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Abstract

VGF (non-acronymic) is a granin-like protein that is packaged and proteolytically processed

within the regulated secretory pathway. VGF and peptides derived from its processing have been

implicated in neuroplasticity associated with learning, memory, depression, and chronic pain. In

sensory neurons, VGF is rapidly increased following peripheral nerve injury and inflammation.

Several bioactive peptides generated from the C-terminus of VGF have pro-nociceptive spinal

effects. The goal of the present study was to examine the spinal effects of the peptide TLQP-21

and determine whether it participates in spinal mechanisms of persistent pain. Application of

exogenous TLQP-21 induced dose-dependent thermal hyperalgesia in the warm water immersion

tail withdrawal test. This hyperalgesia was inhibited by a p38 MAPK inhibitor as well as

inhibitors of cyclooxygenase and lipoxygenase. We used immunoneutralization of TLQP-21 to

determine the function of the endogenous peptide in mechanisms underlying persistent pain. In

mice injected intradermally with complete Freund’s adjuvant, intrathecal treatment with anti-

TLQP21 IgG immediately prior to or 5 h after induction of inflammation dose-dependently
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inhibited tactile hypersensitivity and thermal hyperalgesia. Intrathecal anti-TL21 administration

also attenuated the development and maintenance of tactile hypersensitivity in the spared nerve

injury model of neuropathic pain. These results provide evidence that endogenous TLQP-21

peptide contributes to the mechanisms of spinal neuroplasticity after inflammation and nerve

injury.

INTRODUCTION

VGF (non-acronymic) is a granin-like neuropeptide precursor whose expression is robustly

regulated by neuronal lesions and growth factors [5,15,26]. VGF and peptides derived from

its proteolytic processing have been implicated in the control of energy balance and

metabolism as well as in neuroplasticity associated with learning, memory, depression, and

chronic pain [9,19,20,22,28,35,43].

Peptides containing the C-terminus of VGF (Fig. 1) potentiate neural activity in cultured

hippocampal neurons (i.e. TLQP-62 and AQEE-30 [1]), hippocampal slices, (i.e. TLQP-62

[9]), and dorsal horn neurons (i.e. TLQP-62 [28]). Furthermore, intrathecal administration of

C-terminal VGF peptides results in thermal hyperalgesia (i.e. AQEE-30, [35]) as well as

mechanical and cold hypersensitivity (i.e. TLQP-62 [28]). VGF is expressed in sensory

neurons as well as spinal dorsal horn neurons and is rapidly upregulated following

peripheral inflammation and nerve injury [28,35]. The significance of VGF as a contributor

to chronic pain is highlighted by a meta-analysis of twenty independent microarray studies

of neuropathic and inflammatory pain models [25]. Out of 2254 genes considered, VGF was

among 7 found to be upregulated in more than 1/3 of the twenty studies. Of those 7 genes,

VGF was 1 of 3 (along with Neuropeptide Y and Cathepsin S) that were linked to pain

mechanisms by causational evidence. Taken together, these observations suggest that VGF

and VGF-derived peptides are likely to contribute critically to the mechanisms underlying

persistent pain states.

In addition to the C-terminal peptides, processing of TLQP-62 can yield the peptide

TLQP-21 (Fig. 1). Following its identification from brain extracts [3], TLQP-21 has been

associated with regulation of a number of physiological processes and behaviors, including

feeding, energy expenditure, lipolysis, pancreatic hormone secretion, stress, and

neuroprotection [3,4,31,32,34,37,39]. Furthermore, exogenous intradermal and

intracerebroventricular injection of TLQP-21 respectively increased or decreased

nocifensive behavior in the formalin test [36]. However, it is unknown whether the

TLQP-21 peptide participates in pain signaling at the level of the spinal cord. Furthermore,

the role of endogenously produced TLQP-21 has not been evaluated. We hypothesized that

exogenous TLQP-21 has spinal pro-nociceptive effects and that the endogenous peptide

contributes to the spinal mechanisms underlying persistent pain.

METHODS

All work with animals adhered to the guidelines of the Committee for Research and Ethical

Issues of IASP and was approved by the Institutional Animal Care and Use Committees of

the University of Minnesota and Mount Sinai School of Medicine.
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Anti-TLQP21 antiserum

The generation of anti-TLQP21 antisera (anti-TLQP21) has been previously described [32].

