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Abstract

Neuroplasticity in the dorsal horn following peripheral nerve damage contributes critically to the 

establishment of chronic pain. The neurosecretory protein VGF (non-acronymic) is rapidly and 

robustly upregulated following nerve injury, and therefore peptides generated from it are 

positioned to serve as signals for peripheral damage. The goal of this project was to understand the 

spinal modulatory effects of the C-terminal VGF derived peptide TLQP-62 at the cellular level and 

gain insight into the function of the peptide in the development of neuropathic pain. In a rodent 

model of neuropathic pain, we demonstrate that endogenous levels of TLQP-62 increased in spinal 

cord, and its immunoneutralization led to prolonged attenuation of the development of nerve 

injury-induced hypersensitivity. Using multiphoton imaging of submaximal glutamate-induced 

Ca2+ responses in spinal cord slices, we demonstrate the ability of TLQP-62 to potentiate 

glutamatergic responses in the dorsal horn. We further demonstrate that the peptide selectively 

potentiates responses of high threshold spinal neurons to mechanical stimuli in singe-unit in vivo 
recordings. These findings are consistent with a function of TLQP-62 in spinal plasticity that may 

contribute to central sensitization following nerve damage.

Introduction

Neuropathic pain has proven resistant to current therapeutics, incurs a significant loss to 

quality of life, and is hallmarked by mechanical hypersensitivity (allodynia) [5,17,18]. The 

establishment of chronic pain involves changes in the synaptic function of circuitry in the 

dorsal horn of the spinal cord [22,29,29,35,47,50]. This maladaptive plasticity facilitates the 
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transmission of nociceptive information to the brain. However, details of the signaling 

mechanisms initiating these neuroplastic events remain largely unknown.

In the context of peripheral neuropathic pain, it is rational to hypothesize that the initiating 

factors for maladaptive plasticity may derive from injured primary afferent neurons. 

Previously, we and others demonstrated rapid and persistent upregulation of the 

neurosecretory protein VGF (non-acronymic) in primary afferent neurons following 

peripheral nerve injury [30,37,41]. VGF undergoes proteolytic processing to yield multiple 

bioactive peptides [32] that may act as initiators of maladaptive neuroplasticity in the spinal 

cord following nerve injury.

Several peptides that contain the VGF C-terminus induce hyperalgesia or allodynia in the 

absence of nocifensive behaviors when administered intrathecally [14,37], suggesting that 

they contribute to central sensitization. However, their presence in spinal cord and their 

function in neuropathic pain have not been examined. The C-terminal peptide TLQP-62 is of 

particular relevance to maladaptive mechanisms of chronic pain as it is a known mediator of 

neuroplasticity in the hippocampus affecting learning, memory, depression, and adult 

neurogenesis [1,3,4,23,33,48,49]. Moreover, bath application of exogenous TLQP-62 has 

been shown to change the excitability of dorsal horn neurons [37]. In the present study, we 

examined the involvement of endogenous C-terminal VGF peptides in the development of 

nerve injury-induced hypersensitivity. We also addressed the hypothesis that TLQP-62 

contributes to spinal neuroplasticity by examining its effects on glutamatergic signaling ex 
vivo and on responses of dorsal horn neurons to peripheral stimulation via in vivo recordings 

of single-unit activity.

Materials and Methods

Animals

All procedures were performed in accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals and approved by the University of Minnesota 

Institutional Animal Care and Use Committee. Adult male ICR mice (20–30 g; Envigo) 

were used for behavioral, physiological, immunofluorescent, and biochemical studies. Some 

immunofluorescent studies were conducted in adult male Pirt-GCamp3 mice (20–25 g) (gift 

from Dr. Xizhong Dong, [27]). Physiological studies (imaging of calcium sensitive 

fluorescent dye, in vivo electrophysiology) were also conducted in adult male Sprague-

Dawley rats (150–450 g). In vivo electrophysiology was performed in rats because of higher 

survival rates during prolonged in vivo recording, relative to mice.

Reagents

The generation and validation of the anti-AQEE30 antibody has been previously described 

[33,41]. All VGF peptides were synthesized by AAPPTec (Louisville, KY).

Behavioral analysis

Mechanical sensory assessment—Behavioral responses to mechanical stimulation 

were assessed using an electronic von Frey aesthesiometer (IITC Life Sciences, Woodland 
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Hills, USA) by an experimenter blinded to the treatment. 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 the plantar surface of each hind paw until a brisk withdrawal 

response terminated application of pressure, which was recorded by the instrument. 

Mechanical withdrawal thresholds were measured before and at 1, 2, 3, 7, 12 and 19 days 

after surgery.

Spared Nerve Injury (SNI)—SNI was induced in mice according to the method described 

previously [43]. 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. The sural nerve was left intact. Sham surgeries 

consisted of exposure of the sciatic nerve branches without any further manipulation.

Intrathecal injections of IgG—Within 1 h prior to SNI surgery, Protein A purified anti-

AQEE30 [33], or control IgG, (0.5 or 1 μg / 5 μL) was delivered intrathecally (i.t.) by direct 

lumbar puncture in conscious adult male ICR outbred mice as described [13,21]. 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 into the subarachnoid space 

over 1–3s 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 confirmed by 

observation of a tail flick upon entry into the intrathecal space. Intrathecal injections of 

TLQP-62 were carried out in the same way (see Figure, Supplemental Digital Content 1).

Western blot

Mouse spinal cords were harvested by hydraulic extrusion. The lumbar enlargement was 

isolated and divided into ipsi- and contralateral halves before being homogenized in 

solubilization buffer (Tris-buffered saline, pH 7.4 containing 1% Triton X-100, 10 mM 

EGTA, 10 mM EDTA) containing protease inhibitors (Complete Mini, EDTA-free (Roche)) 

using a glass bead homogenizer. The homogenate was centrifuged at 14,000 G for 15 min at 

4°C and the supernatant was collected. Samples were mixed with sample buffer (NuPage 4X 

sample buffer (Invitrogen, Grand Island, NY)) and heated to 95°C for 10 min. Samples from 

naïve mice were loaded at 45 μg protein per lane. For comparison a sample containing 25 μg 

protein was spiked with 0.125 pmol of TLQP-62. Samples from sham and SNI spinal cords 

were loaded with 35 μg protein per lane. Samples were loaded onto a 12% gel (NuPage 

Novex bis-tris, Invitrogen) and run at 150 volts for 1 hr. After removal from the cassette, the 

gel was incubated in 10% glutaraldehyde for 1 hr and rinsed with PBS before being 

transferred to PVDF membranes (Immobilin-FL, Millipore) using 120 mA current overnight 

at 4°C. Membranes were incubated in blocking buffer (LiCor Odyssey Blocking buffer 

(Invitrogen)) for 1 hr at room temperature, then incubated in primary antisera 48 hours at 

4°C (guinea pig anti-AQEE30 serum [41], 1:10,000; mouse anti-actin 1:15,000 (Cell 

Signaling)). After rinsing with PBS containing 0.1% Tween-20, the membranes were 

incubated for 1 hr in secondary antisera (IR-Dye donkey anti-guinea pig 800cw or donkey 

anti-mouse 680rd, LiCor). After rinsing with PBS-Tween-20 the blot was placed in PBS 

until it was imaged using the LiCor Odyssey Imager. Quantification of band density was 
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performed using the Gel Analysis tool in Fiji [42]. Results normalized to actin were 

averaged within group across two experiments, n = 3 animals per group per experiment.

