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Abstract

Activation of Aβ-fibers by is an intrinsic feature of spinal cord stimulation (SCS) pain therapy. 

Cannabinoid receptor type 1 (CB1) is important to neuronal plasticity and pain modulation, but its 

role in SCS-induced pain inhibition remains unclear. Here, we showed that CB1 receptors are 

expressed in both excitatory and inhibitory interneurons in substantia gelatinosa (SG). Patch-

clamp recording of the evoked excitatory postsynaptic currents (eEPSCs) in mice after spinal 

nerve ligation (SNL) showed that electrical stimulation of Aβ-fibers (Aβ-ES) using clinical SCS-
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like parameters (50 Hz, 0.2 millisecond, 10 μA) induced prolonged depression of eEPSCs to C-

fiber inputs in SG neurons. Pretreatment with CB1 receptor antagonist AM251 (2μM) reduced the 

inhibition of C-eEPSCs by Aβ-ES in both excitatory and inhibitory SG neurons. We further 

determined the net effect of Aβ-ES on spinal nociceptive transmission in vivo by recording spinal 

local field potential (LFP) in SNL rats. Epidural SCS (50 Hz, Aβ-plateau, 5 minutes) attenuated C-

fiber-evoked LFP. This effect of SCS was partially reduced by spinal topical application of AM251 

(25 μg, 50 μl), but not CB2 receptor antagonist AM630 (100 μg). Finally, intrathecal pretreatment 

with AM251 (50 μg, 15 μl) in SNL rats blocked the inhibition of behavioral mechanical 

hypersensitivity by SCS (50 Hz, 0.2 millisecond; 80% of motor threshold, 60 minutes). Our 

findings suggest that activation of spinal CB1 receptors may contribute to synaptic depression to 

high-threshold afferent inputs in SG neurons after Aβ-ES and may be involved in SCS-induced 

inhibition of spinal nociceptive transmission after nerve injury.

Keywords

Aβ-fibers; neuropathic pain; dorsal horn; cannabinoid receptor; spinal cord stimulation

1. Introduction

Neuropathic pain constitutes a significant portion of chronic pain conditions. However, 

analgesic medications alone often provide insufficient neuropathic pain relief.21 Spinal cord 

stimulation (SCS) represents an important non-pharmacological treatment option for patients 

with refractory pain conditions by providing pain relief and improving quality of 

life.20,23,26,32 Despite some success, significant opportunities remain to improve the clinical 

efficacy of SCS. Notably, conventional SCS at 30–60 Hz has been associated with 

suboptimal efficacy, especially in so-called “mixed pain conditions,” and a fairly short-lived 

therapeutic effect.

Conventional SCS is thought to attenuate pain mainly by exciting low-thresholdAβ-fibers 

(with“paresthesia intensity”) that in turn activate spinal segmental and supraspinal pain-

modulatory mechanisms.1,20,23,40,53 The fundamental mechanisms for transcutaneous 

electrical nerve stimulation and electrical acupuncture may also involve exciting Aβ-fibers. 

The superficial dorsal horn is an important site for pain transmission and modulation. 

Central processes of nociceptive afferent neurons (mostly C-fibers) principally terminate in 

the superficial dorsal horn.9,29,56 Yet, little is known about how repetitive stimulation of Aβ-

fibers (mostly nonnociceptive) modulates nociceptive transmission in this region, especially 

under neuropathic pain conditions. Excitatory and inhibitory interneurons in substantia 

gelatinosa (SG) play crucial, yet different roles in integrating and modulating converging 

nociceptive inputs.19,38,59 Our recent research has shown that electrical stimulation of Aβ-

fibers (Aβ-ES) at SCS-like parameters induces frequency-dependent depression of synaptic 

transmission between high-threshold afferents (C-fibers) and SG neurons.50 Further, this 

novel form of heterosynaptic depression occurs in both glutamatergic excitatory and 

GABAergic inhibitory neurons after nerve injury. However, the underlying neurochemical 

mechanisms and physiological implications ofAβ-ES-induced synaptic depression in SG 

neurons remain unclear.

Yang et al. Page 2

Pain. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Endocannabinoids, including anandamide and 2-arachidonoyl glycerol, are bioactive lipid 

signaling molecules that modulate nociceptive transmission and participate in prolonged 

synaptic plasticity that may affect duration of pain inhibition.31,45,62,65 Endocannabinoids 

can be rapidly produced on demand by the activity-dependent enzymatic cleavage of 

membrane phospholipids, and serve as retrograde messengers that mediate various types of 

neuronal plasticity and feedback modulation in the central nervous system.6,31,47,65 At the 

spinal level, endocannabinoids form an important endogenous mechanism that modulates 

nociceptive transmission primarily through cannabinoid type 1 (CB1) receptors,8,31,47 but 

they may also activate CB2 and transient receptor potential vanilloid (TRPV) 

receptors.25,31,36,55,60

Electrical stimulation may induce a release of endocannabinoids from both neuronal and 

glial sources.6,11,62,65 Intriguingly, stimulation of nonnociceptive afferents may induce 

endocannabinoid-dependent suppression of nociceptive transmission in invertebrates.61,63 

CB1 receptors are expressed in neurons and astrocytes, whereas CB2 receptors are expressed 

mostly in microglia and macrophages.8,31,47 Although endocannabinoid activation of CB1 

receptors generally leads to neuronal and pain inhibition,31,64,65 it may also facilitate pain 

transmission and potentially contribute to heterosynaptic pain sensitization induced by C-

fiber inputs.45 Currently, the roles of cannabinoid receptors in SCS-induced pain inhibition 

remain unclear. Using a multidisciplinary approach in rodent models of neuropathic pain, we 

examined the roles of spinal CB1 receptors in synaptic depression and pain inhibition 

induced by Aβ-ES. We hypothesize that Aβ-ES at SCS-like parameters may activate CB1 

receptors that suppress synaptic transmission in SG neurons, inhibit spinal nociceptive 

transmission, and attenuate neuropathic pain-related behavior.

2. Methods

All procedures were approved by the Johns Hopkins University Animal Care and Use 

Committee (Baltimore, MD, USA) as consistent with the National Institutes of Health Guide 

for the Use of Experimental Animals to ensure minimal animal use and discomfort. Animals 

received food and water ad libitum and were maintained on a 12-hour day–night cycle in 

isolator cages. All animals were euthanized at the end of the experiment by an 

intraperitoneal (i.p.) injection of sodium pentobarbital (100–300 mg).