Briefly, TLQP-21 was conjugated to bovine thyroglobulin (Sigma, St. Louis, Missouri)

using glutaraldehyde. The conjugate (1 mg/mL) was emulsified with an equal volume of

Freund’s adjuvant (Difco, Detroit, MI) and injected into female New Zealand rabbits (n=3,

Harlan, Indianapolis) at two-week intervals (1 mg peptide for initial and 0.5 mg peptide for

subsequent immunizations). Protein A purification of the serum was carried out using Pierce

Protein A columns according to manufacturer’s instructions (Thermo Fisher Scientific,

Rockford, IL). The protein concentration of the resultant IgG fraction was determined using

the BCA assay (Thermo Fisher Scientific). Please refer to Results and Fig. 3 for details on

the characterization of anti-TLQP21 IgG.

Dot blot analysis

Peptides were blotted on PVDF-FL membranes. The membranes were allowed to dry

completely, then wetted in methanol, rinsed in water and PBS and incubated in blocking

buffer (Odyssey, Li-Cor Biosciences) for 1 h, followed by primary antibody overnight,

washed 3 × 15 min in phosphate buffered saline (PBS), incubated in secondary antibody for

1 h, (IRDye800 Goat anti-Rabbit, Li-Cor Biosciences), washed 3 × 15 min, and imaged

(Odyssey Imaging, System, Li-Cor Biosciences). The relative intensity of labeling was

measured using ImageJ.

Transgenic mice

Humanized VGF knock-in mouse lines were generated by modifying a previously described

targeting construct [20], using mouse Vgf genomic sequences [20] and human BAC

(ImaGenes GmbH clone RZPDB737B0725D; B-Bridge International, Mountain View, CA)

and VGF genomic clones (gift of A. Levi, U. of Rome) [10]. The human VGF coding

sequence was contained on a single exon flanked by loxP sites. A selectable PGK-neo

cassette [flanked by FLP recombinase target (FRT) and loxP sites], derived from plasmid

PGKneoF2L2DTA (P Soriano; Addgene), was inserted 1.2 kb 3′ to the Vgf polyadenylation

signal. A 2.2 kb Sfi 1-Sph 1 fragment that contained human VGF coding, 5′ UTR, and

3′UTR sequences, replaced comparable mouse Vgf coding, 5′ UTR, and 3′UTR sequences,

which comprised a 2.3 kb Kpn 1-Xba1 fragment. Inserted human sequences encoded a

truncated human VGF protein (amino acids 1-524), lacking several bioactive C-terminal

peptides. This was created by introducing a reported VGF single nucleotide polymorphism

(SNP) (rs35400704), which resulted in the formation of a stop codon. Human VGF1-524

(SNP) targeting construct was electroporated into 129Sv/J-derived R1 ES cells by Mount

Sinai’s Mouse Genetics and Gene Targeting Core Facility [20]. G418-resistant clones were

selected and screened for homologous recombination by Southern analysis. Correctly

targeted clones were expanded, and injected into C57BL/6 blastocysts to generate chimeras,

and germline transmission was obtained in two founders, each derived from an independent

targeted clone. Male chimeras were mated with C57BL6/J females to produce F1 breeders

and experiments were performed on N2F1 mixed background mice.
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Immunohistochemistry

Mice were deeply anesthetized with isoflurane and perfused via the heart with calcium-free

Tyrode’s solution (in mM: 116 NaCl, 5.4 KCl, 1.6 MgCl2·6H20, 0.4 MgSO4·7H2O, 1.4

NaH2PO4, 5.6 glucose, and 26 Na2HCO3) followed by fixative (4% paraformaldehyde and

0.2% picric acid in 0.1 M phosphate buffer, pH 6.9), and finally with 10% sucrose in PBS.

Tissues were dissected, incubated in 10% sucrose overnight at 4 °C, and then cryostat-

sectioned (14 μm) and thaw-mounted onto gelatin-coated slides. Sections were preabsorbed

in blocking buffer (PBS containing 0.3% Triton-X 100, 1% BSA, 1% normal donkey serum)

for 30 min, incubated in primary antibodies overnight at 4°C, rinsed with PBS 3 × 10 min,

incubated in secondary antisera (1:300, Jackson ImmunoResearch, West Grove, CA) for 1 h

at room temperature, washed with PBS, and coverslipped using PBS/glycerol containing

0.1% p-phenylenediamine (Sigma). Primary antibodies: Protein A-purified rabbit anti-

TLQP21 (1:1000), rabbit anti-Iba1 (1:1000; Wako Chemicals USA).

