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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 extraction combined with direct matrix-assisted laser
desorption/ionization time-of-flight MS was employed to investigate the secretome of these
structures. A number of peptides were detected in the releasate from semi-intact preparations of
DRGs and associated nerves, including neurofilament- and myelin 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 been mass-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

A large amount of sensory information within the mammalian 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 mechanoreception, limb
proprioception, thermoreception, and nociception. A number of neuropeptides and other
cell-to-cell signaling peptides have been identified within DRGs, including substance P and
calcitonin gene-related peptide | (CGRP-1) [7]. Many common pain medications (e.g.,
opioids) target this neuronal network. DRGs are structurally associated the spinal nerve (SN)
and its dorsal root (DR) and ventral root (VR). The DR and SN contain neurites from the
sensory neurons. The VR possesses mostly terminals of spinal motoneurons and presents an
opportunity for a comparative analysis of motor and sensory components of the nervous
system.

Both normal and pathological functions of the peripheral sensory-motor system depend on
the overall chemical composition of corresponding cells and their extracellular
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 release have not been completely
characterized. Measurements of activity-dependent release are challenging for several
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reasons. First, cells release a broad range of physiologically active compounds 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. Therefore, 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 approaches 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 conductive sample plate [27, 28]. Both LC-electrospray ionization
(ES)-MS and direct MALDI MS can be used to investigate peptide release. Direct MS is
well suited for the smallest volume samples and can accommaodate 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 extracellular
media contains high inorganic salt levels that are not compatible 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
previously 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 advantages 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 identification 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
measurements using MALDI-TOF MS is particularly effective in examining peptide release,
thereby enabling the assignment of signals detected in release by mass matching to peptides
characterized 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 networks to different stimuli and
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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 content 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
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 regulations, 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 month-old Sprague-Dawley outbred male rats (Harlan Laboratories, Inc.,
Indianapolis, IN, USA), 21-28 day postnatal Sprague-Dawley outbred male rats (Charles
River, St. Constant, QC, Canada), or 6-12 week-old Long-Evans/BluGill male and female
rats (University of Illinois at Urbana—Champaign, USA), euthanized by decapitation. To
reduce the detrimental metabolic effects of a stopped blood flow, 40-120 mL of ice-cold
modified Gey’s balanced salt solution (MGBSS) were 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 containing (in mM): 1.5 CaCl,, 4.9
KCI, 0.2 KHoPQOy4, 11 MgCls, 0.3 MgS0Oy, 138 NaCl, 27.7 NaHCO3, and 0.8 NayHPOy,, and
25 HEPES, pH 7.2. In some experiments other media types were used as described below.
Most of the presented work used 2.5-3 month-old Sprague-Dawley outbred male rats
(Harlan Laboratories, Inc.). Animals of other strains, sexes, and ages 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 volume 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 month 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 Technologies,
Carlsbad, CA, USA), 100 U/mL penicillin/streptomycin (Life Technologies), 0.5 mM
GlutaMAX (Life Technologies), 50 ng/mL nerve growth factor (Life Technologies), 50
ng/mL brain-derived neurotrophic factor (BDNF) (Prospec Bio, Rehovot, Israel), and 500
uL B27 Growth Supplement (Life Technologies) for 1.5 h at 37 °C. After digestion, the
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samples were subjected to centrifugation for 3 min at 200 xg. 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 ethylenediaminetetraacetic acid (Life Technologies) for 15 min at 37 °C. After
incubation, the sample was centrifuged, supernatant removed, and 0.5-1 mL DRG cell
culture media + 1% fetal bovine serum (Life Technologies) added to inactivate the trypsin.
The pellet was mechanically dissociated by trituration with fire-polished pipettes. Following
trituration, some of the pellet was allowed to re-settle. Once a small pellet formed in the
bottom of the microcentrifuge tube, the supernatant was removed and spun for 3 min at 200
x(. After centrifugation, the supernatant was removed and the pellet washed with HBSS.
After a final centrifugation, 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 mm diameter 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 H,SO,4 for 24 h to remove any contaminants and then
washed with distilled water. The PDMS was sterilized in an O, 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 pL DRG cell suspension in DRG cell culture
media obtained from 2.5-3-month 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 and with 5% CO, for 7-10
days before stimulations. DRG cell culture media was added every 2-3 days, 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 collected from 2.5-3-month old Sprague-Dawley outbred rats
after euthanasia by decapitation. Immediately after decapitation, cold mGBSS (120 ml, 4
°C) was injected into the subepidermal areas neighboring the SNs and their corresponding
DRG. Rat trunks were maintained on ice during the surgical dissection procedure. The
collected semi-intact preparations of DRGs with attached nerves were sequentially
incubated in ice cold Na*-free artificial cerebrospinal fluid (aCSF-1) composed of (in mM):
KCI 2.5, NaH,PO4 1.25, CaCl, 0.5, MgCl, 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 NacCl 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, KCI 2.5, NaH,PO,4 1.25, CaCl, 0.5,
MgCl, 3.5, NaHCO3 26, HEPES 15, and incubated at 36 °C for 20-30 min. The structures
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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 KCI, 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 pL of 2,5-dihydroxybenzoic acid (DHB)
MALDI matrix solution (10 mg/mL DHB in acetonitrile (ACN)/water (50:50)).

