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Proteomic Analysis Uncovers Novel Actions of the
Neurosecretory Protein VGF in Nociceptive Processing
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Peripheral tissue injury is associated with changes in protein expression in sensory neurons that may contribute to abnormal nociceptive
processing. We used cultured dorsal root ganglion (DRG) neurons as a model of axotomized neurons to investigate early changes in
protein expression after nerve injury. Comparing protein levels immediately after DRG dissociation and 24 h later by proteomic differ-
ential expression analysis, we found a substantial increase in the levels of the neurotrophin-inducible protein VGF (nonacronymic), a
putative neuropeptide precursor. In a rodent model of nerve injury, VGF levels were increased within 24 h in both injured and uninjured
DRG neurons, and the increase persisted for at least 7 d. VGF was also upregulated 24 h after hindpaw inflammation. To determine
whether peptides derived from proteolytic processing of VGF participate in nociceptive signaling, we examined the spinal effects of
AQEE-30 and LQEQ-19, potential proteolytic products shown previously to be bioactive. Each peptide evoked dose-dependent thermal
hyperalgesia that required activation of the mitogen-activated protein kinase p38. In addition, LQEQ-19 induced p38 phosphorylation in spinal
microglia when injected intrathecally and in the BV-2 microglial cell line when applied in vitro. In summary, our results demonstrate rapid
upregulation of VGF in sensory neurons after nerve injury and inflammation and activation of microglial p38 by VGF peptides. Therefore, VGF

peptides released from sensory neurons may participate in activation of spinal microglia after peripheral tissue injury.

Introduction

Sensory neurons respond to peripheral tissue damage, such as
nerve injury or inflammation, with changes in protein expression
and functional properties that contribute to altered nociceptive pro-
cessing in the spinal cord (Woolf and Costigan, 1999; Campbell
and Meyer, 2006; White et al., 2007). Spinal microglia partic-
ipate in the development of inflammatory and nerve injury-
induced hypersensitivity through mechanisms mediated in
part by the mitogen-activated protein kinase (MAPK) p38 (Jin
et al., 2003; Svensson et al., 2003; Raghavendra et al., 2004;
Tsuda et al., 2004, 2005; Boyle et al., 2006). Within sensory
neurons, changes in expression levels have been reported for a
number of signaling mediators, including neuropeptides,
neurotrophins, and chemokines (Fukuoka et al., 1998; Woolf
and Costigan, 1999; Karchewski et al., 2002; Zhang and De
Koninck, 2006). The upregulation of signaling mediators re-
leased from sensory neurons in spinal cord may contribute to
microglial activation within the dorsal horn after peripheral
tissue damage.
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In this study, we used cultured adult dorsal root ganglia
(DRG) as a model system of axotomized neurons to investigate
early changes in protein expression after nerve injury. Relative
quantitation of protein levels was done using iTRAQ (for isobaric
tag for relative and absolute quantitation), a mass spectrometry-
based method for proteomic differential expression analysis (Li et
al., 2007; Lund et al., 2007). Among the proteins identified as
upregulated in this analysis, we selected for additional study the
neurosecretory protein VGF (nonacronymic) based on evidence
that its expression is induced by neuronal lesions and neurotro-
phins (Levi et al., 2004). VGF, a 617 aa protein related to the
chromogranins, has the characteristics of a neuropeptide precur-
sor, but the precise identities of bioactive VGF-derived peptides
and the putative receptors that mediate their action are un-
known. VGF has been implicated in neuroplasticity associated
with depression as well as learning and memory, and, in cultured
hippocampal neurons, VGF-derived peptides potentiated synap-
tic activity (Alder et al., 2003; Hunsberger et al., 2007; Thakker-
Varia etal., 2007; Bozdagi et al., 2008). In this study, we addressed
the hypotheses that VGF is upregulated in sensory neurons after
peripheral tissue injury and that VGF-derived peptides have
pronociceptive spinal effects. Our results demonstrate rapid VGF
upregulation after nerve injury and inflammation and show that
VGF-derived peptides evoke p38-dependent thermal hyperalge-
sia and p38 activation in microglial cells.

Materials and Methods

All procedures conform to guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by the
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Institutional Animal Care and Use Committee of
the University of Minnesota.
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DRG cultures A )
Primary cultures of rat DRG neurons were
prepared using methods similar to those de-
scribed previously (Khasabova et al., 2004).
Briefly, DRG were isolated from all spinal
levels of four adult male rats (125-200 g,
Sprague Dawley; Harlan), enzymatically dis-
sociated in collagenase-D (1.5 mg/ml, two 45
min incubations; Roche Diagnostics) and
triturated through fire-constricted Pasteur
pipettes. For proteomic and Western blot
analysis, all cells from one rat were divided in
halfand plated in two 10 cm glass Petri dishes
coated with poly-L-lysine (10 pg/ml; Sigma-

31kD --

Aldrich) and laminin (10 pg/ml; Sigma-
Aldrich) in F-12/Ham’s medium containing
10% fetal bovine serum (plating density,
50,000—-80,000 cells per dish). Cells from one
of the dishes were harvested ~1.5 h after plating
(t,), and cells from the other dish were harvested
24 h later (t,,). For immunohistochemistry,
glass coverslips were placed into 10 cm glass
Petri dishes before coating with poly-L-lysine
and laminin and removed either 1.5 h (¢,) or
24h (t,,) after plating, rinsed twice with PBS,
incubated for 20 min in fixative (4% parafor-
maldehyde and 0.2% picric acid in 0.1 M phosphate buffer, pH 6.9),
and rinsed in three changes of PBS before proceeding with
immunohistochemistry.

Figure 1.

Proteomic analysis of DRG cultures

Cells were washed with PBS and detached by gentle pipetting of the
buffer and agitation at 4°C. Recovery of neurons was verified visually.
The cells were collected by centrifugation at 3000 X g for 15 min, frozen
in liquid nitrogen, and stored until sample preparation. The cells were
separated into subcellular fractions using ProteoExtract Subcellular Pro-
teome Extraction kit (Calbiochem), and the proteins in the cytoplasmic
and nuclear fractions were prepared for mass spectrometric analysis by
precipitation using cold acetone. Proteins from the cytoplasmic and nu-
clear fractions of both time points were denatured, reduced and cysteine
alkylated before digestion with trypsin, and labeled with the iTRAQ re-
agents (Applied Biosystems) following the directions of the manufac-
turer. The labeled tryptic peptides in the four samples (114, f,
cytoplasmic fraction; 115, t,, cytoplasmic fraction; 116, t, nuclear frac-
tion; and 117, t,, nuclear fraction) were combined and separated by
two-dimensional liquid chromatography (2D LC) using strong cation
exchange on a Magic 2002 HPLC system (Michrom BioResourses), fol-
lowed by C18 reverse-phase LC (Dionex/LC Packings capillary LC sys-
tem) online with a QSTAR Pulsar i Mass Spectrometer (Applied
Biosystems) as described by Lund et al. (2007). The tandem mass spec-
trometry (MS/MS) data were analyzed using ProteinPilot Software 2.0.1
(Applied Biosystems/MDS Sciex) with the Paragon Algorithm (Shilov et
al., 2007) and searched against a nonredundant database of human,
mouse, and rat proteins compiled from National Center for Biotechnol-
ogy Information on March 9, 2007 that included common contaminants
(59,817 total proteins) for the identification and quantification of pro-
teins. ProteinPilot assigns confidence of protein identification based on
the highest confidence peptide used to identify the protein, and peptide
confidence is a measure of sequence accuracy determined by MS/MS
sequence coverage and the number of other potential sequence matches.
The resulting set of identified proteins, which included corresponding
gene identifiers and expression values, was uploaded into Ingenuity
Pathways Analysis (IPA) (Ingenuity Systems) and annotated. Each gene
identifier was mapped to its corresponding gene object in the Ingenuity
Pathways Knowledge Base. Additional analysis was focused on proteins with
iTRAQ ratios >2. For proteins with ratios that showed more than a twofold
increase but were identified with <95% confidence, the identification was