Intrathecal injections

Peptides, inhibitors, or IgG were administered intrathecally (i.t.) by direct lumbar puncture

in conscious adult male ICR/CD-1 outbred mice (20–25 g) as described [14,23]. The mice

were gently gripped by the iliac crest, and a 30-gauge, 0.5 inch needle connected to a 50-μL

Luer-hub Hamilton syringe was used to deliver 5 μL of injectate in the subarachnoid space

over 1–3 seconds at the level of the cauda equina between the L5/L6 vertebrae. The duration

of the procedure was approximately 15–30 s per mouse. All injections were performed by

experimenters with fifteen-twenty years of experience with the technique.

Thermal hyperalgesia

Tail flick (TF) latency data in response to warm water immersion (49 °C) were collected on

all mice prior to intrathecal injections and at selected time points post-injection. Tail

withdrawal latencies were measured with a stopwatch by an experimenter blind to

experimental group. Inhibitors or IgG were administered i.t. as a 5 min pretreatment. The

data were analyzed by calculating delta TF values (Experimental TF latency - Baseline TF

latency). For all experiments n = 4–6 mice/group. The following inhibitors were used:

SB202190 for p38 MAPK (0.1 and 1 nmol/5 μL; Tocris); indomethacin for cyclooxygenase

(COX) (0.1 and 1 nmol/5 μL; Sigma); AA-861 for 5-lipoxygenase (0.95 and 9.5 1 pmol/5

μL; Enzo Life Sciences). SB202190 was dissolved in DMSO and diluted to a final

concentration of 5% DMSO with 0.9% normal saline, pH 7.2. Indomethacin was dissolved

in 0.9% NaCl with sodium carbonate (1mg/mL). AA-861 was dissolved in DMSO and

diluted to 2% DMSO in 5% beta-cyclodextrin; further dilutions were made in 0.9% NaCl.

Inhibitor doses were selected based on published reports [33,35,44]. The animals were

randomly assigned to each experimental treatment.

Mechanical sensory assessment

Mechanical responses were assessed using an electronic von Frey anesthesiometer (IITC

Life Sciences, Woodland Hills, USA). Mice were placed in glass enclosures on an elevated

mesh screen and allowed to acclimate for 15–30 minutes. The probe was gently applied to
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the plantar surface of each hindpaw until a brisk withdrawal response terminated application

of pressure, which was recorded by the instrument.

Thermal Sensory Assessment

Mice were placed on a glass platform (Plantar Analgesia Meter, IITC, Life Sciences, Inc.

Woodland Hills, CA) in plastic enclosures and allowed to acclimate. Radiant heat was

applied to the plantar surface and the latency to hindpaw withdrawal from the heat was

recorded by the instrument.

Models of persistent pain

All experiments were conducted by experimenters blinded to treatment and were replicated

at least once. Outcomes were consistent. Before behavioral testing, animals were allowed to

acclimate to the test environment for 20 min.

Complete Freund’s adjuvant (CFA) inflammation

Mice were injected in the intraplantar region of one hindpaw with 30 μL of a 50% solution

of CFA in PBS. Control animals were injected with PBS only. Mechanical thresholds were

measured at 1, 2, 3, 4, 5, 6, and 24 h post-CFA. In the same animals, thermal withdrawal

latencies were measured at 6 and 24 h post-CFA. Von Frey testing was completed first

followed by radiant heat application to the hindpaws.

Spared Nerve Injury (SNI)

SNI was induced in mice according to the method described by Bourquin and colleagues [8].

The left sciatic nerve and its three terminal branches were exposed under isoflurane

anesthesia. The common peroneal and tibial nerves were ligated with a 5.0 silk suture and

sectioned distal to the ligation, removing 2–4 mm of the distal nerve stump. In sham animals

the nerve was exposed but not manipulated. For pretreatment experiments, mechanical

withdrawal thresholds were measured before the surgeries and at 2, 6, 14, and 21 days after

the surgeries. For post-treatment experiments, mechanical withdrawal thresholds were

measured before the surgeries and on day 12 both before and 1, 2, 3, and 24 h after

experimental treatments.