2.1. Animals and surgery

2.1.1. Animals—Young adult mice (C57BL/6,5–6 weeks old) of both sexes were used in 

patch-clamp electrophysiological recording from spinal cord slices in vitro. Specifically, 

glutamic acid decarboxylase-green fluorescent protein (GAD1-GFP) mice were obtained 

directly from our vendor (Jackson Laboratory, Bar Harbor, ME) or interbred in our facility 

from breeding pairs obtained from the vendor. By crossing Rosa26-loxP-STOP-loxP (LSL)-

TdTomato mice with vGlut2-Cre mice,4 we generated the offspring vGlut2-Cre:Rosa26-

TdTomato mice (vGlut2-Td) in order to identify glutamatergic excitatory neurons with red 

fluorescence.50 Adult, male Sprague-Dawley rats (2–3 months old, Harlan Bioproducts for 

Science, Indianapolis, IN) were used for electrophysiological recording of spinal local field 

potential (LFP) in vivo and in animal behavioral tests.
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2.1.2. Spinal nerve ligation (SNL)—Mice were anesthetized with 2.0% isoflurane 

(Abbott Laboratories, North Chicago, IL). The left L4 spinal nerve was exposed and ligated 

with a 9-0 silk suture and cut distally as described in our previous studies.28,44 The muscle 

layer was closed with 6-0 chromic gut suture and the skin closed with metal clips. In rats, 

the left L5 spinal nerve was tightly ligated with a 6-0 silk suture and cut distally as described 

previously.27 Care was taken not to pull the nerve or touch the L4 spinal nerve. The animals 

were monitored after surgery for signs of wound infection, inadequate food and water intake, 

or weight loss until the surgical site had healed.

2.2. Patch-clamp recording of evoked excitatory postsynaptic currents (eEPSCs) in vitro

2.2.1. Spinal cord slice preparation—Mouse spinal cord slices were prepared as 

described in our previous studies.33,50 Briefly, the lumbosacral segment of the spinal cord 

was rapidly removed with attached dorsal roots and placed in ice-cold, low-sodium Krebs 

solution that was saturated with 95%O2/5% CO2. After trimming and mounting the tissue on 

a tissue slicer (Vibratome VT1200, Leica Biosystems, Buffalo Grove, IL), we prepared 400-

μm-thick transverse slices with attached dorsal roots.50 The slices were then incubated in 

preoxygenated low-sodium Krebs solution without kynurenic acid. The slices were allowed 

to recover at 34°C for 40 minutes and then at room temperature for an additional 1 hour 

before we began the experimental recordings.

2.2.2. Dorsal root stimulation in spinal cord slices

Aβ-ES: Because 50 Hz is the most commonly used frequency for SCS in clinic and has 

been validated in preclinical animal models of neuropathic pain,23,27,52-54 we focused on 

testing 50 Hz stimulation in the current study. To determine the stimulation strength that 

results predominantly in activation of Aβ-fibers, we measured the compound action 

potentials (APs) produced by increasing intensities of electrical stimulation at the dorsal root 

as in our previous study.50 Based on the stimulus-response curves of compound APs, we 

selected 10 μA with 0.2 millisecond pulse width as the intensity for Aβ-ES because stimulus 

at this strength recruited 40% of all Aβ-fibers and maximally avoided the activation of Aδ 
and C-fibers.50 This intensity was either comparable to or lower than those used for 

activation of Aβ-fibers in the dorsal root in previous studies.13,41 Aβ-ES was applied via a 

suction electrode to the attached distal root. Larger bore pipettes filled with Krebs solution 

were used for dorsal root stimulation.

Test stimulation: To evoke postsynaptic currents in SG neurons, we delivered paired-pulse 

test stimulation to the dorsal root that consisted of two synaptic volleys (500 μA, 0.1 

millisecond) 400 milliseconds apart at a frequency of 0.05 Hz (3 tests/minute), as shown 

previously.50 This stimulus strength is sufficient to activate C-fibers. We used paired-pulse 

test stimulation so that we could calculate the paired-pulse ratio (PPR; 2nd amplitude/1st 

amplitude).66 A 0.1 millisecond-long 5 mV depolarizing pulse was used to measure R series 

and R input; cells were discarded if either of these values changed by more than 20%.

2.2.3. Whole-cell patch-clamp recording of eEPSCs in spinal cord slices—
Spinal cord dorsal horn somatosensory maps undergo refinement over a critical postnatal 

period and are completed by the third postnatal week. To avoid developmental changes that 
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may confound data interpretation during early postnatal stages, we conducted patch clamp 

recording in young adult mice (5–6 weeks). The gradual postnatal withdrawal of Aβ-fibers 

from superficial to deeper dorsal horn (laminae III and below) and the maturation of 

synaptic inputs through C-fibers have mostly completed by this time.2,22 Patch-clamp 

recording was conducted as described in our previous studies.33,50 Briefly, transverse slices 

with the dorsal root attached were submerged in a small-volume recording chamber (SD 

Instruments, San Diego, CA), perfused with room-temperature Krebs solution (in mM: 125 

NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4H2O, 1 MgCl2, 2 CaCl2, 25 glucose) bubbled 

with a continuous flow of 95% O2/5% CO2, and stabilized with a grid (Ala Scientific, 

Farmingdale, NY). Whole-cell patch-clamp recording of SG cells was carried out under 

oblique illumination with an Olympus fixed-stage microscope system (BX51, Melville, 

NY). Data were acquired with the pClamp 10 software and a Multiclamp amplifier 

(Molecular Devices, Sunnyvale, CA). Thin-walled glass pipettes (World Precision 

Instruments, Sarasota, FL) fabricated with a puller (P1000, Sutter, Novato, CA) had 

resistances of 3–6 MΩ and were filled with internal solution (in mM: 120 K-gluconate, 20 

KCl, 2 MgCl2, 0.5 EGTA, 2 Na2-ATP, 0.5 Na2-GTP, and 20 HEPES). The cells were voltage 

clamped at -70 mV unless otherwise stated. Membrane current signals were sampled at 10 

kHz and low-pass filtered at 2 kHz.

