used in proteomic investigations of tissues, organs,
and cell cultures [15–23]. In contrast to LC-MS, direct assay of
tissues or cells using matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) MS is also effective, either via
mass spectrometry imaging [24–26] or by characterization of
the isolated cells, nerves, and ganglia deposited on a conduc-
tive sample plate [27, 28]. Both LC-electrospray ionization
(ESI)-MS and direct MALDI MS can be used to investigate
peptide release. Direct MS is well suited for the smallest
volume samples and can accommodate larger numbers of
samples as a separation is not required. However, most released
analytes are present at low concentrations and require
preconcentration before the MS analysis. Also, the extracellu-
lar media contains high inorganic salt levels that are not com-
patible with direct MS measurements. Therefore, effective
methods for collecting released material and conditioning/
concentrating the peptides are required. For example, solid
phase extraction (SPE) using collection capillaries or probes
placed at appropriate locations in close proximity to tissue
regions, cell populations in culture, or individual cells enables
the measurement of compounds released upon electrical or
chemical stimulation [29–31].

Microfluidics-based cell culturing systems can also be used
to provide a wealth of information pertaining to tissue and cell
biochemistry, growth, and morphology [32, 33]. We previous-
ly reported a microfluidic device that permits the culture and
maintenance of neurons, temporal application of selective
chemical stimuli, and collection of peptide release, with the
releasate analyzed using MALDI-TOF MS [34]. The advan-
tages of interfacing microfluidics to MALDI include its small
sample volume requirements, wide dynamic range for peptide
characterization [35, 36], and ease of making a large number of
measurements, although tandem MS (MS/MS)-based identifi-
cation of released compounds using direct MALDI MS tends
not to be as effective as LC-ESI-MS. Therefore, the separation
and preconcentration of peptides on an LC system aids in the
identification of endogenous peptides and proteins. Well-

known benefits of having LC on the front end of MS include
minimized suppression effects from co-eluting ion species and
increased dynamic range for better detection of low abundance
peptides. The combination of direct tissue measurements with
LC-Fourier transform (FT)-ESI-MS and cell release measure-
ments using MALDI-TOF MS is particularly effective in ex-
amining peptide release, thereby enabling the assignment of
signals detected in release by mass matching to peptides char-
acterized in the larger samples [30, 37].

One of our long-term goals is to recreate different functional
networks of well-defined DRG cells within engineered
microfluidic devices [38–40] so that we can characterize the
biochemical responses, including cellular release, of these net-
works to different stimuli and changing microenvironments.
However, in order to establish and validate our working model
and perform the required measurements, it is important to have
an inventory of the compounds present within and released
from DRGs and their associated structures. Here we present a
series of LC-ESI-FTMS/MS investigations of the peptide con-
tent of the rat peripheral sensory-motor system, including the
DR, VR, SN, and DRG, as well as isolated DRG cells. In
parallel, SPE-assisted MALDI MS and LC-ESI-FTMS were
used to characterize the release from semi-intact preparations of
DRGs with attached nerves, a robust DRG cell culture was
established in miniaturized wells, and a number of peptides
were identified as being released from the DRG cells and
nerves. The data obtained on the peripheral sensory-motor
system peptidome and secretome will be used to enable
follow-up studies on the function of this complex neuronal
system, and on the growth and formation of defined DRG
networks in engineered microfluidic devices.

Experimental
Animals and Tissue Dissection

All procedures related to animal handling and euthanasia were
performed in accordance with local, state, and federal regula-
tions, and approved by the Illinois Institutional Animal Care
and Use Committee. DRGs, spinal cords, SNs, VRs, and DRs
were surgically dissected from 2.5–3 mo-old Sprague–Dawley
outbred male rats (Harlan Laboratories, Inc., Indianapolis, IN,
USA), 21–28 d postnatal Sprague–Dawley outbred male rats
(Charles River, St. Constant, QC, Canada), or 6–12 wk-old
Long-Evans/BluGill male and female rats (University of Illi-
nois at Urbana−Champaign, USA), euthanized by decapita-
tion. To reduce the detrimental metabolic effects of a stopped
blood flow, 40–120 mL of ice-cold modified Gey’s balanced
salt solution (mGBSS) was injected under the skin above the
location of the DRGs of interest (the lumbar area) immediately
after decapitation. The spinal canal was surgically opened, the
spinal cord removed, and DRGs with adjacent nerves were
individually isolated and placed into ice cold mGBSS contain-
ing (in mM): 1.5 CaCl2, 4.9 KCl, 0.2 KH2PO4, 11 MgCl2, 0.3
MgSO4, 138 NaCl, 27.7 NaHCO3, and 0.8 Na2HPO4, and 25
HEPES, pH 7.2. In some experiments, other media types were
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used as described below. Most of the presented work used
2.5–3 mo-old Sprague–Dawley outbred male rats (Harlan
Laboratories, Inc.). Animals of other strains, sex, and age
investigated in the DRG peptidomics experiments produced
similar results to data obtained from the Sprague–Dawley rats.