Immunofluorescence

Analysis of VGF labeling in spinal primary afferent processes in naïve mice—
To quantify the proportion of VGF found in spinal primary afferent processes, we used Pirt-

GCamp3 mice that express a GFP variant in >96% of primary afferents [27]. 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). The spinal cord was removed, cryoprotected in 10% 

sucrose, and cryostat-sectioned into 14 μm sections that were slide-mounted. Sections were 

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

donkey serum) for 30 min without or with IB4 (5 μg/ml, Sigma-Aldrich, St. Louis, MO), 

followed by incubation overnight at 4°C with appropriate primary antibodies: chicken anti-

GFP (1:1000 Abcam, ab13970, Cambridge, UK), guinea pig anti-AQEE30 primary 

antibodies (1:300, neat serum [41]), rabbit anti-CGRP (1:1000, ImmunoStar, Hudson, WI), 

goat anti-IB4 (1:500, Vector Laboratories, Burlingame, CA). After rinsing, the sections were 

then incubated overnight at 4°C with appropriate secondary antibodies Alexa Fluor 488 

conjugated donkey-anti-chicken, Cy5 conjugated donkey-anti-guinea pig, Cy3 conjugated 

donkey-anti-rabbit, Alexa Fluor 488 conjugated donkey-anti-goat secondary antibodies 

(1:1000, Jackson ImmunoResearch). High resolution (pixel size: 250 nm x 250 nm) laser 

scanning confocal images were taken with a Nikon A1R (objective: 25X, NA 1.1) and 

captured digitally using Nikon Elements software (Nikon, Melville, NY; University Imaging 

Centers; University of Minnesota, Minneapolis, MN). Confocal images (optical slice = 1.08 

μm; 5 slices/animal, 6 animals) were analyzed for the distribution of anti-AQEE30 

immunoreactivity with relation to labeling for GFP, CGRP, and IB4 by auto thresholding 

each channel using Fiji’s default threshold algorithm and analyzing the number of 

overlapping and non-overlapping positive pixels.

Analysis of VGF labeling in spinal cord and L4 dorsal root ganglia (DRG) of 
SNI and sham-operated mice—For quantification of anti-AQEE30 immunoreactivity 

among sham- and SNI-operated mice, tissues from adult male ICR mice were prepared, 

processed and imaged as above with the exception that DRG tissues were stained with 

NeuroTrace (1:1000, Invitrogen). All analyses was performed by trained observers blinded 

to the experimental groups using Fiji. For quantification of labeling in DRG, NeuroTrace-

labeled neuronal profiles with nuclei were outlined in 5–6 evenly spaced sections per DRG, 

and the mean grey value of anti-AQEE30 immunoreactivity in each profile was measured. 

The threshold intensity for identifying anti-AQEE30 immunoreactive neurons was defined 

as 3 standard deviations from the average mean grey value of three unlabeled DRG neurons 

within the image. Analysis of spinal cord dorsal horn anti-AQEE30 immunoreactivity 

consisted of calculating the mean grey value of anti-AQEE30 immunoreactivity following 

auto thresholding using Fiji’s default threshold algorithm. These values were used to 

calculate a ratio of anti-AQEE30 immunoreactivity between ipsilateral and contralateral 

dorsal horns which was then averaged and compared between groups.
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Measurement of intracellular free calcium transients and analysis

Adult male rats and mice were deeply anesthetized with isoflourane (10%) and perfused 

transcardially with ice-cold high-sucrose artificial cerebral spinal fluid (aCSF) bubbled with 

(95% O2 / 5% CO2) and consisting of, in mM: NaCl 95; KCl 1.8; KH2PO4 1.2; CaCl2 0.5; 

MgSO4 7; NaHCO3 26; glucose 15; sucrose 50; kynurenic acid 1, at a rate of 8 ml/min. 

While maintaining perfusion at 4 ml/min the spinal cord was removed following 

laminectomy and transferred to a dissection chamber containing ice-cold, bubbled, high-

sucrose aCSF. Meninges were removed and the roots trimmed. The lumbar enlargement was 

mounted on a 4% agarose block and 400 μm transverse sections were made on a vibratome 

(Leica VT 1200S, Wetzlar, Germany). Loading of cells with Flou-4-AM allowed 

visualization of free intracellular calcium transients. Slices were incubated at 37°C for 30 

min with 175 μL of 20% Pluronic® F-127 in DMSO (Life Technologies, Eugene, OR) 

dissolved in 4 mL of aCSF consisting of, in mM: NaCl 127; KCl 1.8; KH2PO4 1.2; CaCl2 

2.4; MgSO4 1.3; NaHCO3 26; glucose 15, and 5 μM Fluo-4-AM (Life Technologies) with 

95% O2/5% CO2 blown over the surface of the incubant. To fluorescently label astrocytes, 

the slices were incubated in sulfurorhodamine 101 (SR-101, 1μM; Molecular Probes, 

Eugene, OR) added to the incubant at 33°C for 30 min. The slices were incubated in fresh 

aCSF for 30 min at room temperature prior to imaging. Imaging was carried out at room 

temperature in a stage-mounted imaging chamber (volume = ~1.5 mL) perfused with 

oxygenated aCSF or drugs via peristaltic pump at a flow rate of 3 mL/min and transit time of 

2 min from the reservoir to the chamber. Due to the flow rate into, and volume of the 

imaging chamber, the effective concentration of applied drugs were dependent on the time of 

application. A 10 s application (500 μL bolus) introduced into the perfusion line yielded an 

effective concentration in the imaging chamber equal to 1/3 the initial concentration, while a 

bolus > 30 s yielded effective concentrations equal to the initial concentration. Thus, 10 s 

applications of 100 μM and 1 mM glutamate yielded effective concentrations of 33 μM and 

333μM respectively, while application of peptides (> 30 s) were effectively applied at the 

initial concentration. Peptides were dissolved in DI water at a concentration of 1 mM, and 

stored at −20°C until dilution to final concentration in aCSF on the day of imaging. Single 

plane scanning two-photon images of the dorsal horn were collected by 800 nm IR 

excitation at a depth of 30–60 μm from the surface of the slice at a frame rate of 0.5 Hz for 

the duration of the experiment using the same imaging equipment as above. After 

completion of the two-photon time-lapse protocol a confocal image was captured to 

visualize SR-101 positive cells (astrocytes).