Data analysis

Statistical analysis was performed using GraphPad Prism 5 software. Comparisons were

made using One-Way ANOVA or Two-Way ANOVA for repeated measures, followed by

Bonferroni post-hoc test. The p-values and specific tests used are indicated in the figure

legends or the Results section.

RESULTS

Spinal effects of TLQP-21 and characterization of anti-TLQP21 immunoneutralizing
antisera

To determine the spinal effects of TLQP-21, the peptide was injected intrathecally in naïve

adult mice (Fig. 2). In the warm water (49 °C) tail-immersion assay, TLQP-21 evoked dose-
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dependent thermal hyperalgesia that peaked 60 to 90 min after the intrathecal injection and

persisted for nearly two hours. TLQP-21 evoked hyperalgesia was blocked by inhibition of

MAPK p38 as well as the eicosanoid producing enzymes cyclooxygenase and lipoxygenase.

TLQP21-evoked thermal hyperalgesia was used as an assay for behavioral characterization

of TLQP-21 immunoneutralizing antisera (anti-TLQP21). Equivalent doses of anti-TLQP21

or normal rabbit IgG were injected intrathecally 5 min prior to intrathecal injection of the

TLQP-21 peptide (Fig. 3A). Pretreatment with anti-TLQP21, but not normal rabbit IgG,

inhibited the development of TLQP-21 thermal hyperalgesia. We assessed the ability of anti-

TLQP21 to interfere with pronociceptive effects of other VGF-derived peptides.

Pretreatment with anti-TLQP21 did not affect thermal hyperalgesia induced by intrathecally

delivered AQEE-30 (Fig. 3C) or the extended peptide TLQP-62 (Fig. 3D), supporting the

selectivity of anti-TLQP21 for TLQP-21 over related VGF peptides. In order to rule out a

general inhibition of spinal nociception by anti-TLQP21, we assessed its effects on sensory

responses evoked by non-VGF related agents. Pretreatment with anti-TLQP21 did not

impact thermal hyperalgesia evoked by intrathecally delivered NMDA (0.3 nmol; change in

tail withdrawal latency: saline-pretreated mice = −2.92+/−0.16 s; anti-TLQP21 pretreated

mice = −3.12+/−0.26 s; n = 4; p > 0.5; t-test) or the behavioral effects of intrathecally

injected Substance P (10 nmol; number of nocifensive responses: saline-pretreated mice =

47+/−2; anti-TLQP21 pretreated mice = 45.25+/−2.6; n = 4; p > 0.5; t-test). The duration of

the imunoneutralizing activity of intrathecally delivered anti-TLQP21 was evaluated by

injecting the TLQP-21 peptide at increasing intervals after IgG pretreatment in separate

groups of mice (Fig. 3B). The inhibitory effects of anti-TLQP21 on hyperalgesia induced by

a 3 nmol dose of TLQP-21 diminished substantially when the interval between IgG and

peptide injection exceeded 4 h. Similar results were obtained with 1 nmol TLQP-21 (data

not shown). Finally, to test for a potential impact of anti-TLQP21 on acute nociception, the

IgG was delivered prior to application of progressively increasing thermal stimuli.

Pretreatment with anti-TLQP21 did not affect tail withdrawal latencies at a range of warm

water temperatures (change in tail withdrawal latency of saline-pretreated mice and anti-

TLQP21 pretreated mice: 0.01+/−0.2 s and 0.03+/−0.15 s at 49 °C; 0.17+/−0.19 s and 0.16+/

−0.15 s at 52.5 °C; 0.16+/−0.12 s and 0.27+/−0.26 s at 55 °C; n = 4; p > 0.5; t-test).

Consistent with the selective inhibition of TLQP-21 evoked hyperalgesia, in dot blot

analysis, anti-TLQP21 dose-dependently bound the TLQP-21 peptide, but not the extended

peptide TLQP-62 or its C-terminal component AQEE-30 (Fig. 3E and F). Anti-TLQP21 was

also characterized by immunohistochemistry using dorsal root ganglia from wild type mice

and mice expressing a truncated form of VGF that lacks the C-terminal sequence encoding

TLQP-62). Anti-TLQP21 immunolabeling was present in wild-type mouse sensory neurons,

but not in sensory neurons of mice expressing C-terminally truncated VGF protein (Fig. 3G

and H). Thus the selectivity of anti-TLQP21 was confirmed by behavioral assay, dot blot

analysis, and immunohistochemistry.