2.3. Extracellular recording of spinal local field potential in vivo

2.3.1. Compound AP recording from the sciatic nerve to calibrate epidural 
SCS—The rats were anesthetized initially with pentobarbital (45–50 mg/kg, i.p.). Then a 

tracheotomy was performed and mechanical ventilation (Kent Scientific Corporation, 

Litchfield, CT) was provided as described previously.27 In each experiment, we first 

determined the intensities of epidural SCS by recording the antidromic sciatic compound AP 

evoked by graded electrical stimulation (0.1–5.0 mA, 0.2 millisecond, biphasic) from 

epidural electrodes. A monopolar silver hook electrode was placed on the left sciatic nerve 

at mid-thigh level for recording compound APs. The reference electrode was placed in the 

nearby muscle. Both stimulating and compound AP recording areas were covered with 

mineral oil. We determined on-line the current thresholds that resulted in the first detectable 

Aα/β waveform (Aβ-threshold) and the peak Aα/β waveform (Aβ-plateau), without 

inducing an Aδor C-fiber waveform. Similar techniques have been used in previous 

studies.27,51,58

2.3.2. Epidural SCS—Because a significant portion of the pain inhibition from SCS is 

through activation of the dorsal columns,23,27 epidural Aβ-ES over the dorsal column may 

mimic some actions of SCS in vivo.7,32,43 To mimic the clinical actions of SCS and to 

correlate with findings in animal behavior studies, we used the same plate SCS electrode as 

that used in animal behavioral tests (Medtronic Inc., Minneapolis, MN)51,57 and provided 

bipolar stimulation using SCS-like parameters (50 Hz, 0.2 millisecond, Aβ-plateau intensity) 

over the dorsal aspect of T13-L1 spinal segments with the dura mater preserved.

2.3.3. Recording of spinal LFP—We recorded LFP in the lumbar dorsal horn with rats 

under isoflurane anesthesia (1.5%) using an experimental setup similar to that described in 

our previous studies.27,57 We partially removed the dura overlaying the recording segment 
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(L4) so that the fine tip of the tungsten recording microelectrode would not get damaged as 

it was inserted into the superficial dorsal horn. The LFP evoked by C-fiber inputs (C-LFP) 

shows a long latency (90–130 milliseconds) and high threshold (7–13 V, 0.5 millisecond) 

and was recorded at a depth ranging from 200 to 500 μm below the surface. A bandwidth of 

1–300 Hz was used to remove artifacts without altering the C-LFP. A real-time, computer-

based data acquisition and processing system (CED Spike 2, Cambridge, UK) was used to 

collect analog data. Spinal LFP evoked by paired-pulse test stimulation (25 V, 0.5 

millisecond, 400-millisecond interval, 1 test/minute) at the sciatic nerve was examined 10 

minutes before SCS (baseline), during SCS, and 0–30 minutes after SCS. Because of the 

potential for sensitization after repetitive test stimulation and possible carryover effect with 

multiple stimulation sessions, SCS was not applied more than twice in each experiment. 

After the signal-to-noise ratio and stability of recording were checked at >60 minutes after 

the 1st SCS, effects of a 2nd SCS were tested. We always performed the pre-stimulation 

baseline test before the 2nd SCS to ensure recovery.

2.4. Behavioral tests

2.4.1. Mechanical hypersensitivity test—Hypersensitivity to punctuate mechanical 

stimulation was determined with the up-down method by using a series of von Frey 

filaments (0.38, 0.57, 1.23, 1.83, 3.66, 5.93, 9.13, 13.1 g).10 Briefly, the von Frey filaments 

were applied for 4 to 6 seconds to the test area between the footpads on the plantar surface 

of the hind paw. If a positive response occurred (e.g., abrupt paw withdrawal, licking, and 

shaking), the next smaller von Frey hair was used; if a negative response was observed, the 

next higher force was used. The test was continued until (1) the responses to five stimuli 

were assessed after the first crossing of the withdrawal threshold or (2) the upper/lower end 

of the von Frey hair set was reached before a positive/negative response had been obtained. 

The paw withdrawal threshold (PWT) was determined according to the formula provided by 

Dixon.17 Rats that showed impaired motor function after surgery or did not develop 

mechanical hypersensitivity (i.e., mechanical allodynia, >50% reduction from pre-SNL 

PWT) on the hind paw ipsilateral (left) to the nerve injury by day 5 post-SNL were excluded 

from subsequent study.

2.4.2. Spinal cord stimulation in animals—At 1 week after SNL, an SCS lead was 

placed epidurally through a small laminectomy at the T13 vertebra, as described in previous 

studies.51,57 The sterilized lead was placed at the T10-12 spinal levels, which corresponds to 

T13-L1 spinal cord region. A subcutaneous tunnel was used to position the proximal end of 

the electrode in the upper thoracic region, where it exited the skin and connected to an 

external stimulator (model 2100, A-M Systems, Sequim, WA). Animals were allowed to 

recover from surgery for >1 week. SCS and mechanical pain hypersensitivity were examined 

at 7–14 days after lead implantation.

We used a crossover design to minimize potential time and order effects of testing. For the 

1st SCS, animals (n=11) were randomly selected to receive intrathecal infusion of CB1 

receptor antagonist AM251 (50 μg, 15μl) or vehicle through lumbar puncture injection. One 

day later, to allow recovery from the previous treatment, the same group of animals was 

tested to the 2nd SCS after having the drug assignment switched. The data from the two tests 
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were combined for analysis. A separate group of SNL rats (n=10) received AM251 (50 μg, 

15μl) or vehicle treatment followed by sham SCS. We blinded the experimenter to the 

treatments (e.g., drug, SCS) to reduce selection and observation bias.

On each test day, rats were acclimated for 30 minutes before we measured the baseline 

PWT. Motor threshold (MoT) was determined first by slowly increasing the amplitude of 4 

Hz electrical stimulation from zero until muscle contraction was observed in mid-lower 

trunk or hind limbs. We set the first and third contacts (rostral to caudal) of the four-contact 

lead as an anode and the second and fourth as a cathode (“twin-pairs” stimulation) as shown 

in our previous studies.51,57 Animals then received drug treatment, followed by pre-SCS 

PWT testing 30 minutes later. SCS (50 Hz, 0.2 millisecond, 80% MoT) or sham stimulation 

(0 mA) was then applied for 60 minutes. We examined PWTs at 30 and 60 minutes during 

the SCS (intra-SCS) and at 30 minutes after the completion of SCS to determine the 

carryover pain inhibitory effect. We used 80% of the MoT because it represents the 

maximum intensity of SCS that can be applied without causing discomfort in awake animals 

and it has been used in many previous studies.