Upregulation of VGF immunoreactivity in cultured DRG neurons. A, In Western blot analysis, samples from t,, DRG
cultures show a band at ~90 kDa, which corresponds to the unprocessed form of VGF. The lower-molecular-weight bands most
likely correspond to proteolytic fragments of VGF. Consistent with VGF increase at t,, compared with ¢, VGF-immunoreactive
bands at ¢, are nearly below the detection limit. B, , Cultured DRG neurons fixed at t, and double labeled with anti-VGF (B) and
anti-PGP (C), which shows all neurons in the field of view. D, E, Cultured DRG neurons fixed at t,,, and double labeled with anti-VGF
(D) and anti-PGP (E). The number of VGF-positive neurons increased at t,, (D).

confirmed by manual inspection of the peptide spectra. In addition, ratios
with p > 0.05 (assigned by ProteinPilot) were verified by manual inspection
of the iTRAQ reporter regions fragmented from the peptides.

Western blot analysis of DRG cultures

Cells were homogenized for 5 s on ice in extraction buffer (TBS, pH 7.4,
1% Triton X-100, 10 mm EDTA, and 10 mm EGTA) in the presence of
protease inhibitors (Complete Mini, EDTA-free; Roche) using a glass
homogenizer. The supernatant was collected and mixed with 4 X loading
buffer (3:1 sample/loading buffer; NuPage; Invitrogen), heated for 10
min at 70°C, and loaded into wells of 4-12% Bis-Tris gels (NuPage;
Invitrogen). The gels underwent electrophoresis at constant voltage (160
V) for 1 h, and proteins were transferred from the gel onto polyvinylidene
fluoride membranes for 1 h using constant amperage (250 mA). The
membranes were incubated as follows: (1) in blocking buffer [TBS, pH
7.4, containing 0.2% I-Block reagent (Applied Biosystems) and 0.1%
Tween 20] overnight at 4°C; (2) in anti-VGF primary antisera (1:10,000;
generated in house as described below) overnight at 4°C; (3) washed four
times for 30 min in blocking buffer; (4) in horseradish peroxidase-
conjugated secondary antibodies (1:10,000; Jackson ImmunoResearch) at
room temperature for 2 h; (5) washed four times for 30 min in TBS contain-
ing 0.1% Tween 20 and two times for 30 min in TBS; and (6) in chemilumi-
nescent substrate (Pierce Supersignal) for 5 min. The membranes were then
exposed to Kodak X-O-Mat Blue film (Eastman Kodak).

Models of persistent pain

Spinal nerve ligation. Spinal nerve ligation (SNL) was performed on adult
male Sprague Dawley rats (150-200 g; Harlan) similar to previously
described procedures (Kim and Chung, 1992). Under isoflurane anesthe-
sia, the left L5 transverse process was exposed and removed, and the L5
spinal nerve was tightly ligated with 6-0 silk suture. Sham surgery con-
sisted of removal of the transverse process and visualization of the L5
spinal nerve without touching it. Induction of hypersensitivity was mea-
sured using von Frey filaments and the up—down method as described
previously (Chaplan et al., 1994). Animals were killed by perfusion fixa-
tion 1, 3, or 7 d after surgery.

Inflammation. Complete Freund’s adjuvant (CFA) inflammation was
induced as described previously (Wenk et al., 2006). Under isoflurane
anesthesia, 100 ul of CFA (1:1 emulsion in saline; Sigma) was injected
subcutaneously into the plantar surface of the right hindpaw of adult
male Sprague Dawley rats (150—200 g; Harlan). The animals were killed
by perfusion fixation 24 h after CFA injection.
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Table 1. Proteins showing more than twofold increase at t,, compared with t,
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Protein name Foldincrease  Potential functional relevance

Protective during oxidative stress (Xia et al., 2003); upregulated in DRG at 14 d in a model of HIV neuropathy (Maratou et al., 2009).

Oxidative stress
Ferritin heavy polypeptide 1 6.68* Protective during oxidative stress (Chiba et al., 2007).
Thioredoxin reductase 1 2.64%
Prothymosin o 2.56%

(Maratou et al., 2009).
Membrane— cytoskeletal signaling
Myristoylated alanine-rich C-kinase 212"
substrate-like 1, MARCKSL1
Brain abundant membrane attached
signal protein 1 (BASP1/CAP-23)
Gravin/A kinase anchor protein (AKAP12) ~ 2.68"

228"
(Mason et al., 2002).

Regulates apoptosis and oxidative stress (Karapetian et al., 2005; Fujita and Ueda, 2007); upregulated in DRG 14 d after SNT*

Protein kinase C (PKC) substrate, which binds actin, calmodulin, and acidic phospholipids.
PKC substrate, which binds actin, calmodulin, and acidic phospholipids; upregulated in DRG 3, 6, and 14 d after sciatic nerve crush

Scaffold protein that interacts with PKA, PKC, and actin; expressed in unmyelinated sensory neurons (Irmen et al., 2008).
Neuronal tropomyosin found in growth cones and presynaptic terminals (Had et al., 1994); upregulated 7 d after SNL (Komori et al.,

Actin-sequestering protein; promotes wound healing and repair after hypoxia (Goldstein et al., 2005); upregulated in DRG 14 d
DNA repair and regulation of transcription factors (Vasko et al., 2005; Qu et al., 2007).

Transcription factor and translation regulator (Kohno et al., 2003); upregulated in DRG 14 d after SNT (Maratou et al., 2009).
CGRP is expressed in nociceptive sensory neurons. Complex regulation in nerve injury, see Discussion.

Putative precursor of signaling peptides; upregulated 3 d after sciatic nerve axotomy and 14 d after SNL (Costigan et al., 2002;

Stimulation of steroid synthesis. DBI expressed in satellite cells, expression not altered 3 d after sciatic nerve transection

(Karchewski et al., 2004); upregulated in DRG 14 d after SNT (Maratou et al., 2009).

Protein degradation. Proteasome activity affects nerve injury induced hypersensitivity (Moss et al., 2003; Ossipov et al., 2007).
Glycolipid and glycoprotein degradation. Mutations associated with Fabry’s disease. Downregulated in DRG 14 d after SNT

Lysosomal enzyme involved in degradation of lipoproteins. Mutations associated with neurodegeneration (Gardiner, 2000).

Tropomyosin 4 2174
2007).
Thymosin B4 203"
after SNT (Maratou et al., 2009).
Transcription regulation
APEX nuclease 3.95*
Y box binding protein 1 (YBX1) 327"
Neuropeptide signaling
CGRP precursor 5.19%
Neurosecretory protein VGF 4535*
Wang et al., 2002; Valder et al., 2003).
Other
Diazepam binding inhibitor (DBI) 2.33*
Proteasome P20 subunit (PSMB7) 2137
a-Galactosidase 221%
(Maratou et al., 2009).
Palmytoyl-protein thioesterase 1 238"
Acetyl-coenzyme A acetyltransferase 2 268" Peroxysomal enzyme involved in fatty acid metabolism.
Cell cycle exit and neuronal 2.87% Function described by Politis et al. (2007).

differentiation 1 (CEND1)
LSM3 homolog, U6 small nuclear RNA 212"
associated

Upregulated in DRG 14 d after SNT (Maratou et al., 2009). Function described by Beggs (2005).