Time-lapse image files were analyzed using Fiji. Following image stabilization [24] and 

application of a fire lookup table, cellular profiles were identified for analysis based on 

morphology and responsiveness to 1 mM glutamate. Profiles were outlined and marked as 

regions of interest (ROI) using Fiji’s ROI manager. The mean Fluo-4 fluorescence intensity 

of individual ROIs was calculated for the duration of the experiment (35–40 min). Intensity 

values for individual ROIs during the ten images in the time-lapse sequence (20 s) 

immediately preceding drug exposure were averaged to obtain resting values. A maximum 

search function was used to identify peak response intensity in the next 100 frames (200 s). 

Response amplitude was calculated by subtracting the resting intensity value from the peak 

intensity value. The fold change from the baseline glutamate response was calculated using 

Skorput et al. Page 5

Pain. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the formula: [(amplitude #2) − (amplitude #1)] / (amplitude #1). Profiles displaying 

spontaneous activity during the calculation periods were excluded from analysis. Analyzed 

profiles were presumed to be neuronal because they were negative for the astrocyte marker 

SR-101 and exhibited calcium transients in response to glutamate of similar amplitude and 

kinetics as those described previously for neurons as opposed to microglia [10,11].

Spinal cord electrophysiology

Adult male Sprague Dawley rats were deeply anesthetized with urethane (Sigma; 2 g/kg 

i.p.), intubated with PE-240 tubing (Becton Dickenson, East Rutherford, NJ), and mounted 

in a fixed head and spinal stereotaxic frame with body temperature maintained by a 

homeothermic blanket control unit. The dorsal surface of the L3-L6 spinal cord was exposed 

by laminectomy and bathed in 0.9% saline. A 5–10 MΩ stainless steel microelectrode (0.005 

inch; FHC, Bowdoin, ME) driven by a microstep motor and controller (Burleigh, Newton, 

NJ) was advanced into the dorsal horn in search of spinal neurons with mechanical receptive 

fields (RFs) in the left hind paw. Extracellular signals were amplified (DAM-80, WPI, 

Sarasota, FL) and filtered for noise (Hum Bug, Quest Scientific, North Vancouver, Canada) 

before being digitally recorded with Spike 2 data acquisition software (CED, Cambridge, 

England). Mechanical stimuli were delivered manually in the form of brush (paint brush 

stroked on skin), pressure (large arterial clip), pinch (small arterial clip) delivered for 10 s 

each to the RF in the left hind paw with a 10 s inter-stimulus interval. The pinch stimulus 

was judged by experimenters to be frankly painful when applied to their skin, and the larger 

arterial clip was described as moderately intense pressure, but not painful. Responses to 

mechanical stimulation were calculated as the difference between the sums of spikes 

occurring during the 10 s stimulus, less the sum of spikes occurring in the preceding 10 s 

inter-stimulus interval. To test thermal responses, a feedback-controlled Peltier device 

(Thermal Devices Inc., Golden Valley, MN, 49 mm2 contact area) delivered a series of 

thermal stimuli (10 s) from a resting temperature of 30°C down to 10°C, back to 30°C, then 

up to 50°C. Thermal-evoked responses were calculated as the sum of spikes occurring 

during the stimulus, less the sum of spikes occurring during a 10 s baseline period preceding 

the cold and heat ramp. To test cooling responses 20 μl of acetone were applied to the 

receptive field and allowed to evaporate, responses were calculated as above. Baseline 

responses were recorded to three sequential sets of graded mechanical stimuli followed by a 

single set of thermal stimuli prior to application of TLQP-62 (50 nM) or vehicle (saline) to 

the dorsal surface of the spinal cord for 15–18 min. Following wash with saline, the 

mechanical and thermal stimuli were re-applied every 5 and 10 min for the next 30 min, and 

then every 10 and 20 min, respectively, until the end of the recording. Electrolytic lesions 

(anodal current, 25 PA, 15–40 s) through the tip of recording electrodes were routinely made 

at the end of recording sessions for subsequent histological verification of recording sites in 

the dorsal horn. Recordings were analyzed in Spike 2 and identified single units were 

classified as wide dynamic range (WDR) or high threshold (HT) as previously reported [9]. 

Briefly, HT units were classified based on a response to brush <0.2 Hz and a pinch response 

larger than the response to pressure. Units were classified as WDR if they responded to 

brush, pressure and pinch in a graded fashion.
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Statistics

Statistical analysis was performed in GraphPad Prism 7 and utilized α=0.05. All data 

analyzed by ANOVA or Student’s t-test passed a test for normality. Behavioral data were 

analyzed by two-way repeated measure ANOVA with Dunnett’s post test. 

Immunofluorescence: Population analysis of DRG neuron anti-AQEE immunofluorescence 

was compared between surgical groups by Kolmogorov-Smirnov testing of their cumulative 

frequency distributions. Percent DRG neurons positive for anti-AQEE immunofluorescence 

and the mean ratio of anti-AQEE immunofluorescence mean grey value in ipsilateral/

contralateral dorsal horns were compared by unpaired Student’s t-test. Western blot: The 

densities of anti-AQEE labeled bands were normalized to actin bands, and treatments were 

compared by unpaired Student’s t-test. Population analysis for Ca2+ transient imaging and in 
vivo recording: For physiological testing two standard deviations (SD) was used as the 

criteria to identify neuronal profiles (Ca2+ transient imaging) and spinal neurons (in vivo 

electrophysiology) with significantly altered responses relative to controls. Because 2SD 

represents 95% of normally distributed data, our utilization of α=0.05 identifies fold 

changes >2SD as significant. Proportions of profiles and units were compared using Fisher’s 

exact test. Experimenters blinded to the treatment performed testing and or analyses. Mean 

responses for Ca2+ transient imaging: The mean fold change from 1st response was 

calculated by averaging fold change from 1st response across all glutamate-responsive, 

SR-101(−), profiles from all slices exposed to a given pharmacological treatment that were 

derived from the same animal. The number of animals was used as the value of n and a 

minimum of 3 animals were used per group. To account for varying numbers of slices 

analyzed per animal, the group mean and variance was weighted using the formulas: 

x = (∑i = 1
n wixi)/(∑i = 1

n wi), and σ2 = (∑i = 1
n wi (xi − x)2)/(∑wi − 1). Treatments were compared 

using unpaired Student’s t-test (mouse) or one-way ANOVA with Dunnett’s post test (rat).