2.5. Immunohistochemistry

The animals were deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and 

perfused intracardially with 0.1 M phosphate-buffered saline (PBS; pH 7.4, 4°C) followed 

by fixative (4% formaldehyde and 14% [v/v] saturated picric acid in PBS, 4°C). Spinal cord 

tissues were cryoprotected in 20% sucrose for 24 hours before being serially cut into 15-μm 

sections and placed onto slides. The slides were incubated overnight at 4°C in primary 

antibodies: chicken antibody to GFP (GFP-1020, Aves Labs, 1:1,000) and rabbit polyclonal 

CB1 receptor antibody (10006590, Cayman, 1:500). Slides were incubated in secondary 

antibody at room temperature for 45 minutes. The secondary antibodies were diluted 1:100 

in PBS and included donkey antibody to rabbit (711-295-152, Rhod Red-X-conjugated, 

Jackson ImmunoResearch, West Grove, PA), and goat antibody to chicken (103-225-155, 

Cy2-conjugated, Jackson ImmunoResearch). Only the neurons located at the superficial 

spinal cord (lamina I and lamina II) were counted. For the double-labeling studies, the 

percent of double-labeled neurons is expressed relative to the total number of labeled 

neurons. The spinal interneurons whose cell bodies were stained with CB1 receptor antibody 

or surrounded by CB1 receptor fluorescence ring were counted as CB1 receptor-positive. 

Tissues from different experimental groups were processed and analyzed together.

2.6. Drugs

For patch-clamp recording, all drugs were applied into the bath (i.e., extracellular) solution. 

(–)- Stock solutions were freshly prepared as instructed by the manufacturer. Drugs were 

purchased from Sigma-Aldrich (St. Louis, MO) or Tocris Bioscience (Bristol, UK). AM251 

and AM630 (CB2 receptor antagonist) were purchased from Tocris Bioscience and 

dissolved into vehicle (8% DMSO, 5% TWEEN 80, and 87% saline).

2.7. Data analysis

For patch-clamp recording, we determined the peak amplitude of eEPSCs and PPR by using 

pClamp10 software. The evoked postsynaptic current corresponding to C-fiber inputs was 
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distinguished on the basis of the latency and activation threshold. It is known that each 

spinal cord segment may receive C-fiber inputs from several segmental dorsal roots.46 

Because of multi-segmental projections, branching, and dendrite arborization in the spinal 

cord, we cannot clearly distinguish the central terminals of the injured dorsal root ganglion 

neurons from those of the uninjured ones at each spinal level in spinal slices of SNL mice. 

Therefore, we performed the analysis on the combined eEPSC data from L4 and L5 spinal 

segments. Because vehicle and drug were tested in different experiments, we compared data 

between pre- and post-stimulation conditions, and between vehicle- and drug-treated groups 

at each time point using a two-way mixed model ANOVA.

In spinal LFP recording, LFP corresponding to A- and C-fiber activation can be 

distinguished on the basis of conduction velocity (CV) and activation threshold. The peak 

amplitude of A-LFP and area under the curve (AUC) of C-LFP were measured off-line. The 

PPR of C-LFP (AUC to 2nd pulse/AUC to 1st pulse) was calculated. We tested vehicle and 

drug in the same experiment, and compared these data between pre- and post-stimulation 

conditions and between vehicle and drug treatments using a two-way mixed model ANOVA.

To determine the PWT in animal behavior studies, we converted the pattern of positive and 

negative von Frey filament responses to a 50% threshold value using the formula provided 

by Dixon.17 The PWT was compared between the pre- and post-SCS conditions and 

between groups by using a two-way mixed model ANOVA.

In each study, we blinded the experimenter to the treatments (e.g., drug) to reduce selection 

and observation bias. STATISTICA 6.0 software (StatSoft, Inc., Tulsa, OK) was used to 

conduct all statistical analyses. The Tukey honestly significant difference (HSD) post-hoc 

test was used to compare specific data points. Bonferroni correction was applied for multiple 

comparisons. Two-tailed tests were performed, and numerical data are expressed as mean + 

SEM; P<0.05 was considered significant in all tests.

3. Results

3.1. Inhibition of C-eEPSCs in excitatory SG neurons by Aβ-ES was blocked by AM251

Glutamatergic excitatory neurons were identified by red fluorescence (vGlut2-Td+) in spinal 

cord slices from vGlut2-Cre:Rosa26-TdTomato mice. Double-immunofluorescence labeling 

showed that 52.3% of vGlut2-Td+ SG neurons were positive for CB1 receptor 

immunoreactivity (Fig. 1A). We then conducted patch-clamp recording to examine whether 

CB1 receptor mediates the inhibition of eEPSCs by Aβ-ES in vGlut2-Cre:Rosa26-TdTomato 

mice at 1 week post-SNL. After measuring the baseline eEPSCs, we administered CB1 

receptor antagonist AM251 (2μM, bath application) or vehicle for 5 minutes before applying 

Aβ-ES (50 Hz, 10 μA, 0.1 millisecond, 1 minute). The test pulse was applied at the dorsal 

root at an intensity (500 μA, 0.1 millisecond) sufficient to activate high-threshold afferent 

fibers (C-fibers, Fig. 1B). In line with our previous findings,50 Aβ-ES induced prolonged 

depression of eEPSCs in response to C-fiber inputs (C-eEPSCs) in vGlut2-Td+ neurons that 

were pretreated with vehicle (n=12, Fig. 1C). The peak amplitudes of C-eEPSCs during each 

5-minute time period after Aβ-ES were averaged and then normalized to the respective pre-

drug baseline for statistical analysis (Fig. 1D). The C-eEPSC amplitude was significantly 
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decreased from pre-drug baseline in the vehicle-treated group at 5–30 minutes after Aβ-ES. 

However, pretreatment with AM251 (n=12) blocked the inhibition of C-eEPSC by Aβ-ES 

(Fig. 1C and D). Five minutes of AM251 alone did not affect C-eEPSCs as compared to pre-

drug baseline. The access resistance remained largely unchanged during the experiment 

(data not shown), indicating a stable recording condition.

3.2. AM251 partially reduced the Aβ-ES–induced inhibition of C-eEPSCs in GABAergic 
interneurons in SG

We next examined if AM251 blocks the Aβ-ES–induced inhibition of C-eEPSCs specifically 

in excitatory, but not inhibitory, neurons. If so, combining low-dose CB1 receptor agonists 

with Aβ-ES may induce an excitatory neuron-preferred inhibition that leads to greater pain 

inhibition. GABAergic interneurons were identified by green fluorescence in spinal cord 

slices from GAD1-GFP mice. Double-immunofluorescence labeling showed that 71.4% of 

GAD1-GFP+ cells in SG express CB1 receptor immunoreactivity (Fig. 2A). The C-eEPSC 

amplitudes in GAD1-GFP+ neurons gradually decreased after Aβ-ES in the vehicle-

pretreated group (n=12). The inhibitory effect of Aβ-ES was partially reduced by AM251 

pretreatment (2μM, 5 minutes, n=13, Fig. 2B and C). AM251 alone did not affect C-eEPSCs 

at 5 minutes after treatment.