Proteins showing more than twofold increase at t,, compared with t,. Relative protein abundance was determined using iTRAQ combined with 2D LC-MS/MS. Fold increase was determined from ratios of individual peptides assigned to each
protein by ProteinPilot. Ratios calculated from three or more peptides and with p << 0.05 are indicated by asterisk (*). For ratios with p > 0.05, the data was verified by manual inspection as described in Materials and Methods. The table

includes ratios obtained from a single peptide (indicated by #) or the average of two (##) or more (###) peptides.
SNT, L5 spinal nerve transection.

VGF peptides

The following VGF-derived peptides were used in this study: AQEE-30, corre-
sponding to thelast 30 aa (588-AQEEADAEER RLQEQEELENYIEHVLLHRP-
617) of the VGF protein; AQEE-11, corresponding to the first 11 aa of AQEE-30;
and LQEQ-19, corresponding to the last 19 aa of AQEE-30. The peptides
were individually synthesized and purified by HPLC (Biomedical Genomics
Center, University of Minnesota, Minneapolis, MN).

Behavioral testing of the effects of VGF peptides

VGF peptides were administered intrathecally in conscious adult male
mice (20-25 g) as described (Hylden and Wilcox, 1981). A 30-gauge,
0.5-inch needle connected to a 50 ul Luer-hub Hamilton syringe was
used to deliver 5 ul of saline (vehicle), AQEE-30, LQEQ-19, or AQEE-11.
Baseline tail-flick (TF) latency data in response to water immersion
(49°C) was collected on all mice before the injection and at selected time
points after injection. In some cases, LQEQ-19- and saline-injected mice
were killed by perfusion fixation immediately after behavioral testing. TF
latency data was analyzed by first calculating delta TF values (Experimen-
tal TF latency — Baseline TF latency) and using those values in the for-
mula for percentage inhibition for the mean of each dose group
[(Control delta TF latency — Experimental delta TF latency)/(Control
delta TF latency) X 100]. In some experiments, the following inhibitors
were administered as a 5 min pretreatment: 7-NI (7-nitroindazole),
10 nmol (Tocris Biosciences); L-NAME (N-w-nitro-L-arginine methyl
ester), 100 nmol (Sigma-Aldrich); MK801 [(+)-5-methyl-10,11-dihydro-
5H-dibenzo [a,d] cyclohepten-5,10-imine maleate], 10 nmol (Sigma-Al-
drich); GF109203X (2-[1-(3-dimethylaminopropyl)-1 H-indol-3-yl]-3-

(1 H-indol-3-yl)maleimide), 1 and 10 nmol (Tocris Biosciences); KT5720
[(9S,10R,12R)-2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-oxo-
9,12-epoxy-1 H-diindolo[1,2,3-fg:3",2",1"-kl|pyrrolo[3,4-i] [ 1,6]ben-
zodiazocine-10-carboxylicacid hexyl ester], 1.7 nmol (Sigma-Aldrich);
U0126 [1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)buta-
diene], 2.5 nmol (Tocris Biosciences); SB202190 [4-(4-fluorophenyl)-2-
(4-hydroxyphenyl)-5-(4-pyridyl) 1 H-imidazole], 0.1, 1, and 2.5 nmol
(Tocris Biosciences); and SB600125, 2.5 nmol (Tocris Biosciences). The
selected doses were similar to doses used previously in similar experi-
mental paradigms (Inoue and Ueda, 2000; Sakurada et al., 2002; Wu et
al., 2006; Gabra et al., 2007; Komatsu et al., 2007). 7-NI, .L-NAME,
MK801, GF109203X, and KT5720 were dissolved with 0.9% normal sa-
line, pH 7.2. U0126, SB202190, and SB600125 were dissolved in DMSO
and diluted to a final concentration of 5% DMSO with 0.9% normal
saline, pH 7.2.

Immunohistochemistry

For preparation of DRG or spinal cord tissue sections, rats or mice
were deeply anesthetized with isoflurane and perfused via the heart
with calcium-free Tyrode’s solution (in mwm: 116 NaCl, 5.4 KCl, 1.6
MgCl, 6H,0, 0.4 MgSO, 7H,0, 1.4 NaH,PO,, 5.6 glucose, and 26
Na,HCO,), followed by fixative (described above), and finally with
10% sucrose in PBS. DRG and spinal cords were removed and incu-
bated in 10% sucrose overnight at 4°C. Tissues were cryostat sec-
tioned (14 wm) and thaw mounted onto gelatin-coated slides.
Coverslips with cultured cells or tissue sections were preabsorbed in
blocking buffer (PBS containing 0.3% Triton X-100, 1% BSA, and 1%
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normal donkey serum) for 30 min, incubated
in primary antisera listed below (coverslips
for 4 h at room temperature; tissue sections
overnight at 4°C), rinsed with PBS three
times for 10 min, incubated in cyanine
3-conjugated or cyanine 2-conjugated sec-
ondary antisera (1:300 and 1:100, respec-
tively; Jackson ImmunoResearch) for 1 h at
room temperature, washed with PBS, and
mounted onto slides or coverslipped using
PBS/glycerol containing 0.1% p-phenylenediamine
(Sigma). In some cases, DRG sections were
counterstained with YOYO-1 (Invitrogen)
before coverslipping.

Primary antisera for immunohistochemistry

VGF antisera. At the onset of the immunohis-
tochemical experiments, several commercial
VGF antisera (Santa Cruz Biotechnology) were
evaluated for their ability to label cultured 100
DRG neurons. Adequate labeling in the neuronal
cell bodies was obtained with the N-terminal an-
tiserum anti-VGF (D-20) diluted at 1:300. This
antiserum was used for quantitative image anal-
ysis in DRG cultures and DRG tissue sections
(see below). Subsequently, it was noted that
this antiserum did not label the processes of
cultured neurons and that the labeling in su-
perficial dorsal horn of spinal cord sections was
very weak. Therefore, we generated antisera to
the VGF C terminus using previously described
methods (Vulchanova et al., 1997). Briefly, the
peptide AQEE-30 was conjugated to bovine
thyroglobulin (Sigma) using glutaraldehyde.
The peptide conjugate (1 mg/ml) was emulsi-
fied with an equal volume of Freund’s adjuvant
(Difco) and injected into female guinea pigs
(n = 4; Harlan) at 2 week intervals (0.5 mg of
peptide for initial and 0.25 mg of peptide for
subsequent immunizations). Staining with
anti-VGF antisera was blocked by preabsorp-

% VGF-Positive Neurons of Total
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SBE

Day 1

Day 7

Day 1 Day 7

tion of the antisera with the cognate peptide
(10 pg/ml). In addition, the specificity of the
antisera was ascertained by Western blot anal-
ysis, which showed bands consistent with pre-
vious reports (Fig. 1), as well as by double
labeling with the N-terminal antisera in DRG,
which showed an overlapping pattern of stain-
ing (data not shown). The C-terminal VGF an-
tisera (1:1000) were used for quantitative
image analysis in spinal cord. Additionally, the
quantification in DRG cultures was repeated
with the C-terminal antisera, yielding the same results as the N-terminal
antisera.