DRG Cell Isolation

Immediately after dissection, DRGs were sustained in a vol-
ume of ice cold Hibernate A media (BrainBits, Springfield, IL,
USA) for up to 48 h. For dissociation, approximately 10 DRGs
dissected from 2.5–3 mo-old Sprague–Dawley outbred rats
were digested in a solution of 0.25% collagenase (Worthington
Biochemical Corp, Lakewood, NJ, USA) in DRG cell culture
media containing Neurobasal A without phenol red (Life Tech-
nologies, Carlsbad, CA, USA), 100 U/mL penicillin/strepto-
mycin (Life Technologies), 0.5 mM GlutaMAX (Life Tech-
nologies), 50 ng/mL nerve growth factor (Life Technologies),
50 ng/mL brain-derived neurotrophic factor (BDNF) (Prospec
Bio, Rehovot, Israel), and 500 μL B27 Growth Supplement
(Life Technologies) for 1.5 h at 37°C. After digestion, the
samples were subjected to centrifugation for 3 min at 200 ×g.
The supernatant was removed, and the pellet washed with
Hank’s Balanced Salt Solution (HBSS) (Life Technologies).
The sample was centrifuged, the supernatant removed, and the
pellet digested using 0.25% trypsin with ethylenediaminetetra-
acetic acid (Life Technologies) for 15 min at 37°C. After incu-
bation, the sample was centrifuged, supernatant removed, and
0.5–1 mLDRG cell culture media + 1% fetal bovine serum (Life
Technologies) added to inactivate the trypsin. The pellet was
mechanically dissociated by trituration with fire-polished pi-
pettes. Following trituration, some of the pellet was allowed to
resettle. Once a small pellet formed in the bottom of the
microcentrifuge tube, the supernatant was removed and spun
for 3 min at 200 ×g. After centrifugation, the supernatant was
removed and the pellet washed with HBSS. After a final centri-
fugation, the cell pellet was resuspended in 1 mL of DRG cell
culture media per 10 original DRG.

DRG Cell Culture

Polydimethylsiloxane (PDMS) blocks, punched with 1.5 or
2 mmdiameter biopsy punches (Acuderm, Inc., Ft. Lauderdale,
FL, USA) to create small restricted-space culture wells, were
attached to either glass coverslips or PDMS substrates. Prior to
cell plating, glass coverslips were treated with concentrated
H2SO4 for 24 h to remove any contaminants and then washed
with distilled water. The PDMS was sterilized in an O2 plasma
cleaner for 30 s at 100 W. After treatment, the substrates were
washed with 70% ethanol and air dried in a sterile cell culture
hood for 30 min. To functionalize the substrates for neuronal
culture, 0.05 mg/mL poly-D-lysine (PDL) (BD Biosciences,
Franklin Lakes, NJ, USA) and 0.1 mg/mL laminin (Sigma
Aldrich, St. Louis, MO, USA) were placed on the substrates
and incubated for at least 1 h at 37°C. Prior to seeding, the
PDL/laminin solution was removed and substrates were
washed with HBSS. A 5–10 μL DRG cell suspension in

DRG cell culture media obtained from 2.5–3-mo-old
Sprague–Dawley rat ganglia was seeded into the restricted
space wells. To regulate evaporation, about 200 mL of HBSS
was added to the dish outside of the wells. The seeded cells
were cultured at 37°C with 5% CO2 for 7–10 d before stimu-
lations. DRG cell culture media was added every 2–3 d, or
more frequently if levels appeared low due to evaporation.