Immunoneutralization of TLQP-21 attenuates inflammatory hypersensitivity

Based on the pro-nociceptive effects of exogenous TLQP-21, we hypothesized that the

endogenous peptide is involved in inflammatory hypersensitivity. To test this hypothesis,
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mice were injected intrathecally with immunoneutralizing anti-TLQP21, normal rabbit IgG

or saline immediately preceding or 5 h after intraplantar injection of Complete Freund’s

Adjuvant (CFA) (Fig. 4). CFA-induced tactile hypersensitivity was detected 1 h after the

intraplantar injection, and its magnitude remained constant for the duration of the 24 h

testing period for the saline- and normal rabbit IgG-pretreated goups (Fig. 4A). While

intrathecal pretreatment with anti-TLQP21 had no effect on inflammatory tactile

hypersensitivity at 1 h post-CFA, at subsequent time points the magnitude of

hypersensitivity of anti-TLQP21 treated mice was significantly reduced compared to the

control pretreatments. Significant attenuation of thermal hyperalgesia by anti-TLQP21

pretreatment was observed at 6 and 24 h post-CFA (Fig. 4B). It is noteworthy that thermal

hyperalgesia was asessed only at 6 h and 24 h to avoid potential stimulus-induced

sensitization and tissue injury (Fig. 4B). The immunoneutralization effects on both tactile

and thermal responses were dose-dependent (Fig. 4C and D). We also assessed whether

TLQP-21 immunoneutralization inhibits established inflammatory hypersensitivity. When

anti-TLQP21 was injected intrathecally 5 h after intradermal CFA injection, tactile

hypersensitivity and thermal hyperalgesia were significantly attenuated at the 24 h time

point (Fig. 4E and F).

Immunoneutralization of TLQP-21 attenuates nerve injury-induced hypersensitivity

We used the SNI model of neuropathic pain to evaluate the contribution of endogenous

TLQP-21 peptide to the development and maintenance of nerve injury-induced

hypersensitivity. Intrathecal administration of anti-TLQP21, but not normal rabbit IgG,

within 2 h prior to SNI resulted in significant decrease in the magnitude of nerve injury-

induced hypersensitivity at day 2 post-SNI (Fig. 5A). Anti-TLQP21 did not alter the

withdrawal thresholds of sham-operated mice. The attenuation of tactile hypersensitivity by

the single pretreatment dose persisted for two weeks (Fig. 5B). We also examined the effects

of TLQP-21 immunoneutralization on established tactile hypersensitivity. Anti-TLQP21 or

normal rabbit IgG were delivered intrathecally at day 12 post-SNI and withdrawal

thresholds were measured 1, 2, 3, and 24 h after treatment (Fig. 5C). Tactile hypersensitivity

was significantly attenuated 3 h after anti-TLQP21 treatment and was still suppressed at 24

h. Post-treatment with anti-TLQP21 did not affect the thresholds of sham-operated mice

(data not shown).

DISCUSSION

The results from the present study demonstrate spinal pro-nociceptive actions of the VGF-

derived peptide TLQP-21 and, importantly, provide evidence that the endogenous peptide

participates in mechanisms associated with the development and maintenance of persistent

pain. The recent identification of the complement 3a receptor (C3aR1) as a target of

TLQP-21 underscores the significance of the current findings [21]. C3AR1 is expressed in a

number of immune cells, including microglia, and has been implicated in a spectrum of

immunomodulatory processes and in CNS neuroinflammation (e.g. experimental

autoimmune encephalitis) [7]. Therefore, increased levels of TLQP-21 following tissue

damage may contribute to neuroimmune modulation of spinal neuroplasticity. In addition,

there is evidence for C3AR1 expression in spinal neurons [13], suggesting that TLQP-21
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may directly influence neuronal activity under conditions of persistent pain. TLQP-21 has

also been reported to bind to gC1qR, the globular heads of the complement receptor C1q,

and this interaction has been implicated in peripheral mechanisms of nerve injury-induced

hypersensitivity [11]. The relative contribution of the two complement receptors, C3aR1 and

gC1qR, to the physiological effects of TLQP-21 is presently unclear, and the expression or

potential functions of gC1qR in spinal cord or sensory neurons have not been investigated.