Results

Localization of C-terminal VGF peptides in dorsal horn and identification of spinal TLQP-62

The neurosecretory protein VGF is proteolytically processed ([32], Fig. 1A). VGF-derived 

peptides containing the C-terminus, including TLQP-62, are recognized by our in-house 

generated antibody, anti-AQEE30, which was raised against the 30 C-terminal amino acids 

of VGF (Fig. 1A) and has been previously characterized [33,41].

The presence of endogenous bioactive C-terminal VGF peptides in spinal cord has not been 

shown. We employed Western blot analysis of lumbar spinal cord lysates from naïve mice to 

examine C-terminal VGF fragments using anti-AQEE30. Figure 1B shows full length VGF 

as well as bands corresponding to C-terminal proteolytic fragments of decreasing molecular 

weight. To determine if any of the bands correspond to the peptide TLQP-62, one of the 

samples was spiked with a peptide standard (lane S). Direct comparison of VGF fragments 

in spinal cord lysates from three mice (lanes 1–3) with the spiked sample identified the 

fragment running at a molecular weight of ~6 kDa (arrow, Fig. 1B) as TLQP-62, 

demonstrating bioavailability in the spinal cord.
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Spinal VGF originates from both primary afferent and intrinsic spinal cord neurons [37,41]. 

To quantify these potential sources of C-terminal VGF peptides, we utilized Pirt-GCamp3 

mice, in which a variant of GFP is expressed in >96% of all primary sensory neurons and 

can be visualized using GFP immunolabeling [27]. Double-labeling of spinal cord sections 

with anti-AQEE30 and anti-GFP indicated extensive colocalization (Fig. 1C & D), and 

quantitative analysis of the spinal colocalization showed that 70% (SEM = 0.6%, n = 6 

animals) of anti-AQEE30 immunoreactivity in the dorsal horn was localized in GFP-positive 

spinal primary afferent processes while the remaining 30% (SEM = 0.6%, n = 6 animals) 

was associated with other structures. We also evaluated the relationship of anti-AQEE30 

immunoreactivity to labeling for the established markers of spinal primary afferent processes 

CGRP and IB4 (Fig. 1E & F). Quantitative analysis demonstrated that 28% (SEM = 3%, n = 

6 animals) of anti-AQEE30 immunoreactivity colocalized with the marker of nonpeptidergic 

small diameter primary afferent neurons IB4. Additionally, 23% (SEM = 1.2%, n = 6 

animals) of anti-AQEE30 immunoreactivity was localized within peptidergic primary 

afferent terminals, based on colocalization with CGRP immunoreactivity.

Immunoneutralization of C-terminal VGF peptides attenuates the development of nerve 
injury-induced tactile hypersensitivity

The involvement of endogenous VGF C-terminal peptides in the development of tactile 

hypersensitivity following peripheral nerve injury has not been demonstrated. We used 

immunoneutralization to test the hypothesis that endogenous C-terminal VGF peptides 

participate in the initiation of nerve injury-induced hypersensitivity. This neuropeptide 

immunoneutralization method has been demonstrated to work effectively in the 

hippocampus using anti-AQEE30 [33]. In addition, we have shown that anti-AQEE30 dose-

dependently attenuates the previously reported hyperalgesia induced by intrathecal TLQP-62 

[13] in the warm water tail withdrawal test (See Figure, Supplemental Digital Content 1). 

This observation demonstrates that anti-AQEE30 is able to interfere with the functional 

effects of TLQP-62, presumably through immunoneutralization of the peptide.

We administered anti-AQEE30 intrathecally immediately prior to peripheral nerve damage 

(SNI model). Mechanical withdrawal thresholds were compared in untreated SNI mice and 

SNI mice that received intrathecal injection of anti-AQEE30 (1 μg) or a non-specific guinea 

pig IgG (1 μg). Mice injected with anti-AQEE30 showed significantly higher ipsilateral paw 

withdrawal threshold on day 1 post-surgery compared to controls, and this effect persisted 

on days 2, 3, and 7 post-surgery (P<0.001, n = 4 animals per group, Two-way ANOVA; Fig. 

2A).

In an independent experiment a separate cohort of mice was tested over a prolonged time 

course to determine the duration of anti-AQEE30 action following a single intrathecal 

injection at the time of injury. Increased ipsilateral paw withdrawal thresholds persisted up 

to 12 days, but the effect was absent on day 19 post-surgery (P<0.001, n = 4 animals per 

group, two-way ANOVA with Dunnett’s post test; Fig. 2B). In this experiment, we also 

observed that a lower dose of anti-AQEE30 (0.5 μg) yielded similar attenuation of 

hypersensitivity, suggesting that both doses were within the range of maximally effective 

concentrations. Animals receiving intrathecal administration of non-specific IgG developed 
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behavioral hypersensitivity indistinguishable from untreated controls (P>0.05, repeated 

measure two-way ANOVA with Dunnett’s post test). These results demonstrate for the first 

time that immunoneutralization of endogenous C-terminal VGF peptides at the time of 

injury delays the development of hypersensitivity.

Spinal TLQP-62 is elevated during the establishment of neuropathic pain

We next asked whether the level of spinal TLQP-62 increased following peripheral nerve 

damage. First, we quantified anti-AQEE30 immunoreactivity both in the ipsilateral L4 DRG 

as well as the dorsal horns of L3-L4 mouse spinal cord in sham- and SNI-operated mice 3 

days post-surgery (Fig. 3A–D). Population analysis of anti-AQEE30 immunoreactivity in 

DRG was performed in 6 sham- and 6 SNI-operated mice. The representative confocal 

images in figure 3A show increased anti-AQEE30 immunoreactivity among DRG neurons of 

SNI mice relative to sham controls. This observation is quantified and displayed in figure 3B 

as a plot of cumulative frequency distributions of individual DRG neuron mean grey values. 