Release Stimulation and Analysis

Regional Whole DRG Release Sampling Left and right L4
DRGs, with the roots and spinal nerve attached, were col-
lected from 2.5–3-mo-old Sprague–Dawley outbred rats after
euthanasia by decapitation. Immediately after decapitation,
cold mGBSS (120 mL, 4°C) was injected into the subepider-
mal areas neighboring the SNs and their corresponding DRG.
Rat trunks were maintained on ice during the surgical dissec-
tion procedure. The collected semi-intact preparations of
DRGs with attached nerves were sequentially incubated in
ice cold Na+-free artificial cerebrospinal fluid (aCSF-1) com-
posed of (in mM): KCl 2.5, NaH2PO4 1.25, CaCl2 0.5,
MgCl2 3.5, NaHCO3 26, glucose 10 and sucrose 233, and
HEPES 15 for approximately 3 h, followed by ice cold
aCSF-1 supplemented with 63 mM NaCl for 20 min. This
series of incubations reduced analyte release induced by
surgical isolation. Next, the DRGs and nerves were moved
into standard oxygenated artificial cerebrospinal fluid (aCSF-
2) (in mM): NaCl 115, KCl 2.5, NaH2PO4 1.25, CaCl2 0.5,
MgCl2 3.5, NaHCO3 26, HEPES 15, and incubated at 36°C
for 20–30 min. The structures were placed into an incubation
chamber with multiple SPE probes [C18 ZipTip pipette tips
(Millipore, Billerica, MA, USA)] mounted near specific areas
of the peripheral sensory-motor system (Figure S1). Outward
flow of the aCSF-2 through the pipette tips was maintained
during the process. Release from the semi-intact preparation
was stimulated by replacing aCSF-2 with a high K+ aCSF-3
(100 mM KCl, with a corresponding reduction in Na+).
Solution flow inside the pipette tips was reversed to inflow,
and incubation and analyte collection continued for 20 min at
36°C. Four experiments were performed using four animals
and eight L4 ganglia. Analytes retained on the pipette tips
were eluted onto a metal MALDI sample plate and mixed
with 2.5 μL of 2,5-dihydroxybenzoic acid (DHB) MALDI
matrix solution [10 mg/mL DHB in acetonitrile (ACN)/water
(50:50)].

Sampling of Release fromDRGCell Cultures To chemically
stimulate DRG cell release, a high K+ DRG cell culture
media bath (60 mM K+) was used on the restricted-space
cultures 7–10 d after seeding. Details on the fluid exchanges
used to stimulate release were as follows: first, a control
sample consisting of DRG cell culture media in which the
cells had been incubating was collected. At this point, fresh
media was placed on the cells and they were incubated for
30 min. That media was then removed, creating a pre-
stimulation sample. Next, the high K+ DRG cell culture media
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was added to the cells and removed after 30 min, creating a
stimulation sample. A final bath of DRG cell culture media was
added to the cells and collected as the post-stimulation sample
after 30 min.

Depending on the experiment and numbers of wells with
viable cultures, samples from 1–10 culture wells per dish were
combined by sample type before further processing for
MALDI MS and/or LC-ESI-FTMS measurements. An initial
exploratory release experiment used cells cultured from a sin-
gle rat; samples obtained from individual cell culture wells
were subjected to MALDI analysis. Another experiment, also
with a single animal, pooled samples from multiple wells for
both MALDI and FTMS analysis. Next, we performed six
separate cell culture experiments (using six different animals,
with samples collected on six separate days). We collected
control, pre-stimulation, stimulation, and post-stimulation sam-
ples from each viable well (for a total of 143 wells containing
viable cultures), and then combined the samples from individ-
ual wells together by dish (18 dishes total). For the combined
samples, the analytes were desalted and concentrated using
SPE probes [C18 ZipTip pipette tips (Millipore)]. The bound
sample was washed with 5%methanol/0.1% TFA in deionized
water and eluted, first with 50%ACN/0.1% TFA and then with
75% ACN/0.1% TFA solutions. The eluted samples were
mixed 1:1 with the DHB MALDI matrix [10 mg/mL DHB in
ACN/water (50:50)] on a metal sample plate. Mass spectro-
metric profiling was performed using an UltrafleXtreme
MALDI-TOF MS workstation (Bruker Daltonics, Billerica,
MA, USA) in the reflectronmode operating at positive polarity.
Individual mass spectra were analyzed with flexAnalysis (ver.
3.3, Bruker Daltonics). External mass calibration was per-
formed using peptide calibration standard II (Bruker
Daltonics). Differential comparisons between multiple experi-
ments were done using the ClinProTools (Bruker Daltonics)
software. In addition to the MALDIMSmeasurements, release
samples were analyzed with LC-ESI-FTMS; for this experi-
ment, the analytes collected from 34 culture wells from several
of the experiments were preconcentrated and desalted using
SPE, pooled, and then subjected to LC-ESI-FTMS (as de-
scribed below).