Pro-nociceptive spinal effects of exogenous TLQP-21

Similar to the C-terminal VGF peptides AQEE-30 and LQEQ-19 [35], intrathecal injection

of TLQP-21 induced p38 MAPK-dependent thermal hyperalgesia in the warm-water tail

withdrawal assay. While the magnitude of TLQP-21 hyperalgesia was similar to that of the

C-terminal peptides, the time course appeared to be delayed, suggesting perhaps activation

of distinct signaling mechanisms upstream of p38. The inhibition of TLQP-21 hyperalgesia

by a p38 MAPK inhibitor is consistent with microglial activation [27,40,41]. Furthermore,

release of prostaglandin E2 (PGE2) by cultured spinal microglia following stimulation with

lipopolysaccharide (LPS) has been shown to require p38 activation [27]. Since TLQP-21

hyperalgesia was inhibited by the cyclooxygenase inhibitor indomethacin, it is possible that

the effects of TLQP-21 are mediated by p38-dependent release of prostaglandins from

microglia. However, p38, its substrate phospholipase A2 (which generates the substrate of

COX, arachidonic acid), as well as COX are also found in dorsal horn neurons; we therefore

cannot rule out the possibility that the thermal hyperalgesia is mediated by direct neuronal

effects of TLQP-21 [18,24,40]. Finally, our results showing attenuation of hyperalgesia by

an inhibitor of 5-lipoxygenase (Fig. 2) suggest that this pathway, which leads to leukotriene

production, also contributes to exogenous TLQP-21 pro-nociceptive effects. Leukotrienes

have been previously implicated in spinal nociceptive signaling [30].

Immunoneutralization of endogenous TLQP-21

We employed immunoneutralization to examine the role of endogenous spinal TLQP-21 in

models of persistent pain. The extensive characterization of anti-TLQP21 strongly supports

its specificity. Our working hypothesis is that the IgG neutralizes endogenous TLQP-21

released into the spinal cord parenchyma from primary afferent terminals or intrinsic

neurons [28,35]. However, since the expression of the proposed TLQP-21 receptor C3aR1 in

spinal cord is not well characterized, we cannot rule out the possibility that anti-TLQP21

acts at other sites. Alternative sites of action include dorsal root ganglia, where VGF

peptides may participate in communication between neurons and satellite cells [17,45], or

the subdural vasculature, which has been implicated in neuroinflammatory processes [2,38].

Endogenous TLQP-21 contributes to inflammatory hypersensitivity

In the CFA model of inflammatory pain, anti-TLQP21 reduced tactile hypersensitivity and

thermal hyperalgesia when administered intrathecally both prior and subsequent to the CFA

intraplantar injection. Notably, the magnitude of tactile hypersensitivity was not affected by

anti-TLQP21 pretreatment at 1 h post-CFA, but subsequently diminished significantly. Our

data also suggest that in this model TLQP-21 may contribute differently to tactile

hypersensitivity and thermal hyperalgesia, as the former appeared to be more affected by

anti-TLQP21 treatment, potentially reflecting distinct roles of TLQP-21 in the spinal
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processing of mechanical and thermal stimuli. Taken together these observations support a

role of endogenous TLQP-21 in the mechanism underlying persistent inflammatory pain.

We have previously reported upregulation of VGF in sensory neurons following CFA

inflammation [35]; the source of spinal endogenous TLQP-21 under inflammatory

conditions is therefore likely to be sensory neurons. The involvement of p38 and prostanoids

in the effects of exogenous TLQP-21 suggests that a p38-dependent increase in prostanoids

may contribute to the mechanism by which endogenous TLQP-21 participates in

inflammatory hypersensitivity [12,16,29,40–42].