The rightward shift of the cumulative distribution of labeling intensity in DRG neurons from 

SNI mice (dashed line) relative to sham controls indicates increased anti-AQEE30 

immunoreactivity after nerve injury (P<0.0001, Kolmogorov-Smirnov test). In addition to 

this population analysis, we found that the proportion of anti-AQEE30 labeled DRG neurons 

was higher in SNI- compared to sham-operated mice (sham, 27.1%, SEM = 4.0% n = 6 

animals; SNI, 41.6%, SEM = 2.2% n = 6 animals, P<0.05, unpaired Student’s t-test). To 

quantify anti-AQEE30 immunoreactivity in the spinal cord dorsal horn, confocal images of 

both the ipsilateral and contralateral side were acquired (Fig. 3C). The ratio of the mean grey 

value of anti-AQEE30 immunoreactivity between the ipsilateral and contralateral dorsal 

horns was calculated and the mean across animals was compared between groups (Fig. 3D). 

This analysis demonstrated an increase in ipsilateral dorsal horn anti-AQEE30 

immunoreactivity 3 days post SNI surgery relative to sham controls (P<0.01, n = 6 animals 

per group, unpaired Student’s t-test).

We next performed Western blot densitometry analysis of C-terminal VGF fragments in 

ipsilateral lumbar spinal cord lysate from SNI- and sham-operated mice at day 3 post-

surgery (Fig 3E and F). Images of anti-AQEE30-labeled membranes were collected at 

different intensity settings for optimal quantification of the high- and low-density bands, 

corresponding to full-length VGF and TLQP-62, respectively. Quantitative analysis of band 

intensity indicated that the bands corresponding to TLQP-62 (arrows, Fig. 3E) and full-

length VGF (arrowhead, Fig. 3E) were significantly elevated in lysates from mice with SNI 

compared to sham controls (Fig. 3F, P<0.05, n = 6 animals per group, unpaired Student’s t-

test).

TLQP-62 potentiates neuronal glutamate responses in the dorsal horn through a kinase-
dependent mechanism

Having demonstrated a functional consequence of endogenous C-terminal VGF peptide 

immunoneutralization following peripheral nerve injury, as well as an injury-induced 

increase in spinal TLQP-62, we investigated potential mechanisms of action of TLQP-62 in 

enhancing nociceptive signaling in the spinal cord. Based on its modulation of excitatory 

neurotransmission in the hippocampus [1,4], we hypothesized that exposure to TLQP-62 
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potentiates glutamatergic responses in the superficial dorsal horn. To this end, we performed 

two-photon imaging of presumptive superficial dorsal horn neuronal profiles (see methods) 

loaded with the fluorescent Ca2+ indicator Fluo-4 in spinal cord slices from both mice and 

rats. A submaximal concentration of glutamate (100 μM, 10 s) was applied following a 2-

min baseline period. After a subsequent 5-min washout period, the slice was incubated 

without (Fig. 4A) or with (Fig. 4B) TLQP-62 in the perfusate (aCSF). The response to a 

second application of submaximal glutamate was then recorded in order to quantify 

potentiation of glutamatergic responses. Exposure to 100 μM (10 s) glutamate yielded stable 

submaximal Ca2+ transients before and after the 15 min aCSF incubation period (Fig. 4A). 

In a significant proportion of Flou-4+/SR101− presumptive neuronal profiles, incubation 

with TLQP-62 resulted in increased amplitudes of glutamate-induced Ca2+ transients (Fig. 

4B). Potentiation was defined as fold change from baseline that was > 2SD from the mean 

fold change observed in the control (aCSF) condition. Glutamate responses were potentiated 

in a significantly larger proportion of neuronal profiles from slices of mouse spinal cord 

exposed to 50 nM TLQP-62 compared to aCSF (aCSF: 9/147 profiles; 50 nM TLQP-62: 

58/157 profiles; P<0.0001, Fisher’s exact test; Fig. 4C). In spinal cord slices from rat, 

incubation in 50 and 500 nM, but not 5 nM TLQP-62 significantly increased the proportion 

of Flou-4+ neuronal profiles with potentiated glutamate responses (Fisher’s exact test; Fig 

4D). Proteolytic processing of TLQP-62 yields the bioactive peptides TLQP-21 and 

AQEE-30. Therefore, we tested whether these peptides alone or in combination reproduce 

the potentiating effects of TLQP-62. Incubation with 50 nM TLQP-21 (0/54 profiles), 50 

nM AQEE-30 (2/58 profiles), or their combination (0/62 profiles) did not significantly 

increase the proportion of neuronal profiles with potentiated glutamatergic responses 

compared to aCSF (P>0.05, Fisher’s exact test).

In the hippocampus, TLQP-62 induces neuroplasticity via a BDNF-dependent mechanism 

involving signaling through the TrkB receptor [1,4,33,48]. To test whether the potentiation 

of glutamate-induced Ca2+ transients by TLQP-62 was due to an active kinase-dependent 

event consistent with BDNF/TrkB signaling, we examined the effects of the classically used 

Trk inhibitor K252a [19,28,46]. K252a (200 nM), applied concomitantly with TLQP-62, 

prevented the peptide-induced increase in the proportion of presumptive neuronal profiles 

with potentiated glutamate responses (5/178 profiles, P>0.05, Fisher’s exact test compared 

to aCSF). Application of this broad kinase inhibitor (K252a 200 nM) alone did not alter the 

proportion of cells with potentiated glutamate induced Ca2+ transients compared to aCSF 

(2/121 profiles; P>0.05, Fisher’s exact test).

The raw data shown as a scatter plot in Figure 4C & D is recapitulated in Figure 4E & F as 

means averaged across all profiles within a slice and compared between groups utilizing the 

number of animals as n and weighted to account for the number of slices used per animal. 

This statistical analysis demonstrates the robustness of glutamate-induced Ca2+ responses by 

TLQP-62. We found a significant increase in the mean fold change of peak glutamate 

responses between 50 nM TLQP-62 (1.38 +/− 0.27, n = 5 animals) and aCSF (−0.05 +/

− 0.04, n = 4 animals; P<0.01, unpaired Student’s t-test) in spinal cord slices from mice 

(Fig. 4E). Similarly, in rats we found a significant increase in the mean fold change of peak 

glutamate responses between 50 nM and 500 nM, but not 5 nM, TLQP-62 compared to 

aCSF (aCSF: 0.02 +/− 0.08 n = 6 animals; 5 nM TLQP-62: 0.05 +/− 0.15 n = 4 animals; 
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50nM TLQP-62: 1.18 +/− 0.29 n = 4 animals; 500 nM TLQP-62: 0.79 +/− 0.18 n = 3 

animals, P<0.001, one-way ANOVA with Dunnett’s post test, Fig 4D). Further, there was no 

significant difference in mean fold change of peak glutamate responses between aCSF and 

500 nM TLQP-62 + 200 nM K252a (0.14 +/− 0.14 n = 4 animals, P>0.05), nor 200 nM 

K252a alone (0.15 +/− 0.14 n= 5 animals, P>0.05). Taken together, these results demonstrate 

the ability of TLQP-62 to robustly induce kinase-dependent potentiation of glutamatergic 

signaling in the dorsal horn.