In a separate study, C-eEPSCs were not significantly changed during the 30 minutes after 

bath application of AM251 (2 μM, 5 minutes) followed by sham stimulation (0 mA) in 

vGlut2-Td+ (n=6) and GAD1-GFP+ neurons (n=6), as compared to the respective pre-drug 

baselines (data not shown).

3.3. Epidural SCS decreased spinal LFP in rats after nerve injury

To examine the net effect of Aβ-ES on spinal nociceptive transmission in vivo, we recorded 

LFP from superficial dorsal horn in rats at 2-3 weeks post-SNL. To mimic SCS, we applied 

bipolar Aβ-ES through a pair of plate electrodes placed on the dura near T13-L1 spinal 

segment (Fig. 3A). Like in our previous studies,27,35,51 we calibrated the intensity of 

epidural SCS that activates only Aβ-fibers by recording compound APs at the sciatic nerve. 

Compound APs to graded epidural SCS can be separated into Aα/β- and Aδ-components 

based on latency and activation threshold. We determined current thresholds that resulted in 

the first detectable Aα/β waveform (Aβ-threshold) and the peak Aα/β waveform (Aβ-

plateau), without inducing an Aδ-waveform (Fig. 3B). Spinal LFP evoked by paired-pulse 

test stimulation (25 V, 0.5 millisecond, 400-millisecond interval, 1 test/minute) at the sciatic 

nerve can be separated into early (A-LFP) and later (C-LFP) components that correspond to 

A-fiber and C-fiber inputs (Figs. 3C and 4A).

In the vehicle-pretreated group, A-LFP amplitude progressively decreased after epidural 

SCS (50 Hz, 0.2 millisecond, Aβ-plateau, 5 minutes, Fig. 4B and C). Importantly, the AUC 

of C-LFP showed an immediate and much greater reduction at 0-10 minutes after SCS. The 

inhibition of C-LFP by SCS was short-lasting and diminished after 15 minutes (Fig. 4D and 

E). The decrease in C-LFP after SCS was accompanied by an increased PPR (Fig. 4F), 

suggesting an inhibition of presynaptic neurotransmitter release by SCS.
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3.4. The inhibition of spinal LFP by epidural SCS was reduced by AM251 pretreatment

AM251, which was applied topically at the recording spinal segment (25μg, 30 minutes, 

n=10) partially blocked the epidural SCS-induced decrease in C-LFP (Fig. 4D and E). 

AM251 pretreatment also normalized the increased PPR of C-LFP after SCS (Fig. 4F). In 

contrast to AM251, spinal topical application of CB2 receptor antagonist AM630 (100 μg, 

n=10) did not block the inhibition of C-LFP by SCS, as compared to vehicle pretreatment 

(Fig. 5C and D), but it did normalize the increased PPR of C-LFP (Fig. 5E).

The decrease in A-LFP after SCS was reduced by AM251 pretreatment (Fig. 4B and C) but 

was mostly unaffected by AM630 (Fig. 5A and B). In a separate study, neither AM251 (25 

μg, 10 minutes, n=6) nor AM630 (100 μg, n=6) changed the A-LFP or C-LFP at 0-30 

minutes after sham SCS (0 mA, 5 minutes), as compared to vehicle (n=6, Fig. 6).

3.5. Intrathecal injection of AM251 blocked SCS-induced inhibition of mechanical 
hypersensitivity

Finally, we used a custom-made quadripolar electrode (Medtronic Inc.) to examine the net 

effect of AM251 on SCS-induced pain inhibition in SNL rats (Fig. 7A). Of the 30 rats that 

underwent SNL, three did not develop mechanical hypersensitivity by day 5 post-SNL. Of 

the 27 SNL rats that were implanted with an SCS lead, four showed impaired motor 

function, diminished mechanical hypersensitivity, or damage to the implanted lead before 

the drug trials. These rats were eliminated from the subsequent studies. Among the 

remaining 23 animals, two rats were eliminated because of later damage to the lead, 

undetectable MoT, or deteriorating health conditions. The PWT of the ipsilateral hind paw 

was significantly decreased from pre-injury level (21.5 g) in SNL rats (2.5–3.5 g) before 

SCS. In the vehicle-pretreated group (n=11), SCS significantly increased PWT from pre-

SCS level at 30 and 60 minutes during SCS. However, the SCS-induced increase in PWT 

was diminished in SNL rats that received intrathecal pretreatment with AM251 (50 μg, 15μl, 

30 minutes, n=11, Fig. 7B). SCS and drug treatment did not affect PWT of the contralateral 

hind paw (data not shown).The ipsilateral PWTs did not significantly change from pre-SCS 

level in SNL rats that received vehicle or AM251 pretreatment (50 μg, 15μl, 30 minutes, 

n=10) followed by sham SCS (Fig. 7C).

4. Discussion

This study demonstrates for the first time that AM251, a CB1 receptor antagonist, blocks the 

suppression of C-eEPSCs induced by Aβ-ES in SG neurons, and attenuates the inhibition of 

spinal C-LFP by 50 Hz SCS in vivo. Furthermore, intrathecal pretreatment with AM251 

blocked the inhibition of mechanical hypersensitivity by SCS in nerve-injured rats. 

Accordingly, activation of spinal CB1 receptors may be an important mechanism that 

contributes to pain inhibition from conventional SCS.

We previously identified a novel form of synaptic depression between C-fiber and SG 

neurons that is induced by Aβ-ES,50 but the underlying neurochemical mechanism was 

unclear. CB1 receptors mediate various forms of synaptic plasticity in the central nervous 

system, and electrical stimulation might induce postsynaptic production of 
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endocannabinoids, which act as retrograde messengers and activate presynaptic CB1 

receptors to inhibit neurotransmitter release. Indeed, activation of CB1 receptors was shown 

to contribute to the depression of C-eEPSCs after high-intensity stimulation that activates 

nociceptive C-fibers.31 Unlike in the previous study, we used a much lower intensity of 

conditioning stimulation to activate only nonnociceptiveAβ-fibers, which induced prolonged 

inhibition of C-eEPSCs. Notably, AM251 reduced this novel form of Aβ-ES–induced 

heterosynaptic depression in both vGlut2-Td+ and GAD1-GFP+ neurons. To our knowledge, 

this is the first study to show that CB1 receptors participate in the prolonged inhibition of 

synaptic transmission in both excitatory and GABAergic inhibitory dorsal horn neurons after 

Aβ-fiber excitation. The respective neuronal network mechanisms underlying the synaptic 

changes induced by Aβ-fiber and C-fiber conditioning stimulation warrant further study.