Peptide Identification in Biological Samples

Six groups of DRGs and associated nerve tissues were subject-
ed to peptide extraction and analyzed with LC-ESI-FTMS. To
extract the peptides, DRGs were immersed in ice-cold acidified
acetone (acetone/water/HCl, v/v/v, 40/6/1) immediately after
isolation from the animals until all dissections were finished.
For groups 1 and 2, the collected DRGs were transferred into
12mMof ice cold HCl, homogenized, and placed in an ice bath
for 1 h. Supernatant was collected and combined with the
acidified acetone mentioned above after centrifugation at
20,000 × g for 15 min. For groups 3–6, the DRGs were placed
into an 80°C water bath for 10 min to stop enzymatic protein
degradation. The heat-denatured DRGs were homogenized,

placed in an ice bath for 1 h, and centrifuged as described
above. The supernatant was saved and tissue pellets were
resuspended in 600 μL of 0.25% acetic acid solution and
placed on ice for a 1 h peptide extraction. After centrifugation,
the saved supernatant was combined with the acidified acetone.
The combined peptide extracts from all experiments were
cleaned using C18 spin columns (Thermo Fisher Scientific,
Waltham, MA, USA), dried down with a Speedvac concentra-
tor, and reconstituted in H2O/ACN (95:5).

Each extracted peptide sample was separated on a
nanocapillary column (10 cm × 75 μm inner diameter)
containing ProteoPep II media (C18, 300 Å, 5 μm, New
Objective, Inc., Woburn, MA, USA) using an Eksigent
nanoLC 1D Plus system (SCIEX, Framingham, MA, USA)
and analyzed with an 11 Tesla FT mass spectrometer (LTQ-
FT Ultra, Thermo Fisher Scientific). Separation conditions
were as follows: (1) buffer A, 95% water, 4.8% ACN, and
0.2% formic acid; (2) buffer B, 95% ACN, 4.8% water, and
0.2% formic acid; (3) gradient conditions were: 0–80 min,
0%–30% B; 80–105 min, 30%–45% B; 105–120 min, 45%–
60% B; 120–125 min, 60%–85%; 125–130 min, 85%–85%;
130–145 min, 85%–0%; (4) the operating flow rate was
300 nL/min.

Data acquisition on the LTQ-FT mass spectrometer
consisted of a full scan event (m/z 300–2000 at 50 K resolving
power) and data-dependent collision-induced dissociation
FTMS/MS scans of the five most abundant peaks from the
previous full scans. MS/MS settings were as follows: isolation
width = m/z 10; minimum signal threshold = 5000 counts;
normalized collision energy = 35%; activation Q = 0.25; acti-
vation time = 50 ms. The RAW files were searched against a
lab-built rat proteome database using PEAKS software (ver.
7.0, Bioinformatics Solutions Inc., ON, Canada) and
ProSightPC (Thermo Fisher Scientific). For database search
with PEAKS, 15 ppm and 0.1 Damass tolerances were used for
MS and MS/MS modes, respectively. Identified peptides with
score (−logP > 15) were kept. For ProSightPC, 81.1 Da and
10 ppm mass tolerance were used for MS and MS/MS modes.
Identified peptides withP value < 10−4 were kept. A large mass
tolerance was used here because of the ProsightPC biomarker
search mode, which involves matching an observedmass to the
theoretical masses of possible subsequences in the protein
database, and then comparing calculated fragments of those
subsequences to observed fragments. A large mass tolerance
window allows peptides with post-translational modifications
(PTMs) to be matched to the subsequences. The value of
81.1 Da was used here because it can cover the mass shifts
related to most common PTMs, including amidation, oxida-
tion, and phosphorylation.

Calculation of Peptide Signal Intensity Fold
Changes across Cell Culture Stimulations

Comparisons of the peptide profiles were performed on the
MALDI MS data from the six cell culture experiments in their
original format using averaged peak statistics functions
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(Kruskal-Wallis test for not normally distributed peak signal
intensities as determined by the Anderson-Darling normality
test) in ClinProTools (ver. 3.0, Bruker Daltonics). Representa-
tive spectra acquired from each culture dish from each of the
six experiments were combined into control, pre-stimulation,
stimulation, and post-stimulation sample data sets and
imported into ClinProTools as separate classes. Each set
consisted of 18 spectra. The spectra preparation settings were:
a resolution of 800; top hat baseline subtraction of 10% mini-
mal baseline width; two cycles of Savitzky-Golay smoothing
with a width of 2.0 m/z; and a data reduction factor of 3. Peak
picking was done on the class average spectrum with a signal-
to-noise threshold of 3.00. The Benjamini-Hochberg procedure
was automatically applied to correct for the multiple testing
hypothesis issue commonly associated with MS data. Peak
statistics were calculated by ClinProTools after manual remov-
al of signals originating from the physiological media, and
addition of signals that were not automatically picked. Peak
statistic tables were generated andmanually analyzed for trends
in the change of average peak intensity over the four class
types.