TLQP-62 increases responses of high threshold dorsal horn neurons to moderate 
mechanical stimulation in vivo

We next examined the effects of TLQP-62 on the response properties of dorsal horn neurons 

in vivo. We analyzed the responses of single units recorded from rat spinal dorsal horn along 

the experimental timeline outlined in Figure 5A. All histologically recovered recording sites 

were within the dorsal horn (examples shown in Fig. 5B). Fifteen high threshold (HT) and 

23 wide dynamic range (WDR) units with low rates of spontaneous activity (<1 Hz) were 

analyzed. We assessed the effect of 50 nM TLQP-62 or control (saline) treatment on single-

unit spiking frequency in response to mechanical stimuli. The baseline responses prior to 

application of saline or TLQP-62 were not significantly different between the two 

experimental groups among HT or WDR units (Fig 5C; P>0.05, repeated measures two-way 

ANOVA with Bonferroni-corrected post-hoc test).

Units were categorized as significantly altered by the experimental treatment if the fold 

change from baseline was > 2SD from the mean change observed in the saline group at the 

equivalent time point (Fig 5D). This analysis indicated that HT units were significantly more 

responsive to moderate mechanical stimuli after exposure to 50 nM TLQP-62 relative to 

saline exposure (P<0.05, Fisher’s exact test), but not to pinch (P>0.05, Fisher’s exact test). 

In contrast to HT units, the proportions of WDR units with altered activity were not different 

between the 50nM TLQP-62 and saline-exposed groups for any of the modalities tested (P > 

0.05, Fisher’s exact test). Figure 5E illustrates the enhanced response properties of HT units 

to a moderate mechanical stimulus following exposure to TLQP-62. These in vivo single 

unit recordings demonstrate the ability for TLQP-62 to enhance nociceptive information 

transfer in the dorsal horn.

With regard to thermal stimuli, of the 15 HT units recorded, at baseline three responded to 

acetone cooling alone, one responded to cold (10°C) alone and six responded to heat (50°C) 

alone. Whereas among the 23 WDRs recorded, at baseline four responded to acetone cooling 

alone, none responded to cold, six responded to both acetone cooling and heat, three 

responded to heat only and one responded to all three thermal stimuli. The proportion of 

units with significantly altered thermal responses did not vary significantly between 50 nM 

TLQP-62 exposed units and controls for any of the thermal responses tested among either 

HT or WDR units (P>0.05, Fisher’s exact test). Further, the proportion of units with 

significantly altered spontaneous activity (# of spikes 10 s prior to the first mechanical 

stimulus in the sequence) was not significantly different between 50 nM TLQP-62 exposed 

units and controls among either HT or WDR units (P>0.05 Fisher’s exact test; data not 

shown).
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Discussion

VGF peptides are potential mediators of the transition from acute to chronic pain. This study 

demonstrates the contribution of endogenous C-terminal VGF peptides in the establishment 

of neuropathic pain and provides insight into the functions of the C-terminal peptide 

TLQP-62 in the dorsal horn. Consistent with previous reports of the involvement of 

TLQP-62 in hippocampal neuroplasticity [1,3,4,23,33,48,49], we show that TLQP-62 

potentiates spinal glutamatergic signaling ex vivo. Further, in vivo recordings suggest that 

TLQP-62-induced neuroplasticity also potentiates responses of dorsal horn neurons to 

sensory stimuli.

C-terminal VGF peptides contribute to the establishment of neuropathic pain

This study demonstrates for the first time the presence of TLQP-62 in spinal cord as well as 

its increase after nerve injury. These findings provide evidence for the bioavailability of 

TLQP-62 during the development of neuropathic pain. We have shown that treatment with 

anti-AQEE30 at the time of nerve injury delays the development of mechanical allodynia, 

presumably through immunoneutralization of endogenous C-terminus VGF-derived 

peptides. Among the bioactive C-terminal VGF peptides (TLQP-62, AQEE-30, LQEQ-19), 

TLQP-62 is the only one currently known to modulate spinal neuroplasticity, and therefore 

its immunoneutralization likely contributes to the attenuation of mechanical allodynia. Our 

immunofluorescent analysis of Pirt-GCamp3 mice shows that spinal VGF is predominantly 

of primary afferent origin, supporting the idea that TLQP-62 may function as sensory 

neuron-derived mediator of the establishment of chronic pain after nerve injury. However, 

TLQP-62 produced by spinal neurons may also contribute to mechanisms of neuroplasticity 

since following nerve injury VGF mRNA is increased in both DRG and spinal cord [37]. 

The observation of nerve injury-induced increase in VGF levels in DRG and spinal cord 

using immunofluorescent analysis reported here is in agreement with previous reports 

[33,41].

Previously, we observed attenuation of nerve injury-induced hypersensitivity following 

immunoneutralization of the peptide TLQP-21 [14], which corresponds to the N-terminal 

portion of TLQP-62 [32]. The anti-TLQP21 antibody used in those experiments recognized 

the C-terminus of TLQP-21 and does not sequester full length TLQP-62. Taken together, our 

immunoneutralization studies suggest that multiple bioactive VGF fragments contribute to 

nerve injury-induced spinal neuroplasticity, although the relative spinal levels of different 

peptides are unknown.

The ability of a single intrathecal injection of anti-AQEE30 given at the time of injury to 

delay the progression of mechanical allodynia for at least 12 days is striking. We postulate 

that the site of action of the antibody is within the dorsal horn of spinal cord, consistent with 

evidence for penetration of intrathecally delivered IgG within the CNS parenchyma [40]. 

Moreover, recent pharmacokinetic analyses demonstrate that CNS parenchymal IgG 

clearance is orders of magnitude slower than clearance from other tissues, and a substantial 

fraction of the antibody remains within the interstitial space for at least 24 h [6,12]. 