Stimulation of Aβ-fibers may activate dorsal horn GABAergic interneurons, which in turn 

inhibit spinal nociceptive transmission.23,39 A small subset of GABAergic interneurons can 

be activated by Aβ-fiber inputs, and Aβ-ES briefly increases extracellular GABA level.12,13 

Nevertheless, a recent contemporary view of gate control highlighted the complexity of 

spinal micro-circuitries that modulate nociceptive transmission.5 Our previous study also 

showed that blocking fast inhibitory neurotransmission mediated by GABA-A and glycine 

receptors, which may be important to pain gate-control, did not preclude the prolonged 

depression of C-eEPSCs after Aβ-ES.50 Therefore, the neurochemical mechanisms that 

underlie the synaptic plasticity induced by Aβ-ES may involve additional mechanisms. 

Differentiating the neurochemical mechanisms for inhibition of excitatory and inhibitory 

interneurons may help us to develop cell type-selective modulation, such as by combining 

SCS and adjuvant drugs that would primarily enhance the inhibition of excitatory dorsal 

horn neurons.

Endocannabinoids can participate in both short-term and long-term synaptic plasticity that 

would affect the duration of pain inhibition.31,45,62,65 Intriguingly, in invertebrates such as 

the medicinal leech, activities in nonnociceptive afferents depress transmission of 

nociceptive inputs converging onto the same postsynaptic neuron through endocannabinoid-

dependent mechanisms.61,63 However, this mechanism has not been examined in mammals. 

In addition to different stimulation protocols, neuroanatomy, and neurochemistry, the 

depression of C-eEPSCs in mouse SG neurons after Aβ-ES is fundamentally different from 

that in leeches. First, unlike the motor neurons in leech that receive converging 

nonnociceptive and nociceptive inputs, most SG neurons in mice do not receive 

nonnociceptive inputs because Aβ-fibers primarily terminate in the deeper dorsal horn. 

Although it is possible that SG neurons may receive polysynaptic inputs from Aβ-fibers 

transmitted via interneurons, in most cases we did not observe such synaptic response (e.g., 

<15% of SG neurons show Aβ-eEPSCs). Importantly, AM251 attenuated the inhibitory 

effect of Aβ-ES in both excitatory and inhibitory interneurons that display only C-eEPSCs. 

Therefore, Aβ-ES may attenuate C-eEPSCs by activating the endocannabinoid system 

through a yet unidentified network mechanism. Second, C-fiber eEPSCs in leeches were 

depressed by stimulation of nonnociceptive neurons at a much lower frequency (1 Hz) than 

that used in current study (50 Hz). Our previous study showed that the lower frequency Aβ-

ES (4 Hz) failed to suppress C-eEPSCs.50 Finally, endocannabinoid-mediated depression of 

nociceptive synapses and behavior was mediated by TRPV-like receptors in the leech.63 Yet, 
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our findings suggest that the CB1 receptor contributes to profound synaptic depression of 

nociceptive inputs after Aβ-ES in SG neurons. Nevertheless, given that anandamide can 

activate both CB1 receptors and TRPV channels,31,36,55,60 it will be necessary to examine 

the roles of TRPV channels in Aβ-ES–induced synaptic depression and pain modulation.

Because 50 Hz Aβ-ES reduced synaptic transmission in both excitatory neurons and 

GABAergic interneurons, the net effect of Aβ-ES on spinal nociceptive transmission needs 

to be determined. The LFP comprises the responses of many cells, including excitatory 

postsynaptic potentials evoked in the dendrites and action potentials recorded from the cell 

body or axon terminals. Compared to single-unit recording from individual neurons, 

measuring C-LFP is a high-throughput approach for examining the broad and net spinal 

nociceptive transmission in vivo.18,48 We showed for the first time that epidural SCS inhibits 

C-LFP through activation of CB1 receptors in rats after nerve injury. CB1 receptors are 

densely expressed on the central terminals of primary afferent neurons and on postsynaptic 

neurons in the spinal cord.34 The SCS-induced decrease in C-LFP was associated with an 

increase in PPR, suggesting that a decrease in neurotransmitter release may contribute to the 

inhibition of C-LFP.50,66 Nevertheless, a large portion of vGlut2-Td+ excitatory neurons and 

GAD1-GFP+ inhibitory interneurons also express CB1 receptors; hence postsynaptic 

mechanisms cannot be ruled out. Future studies are needed to differentiate the roles of pre- 

and post-synaptic CB1 receptors in SCS-induced synaptic depression and pain inhibition, 

and to measure the dynamic changes of endocannabinoid level in the spinal cord after SCS 

using microdialysis.

We postulate that the decrease in synaptic efficiency induced by Aβ-ES may be 

physiologically relevant for pain inhibition by SCS. Conventional SCS is often applied to 

patients at the amplitude that elicits paresthesia over the painful area and titrated to the 

highest comfortable level. Paresthesia during SCS may stem largely from activation of low-

threshold Aβ-fibers. SCS is thought to attenuate pain mainly by exciting dorsal column 

fibers that in turn drive activation of both spinal and supraspinal pain-inhibitory 

mechanisms. In line with this notion, epidural Aβ-ES that mimicked SCS acutely depressed 

C-LFP, suggesting a net inhibition of nociceptive transmission in vivo. However, the 

prolonged suppression of C-eEPSCs in SG neurons by Aβ-ES in vitro did not translate into a 

long carryover inhibition of C-LFP and pain behavior by SCS in vivo. The reasons for the 

generally short-lived carryover of pain inhibition after SCS remain unclear but may be due 

in part to a concurrent decrease in the excitability of GABAergic inhibitory neurons, which 

would limit the duration of pain inhibition. It is also possible that certain descending and 

trans-segmental facilitatory mechanisms are lost in recording of SG neurons from a spinal 

slice. Importantly, effects of SCS in vivo may reflect the combined actions on afferent 

terminals, superficial neurons, deep neurons, and interneurons in contact with them, which 

differ from those induced by Aβ-ES at the dorsal root in vitro. In previous studies, durations 

of carryover pain inhibition after SCS have been varied,24,37,57 possibly because of different 

SCS protocols (e.g., duration, single versus repetitive treatment), animal models, and 

experimental procedures.