Sampling of release from DRG cell 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 days 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 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 single 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
samples from each viable well (for a total of 143 wells containing viable cultures), and then
combined the samples from individual 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 spectrometric
profiling was performed using an UltrafleXtreme MALDI-TOF MS workstation (Bruker
Daltonics, Billerica, MA, USA) in the reflectron mode operating at positive polarity.
Individual mass spectra were analyzed with flexAnalysis (version 3.3, Bruker Daltonics).
External mass calibration was performed using peptide calibration standard Il (Bruker
Daltonics). Differential comparisons between multiple experiments were done using the
ClinProTools (Bruker Daltonics) software. In addition to the MALDI MS measurements,
release samples were analyzed with LC-ESI-FTMS; for this experiment, the analytes
collected from 34 culture wells from several of the experiments were pre-concentrated and
desalted using SPE, pooled, and then subjected to LC-ESI-FTMS (as described below).
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Peptide Identification in Biological Samples

Six groups of DRGs and associated nerve tissues were subjected to peptide extraction and
analyzed with LC-ESI-FTMS. To extract the peptides, DRGs were immersed in ice-cold
acidified acetone (acetone/water/HCI, 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 12 mM of ice cold HCI, 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 xg 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 pL 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 concentrator, and reconstituted in HoO/ACN
(95:5).

Each extracted peptide sample was separated on a nanocapillary column (10 cm x 75 pm
inner diameter) containing ProteoPep™ 11 media (C18, 300 A, 5 um, 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;
120-125min, 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 50K 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; activation time = 50 ms. The RAW files were
searched against a lab-built rat proteome database using PEAKS software (version 7.0,
Bioinformatics Solutions Inc., ON, Canada) and ProSightPC (Thermo Fisher Scientific). For
database search with PEAKS, 15 ppm and 0.1 Da mass 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 with p value < 10™* were kept. A large mass tolerance was used here
because of the ProsightPC biomarker search mode, which involves matching an observed
mass 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 (PTMSs) 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, oxidation, and
phosphorylation. Peptide identifications with p value < 10~ were kept.
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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
(Kruskal-Wallis test for not normally distributed peak signal intensities as determined by the
Anderson-Darling normality test) in ClinProTools (version 3.0, Bruker Daltonics).
Representative 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% minimal baseline width; 2 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 removal of signals
originating from the physiological media, and addition of signals that were not automatically
picked. Peak statistic tables were generated and manually 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 identifications 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 procedures, 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 categorized into functional classes, as shown in Figure
1. The neuronal category represents 40% of all of the peptides detected and consists of
peptides related specifically to neuron structure 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].
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Endogenous cell-cell signaling peptides act as neurotransmitters and neuromodulators.
Among the results from six experiments, 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 |
19-37 (CGRP-1 19-37, mass 1921.95 Da), and secretogranin-2 derived peptide (mass
3679.80 Da). Another prohormone described 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 mMRNA 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 degradation 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 from the
cleavage of cytosolic proteins [48]. As a notable example, hemoglobin can be processed to
yield multiple bioactive peptides, including the hemorphins [49]. Hemoglobin-derived (Hb)
peptides have been found in a number of cells 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, and lengthened forms
of neokyotorphin and LVV-hemorphin-7. Hemorphins are a group of endogenous opioid
peptides derived from the f-chain of hemoglobin. They work as signaling molecules by
binding to opioid receptors and play roles in pain and inflammation [50, 51]. LVV-H7
produces attenuate 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.
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Regional release from DRG and associated nerves—SPE analyte collection was
performed simultaneously at four anatomically defined regions of 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, spatially, and temporally
resolved assessment of the chemical composition of release, identifying the compounds
using MALDI MS alone can be challenging. In this work we molecular 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 calibration
masses (Table S3) and the resulting assignments (Table S4).