Prolonged TLQP-62 sequestration may interfere with signaling pathways that participate in 

the establishment of persistent maladaptive neuroplasticity leading to central sensitization. 
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TLQP-62 has been demonstrated to function in learning and memory by regulating BDNF 

expression and facilitating BDNF signaling in the hippocampus [32,33]. The neurotrophin-

inducible vgf gene is similarly robustly upregulated by BDNF [1,15]. Thus, BDNF and VGF 

may function in a reinforcing manner to facilitate neuroplasticity in the spinal cord. Notably, 

continuous BDNF signaling maintains glutamatergic potentiation of spinal neurons 

following peripheral nerve injury [19]. BDNF is also thought to contribute to the failure of 

inhibitory gating mechanisms in the dorsal horn, resulting in the facilitation of HT neuron 

activity by Aβ-fiber activation [8,16,19,34,39]. Therefore, prolonged TLQP-62 sequestration 

may have lasting effects through disruption of persistent BDNF-dependent mechanisms of 

mechanical allodynia.

TLQP-62 potentiates glutamatergic signaling in the dorsal horn

Using two-photon microscopy to quantify changes in intracellular free Ca2+ in dorsal horn 

neurons, we observed potentiated glutamate signaling in 19% of neuronal profiles following 

TLQP-62 exposure. In addition, we provide evidence that the mechanism of action of 

TLQP-62 depends on kinase-mediated signaling. Originally characterized as an inhibitor of 

PKC [25], K252a was suggested to inhibit receptor tyrosine kinases selectively when 

administered at a concentration of 200 nM [20,28], and its use as a TrkB inhibitor has 

persisted [19]. The potential involvement of TrkB activation in the spinal potentiating effects 

of TLQP-62 is consistent with extensive evidence showing that TLQP-62 functions through 

BDNF/TrkB signaling in hippocampus [1,3,4,23,33,48]. A functional relationship between 

TLQP-62 and BDNF would represent an exciting potential mechanism for the involvement 

of TLQP-62 in the pathophysiology of neuropathic pain. Further work will be needed to 

elucidate the mechanism(s) of TLQP-62-induced potentiation of glutamate-induced Ca2+ 

transients and its dependence on BDNF/TrkB signaling.

Potentiation of glutamate-evoked Ca2+ transients in individual profiles may reflect both 

direct postsynaptic receptor activation as well as glutamate-induced input from other 

neurons in the network. Work in the hippocampus has recently identified BDNF-dependent 

effects of TLQP-62 on modifications to the glutamatergic postsynaptic compartment [23], 

suggesting that a similar mechanism may operate in the dorsal horn. The observed 

TLQP-62-induced increase in glutamate responsiveness may also be the result of increases 

in presynaptic glutamate release, or possibly, a reduction in synaptic inhibition either 

directly onto the profile or elsewhere in the circuit. Importantly, all of these potential 

mechanisms have been shown to occur following peripheral nerve damage [2,19,47]. Taken 

together, elevated spinal levels after nerve injury and the ability to potentiate glutamate-

evoked Ca2+ transients in dorsal horn neurons position TLQP-62 as a potential mediator of 

the reported nerve injury-induced increase in Ca2+ responses to glutamate [7]. Under 

physiological conditions the TLQP-62-induced potentiation of glutamatergic signaling could 

contribute to the transfer of sensory information that may otherwise be sub-threshold.

TLQP-62 potentiates responses of dorsal horn neurons in vivo

Our in vivo single-unit experiments support the hypothesis that TLQP-62 mediates changes 

in the spinal processing of sensory inputs. Relative to control treatment, TLQP-62 

selectively increased the responsiveness of nociceptive-specific HT neurons to moderate 
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mechanical stimulation. In contrast to a previous study, which analyzed WDR units [37], we 

did not observe TLQP-62-induced changes in spontaneous activity, brush responses and 

acetone responses of WDR units relative to control treatment. Methodological differences 

could account for the disparate outcomes of the two studies. The thermal responsiveness of 

HT units with significantly increased response to tactile stimuli following exposure to 

TLQP-62 was heterogeneous: three units were activated by heat, and two were unresponsive 

to the thermal stimuli tested. The only HT unit that was not sensitized to moderate 

mechanical stimulation by TLQP-62 was responsive only to the acetone cooling stimulus. 

Analysis of a larger sample size of HT units is required to determine if the effects of 

TLQP-62 are restricted to a functional subset of HT neurons.

Our observation of a TLQP-62-induced increase in the responsiveness of HT units suggests 

that the peptide potentiates nociceptive signaling in the dorsal horn. Our experiments did not 

distinguish between projection neurons and local interneurons, both of which can be 

identified functionally as HT [7,45]. TLQP-62 may affect the responsiveness of HT neurons 

through direct action on the recorded neuron or through a network level effect that results in 

increased excitatory or decreased inhibitory synaptic input to HT neurons. Indeed, 

accumulating evidence indicates that modifications within dorsal horn circuits lead to failure 

of inhibitory gating mechanisms on excitatory interneurons and mechanical allodynia 

following peripheral nerve injury [31,34,36,38]. The activation of TLQP-62 exposed HT 

neurons by stimuli that did not elicit a response in the baseline state is consistent with a 

potential function of the peptide in the development of mechanical allodynia. A caveat in 

this interpretation is that the mechanical stimuli used in our recordings (brush, pressure, 

pinch) are distinct from stimuli used to establish mechanical allodynia behaviorally (i.e. von 

Frey filaments). Therefore, it remains to be determined in future in vivo recordings whether 

TLQP-62 induces increased responsiveness of HT neurons to stimuli that correspond to 

lowered mechanical withdrawal thresholds.

Conclusion

We show here for the first time that endogenous spinal TLQP-62 is increased following 

peripheral nerve damage and functions in the development of mechanical hypersensitivity. 

Further, we demonstrate the peptide’s ability to potentiate spinal glutamatergic signaling and 

enhance nociceptive transmission via increased responsiveness of HT spinal neurons. Thus, 

TLQP-62 may function as a mediator of neuroplasticity during the establishment of chronic 

pain, contributing to the development of mechanical allodynia. Elucidation of the precise 

neuroanatomical substrate underlying the ability of TLQP-62, and other injury induced 

neuropeptides, to facilitate transfer of sensory input along nociceptive pathways may offer 

mechanistic insight into the pathophysiology of neuropathic pain.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spinal VGF is derived from multiple sources and the C-terminal peptide TLQP-62 is 
present in spinal cord
A) The neurosecretory protein VGF undergoes proteolytic processing to yield multiple 

bioactive peptides. The C-terminal VGF peptide antibody, anti-AQEE30, was generated 

against a peptide containing the final 30 amino acids in the VGF sequence (AQEE30), and 

binds all VGF fragments containing the C-terminus. B) Western blot analysis of spinal cord 

lysates with anti-AQEE30 demonstrates the presence of TLQP-62 in the spinal cord (Lane S, 

spinal cord lysate spiked with 0.125 pmol TLQP-62 peptide standard; Lanes 1–3, spinal cord 

lysates from 3 naïve mice). C) Localization of anti-AQEE30 immunoreactivity to central 

primary afferent processes by GFP co-immunolabeling in Pirt-GCamp3 mice. Scale bars = 