Endogenous TLQP-21 contributes to nerve injury-induced hypersensitivity

The present results also provide evidence for a role of endogenous TLQP-21 in both the

development and maintenance of nerve injury-induced hypersensitivity. A single

pretreatment dose of anti-TLQP21 delayed the full expression of SNI-induced tactile

hypersensitivity for more than two weeks. Based on the short duration of anti-TLQP21

immunoneutralizing activity against exogenously delivered peptide (Fig. 3B), this finding

suggests that the pretreatment disrupts a critical neuroplasticity event that occurs within the

first several hours of nerve injury. However, we cannot rule out the possibility that low

levels of anti-TLQP21, sufficient to neutralize endogenously released peptide, persist in the

spinal cord parenchyma for an extended period of time. Intrathecal administration of anti-

TLQP21 after the establishment of hypersensitivity was also effective in reducing its

magnitude, suggesting that TLQP-21-mediated signaling pathways remain engaged during

the maintenance of neuropathic pain. The rapid and robust sensory neuron upregulation of

VGF, the precursor protein from which TLQP-21 is generated, suggests that TLQP-21

release in dorsal horn may be elevated following nerve injury. The identification of C3aR1

as a receptor for TLQP-21 raises the possibility that TLQP-21 functions as an injury signal

that contributes to microglial activation. It remains to be determined whether specific

signaling components within activated microglia, such as P2X4, cathepsin S, or BDNF [6],

are altered after TLQP-21 immunoneutralization.

Summary

These studies provide the first functional evidence for involvement of an endogenous VGF

peptide in mechanisms of persistent pain and support the idea that VGF-derived peptides

contribute critically to spinal neuroplasticity after inflammation and nerve injury. Their

participation in both the development and maintenance of persistent hypersensitivity is

consistent with a role of the VGF signaling system in the transition to chronic pain. Further

elucidation of this role requires understanding of the relationship of TLQP-21 to the other C-

terminal VGF peptides known to modulate pain processing and characterization of their

cellular and molecular targets as well as site(s) of synthesis.
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Summary

The endogenous VGF-derived peptide TLQP-21 contributes to the development and

maintenance of inflammatory and nerve injury-induced hypersensitivity.
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Fig. 1.
Diagram of VGF and the peptides TLQP-62, TLQP-21, and AQEE-30, which are generated

from proteolytic processing of the C-terminus of VGF.
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Fig. 2.
Spinal effects of exogenous TLQP-21 peptide. A, Intrathecal injection of TLQP-21 induced

dose-dependent thermal hyperalgesia in the warm water immersion tail withdrawal test. B–
D, The p38 MAPK inhibitor SB202190 (B), the cyclooxygenase (COX) inhibitor

indomethacin (C), and 5-lipoxygenase inhibitor AA861 (D) attenuated thermal hyperalgesia

evoked by TLQP2-1 (3 nmol) in a dose-dependent manner (measured 90 min after i.t.

injection of TLQP-21; p < 0.05, One-Way ANOVA, Bonferroni post-hoc test). A–D, n = 3–

6 mice per group.
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Fig. 3.
Characterization of immunoneutralizing anti-TLQP21 (anti-TL21). A, Intrathecal

administration of anti-TLQP21, but not normal rabbit IgG (RbIgG), 5 min prior to TLQP-21

injection attenuated TLQP-21 induced thermal hyperalgesia (*p < 0.05, #p < 0.0001; Two-

Way ANOVA for repeated measured, Bonferroni post-hoc test, n = 6 per group). B, Time

course of the inhibition of TLQP-21 thermal hyperalgesia by anti-TLQP21. TLQP-21 was

injected intrathecally in separate groups of mice at different time points after intrathecal pre-

treatment with anti-TLQP21 (5 min, 1 h, 2 h, 4 h, 6 h, 24 h). Thermal hyperalgesia was

measured 90 min after TLQP-21 injection (within the period of maximal hyperalgesia). The

inhibitory effects of anti-TLQP21 declined rapidly after approximately 3 h. C and D, Anti-
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TLQP21 pre-treatment did not affect thermal hyperalgesia induced by AQEE-30 (C) or

TLQP-62 (D). E and F, Dot blot analysis of the specificity of Protein-A-purified anti-