Other primary antisera. The following other primary antisera were
used for immunohistochemistry: mouse anti-protein gene product
(PGP) (1:1000; Biogenesis); rabbit anti-TrkA (1:1000; Advanced Target-
ing Systems); guinea pig anti-P2X; (1:500) (Vulchanova et al., 1997);
goatanti-ATF3 (1:300; Santa Cruz Biotechnology); rabbit anti-calcitonin
gene-related peptide (CGRP) (1:1000; ImmunoStar); rabbit anti-
phosphorylated (phospho)-p38 (1:100; Cell Signaling Technology);
mouse anti-neuronal-specific nuclear protein (NeuN) (1:1000; Millipore
Bioscience Research Reagents); mouse anti-GFAP (1:1000; Cell Signaling
Technology); rat anti-CD68 (1:100; AbD Serotec).

Figure 2.

Quantitative image analysis
During image analysis, the observer was blinded to the experimental
treatments.

Cultured DRG neurons. Nine coverslips from three different DRG cul-
tures (three coverslips per culture) were analyzed for each time point.

L5 DRG L4 DRG

Nerve injury-induced upregulation of VGF in DRG neurons. A—C, VGF-IR increased dramatically 1 d after SNL (€) and
to a lesser extent after sham surgery (B). Corresponding images of YOYO-1 labeling (A"~C") show all cells in the fields of view
shown in A-C. D, Quantitative analysis showed a significant increase in the number of VGF-positive neurons 1and 7 d after SNLin
both injured L5 and uninjured L4 DRG. Sham surgery resulted in a more moderate but significant increase in the number of
VGF-positive neurons in L5 DRG at day 1and day 7 and in L4 DRG at day 1. Significant changes are indicated by * when compared
with sham and # when compared with naive (*p < 0.001; **p < 0.05; *p < 0.001; *p < 0.005; **p << 0.01; one-way ANOVA
and Student—Newman—Keuls test for multiple comparisons; n = 4in each group).

Stacks of PGP9.5/VGF double-labeled confocal images (three per cover-
slip) collected with a Bio-Rad MRC-1024 microscope were analyzed us-
ing NIH ImageJ. Neurons, identified based on their PGP9.5 labeling,
were outlined, and the average intensity of VGF immunoreactivity (IR)
of each neuron was measured. For each of the three cultures, 18
VGF-negative cells (two per image) were identified from the #, images
(negative cells were often hard to identify in t,, images). The thresh-
old intensity for identifying VGF-positive neurons for ¢, and t,, of
each culture was defined as the average intensity of these negative
cells + 2 SDs.

DRG neurons in tissue sections. For each DRG, five sections equally
spaced throughout its length were triple labeled with anti-VGF (N-
terminal), YOYO-1, and either anti-TrkA or anti-P2X;. Stacks of triple-
labeled confocal images (nine per DRG) were analyzed using NIH
Image]. Neurons were identified and outlined based on their Nissl-like
YOYO-1 labeling, and cell body area and the average intensity of VGF
staining of each neuron was measured. Three VGF-negative neurons
were identified in each image, and the threshold intensity for identifying
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VGF TrkA_

Figure 3.

90.8 = 2.3% of the TrkA-positive neurons (red + yellow).

Table 2. Size distribution of VGF-positive neurons after SNL

Small/medium VGF * neurons,  Large (diameter
(diameter <25 um), % of small/ >25 wm), VGF ™
9% of total medium % of total % of large
L5
Day1 782 =21 86 = 1.6* 224*+23 59.8 £ 5.8***
Day7 769 =35 64.6 = 3.3* 208 £3.9 75.8 £ 3.1%**
L4
Day1 65918 65.1 = 59% 34715 408 £33
Day7 65837 403 £ 3.9* 36.5 4.6 302 *+7

The percentage of small/medium and large VGF-positive neurons in L5 and L4 DRG was compared between day 1
and day 7. At day 7, there was a significant decrease in the number of small/medium VGF-positive neurons in both
L5 (*p << 0.005, t test) and L4 (**p << 0.05, ¢ test) DRG. The number of large VGF-positive neurons at day 7 was
significantly increased (***p << 0.05, one-tailed t test) in L5 DRG and decreased in L4 DRG.

VGF-positive neurons was defined as the average of the three unlabeled
neurons + 2 SDs. Similarly, the average intensity of TrkA and P2X;
staining was measured, and the threshold intensity for identifying posi-
tive neurons was determined based on the average intensity of three
unlabeled neurons.

VGF-IR and CGRP-IR in rat spinal cord. Quantitative analysis was
performed at two levels of the L5 spinal segment that were separated by
~1 mm. The results from these two levels were similar. In sections dou-
ble labeled for VGF and CGRP, confocal images of dorsal horn were
analyzed using NIH Image]. For each spinal cord, a threshold intensity,
corresponding to the average intensity of unlabeled regions within the
dorsal horn, was selected to separate VGF labeling from background. The
number of pixels with intensity above threshold (thresholded area) was
measured in the superficial laminae of the right and left dorsal horn. To
eliminate variability between animals attributable to tissue processing,
labeling on the left side (operated in SNL and sham animals) was nor-
malized to the right side. For each spinal cord, data were collected from
three sections, averaged, and expressed as percentage change [i.e., (ipsi-
lateral — contralateral)/contralateral X 100]. CGRP-IR in dorsal horn
was analyzed as described for VGF-IR.

phospho-p38-IR in mouse spinal cord. Dorsal horn images were col-
lected with a confocal microscope (Olympus FluoView 1000 IX2). For
each image, a threshold intensity, corresponding to the maximum
intensity of an unlabeled region, was selected to separate phospho-p38
labeling from background. The pixel area of phospho-p38-IR above
background was normalized to the spinal cord area included in the image
and expressed as percentage thresholded area. For each animal, percent-
age thresholded area was determined by adding percentage thresholded
area of both left and right dorsal horns from three spinal cord sections.

VGF P2X3

Colocalization of VGF-IR with TrkA-IR and P2X,-IR in L5 DRG 1 d after SNL. The pie chart insets show the proportions
of single-labeled VGF-positive cells (green), single-labeled TrkA-positive (A, red) or P2X,-positive (B, red) cells, and double-labeled
cells (yellow). A, Colocalization of VGF-IR and TrkA-IR. The proportion of double-labeled cells (yellow) represents 51.9 == 1.4% of the
VGF-positive neurons (green + yellow) and 70.7 == 3.5% of the TrkA-positive neurons (red + yellow). B, Colocalization of VGF-IR and
P2X3-IR. The proportion of double-labeled cells (yellow) represents 52.3 == 3.6% of the VGF-positive neurons (green + yellow) and
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Microglial cultures