50 μm. D) Zoomed in image of the area outlined by the white box in C illustrates extensive 

colocalization of anti-AQEE30 and GFP immunolabeling. Scale bar = 10 μm. E) 
Localization of anti-AQEE30 immunoreactivity to central primary afferent processes by co-

labeling for CGRP and IB4. Scale bars = 50 μm. F) Zoomed in image of the area outlined by 

the white box in E. Scale bar = 10 μm.
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Figure 2. Immunoneutralization of C-terminal VGF peptides delays the progression of 
peripheral nerve injury-induced mechanical hypersensitivity
A) Spared Nerve Injury (SNI) mice treated with anti-AQEE30 at the time of injury show 

decreased mechanical hypersensitivity at 1, 2, 3 and 7 days post-injury compared to mice 

treated with control IgG (GP IgG) or untreated mice (No Tx). B) In a separate cohort of 

mice, mechanical hypersensitivity is reduced in SNI mice treated with anti-AQEE30 (0.5 or 

1 μg) compared to controls for 12 days post injury but is fully manifest by 19 days post-

surgery. Data are represented as mean +/− SEM. *, **, ***, **** = P<0.05, P<0.01, 

P<0.001, P<0.0001 compared to No Tx control by ipsilateral two-way ANOVA with 

Dunnett’s post test.
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Figure 3. Spinal TLQP-62 is elevated during the establishment of neuropathic pain
A) Representative confocal images of anti-AQEE30 immunoreactivity in ipsilateral DRG of 

mice 3 days post sham or SNI surgery. Scale bar: 100 μm. B) Cumulative frequency 

histogram of individual DRG neuron mean grey values (anti-AQEE30 immunoreactivity) 

identified in the L4 DRG of mice 3 days post sham (solid line, 6 mice) or SNI (dashed line, 

6 mice) surgery. **** = P<0.0001, Kolmogorov-Smirnov test. C) Representative confocal 

images of anti-AQEE30 immunoreactivity in the contralateral and ipsilateral dorsal horn of 

mouse spinal cord at the level of L4 3 days post sham or SNI surgery. Scale bar: 50 μm. D) 
The average anti-AQEE30 immunoreactivity mean grey value ratio between the ipsilateral 

and contralateral L4 dorsal horn is elevated in SNI animals relative to sham controls 3 days 

post-surgery. ** = P<0.01, unpaired Student’s t-test. E) Representative Western blot with 

anti-AQEE30 shows C-terminal VGF fragments in ipsilateral spinal cord lysates from SNI 

and sham mice collected 3 days post-surgery. Full-length VGF is represented by a doublet of 

bands (arrowheads in Fig. 3E), where the lower molecular weight band is pro-VGF that is 

generated after the cleavage of the signal peptide. F) Densitometry analysis demonstrated 

that both full length VGF protein (left) and the C-terminal peptide TLQP-62 (right) are 

elevated in SNI animals compared to sham. Measurements for full-length VGF included 

both bands in the doublet and were performed using the low intensity image shown above 

the actin image.* = P<0.05, unpaired Student’s t-test. Data represented as mean +/− SEM.
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Figure 4. TLQP-62 potentiates neuronal glutamate responses in the dorsal horn
A & B) The ability of TLQP-62 to potentiate submaximal glutamate responses was tested by 

measuring the change in intensity of the Ca2+ indicator Fluo-4 following glutamate exposure 

before (1) and after (2) 15-min incubation with aCSF (A) or TLQP-62 (B). Responses to 100 

μM glutamate were shown to be submaximal by subsequent application of 1 mM glutamate 

(3). Incubation in aCSF resulted in submaximal glutamate responses of similar amplitude 

(A), while incubation with TLQP-62 yielded a notable increase in the amplitude of the 

second glutamate response, relative to the first (B). Scale bars = 10 μm. C & D) Scatter plots 

of the fold change in submaximal glutamate response from all glutamate responsive, 

Fluo-4+ neuronal profiles relative to baseline. The mean and 2SD envelope of the aCSF 

group are depicted by dotted lines. The proportion of Fluo-4+ neuronal profiles exhibiting a 

fold change > 2SD (ratio indicated above scatter) is significantly elevated following 

incubation with TLQP-62 at ≥ 50 nM in neuronal profiles of the superficial dorsal horn in 

transverse spinal cord slices derived from both mice (C) and rats (D). This effect is 

eliminated in the presence of the kinase inhibitor K252a (D). Lines and bars represent mean 

+/− SD; **, **** = P<0.01, P<0.0001 compared to aCSF by Fisher’s Exact test. E & F) 
Mean fold change of fluorescent intensity averaged across all glutamate responsive profiles 

imaged per animal (# animals = n) for mice (E) and rats (F). Bars represent mean +/− SEM, 

means and variance weighted for the number of slices per animal; number below x-axis 

details the number of slices and (number of animals) used in each group; E, ** = P<0.01 
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unpaired Student’s t-test; F, **, *** = P<0.01, P<0.001 compared to aCSF by one-way 

ANOVA with Dunnett’s post test.
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Figure 5. TLQP-62 increases responses of high threshold dorsal horn neurons to moderate 
mechanical stimulation
A) Experimental outline. Spinal single units recorded in vivo were tested for response to 

successive 10 s mechanical stimulation in the form of brush (B), pressure (Pr) and pinch (Pi) 

with a 10 s inter-stimulus-interval. Following three sets of baseline responses, TLQP-62 (50 

nM) or vehicle was applied to the exposed spinal cord for 15 minutes, after which responses 

were assessed for up to 1 h. B) Histologically identified recording sites. C) Baseline 

responses of high threshold (HT) and wide dynamic range (WDR) units were not 

significantly different between TLQP-62 and vehicle exposed groups (P > 0.05; Fisher’s 

Exact test). The number of units of each type is shown in parentheses. D) The response of 

single units was deemed significantly altered if the fold change relative to baseline response 

was > 2SD of that observed in the vehicle group. A significantly larger proportion of HT but 

not WDR units exposed to TLQP-62 exhibited an increase in response to pressure, relative 

to controls; *=P<0.05 Fisher’s Exact test. E) Representative example of HT units exposed to 

saline (left) and TLQP-62 (right). Note the emergence of a pressure response following 

exposure to TLQP-62.
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