Application of high-frequency alternating current waveforms to nerves may block 

conduction of APs.3 Previously, we showed that 50 Hz Aβ-ES at the dorsal column reduced 
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Aα/β-compound APs recorded at peripheral nerves and inhibited wide-dynamic neuronal 

response to mechanical stimuli in SNL rats.27,51 These findings suggest that SCS may 

change conduction properties in Aα/β-fibers. However, these inhibitory effects were 

normally short-lived and mostly diminished at 15 minutes after conditioning stimulation. 

Yet, in our current study, epidural SCS induced a prolonged depression of A-LFP that 

remained at 30 minutes after SCS. This finding suggests that epidural SCS may also induce 

plasticity changes at the nonnociceptive synapses in dorsal horn. The physiological 

implication of prolonged A-LFP depression on pain remains to be examined, as the 

inhibition of mechanical hypersensitivity by SCS in animal behavior tests was rather brief.

Spinal application of AM251 reduced the depression of C-LFP and A-LFP, suggesting that 

spinal CB1 receptors may be involved in SCS-induced suppression of both low-threshold 

and high-threshold sensory transmission. The inhibition of neuropathic mechanical 

hypersensitivity by SCS was also reduced by intrathecal AM251, suggesting a role for CB1 

receptors in SCS-induced pain inhibition. Although CB2 receptors are expressed mostly on 

non-neuronal cells and AM630 did not block the inhibition of C-LFP by SCS, it remains 

possible that CB2 receptors may play a role in SCS-induced pain inhibition, such as by 

regulating glial cells and cytokine release.

SCS has demonstrated only a moderate success rate for pain treatment (around 50% 

decrease in pain rating in 50-60% of patients) and shows high variability of efficacy between 

different pain conditions.14,15,30,32,42 Moreover, the inhibition of C-LFP and neuropathic 

pain behavior by SCS is brief and diminishes quickly after stimulation. Previous findings 

suggested that SCS inhibits pain through multiple neurochemical mechanisms.20,23,26,49,54 

The spinal endocannabinoid system generally helps to maintain the balance of neuronal 

excitability and certainly has a therapeutic potential for pain treatment.16,31,65 Our study 

suggests that CB1 receptors may be another useful target for developing new treatment 

strategies, as CB1 receptor agonists or endocannabinoid degradation inhibitors might 

increase the efficacy of SCS and prolong pain inhibition.
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Summary statement

Electrical stimulation of Aβ-fibers may activate spinal CB1 receptors to suppress 

synaptic transmission to high-threshold afferent inputs in lamina II neurons, attenuate 

spinal nociceptive transmission, and inhibit mechanical hypersensitivity after nerve 

injury.
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Figure 1. CB1 receptor antagonist AM251 blocks inhibition of evoked postsynaptic currents by 
50 Hz Aβ-ES in excitatory neurons
(A) Upper: Glutamatergic excitatory neurons were identified by red fluorescence vGlut2-

TdTomato+ in spinal cord slices from vGlut2-Cre:Rosa26-TdTomato mice. Middle: A 

confocal image of a double-immunofluorescence–stained spinal cord slice shows that many 

vGlut2-Td+ cells in dorsal horn colocalize with CB1 receptor (CB1 R) immunoreactivity 

(green). Lower: A higher power view of the boxed region. Double-labeled neurons are 

indicated by arrowheads, and vGlut2-Td+ neurons negative for CB1 R immunoreactivity are 

indicated by arrows. Right: Percent of total vGlut2-Td+ cells in SG (lamina II) that are CB1 

R+ (n=3 mice, 3-5 slices/animal). (B) Configuration for whole-cell patch-clamp recording in 

an SG neuron during dorsal root stimulation. Electrical conditioning stimulation of Aβ-

fibers (Aβ-ES, 50 Hz, 10 μA, 0.1 millisecond, 1 minute) was administered to the ipsilateral 

dorsal root. Representative traces of evoked postsynaptic currents (eEPSC) in lamina I 

neurons in response to paired-pulse test stimulation (500 μA, 0.1 millisecond, 400 

millisecond apart) before (black) and after (red) drug treatment, and after (blue) Aβ-ES or 

sham ES. (C) Time course of C-fiber eEPSC amplitudes before and after Aβ-ES in vehicle-

pretreated (n=12) and AM251-preteated (2 μM, bath application, 5 minutes, n=12) groups. 

Error bars are omitted to improve clarity. (D) The amplitudes of C-fiber eEPSCs during each 

5-minute period were averaged for analysis. Data are expressed as mean + SEM. Two-way 

mixed model ANOVA. *P<0.05 versus pre-drug.
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Figure 2. Blocking CB1 receptor with AM251 also attenuates the inhibition of GABAergic 
neurons by Aβ-ES
(A) Upper: GABAergic neurons can be identified by green fluorescence in spinal cord slices 

of GAD1-GFP mice. Middle: A confocal image of a double-immunofluorescence–stained 

spinal cord slice shows that many GAD1-GFP+ neurons in superficial dorsal horn colocalize 

with CB1 receptor (CB1 R) immunoreactivity (red). Lower: A higher power view of the 

boxed region. Double-labeled neurons are indicated by arrowheads, and GAD1-GFP+ 

neurons negative for CB1 R immunoreactivity are indicated by arrows. Right: percent of 

total GAD1-GFP+ cells that are also CB1 R+ in SG (n=3 mice). (B) Time course of C-fiber 

eEPSC amplitudes before and after Aβ-ES in vehicle-pretreated (n=12) and AM251-

preteated (2 μM, bath application, 5 minutes, n=13) groups. Error bars are omitted to 

improve clarity. (C) The amplitudes of C-fiber eEPSCs during each 5-minute period were 

averaged for analysis. Data are expressed as mean + SEM. Two-way mixed model ANOVA. 