The BV-2 microglial cell line (a kind gift from
Dr. Jonathan Godbout, The Ohio State Uni-
versity, Columbus, OH) was maintained in
DMEM supplemented with 10% FBS. Cells
were treated with LQEQ-19 or vehicle (serum-
free DMEM) for 2 min. For Western blot,
treated cells were lysed [20 mM Tris, 150 mm
NaCl, pH 8, and 1% (v/v) Triton X-100] in the
presence of protease inhibitors (Complete
Mini, EDTA-free; Roche,) and phosphatase in-
hibitors (Halt Phosphatase Inhibitor Cocktail;
Thermo Fisher Scientific) on ice for 1 h. The
samples were centrifuged (40,000 X g, 4°C, 30
min) and loaded (60 ng/lane) onto 4—12% Bis-
Tris gels (Invitrogen) and run at 130 V for 90
min. Next proteins were transferred to nitro-
cellulose membranes and treated as follows: (1)
incubated in blocking buffer [Tris-buffered sa-
line, 0.05% (v/v) Tween 20, 5% (w/v) nonfat
milk] for 120 min at room temperature; (2)
washed with TBS containing Tween 20 (four
times for 10 min); (3) incubated in anti-
phospho-p38 (1:700; Cell Signaling Technol-
ogy) in TBS containing 0.5% Tween 20 and 5% BSA at 4°C for 12 h; (4)
washed in TBS containing 0.5% Tween 20 (four times for 10 min); (5)
incubated in goat anti-rabbit-IRDye800CW antibody (Li-Cor Biotech-
nology) for 90 min at room temperature; (6) washed in TBS containing
0.5% Tween 20 (three times for 10 min) and TBS (two times for 10 min).
The membrane was then scanned with the Li-Cor Biotechnology Odys-
sey imager. The fluorescence intensities of the phosphorylated p38 sig-
nals were measured, and the membrane was stripped by NewBlot Nitro
Stripping Buffer (Li-Cor Biotechnology) for 4 min. Removal of antibod-
ies was verified by rescanning of the membrane. The membrane was then
reprobed as above except with rabbit anti-p38 as the primary antibody
(1:1000, catalog #2831; Cell Signaling Technology). The phospho-p38
intensities were normalized to their corresponding total p38 intensities
and then normalized to the control treatment (0 nmM LQEQ-19) values. For
immunohistochemistry, cells were grown to confluence on coverslips and,
after treatment, were processed as described above for DRG cultures.

Results
Proteomic analysis of cultured sensory neurons
We postulated that, over the first 24 h after dissociation and
plating, cultured adult sensory neurons undergo changes in pro-
tein expression that are similar to those occurring in axotomized
neurons. Cytoplasmic and nuclear fractions obtained from DRG
cultures at t, and f,, were compared using iTRAQ-based quanti-
fication of relative abundance combined with 2D LC-MS/MS. A
database search using spectra detected by 2D LC-MS/MS identi-
fied 3569 distinct peptides. These peptides were mapped to 537
proteins (=66% confidence), of which 481 were identified with
>95% confidence. Quantification of protein ratios in the four
samples was based on the ratios of the iTRAQ reporter tags for
each identified peptide (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). The data were further
examined using IPA. Of the 537 identified proteins, 436 were
annotated in the IPA Knowledge Base. The majority of these
proteins (~80%) were annotated as cytoplasmic, and only 16%
were annotated as nuclear. A large number of cytoplasmic proteins
was detected in the nuclear fractions, preventing adequate evalua-
tion of changes in nuclear proteins. Therefore, subsequent analysis
was focused on changes in protein levels in the cytoplasmic fractions.
The ratio cytoplasmic t,,/cytoplasmic t, indicated that the
majority of quantified proteins (~60%) were changed <1.5-fold
between t, and 1,,, indicating consistency of sample preparation
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at the two time points. The proteins that
were increased more than twofold after
24 h in culture are shown in Table 1. The
potential functional relevance of these
proteins was inferred by an IPA network
analysis-guided literature review. How-
ever, confirmation of upregulation and
analysis of actual functional relevance re-
quires validation by molecular and cellu-
lar biology methods. We focused on
elucidating the role of VGF, which dem-
onstrated the largest change in expression.
The neurosecretory protein VGF was
identified by a single peptide, and iTRAQ
relative quantification showed a 45-fold
increase in the levels of this peptide at t,,,
suggesting upregulation of VGF in the
DRG cultures (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemen-
tal material).

L5 SNL

L5 Sham

VGF is upregulated in cultured

Sensory neurons

The increase in VGF levels in cultured
DRG neurons at t,, was confirmed by
Western blot analysis and immunocyto-
chemistry (Fig. 1). Two protein bands,
one of ~90 kDa and one of ~70 kDa were
seen in homogenates from cells main-
tained in culture for 24 h but not in ho-
mogenates from cells that were harvested
shortly after plating. Immunocytochemi-
cal analysis of the cultures indicated that
the number of VGF-positive neurons, ex-
pressed as the percentage of neurons iden-
tified by the pan-neuronal marker PGP
9.5, was significantly increased at ,, com-
pared with f, (20 £ 4% at t, compared
with 82 * 7% at t,,5 p < 0.05, t test). The
quantification of the percentage of VGF-positive neurons was not
confounded by a change in the total number of neurons over the
24 h period because the total number of PGP-positive cells at ¢,
and t,, (91 = 7 and 86 * 15, respectively) was not significantly
different. Similar immunocytochemical results were obtained
with the C-terminal VGF antiserum and the commercially avail-
able N-terminal antiserum.

L4 SNL

L4 Sham

Figure4.

VGF is upregulated in DRG after nerve injury

We predicted that changes in protein expression in cultured neu-
rons would parallel nerve injury-induced changes in the L5 SNL
model. Therefore, the expression of VGF was examined immu-
nohistochemically in L5 DRG 24 h after SNL. As shown in Figure
2, the number of VGF-positive neurons in L5 DRG of SNL ani-
mals was significantly increased compared with sham-operated
and naive animals. One day after SNL, 80% of L5 DRG neurons
were VGF positive compared with 37% in sham-operated ani-
mals and 20% in naive animals. Analysis of colocalization showed
overlap of VGF-IR with both TrkA and P2X, labeling (Fig. 3). Of
the VGF-positive neurons, 51.9 = 1.4% were TrkA positive and
52.3 = 3.6% were P2X; positive; conversely, 90.8 * 2.3% of the
P2X;-positive and 70.7 = 3.5% of the TrkA-positive neurons in
the injured L5 DRG were also VGF positive. Size distribution
analysis indicated that the subset of VGF-positive cells in injured
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Relationship of VGF-and ATF3-IRin L5 and L4 DRG 1d after SNL or sham surgery. In double-labeled sections, VGF-and
ATF3-IR overlapped substantially in injured L5 DRG (4, B). In sham L5 DRG (C, D), in L4 DRG from SNL animals (E, F), and in sham
L4DRG (G, H), VGF-IR was present in ATF3-positive and ATF3-negative neurons. Arrows show examples of colocalization of VGF-IR
and ATF3-IR. Arrowheads show examples of VGF-positive neurons without ATF3-IR in their nuclei.

L5 DRG included small/medium-sized and large (diameter >25
um) neurons (Table 2). The significant increase in VGF-IR was
maintained 7 d after SNL. Notably, whereas the number of small/
medium-sized VGF-positive neurons at that time was decreased
relative to day 1, the number of large VGF-positive neurons was
slightly increased (Table 2).

In addition to the injured L5 DRG neurons, VGF was upregu-
lated in uninjured L4 DRG neurons after SNL (Fig. 2D). The
number of VGF-positive cells was significantly increased in L4
DRG both 1 and 7 d after SNL compared with sham controls and
naive animals. Similar to L5 DRG, at day 1, approximately half
(53.3 = 4.4%) of the VGF-positive neurons were also TrkA pos-
itive (supplemental Table 1, available at www.jneurosci.org as
supplemental material).