A number of peptides known to be released from nervous tissue were observed. Thymosin
beta-4 was detected, which is consistent with the results of prior release experiments from a
larger variety of tissues [30, 52, 53]. In fact, the ubiquitous nature of thymosin beta 4 in
release experiments suggests it can be used as a marker for effective release stimulation and
efficient sample collection. The metabolite and peptide profiles of the releasates we
observed 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 regions, 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 proteins, 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, spatially defined locations. In the next set of experiments, we investigated release
from isolated DRGs and groups of cultured DRG cells within restricted-volume culture
wells. The collection system used a flow-through design, and either culture media or
stimulation media (with elevated K* added to cause secretion) was flowed through the
chamber for the designated time period. First, we optimized the collection procedure by
measuring release from the entire DRG within the device, and ensuring that the ganglion
released enough material for characterization. Comparisons between release from a ganglion
and cultured cells may yield information about the peptide differences observed from in
vitro versus in vivo measurements. DRGs contain more intact connections between cells and
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thus, should more closely mimic the semi-intact preparation 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. Elevated K* (60 mM) solution was added for two exposure periods:
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 with neurofilament 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 correspond 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 elevated 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 abundance 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
signals of interest. When compared against the LC-ESI-FTMS data of the inventory of
characterized compounds from 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], and 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 PO [60, 61], were detected within the samples. Interestingly, one
potential hemorphin peptide, L.LVVYPWTQRYFDSF.G, was detected in the MALDI-TOF
MS analysis of samples from the cell stimulation experiment.
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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
culture 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 stimulation, and pre-stimulation to post-stimulation, respectively, while
myelin protein PO-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 increases between the control and pre-
stimulation samples. These include the previously mentioned histone H2B, myelin protein
PO, 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, they may 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 released
materials was challenging. We expected that high femtomoles to low picomoles of material
would be needed for efficient MS/MS peptide sequencing. However, by increasing 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 confidently assigned. Both LVV-
hemorphin-7 and VV-hemorphin 7, as well as longer fragments of both peptides, were
observed. These observed Hb-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 it 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 Hb-derived peptides within DRG tissue
and cells is important. Besides Hb-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 neuronal development [62].

Conclusions

The DRG and adjacent nerves play an essential role in transmitting 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 structurally well-
defined system across levels, from isolated cells to whole tissue, and releasates, to
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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 addressed 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 peptides 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 release samples, we used direct MALDI-TOF MS.
The advantages 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 chemical parameters of cellular release provides unique functional
insights in fundamental and specific mechanisms of peripheral sensory-motor system
function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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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Figure2.

Representative MS/MS sequencing of peptides obtained from DRG tissue and release
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experiments. (a) MS/MS fragmentation 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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Figure 3.
Representative mass spectra acquired with MALDI-TOF MS showing relative changes in

peak profiles detected within 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 which
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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