TLQP21 demonstrated that anti-TLQP21 recognizes the cognate peptide TLQP-21, but not

the unprocessed C-terminal parent peptide TLQP-62 or its C-terminal product AQEE-30. G
and H, Anti-TLQP21 labeled DRG from wild type mice, but not mice expressing C-

terminally truncated VGF. A–D, n = 3–6 mice per group.
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Fig. 4.
Effects of anti-TLQP21 on inflammation-induced hypersensitivity. A and B, Intrathecal

pretreatment with anti-TLQP21 attenuated the development of tactile hypersensitivity (A)

and thermal hyperalgesia (B) after intraplantar injection of Complete Freund’s Adjuvant

(CFA). Mice were injected i.t. with saline, anti-TLQP21 (150 ng/5 μL), or normal rabbit IgG

(NR-IgG, 150 ng/5 μL) immediately prior to CFA injection. Control mice injected

intradermally with saline received saline intrathecal pretreatment (Saline, Saline). Ipsilateral

to CFA, the mechanical withdrawal threshold (A) and thermal withdrawal latency (B) of

anti-TLQP21-pretreated CFA mice, but not mice pretreated with normal rabbit IgG, were

significantly different from those of saline-pretreated CFA mice (* p < 0.05, ** p < 0.01, # p

< 0.001, ## p < 0.0001; Two-Way ANOVA for repeated measures, Bonferroni post-hoc test;

mean +/− SE, n = 4 mice per group for NR-IgG group, n = 8 for all other groups). C and D,
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The inhibition of the development of CFA-induced tactile hypersensitivity (C) and thermal

hyperalgesia (D) by anti-TLQP21 was dose-dependent. E and F, Treatment with anti-

TLQP21 attenuated established tactile hypersensitivity and thermal hyperalgesia. Five hours

(grey arrows) after intraplantar CFA injection, mice were injected intrathecally with saline,

anti-TLQP21 (150 ng/5 μL), or normal rabbit IgG (150 ng/5 μL). Ipsilateral to CFA, the

mechanical withdrawal threshold (E) and thermal withdrawal latency (F) of anti-TLQP21-

treated, but not normal rabbit IgG-treated CFA mice were significantly different from those

of saline-treated CFA mice 24 h post-CFA (E: p < 0.0001; F: p < 0.001; Two-Way ANOVA

for repeated measures, Bonferroni post-hoc test; mean +/− SE, n = 4 per group).
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Fig. 5.
Effects of anti-TLQP21 on nerve injury-induced hypersensitivity. A, Intrathecal

pretreatment with anti-TLQP21 attenuated the development of tactile hypersensitivity after

spared nerve injury (SNI). Mice were injected with saline, anti-TLQP21 (anti-TL21, 150

ng/5 μL), or normal rabbit IgG (NR-IgG, 150 ng/5 μL) immediately prior to SNI or sham

surgery. On day 2 after surgery, the mechanical withdrawal thresholds of anti-TLQP21

pretreated but not NR-IgG pretreated, SNI mice were significantly different from those of

saline pretreated SNI mice. Anti-TLQP21 did not alter the thresholds of sham operated mice

compared to saline pretreated sham mice (Saline pretreated SNI vs anti-TLQP21 pretreated

SNI, p < 0.0001; Saline pretreated sham vs anti-TLQP21 pretreated sham, p > 0.05; Two-

Way ANOVA for repeated measures, Bonferroni post-hoc test; mean +/− SE, n = 7–9 per

group). B, Time course of changes in hypersensitivity after pretreatment with anti-TLQP21.

Ipsilateral to SNI, the mechanical withdrawal thresholds of anti-TLQP21-pretreated SNI

mice, but not mice pretreated with normal rabbit IgG, were significantly different from those

of saline-pretreated SNI mice for up to 14 days after nerve injury (Day 2, p < 0.01; Days 6

and 14, p < 0.05; Two-Way ANOVA for repeated measures, Bonferroni post-hoc test; mean

+/− SE, n = 4 per group). C, Treatment with anti-TLQP21 attenuated established

hypersensitivity. Twelve days after SNI, mice were injected intrathecally with saline, anti-

TLQP21 (150 ng/5 μL), or normal rabbit IgG (150 ng/5 μL). The mechanical withdrawal

thresholds of anti-TLQP21-treated, but not normal rabbit IgG-treated SNI mice were

significantly different from those of saline-treated SNI mice 3 and 24 h after injection (p <
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0.0001 and p < 0.05, respectively; Two-Way ANOVA for repeated measures, Bonferroni

post-hoc test; mean +/− SE, n = 4 per group).
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