It was possible that, in L4 DRG of SNL animals and DRG of
sham-operated animals, the VGF upregulation was restricted to
neurons inadvertently injured during the surgery. To address this
possibility, we examined immunohistochemically the colocaliza-
tion of VGF and the nerve injury-inducible transcription factor
ATF3 (Fig.4). As described previously (Shortland etal., 2006), we
found that ATF3-IR was present in virtually all L5 neurons of
SNL animals as well as in a limited number of neurons within L4
and sham DRG. In the injured L5 neurons, we observed a nearly
complete overlap of VGF-IR and ATF3-IR. However, in L4 DRG
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Colocalization . .

Changesin VGF-IRin L5 segment of spinal cord after SNL. A-(, Three days after SNL, VGF-IR appeared increased within the dorsal horn ipsilateral to SNL () compared with sham surgery

(B) and naive animals (€). D, Quantitative analysis indicated a significant increase in VGF-IR ipsilateral to SNL compared with sham surgery and naive spinal cord (one-way ANOVA and Student—
Newman—Keuls multiple comparisons test, p << 0.05;n = 4 for each group). E-J, Compared with naive spinal cord (F, H,J), VGF-IR (red) was increased after SNL (E, G, /), whereas CGRP-IR (green)
appeared unchanged at this time point. The colocalization of VGF- and CGRP-IR in superficial dorsal horn was also increased after SNL as indicated by the presence of more yellow and orange puncta

ipsilateral to SNL (/) compared with naive spinal cord (/).

of SNL animals, there were many VGF-positive cells that were
ATF3 negative. Similarly, in sham DRG, VGF-IR was not re-
stricted to ATF3-IR neurons. These results show that VGF was
upregulated in injured as well as uninjured neurons.

VGF is upregulated in spinal cord after nerve injury

VGE-IR also increased in the superficial dorsal horn of the spinal
cord after SNL. VGF immunofluorescence was measured in the
superficial dorsal horn of three sections of L5 spinal cord from
four different animals 3 d after SNL surgery. VGF-IR was signif-
icantly increased within the dorsal horn ipsilateral to SNL com-
pared with sham surgery and naive animals (Fig. 5). In the same
sections, there was no difference in CGRP-IR in the three exper-
imental groups (data not shown). To determine whether VGE-IR
increased in central terminals of primary afferent neurons or in
intrinsic spinal cord neurons, we examined the relationship of
VGF-IR to CGRP-IR, which in dorsal horn is localized exclusively
in primary afferent terminals. The colocalization of VGF-IR and
CGRP-IR in the superficial dorsal horn ipsilateral to SNL was
increased compared with spinal cord from naive animals, consis-
tent with elevation in VGF levels in central terminals of primary
afferent neurons after SNL (Fig. 5SE-J). It should be noted that the
abundance of VGF-IR in spinal cord as revealed in these experi-
ments by our C-terminal antiserum may be underestimated if
differential proteolytic processing of VGF (Brancia et al., 2005)
results in fragments that are not recognized by this antiserum.

VGF is upregulated after CFA-induced inflammation
The increased number of VGF-IR neurons in DRG from sham
animals suggested that VGF might also be induced in inflam-

matory conditions because the sham surgery is accompanied
by substantial tissue damage and inflammation. Therefore, we
examined changes in VGF-IR 24 h after CFA-induced hindpaw
inflammation. CFA inflammation resulted in a more modest but
still significant increase in the number of VGF-expressing neu-
rons in L5 DRG (28.2 = 0.3% in CFA L5 DRG compared with
19.0 = 2.8% in naive L5 DRG; p < 0.05, ¢ test). In L5 DRG from
CFA-treated animals, 65.5 = 5.2% of the VGF-positive neurons
were also TrkA positive (supplemental Table 1, available at www.
jneurosci.org as supplemental material). Thus, VGF expression
in sensory neurons appears to be induced by a spectrum of ma-
nipulations that includes varying degrees of inflammation and
nerve injury.

VGEF-derived peptides evoke thermal hyperalgesia

Previous studies have reported biological activity of the VGF
C-terminal peptides TLQP-62, AQEE-30, and LQEQ-19 (Alder
etal., 2003; Succu et al., 2005). To determine whether they have a
role in nociceptive processing, AQEE-30 and LQEQ-19 were in-
jected intrathecally into naive adult mice (Fig. 6). In the warm-
water (49°C) tail-immersion assay, mice show baseline tail-flick
latencies in the range of 6-9 s (x = 7.77 = 0.06 s, mean * SEM,
n = 156, for data shown in Figs. 6, 7). After intrathecal delivery,
AQEE-30 evoked a partial thermal hyperalgesia by 10 min, which
was fully expressed by 30 min and persisted for at least 60 min and
up to 90 min at the highest dose (Fig. 6, Table 3). The induction of
thermal hyperalgesia was dose dependent, as evidenced by a sig-
nificant difference in the magnitude of the hyperalgesia evoked
by the different doses at the 30 min time point (one-way ANOVA,
F(520) = 3.48; p < 0.05, Tukey’s post hoc test). However, there was
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Figure 6.  VGF-derived peptides evoke thermal hyperalgesia. A, Intrathecal injection of

AQEE-30 dose dependently evoked thermal hyperalgesia in mice as detected by the warm-
water (49°C) tail-immersion assay. The hyperalgesia persisted for up to 60 min (0.03, 0.3,and 3
nmol) and 90 min at the highest dose (3 nmol). Data are expressed as the reduction in with-
drawal latency compared with baseline for each individual mouse (delta). B, Thermal hyperal-
gesia was evoked by intrathecal injection of LQEQ-19, which corresponds to the C-terminal 19
aa of AQEE-30, but not by AQEE-11, which corresponds to the leading 11 aa of AQEE-30. AQEE-11
and LQEQ-19 were tested at a dose (3 nmol) equimolar to the highest dose of AQEE-30.

no statistical difference between the magnitudes of the thermal
hyperalgesia evoked by the two highest doses (3 nmol, —1.3 =
0.19 s; 0.3 nmol, —1.7 = 0.34 s; p > 0.05; n = 6).

LQEQ-19, which corresponds to the last 19 aa of AQEE-30,
evoked hyperalgesia of similar magnitude (—1.4 * 0.43; n = 6)
but with a more rapid onset to full expression and a shorter
duration. In contrast, AQEE-11, which corresponds to the lead-
ing 11 aa of AQEE-30, had no effect on tail-withdrawal latency
(Fig. 6, Table 3).

VGEF-derived peptides activate p38 MAPK in microglia

Several pharmacological agents known to interfere with path-
ways involved in pain processing were evaluated for inhibition of
the thermal hyperalgesia evoked by AQEE-30 and LQEQ-19.
These included inhibitors of nitric oxide synthase (7-NI, 10
nmol; L-NAME, 100 nmol), NMDA receptor (MK801, 10 nmol),
protein kinase C (GF109203X, 1 and 10 nmol), protein kinase A
(KT5720, 1.7 nmol), and MAPK (U0126, 2.5 nmol; SB202190,
0.1, 1, and 2.5 nmol; SB600125, 2.5 nmol). Inhibition of the spi-
nal effects of the VGF peptides was achieved only by the p38
inhibitor SB202190, which dose dependently reversed AQEE-30
(0.3 nmol) and LQEQ-19 (1 nmol) evoked thermal hyperalgesia
(Fig. 7). The thermal hyperalgesia evoked by these doses was
equivalent between the two peptides (AQEE-30, —2.4 = 0.23 s;
LQEQ-19, —2.3 = 0.37 s; p > 0.05, Student’s t test; n = 6 per
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Figure 7.  The p38 MAPK inhibitor SB202190 dose dependently reversed AQEE-30 and
LQEQ-19 evoked thermal hyperalgesia. The inhibitor was injected intrathecally as a 5 min pre-
treatment before injection of equieffective doses of AQEE-30 (0.3 nmol) or LQEQ-19 (1 nmol).
Thermal hyperalgesia was measured 30 and 10 min after intrathecal injection of AQEE-30 and
LQEQ-19, respectively. Data are expressed as percentage inhibition of the maximum thermal
hyperalgesia (AQEE-30, —2.29 s; LQEQ-19, —2.43 s) detected in a separate control group
pretreated with saline.