Results and Discussion
Peptidomics of the DRG Tissues

Our first goal was to characterize the endogenous peptides
present within the DRG and nerves, and to determine those
that were secreted. Accordingly, our initial studies involved
characterization of the peptides present within the DRG.Unlike
standard bottom up proteomics experiments, we did not digest
the proteins and characterize the resulting peptides but, instead,
worked with the peptides naturally present within the samples.
Here, six groups of DRG tissues were extracted and analyzed
with LC-ESI-FTMS, with 2290 peptides from 296 proteins
identified after de novo sequencing and database search using
the PEAKS software (Table S1). The database search was
performed again using a different search tool, ProsightPC
(Thermo Fisher Scientific). The ProsightPC search identified
1650 peptides, 434 of which were unique peptide identifica-
tions to the total readout (Table S2). In summary, 1216 peptides
were identified by both PEAKS and ProsightPC; 1074 peptides
were exclusively identified by PEAKS and 434 by ProsightPC.
Two and four groups of DRG tissues were processed with the
two different peptide extraction methods described above. As a
result, 145 proteins were observed with both extraction proce-
dures, and 84 and 67 proteins were unique for just one of the
extraction procedures, respectively. Our results suggest that
peptide and protein coverage is increased by using different
sample processing approaches. Identified peptides were cate-
gorized into functional classes, as shown in Figure 1. The
neuronal category represents 40% of all of the peptides detect-
ed and consists of peptides related specifically to neuron struc-
ture or processes involved in neuron formation, function, and
maintenance. Among them, several peptides originating from
proteins involved in neurotransmission and implicated in

neurodegenerative diseases were identified, such as
complexin-1 [41] and gamma-synuclein [42], as well as those
involved in axon growth and myelination, including vimentin
[43] and periaxin [44].

Endogenous cell–cell signaling peptides act as neurotrans-
mitters and neuromodulators. Among the results from six ex-
periments, 18 neuropeptides derived from five prohormones
were detected. Figure 2 shows examples of MS/MS spectra of
neuropeptides of various lengths, including LVV-hemophin-7,
(mass 1323.10 Da), calcitonin gene-related peptide I 19–37
(CGRP-1 19–37, mass 1921.95 Da), and secretogranin-2 de-
rived peptide (mass 3679.80 Da). Another prohormone de-
scribed most commonly in the DRG is protachykinin-1. Short
forms of neuropeptide K cleaved at dibasic sites and a C-
flanking peptide were also detected.

The presence of CGRP-1 and its mRNA in rat DRGs has
been previously reported in immunohistochemistry and in situ
hybridization studies [45, 46]; CGRP-1 has been shown to be
essential for pain signaling and increases innervation in DRGs
during inflammation [46]. Here, full length CGRP-1 (1–37)
was detected and confirmed with MS/MS. In addition, three
truncated forms of CGRP-1 (1–37) were identified from the
DRG tissues, including CGRP-1 1–17, 18–37, and 19–37. The
cleavage site had one arginine, a monobasic site that is often
involved in neuropeptide enzymatic processing. Saghatelian
and coworkers [47] discovered that the CGRP-1 1–17, 18–
37, and 19–37 are produced enzymatically by peptidases.
Therefore, those short forms identified in this work are likely
endogenous signaling molecules and not products of degrada-
tion of CGRP-1 during sample preparation.

The majority of bioactive peptides are generated from
larger precursor proteins. However, in recent years it has
been shown that bioactive peptides can also be generated

Figure 1. Using LC-FTMS, the peptides within DRG tissue
extracts have been characterized, identified, and grouped by
function, with the largest number of peptides corresponding to
neuronal and transcriptionally/translationally related proteins
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from the cleavage of cytosolic proteins [48]. As a nota-
ble example, hemoglobin can be processed to yield mul-
tiple bioactive peptides, including the hemorphins [49].
Hemoglobin-derived peptides have been found in a num-
ber of cell types within the body, from lens and alveolar
cells to macrophages, and have also been found within
neurons and oligodendrocytes, as well as in the sciatic
nerve [49]. We observed several hemoglobin-derived
peptides within the tissue samples, including N-terminus
extended LVV-hemorphin-3, lengthened forms of
neokyotorphin, and LVV-hemorphin-7. Hemorphins are
a group of endogenous opioid peptides derived from
the β-chain of hemoglobin. They work as signaling mol-
ecules by binding to opioid receptors and play roles in
pain and inflammation [50, 51]. LVV-H7 attenuates
hyperalgesia effects at the spinal level. Perhaps the
hemorphins detected in these systems participate in the

regulation of hyperalgesia given the projection of DRGs
toward the spinal cord.

Peptide Profiling of Release

Our next goal was to determine what molecules are released
from the DRG and associated nerves, as well as from the cells
within the DRG. We used two distinct means to probe release:
a semi-intact preparation that consisted of the DRG and nerves,
and a separate set of experiments using a miniaturized
microfabricated chamber to allow us to culture isolated DRG
cells, exchange the culturing fluid to stimulate release, and then
efficiently collect releasate for characterization.