*P<0.05 as compared with the pre-drug condition.
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Figure 3. Epidural spinal cord stimulation (SCS) attenuates spinal local field potential (LFP) in 
vivo
(A) Configuration for extracellular recording of spinal LFP and sciatic compound action 

potentials (APs) in rats after spinal nerve ligation (SNL). Bipolar SCS (50 Hz, 0.2 

millisecond, 5 minutes) was delivered through a pair of plate electrodes placed on the dura 

near L1 spinal segment. (B) Examples of increasing epidural SCS stimulus intensities that 

activated compound APs. In each experiment, we determined on-line the current thresholds 

that resulted in the first detectable Aα/β waveform (Aβ-threshold) and the peak Aα/β 
waveform (Aβ-plateau), without inducing an Aδwaveform. (C) Example traces show spinal 

LFP evoked by paired-pulse test stimulation (25 V, 0.5 millisecond, 400-millisecond 

interval, 1 test/minute) before and after SCS. LFPs corresponding to A- and C-fiber 

activation were distinguished on the basis of conduction velocity. The peak amplitude of A-

LFP and area under the curve (shaded area) of C-LFP were measured off-line.
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Figure 4. CB1 receptor antagonist AM251 reduces the inhibition of spinal local field potential 
(LFP) induced by spinal cord stimulation (SCS)
(A) Example traces show that epidural SCS (50 Hz, 0.2 millisecond, A-plateau, 5 minutes) 

reduces C-fiber-evoked LFP (C-LFP) to paired-pulse test stimuli at the sciatic nerve (25 V, 

0.5 millisecond, 400-millisecond interval, 1 test/minute). This reduction was diminished by 

spinal topical pretreatment with AM251 (25 μg, 100 μl, 30 minutes). (B) Time course of 

peak A-LFP amplitudes before and after SCS in rats with spinal nerve ligation (SNL). (C) 
The amplitudes of A-LFP during each 5-minute period were averaged for analysis. (D) Time 

course of C-LFP area under the curve (AUC) before and after SCS. SCS induced acute 

inhibition of C-LFP in SNL rats pretreated with vehicle (n=10). The effect of SCS was 

reduced by pretreatment with AM251 (25 μg, 100 μl, n=10). AUC of the C-LFP was 

normalized to baseline values. (E) The AUC of C-LFP during each 5-minute period was 

averaged for analysis. (F) The averaged paired-pulse ratios (2nd amplitude/1st amplitude) of 

C-LFP were increased at 0-10 minutes after SCS when spine was pretreated with vehicle, 

but not AM251. B, D: Error bars are omitted to improve clarity. C, E, F: Data are expressed 

as mean + SEM. Two-way mixed model ANOVA. *P<0.05 versus pre-SCS; #P<0.05 versus 

vehicle-SCS.

Yang et al. Page 22

Pain. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. CB2 receptor antagonist AM630 does not block acute inhibition of spinal local field 
potential (LFP) induced by spinal cord stimulation (SCS)
(A) Time course of peak A-LFP amplitudes before and after SCS (50 Hz, 0.2 millisecond, 

A-plateau, 5 minutes) in rats with spinal nerve ligation (SNL). (B) The amplitudes of A-LFP 

during each 5-minute period were averaged for analysis. (C) Time course of C-LFP area 

under the curve (AUC) before and after SCS. SCS acutely inhibited C-LFP in SNL rats that 

received spinal topical pretreatment with vehicle (n=9, 30 minutes). Pretreatment with 

AM630 (100 μg, 100 μl, n=9) did not reduce the inhibition of C-LFP by SCS. AUC of the C-

LFP was normalized to the baseline values. (D) The AUCs of C-LFP during each 5-minute 

period were averaged for analysis. (E) The averaged paired-pulse ratios (2nd amplitude/1st 

amplitude) of C-LFP were increased at 0-10 minutes after SCS when spine was pretreated 

with vehicle, but not AM630. A, C: Error bars are omitted to improve clarity. B, D, E: Data 

are expressed as mean + SEM. Two-way mixed model ANOVA. *P<0.05 versus pre-SCS; 

#P<0.05 versus vehicle-SCS.
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Figure 6. Effects of CB1 and CB2 receptor antagonists followed by sham spinal cord stimulation 
(SCS) on spinal local field potential (LFP)
(A) Time course of peak A-LFP amplitude before and after spinal topical application of 

vehicle, AM251 (25 μg, 100 μl, n=6), or AM630 (100 μg, 100 μl, n=6) followed by sham 

SCS (0 mA, 5 minutes) in nerve-injured rats. (B) Time course of C-LFP area under the curve 

(AUC) before and after the same treatment. Data are expressed as mean. Error bars are 

omitted to improve clarity.
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Figure 7. Intrathecal injection of CB1 receptor antagonist AM251 blocks spinal cord stimulation 
(SCS)-induced inhibition of mechanical hypersensitivity in nerve-injured rats
(A) The miniature spinal cord lead with four contacts was implanted epidurally over the 

dorsal spinal cord at the T13–L1 spinal level. Mechanical test stimuli (von Frey filaments, 

0.38–13.1 g) were applied to the mid-plantar area of the rat hind paw at 2-3 weeks after L5 

spinal nerve ligation (SNL). (B) Paw withdrawal thresholds (PWTs) were measured before 

and at different time points after SCS (50 Hz, 80% motor threshold, 0.2 millisecond, 

constant current, 60 minutes). SCS increased PWTs at 30 and 60 minutes after stimulation in 

SNL rats that received vehicle pretreatment (n=11). This effect was blocked by intrathecal 

pretreatment with AM251 (n=11, 50 μg, 15 μl, 30 minutes). (C) In a separate group of SNL 

rats (n=10), neither AM251 nor vehicle treatment followed by sham SCS changed PWTs 

from pre-SCS level. B, C: Data are expressed as mean + SEM. Two-way mixed model 

ANOVA. *P<0.05 versus pre-SCS.

Yang et al. Page 25

Pain. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Methods
	2.1. Animals and surgery
	2.1.1. Animals
	2.1.2. Spinal nerve ligation (SNL)

	2.2. Patch-clamp recording of evoked excitatory postsynaptic currents (eEPSCs) in vitro
	2.2.1. Spinal cord slice preparation
	2.2.2. Dorsal root stimulation in spinal cord slices
	Aβ-ES
	Test stimulation

	2.2.3. Whole-cell patch-clamp recording of eEPSCs in spinal cord slices

	2.3. Extracellular recording of spinal local field potential in vivo
	2.3.1. Compound AP recording from the sciatic nerve to calibrate epidural SCS
	2.3.2. Epidural SCS
	2.3.3. Recording of spinal LFP

	2.4. Behavioral tests
	2.4.1. Mechanical hypersensitivity test
	2.4.2. Spinal cord stimulation in animals

	2.5. Immunohistochemistry
	2.6. Drugs
	2.7. Data analysis

	3. Results
	3.1. Inhibition of C-eEPSCs in excitatory SG neurons by Aβ-ES was blocked by AM251
	3.2. AM251 partially reduced the Aβ-ES–induced inhibition of C-eEPSCs in GABAergic interneurons in SG
	3.3. Epidural SCS decreased spinal LFP in rats after nerve injury
	3.4. The inhibition of spinal LFP by epidural SCS was reduced by AM251 pretreatment
	3.5. Intrathecal injection of AM251 blocked SCS-induced inhibition of mechanical hypersensitivity

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