Table 3. Impact of high intrathecal dose of peptide on tail-flick latencies (TFL)
Peptide n Dose(i.t.) Baseline TFL(s) 10min

30 min 90 min

AQEE-30 6 3nmol 755027 725 *+0.15% 6.25* 0.23** 6.55 *+ 0.48%*
LQEQ-19 6 3nmol 745+ 047 57s=*0.13** 6.0s £ 0.67** 7.55 + 0.39
AQEE-11 6 3nmol 77s*033 75s*+031 77s*+035 7.6s5s=*036

*p < 0.05, significant difference from baseline. **p << 0.01, significant difference from baseline.

group) and was not statistically different from the thermal hyper-
algesia evoked in the previous experiment (Fig. 7) with the same
doses and time points (Student’s t test, p > 0.05). Administration
of SB202190 alone had no effect on thermal withdrawal latencies.

Activation of p38 MAPK was examined immunohistochemi-
cally in spinal cords obtained at the time of peak hyperalgesia (10
min) from mice injected intrathecally with LQEQ-19 or saline
(Fig. 8). In spinal cords from LQEQ-19-injected mice, we ob-
served a nearly threefold increase in immunofluorescence for
phosphorylated p38, measured as pixel area with staining inten-
sity above background (percentage thresholded area, 0.36 = 0.08
in LQEQ-19-treated compared with 0.13 % 0.04 in saline-treated
animals; p < 0.05, one-tailed ¢ test; n = 3 for each group) (Fig.
8 A—C). Immunoreactivity for phosphorylated p38 did not over-
lap with labeling for the neuronal marker NeuN and the astrocyte
marker GFAP. However, it colocalized extensively with labeling for
CD68, a marker for reactive microglia, suggesting that phosphory-
lated p38 was localized in spinal cord microglia (Fig. 8 D-G). To
determine whether LQEQ-19 has direct effects on microglia, we
exposed the BV-2 microglial cell line to the peptide. This treat-
ment resulted in the concentration-dependent increase of p38
phosphorylation in the cells (Fig. 9).

Discussion

The present study contributes to the characterization of a novel
signaling system within spinal cord pain pathways. The potential
relevance of VGF was first inferred from proteomic differential
expression analysis of an in vitro model of injured sensory neu-
rons. Subsequent experiments provided evidence for upregu-
lation of VGF after nerve injury and inflammation and for the
functional relevance of VGF peptides to spinal nociceptive
processing.
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Figure8.

Increased phosphorylation of p38 MAPK in spinal microglia after intrathecal injection of LQEQ-19. 4, B, Phospho-p38 (p-p38) immunofluorescence was increased 10 min after LQEQ-19

injection (3 nmol) compared with saline injection. Arrows show examples of phospho-p38-positive spinal microglia. Insets show NeuN staining of the same sections at lower magpnification and
indicate the approximate location of the high-magnification images within the dorsal horn. ¢, Quantitative image analysis of phospho-p38 immunofluorescence (percentage thresholded area,
0.36 = 0.08 in LQEQ-19-treated compared with 0.13 == 0.04 in saline-treated animals; p << 0.05, one-tailed t test; n = 3 for each group). D-F, Double labeling of spinal cord sections from LQEQ-19
injected mice for phospho-p38 (C~E, green) and NeuN (€, red), GFAP (D, red), and (D68 (E, red). Colocalization, appearing as yellow punctain E, was seen only with anti-phospho-p38 and anti-CD68.
G, A cell labeled for phospho-p38 (green), (D68 (red), and the nuclear stain DAPI (4",6'-diamidino-2-phenylindole) (blue). Labeling for phospho-p38 is seen in the nucleus of the cell as well as in

the cytoplasm, in which it overlaps with anti-CD68 staining.

Proteomic analysis

Large-scale expression analysis has been used to study global
changes under conditions of chronic pain, leading to identifica-
tion of genes with uncharacterized functions in pain signaling
(Costigan et al., 2002; Wang et al., 2002; Valder et al., 2003;
Komori et al., 2007). We used a proteomic approach to analyze
early changes in protein levels within cultured DRG neurons,
which were used as a model of axotomized neurons. Several of the
proteins that were increased more than twofold are associated
with oxidative stress, consistent with the hypoxia accompanying
preparation of primary cultures. The transcription regulators
APEX1 and YBXI1 have also been linked to protection from oxi-
dative stress (Kohno et al., 2003; Vasko et al., 2005; Qu et al.,
2007). Moreover, IPA network analysis showed that APEXI,
YBXI1, and prothymosin « are regulated by casein kinase II, sug-
gesting that the upregulation of these proteins may reflect activa-
tion of a common network that involves this enzyme. Another
group of upregulated proteins is associated with membrane—

cytoskeletal signaling at growth cones and presynaptic terminals
and possibly with regulation of second-messenger availability
(Laux et al., 2000; Diviani and Scott, 2001; Sundaram et al., 2004).
For example, MARCKSL1 and BASP1/CAP-23 may control
the phosphoinositol-(4,5)biphosphate-dependent regulation of
channels contributing to sensory neuron sensitization, including
TRPV1 and TRPA1 (Akopian et al., 2007; Lishko et al., 2007;
Lukacs et al., 2007). Our proteomic analysis also indicated up-
regulation of two neuropeptide precursors. The upregulation of
CGRP precursor in the first 24 h of DRG culture is consistent with
increases in CGRP in cultured trigeminal neurons and in some
models of nerve injury (Kuris et al., 2007; Zheng et al., 2008).
Previous studies have shown that, in the SNL model, the number
of CGRP-positive neurons in injured ganglia was unchanged 24 h
after injury (Lee et al., 2001) and substantially decreased at 7 d
(Fukuoka et al., 1998; Lee et al., 2001; Hammond et al., 2004).
VGF upregulation in DRG after nerve injury has been detected
previously by microarray analysis (Costigan et al., 2002; Wang et
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Figure 9. Treatment of BV-2 microglial cells with LQEQ-19 resulted in increased p38 phos-
phorylation. 4, B, The number of phospho-p38-positive (p-p38) cells is increased after incuba-
tion of the cells with LQEQ-19 (1 yum) for 2 min. €, D, Dose-dependent increase in the relative
levels of phospho-p38 after LQEQ-19 treatment. In D, relative phospho-p38 was expressed as
phospho-p38/total p38 and normalized relative to control values. The data represent averages
of three experiments.

al., 2002; Valder et al., 2003) and was described recently in the
spared nerve injury model (Moss et al., 2008).