Reg iona l Re l ea s e f rom DRG and Assoc ia t ed
Nerves SPE analyte col lect ion was performed
simultaneously at four anatomically defined regions of

Figure 2. Representative MS/MS sequencing of peptides obtained from DRG tissue and release experiments. (a)MS/MS fragmen-
tation of LVV-hemorphin (m/z 662.86, 2+); (b) MS/MS fragmentation of CGRP-1 19–37 (m/z 961.98, 2+); (c) MS/MS fragmentation of
secretogranin-2 derived peptide (m/z 1217.61, 3+). The amino acid sequence of each peptide is given above the spectrum
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the mammalian sensory-motor system: the DR, VR,
DRG, and SN (Figure S1). After stimulating release with
elevated K+ media and characterizing the releasates using
MALDI MS, more than 100 compounds were observed
in the releasates, in both metabolite and peptide mass
ranges (Figure S2, Table S4). Although MALDI MS
profiling of release from biological structures provides
the opportunity for multiplexed, semiquantitative, spatial-
ly, and temporally resolved assessment of the chemical
composition of release, identifying the compounds using
MALDI MS alone can be challenging. In this work, we
mass-matched the signals observed in releasates with the
identities of the compounds characterized using LC-
FTMS from similar tissues. Our mass calibration and
analyte identity assignment approaches are outlined in
the Supporting Information, including a table of calibra-
tion masses (Table S3) and the resulting assignments
(Table S4).

A number of peptides known to be released from ner-
vous tissue were observed. Thymosin beta-4 was detected,
which is consistent with the results of prior release exper-
iments from a larger variety of tissues [30, 52, 53]. In fact,
the ubiquitous nature of thymosin beta 4 in release exper-
iments suggests that it can be used as a marker for effective
release stimulation and efficient sample collection. The
metabolite and peptide profiles of the releasates we ob-
served from different regions of the mammalian sensory-
motor system were similar. Further, since all regions had
neuronal termini and only the DRG had the neuronal cell
bodies, these results suggest that nerve terminal- and glia-
related compounds dominate the profiles (Figure S2). Our
previous MS imaging study demonstrated considerable
chemical heterogeneity in the chemical content between
the DRGs, VRs, DRs, and SNs [54], so it is intriguing that
we observed similar compounds released from these re-
gions, as we expect that the content and release profiles
would be correlated. In agreement with the observations of
similar release profiles for all regions, principal component
analysis of the corresponding data sets did not allow us to
separate the analyte profiles of release from these regions.
Our inability to distinguish the release profiles from these
distinct regions may be explained by the dominant release
of peptides originating from neurofilament L and M pro-
teins, myelin-related proteins, and vimentin. Such highly
abundant peptides may be obscuring differences in release
of much lower concentration peptides.

Release from Entire DRG and Cell Culture The experiments
described above used semi-intact preparations, and releasates
were collected by placing collection pipettes at specific, spa-
tially defined locations. In the next set of experiments, we
investigated release from isolated DRGs and groups of cul-
tured DRG cells within restricted-volume culture wells. The
collection system used a flow-through design, and either cul-
ture media or stimulation media (with elevated K+ added to

cause secretion) was flowed through the chamber for the des-
ignated time period. First, we optimized the collection proce-
dure by measuring release from the entire DRG within the
device, and ensuring that the ganglion released enoughmaterial
for characterization. Comparisons between release from a gan-
glion and cultured cells may yield information about the pep-
tide differences observed from in vitro versus in vivo measure-
ments. DRGs contain more intact connections between cells
and, thus, should more closely mimic the semi-intact prepara-
tion used above and the in vivo environment (Figure S3).

Next, pre- and post-stimulation studies from isolated DRGs
were performed with DRG cell culture media additions. Ele-
vated K+ (60 mM) solution was added for two exposure pe-
riods: 15 min and 30 min. Signals not observed in the pre-
stimulation appeared following stimulation, and the intensities
of a number of signals increased in the mass spectra of the
stimulation samples versus mass spectra of the pre-control
samples. As one example, a signal corresponding to neurofil-
ament light polypeptide became detectable in the stimulation
sample. Finally, intensities of several signals were found to
change in the post-control samples, including those that corre-
spond to peptides originating from neurofilament medium
polypeptide.