Upregulation of VGF after nerve injury and inflammation

The increase in VGF levels in cultured DRG neurons was con-
firmed by Western blot and immunocytochemical analysis. This
increase was paralleled by VGF upregulation in the SNL model of
nerve injury. Within 24 h of SNL, VGF-IR was present in nearly
all injured L5 and over half of uninjured L4 DRG neurons. The
time course and level of upregulation clearly distinguish VGF
from other neuropeptides known to be increased after nerve in-
jury (Zhang et al., 1995; Fukuoka et al., 1998; Shortland et al.,
2006). For example, 1 d after SNL, galanin was present in ~40%
of injured L5 DRG neurons and NPY was nearly absent, whereas
the levels of both peptides were unchanged in uninjured L4 neu-
rons (Shortland et al., 2006). VGF labeling colocalized with both
TrkA and P2X3 labeling, suggesting that the factors governing
VGF induction are not restricted to the NGF- or GDNF-
dependent subsets of sensory neurons. The rapid increase in VGF
levels after SNL in both injured and uninjured sensory neurons
and its persistence 7 d after the nerve injury are consistent with
involvement of VGF in both the development and maintenance
of nerve-injury-induced hypersensitivity. Within 24 h of SNL,
injured myelinated and uninjured unmyelinated fibers develop
spontaneous activity (for review, see Ringkamp and Meyer,
2005). The increased VGF expression in injured large neurons
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and uninjured small neurons suggests that increased release of
VGE peptides from spontaneously active fibers may contribute to
abnormal nociceptive processing in dorsal horn during the de-
velopment of hypersensitivity. Moreover, VGF upregulation in
large neurons persists 7 d after injury, consistent with continued
contribution of large afferents to the maintenance of hypersensi-
tivity (Ossipov et al., 2000; Sun et al., 2001).

Because VGF is a putative neuropeptide precursor (Levi et al.,
2004), VGF-derived peptides are likely transported to the central
terminals of DRG neurons. Therefore, VGF upregulation in DRG
after SNL was expected to result in increased levels of VGF-IR
within the superficial dorsal horn of spinal cord. Quantitative
analysis in spinal cord demonstrated a significant increase in
VGEF-IR ipsilateral to SNL, and the increased colocalization of
VGEF- and CGRP-IR in superficial dorsal horn is consistent with
elevated VGF levels within central terminals of sensory neurons.
Therefore, increased spinal release of VGF peptides from sensory
neurons may provide an early signal for peripheral nerve injury.
Increased VGF expression after nerve injury has also been shown
in spinal neurons (Moss et al., 2008), suggesting additional func-
tions of VGF peptides in spinal plasticity.

The number of VGF-IR DRG neurons also increased after
sham surgery but to a level significantly lower than SNL. This
increase is likely attributable to tissue damage at the surgical site.
The sham surgery includes removal of the vertebral transverse
process and overlaying muscles, causing inflammation and injury
to fibers innervating these tissues. Consistent with tissue damage
after sham surgery, ATF3 expression was reported in 40% of
sham L5 DRG 1 and 14 d after surgery (Shortland et al., 2006). We
also observed an inflammation-induced increase in the number
of VGF-positive neurons after hindpaw injection of CFA. To-
gether, these results suggest that VGF expression in sensory neu-
rons may be regulated by a spectrum of manipulations, which
include varying degrees of inflammation and nerve injury.

VGF peptides evoke thermal hyperalgesia through activation
of microglial p38 MAPK

The 617 aa sequence of VGF contains nearly a dozen potential
cleavage sites. Functional effects have been reported for several
potential proteolytic products contained within the C-terminal
62 aa portion of VGF (Alder et al., 2003; Succu et al., 2005).
Recently, TLPQ-21, a VGF-derived peptide located immediately
upstream from AQEE-30 within the VGF sequence, was shown to
modulate inflammatory pain (Rizzi et al., 2008), and TLPQ-62, a
peptide that includes both TLPQ-21 and AQEE-30, produced
mechanical allodynia when administered intrathecally in rat
(Moss et al., 2008). Our observations of dose-dependent thermal
hyperalgesia evoked by intrathecal injection of AQEE-30 and
LQEQ-19 provide additional evidence for a role of VGF peptides
in nociceptive processing. Notably, the hyperalgesia evoked by
VGF peptides exceeded in magnitude and duration the effect of
NMDA in the same experimental paradigm (Kitto et al., 1992;
Roberts et al., 2005). Although the tail-withdrawal paradigm
used in our studies is a measure of acute hyperalgesia rather than
hypersensitivity associated with persistent pain, Moss et al.
(2008) demonstrated TLPQ-62-induced mechanical and cold al-
lodynia, consistent with a role of VGF peptides in nerve injury-
induced hypersensitivity.

The signaling mechanisms of VGF-derived peptides are com-
pletely uncharacterized. Therefore, we examined several signal-
ing pathways for their involvement in the spinal effects of
AQEE-30 and LQEQ-19. The thermal hyperalgesia was inhibited
dose dependently by the potent and selective p38 MAPK inhibi-
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tor SB202190. The activation of p38 by intrathecal injection of
LQEQ-19 was confirmed by immunohistochemistry. LQEQ-19-
dependent p38 phosphorylation was seen predominantly in spi-
nal microglia, and LQEQ-19 induced p38 phosphorylation in the
microglial cell line BV-2. These findings suggest that AQEE-30
and LQEQ-19 may act directly on spinal microglia and contrib-
ute to microglial activation. It remains to be determined whether
the longer C-terminal peptide TLPQ-62 also mediates p38 acti-
vation in spinal microglia.

Spinal microglia participate in the development of inflamma-
tory and nerve injury-induced hypersensitivity in part through
the activation of p38. Several mediators have been implicated in
the mechanisms of p38 activation, including TNFa, MCP-1, and
fractalkine (Svensson et al., 2005; Zhang and De Koninck, 2006;
Clark et al., 2007; Zhang et al., 2007; Zhuang et al., 2007; Milligan
etal., 2008). Our results suggest that VGF peptides released from
sensory neurons may also participate in activation of spinal mi-
croglia. Under normal conditions, VGF levels in sensory neurons
are low, suggesting limited contribution to acute pain signaling.
After nerve injury or inflammation, the combination of rapid
VGF upregulation and increased excitability of sensory neurons
is likely to potentiate the release of VGF peptides within the dor-
sal horn, in which they would be able to activate microglial p38.

It is presently unclear which functionally relevant VGF pep-
tides are produced in vivo in sensory neurons and spinal cord.
Candidates include TLPQ-62 and shorter fragments derived
from it (i.e., TLPQ-21, AQEE-30, and LQEQ-19). The excitatory
effects of TLPQ-62 on dorsal horn neurons may be underlined by
microglia-dependent sensitization after action of the C-terminal
portion of TLPQ-62 (i.e., AQEE-30 and LQEQ-19) as well as by
activity of its N terminus (i.e., TLPQ-21), analogous to the effects
in hippocampal slices, which were not mimicked by the
C-terminal peptides (Bozdagi et al., 2008; Moss et al., 2008). The
pattern of VGF processing can vary among different cell types
and sometimes even within the same cell type (Brancia et al.,
2005). Therefore, differential proteolytic processing of VGF
within sensory neurons after different types of tissue damage may
generate signaling peptides with distinct contributions to spinal
pain mechanisms.

In conclusion, this study contributes to the increasing body of
evidence for a role of VGF in neuroplasticity and provides the
first description of a signaling pathway activated by VGF pep-
tides. Our results suggest a novel action of VGF peptides as
potential neuro-glial messengers after nerve injury and in-
flammation, a discovery driven by proteomic differential ex-
pression analysis and validated through anatomical and
functional experiments.
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