Following isolated ganglion stimulation, a low-density
DRG cell culture containing ~20 neurons within a 1.5 mm
PDMS well was stimulated with elevated K+ solution for
30 min. Peptides were characterized with MALDI-TOF MS.
A series of mass spectra in the peptide region are shown in
Figure 3a. Similar to ganglion stimulation data, a number of
peaks increased in intensity following the application of ele-
vated K+, suggesting a potentiation of release in response to
stimulation. The peptides from the cultured DRG cell release
experiments were also analyzed with LC-ESI-FTMS. The
identification results show the presence of 28 peptides from
11 proteins. Peptides having known functions related to cell to
cell signaling, including LVV-hemorphin-7, VV-hemorphin-7,
and their C-terminus extended forms, were detected.

Interestingly, when compared together (Figure 3b), few
signals overlap between the ganglion and dispersed cell culture
stimulation data. An explanation for this is that the ganglion
data contains signals that were released or secreted in abun-
dance within the tissue, obscuring lower-abundance peptides.
By having isolated a much smaller subset of cells from the
cluster and culturing them, we are able to observe release from
fewer cells so that cell-to-cell chemical heterogeneity may have
become more obvious.

These results led us to move forward with multiple
high-K+ stimulations using DRG cell cultures. In total,
extracellular media was sampled from cultures involving
DRGs from six rats on six different days, resulting in the
preparation of control, pre-stimulation, stimulation, and
post-stimulation samples from cells cultured in multiple
wells within 18 different cell culture dishes. Analysis of
these samples using MALDI-TOF MS revealed 41 sig-
nals of interest. Compared against the LC-ESI-FTMS
data of the inventory of characterized compounds from
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Figure 3. Representativemass spectra acquiredwithMALDI-TOFMS showing relative changes in peak profiles detectedwithin the
peptide mass region upon stimulating release from DRG clusters and cultured cells. (a) Series of mass spectra showing signals
within the peptide molecular mass region following control and stimulation of an entire DRG. Peaks that increased in intensity or
newly appeared are highlighted with an asterisk. (b) Series of mass spectra of release collected from ~20 DRG neurons within a
1.5 mm PDMS well. Pre- and post-controls were performed with DRG extracellular media; 60 mM elevated extracellular K+ was
added to induce peptide release
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the DRGs, the molecular masses matched 26 peptides
from 19 different proteins. These proteins include those
involved in axonogenesis and neurite extension such as
neurofilament heavy, medium, and light polypeptides
[55], vimentin [56], and those expressed in peripheral
neurons and Schwann cells, such as high mobility group
protein B1 [57], gamma synuclein [42, 58], and peptidyl-
prolyl cis-trans isomerase FKBP1A [59]. In addition,
proteins integral to the function of nervous tissue, such
as periaxin and myelin protein P0 [60, 61], were detected
within the samples. Interestingly, one potential
hemorphin peptide, L.LVVYPWTQRYFDSF.G, was de-
tected in the MALDI-TOF MS analysis of samples from
the cell stimulation experiment.

The average intensity of the peptides in each condition class
was used to determine changes across classes (control, pre-
stimulation, stimulation, post-stimulation, and a DRG cell cul-
ture media blank). Eight signals showed an upward trend in
their relative intensity between pre-stimulation and stimulation
or post-stimulation samples (Table 1). Of the signals showing
an intensity increase, three were identified by mass matching to
the LC-ESI-FTMS data. Mast cell protease 1-derived peptide
signal increased 1.4- and 1.6-fold from pre-stimulation to stim-
ulation, and pre-stimulation to post-stimulation, respectively,
whereas myelin protein P0-derived peptide increased 1.8-fold
for both conditions. The signal of a peptide derived from
histone H2B had a 1.4-fold increase from pre-stimulation to
post-stimulation. In addition, 12 signals showed intensity in-
creases between the control and pre-stimulation samples. These
include the previously mentioned histone H2B, myelin protein
P0, and mast cell protease 1-derived peptides, as well as nine
unassigned signals. We do not believe these increases between
the pre-stimulation and control are related to K+-stimulated
release but rather, theymay be related to the action of removing
the culture media and/or the addition of fresh media, both of

which could have induced mechanical and/or chemical
stimulation.

Peptidomic Analysis of Peptides Released from DRG Cell
Culture In order to aid in identifying the compounds released
from these cells, we also performed an LC-ESI-FTMS study of
the released peptides. Releasate solutions collected after the
stimulation experiments were concentrated and subjected to
LC-FTMS analysis as described above. Obtaining enough
analyte for an LC-ESI-FTMS-based peptidomic study of re-
leased materials was challenging. We expected that high
femtomoles to low picomoles of material would be needed
for efficient MS/MS peptide sequencing. However, by increas-
ing cell density, performing sample collection in small wells,
and combining samples, a number of peptides were identified
in the release samples.

As before, we detected several hemorphins, now confident-
ly assigned. LVV-hemorphin-7 and VV-hemorphin 7, as well
as longer fragments of both peptides, were observed. These
observed hemoglobin-derived peptides act on opioid receptors
and most have functions relating to antinociception. Thus, from
a functional perspective, their presence in release makes sense,
although the mechanisms of their synthesis and processing
within these cells are not understood. LVV-hemorphin-7 has
also been shown to regulate blood pressure and play a role in
learning and memory, as well as cholinergic transmission [49].
Further study into the biosynthetic pathways and release of
hemoglobin-derived peptides within DRG tissue and cells is
important. Besides hemoglobin-derived peptides, several other
classes of peptides were also identified, including thymosin-
beta 4, neurofibromin, and myelin basic protein. Neuferricin
was also detected and is involved in neuronal apoptosis and
plays an important role in neurotrophin signaling during neu-
ronal development [62].

Table 1. Relative Changes in Average Signal Intensities Detected in Pre-Stimulation (pre), Stimulation (stim), Post-Stimulation (post), and Control Samples. Signals
were Observed in Samples Collected in Six Different Experiments Performed on Six Different Animals. Refer to Supplementary Table S5 for AverageValues and SD
of the Complete List of Observed Signals

m/z (MALDI) P value for Kruskal-Wallis test Identification Stim/pre Post/pre Pre/control

1180.79 0.00337 Histone H2B 0.79 1.43 1.43
1253.72 <0.000001 Mast cell protease 1 1.35 1.63 3.60
916.69 <0.000001 Myelin protein P0 1.75 1.78 4.07
3516.78 <0.000001 Unassigned Peak 1.77 2.26 10.38
1268.75 <0.000001 Unassigned Peak 1.25 1.44 2.30
601.17 0.000432 Unassigned Peak 1.63 1.64 1.71
739.43 0.00000148 Unassigned Peak 1.44 1.43 1.64
3502.77 0.00188 Unassigned Peak 1.65 1.94 1.08
1204.85 0.0000023 Peptidyl-prolyl cis-trans isomerase FKBP1A 0.74 0.73 0.97
1213.86 0.0000151 Gamma-synuclein 0.66 0.72 0.90
1332.81 0.0000059 Myelin protein P0/neurofilament light polypeptide/neurofilament medium

polypeptide
0.76 0.63 0.84

1575.87 <0.000001 Vimentin 0.65 0.63 0.68
1820.61 <0.000001 Hemoglobin subunit beta-1 0.47 0.31 0.54
2010.07 <0.000001 High mobility group protein B1 0.45 0.32 0.67
2272.3 <0.000001 Periaxin 0.48 0.35 0.55
2616.13 <0.000001 Neurofilament heavy polypeptide 0.51 0.41 0.63
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Conclusions
The DRG and adjacent nerves play an essential role in transmit-
ting sensory information from the periphery to the central nervous
system, and are major targets in investigations of mechanisms of
pain, mechanical injury, and regeneration. We studied this struc-
turally well-defined system across levels, from isolated cells to
whole tissue, and releasates, to investigate the peripheral sensory-
motor system’s peptidome and secretome. This broad range of
sample types and the cellular and chemical heterogeneity of the
samples created measurement challenges that we partially ad-
dressed using a range of analytical protocols and platforms.

We used a variety of sample preparation and conditioning
steps, and multiple ionization and mass analyzers during this
work. The individual workflows and instrumentation have
different figures of merit and were selected according to the
requirements of the experimental objective. To identify pep-
tides in a complex cellular sample, we used LC-ESI-FTMS,
whereas to characterize many samples containing low levels of
peptides from volume-limited and concentration-limited re-
lease samples, we used direct MALDI-TOF MS. The advan-
tages of LC-ESI-FTMS for obtaining comprehensive peptide
profiles are well established, and direct MALDI MS provides
an opportunity to profile large numbers of individual samples
without purification in a short period of time. This combined
work flow has been shown to be effective in a number of
peptidomics experiments [16, 27, 63, 64], and was particularly
effective in these experiments. As a result, we generated more
complete peptidome and secretome datasets for the peripheral
sensory-motor system, providing a better understanding of its
chemical composition.

The inventory of peptides and proteins we report here
enables a range of follow-up studies using small numbers of
cells that form defined networks within engineered structures.
This investigation of the peptidomes and secretomes of the
peripheral sensory-motor system has revealed new candidates
for peptide neuromodulators, hormones, and trophic factors
that may have important roles in local and distal intercellular
communication. Characterizing the spatiotemporal and chem-
ical parameters of cellular release provides unique functional
insights in fundamental and specific mechanisms of peripheral
sensory-motor system function.
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