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Summary statement

This study suggests that electrical stimulation of low-threshold Aβ-fibers induces prolonged 

inhibition of excitatory postsynaptic current evoked by high-threshold afferent inputs in lamina II 

neurons.
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1. Introduction

Chronic pain has reached epidemic proportions worldwide. Despite significant efforts to 

develop new pharmacologic agents, chronic neuropathic pain remains difficult to treat with 

current medications [13]. Electrical stimulation of low-threshold afferent Aβ-fibers (Aβ-ES), 

which mostly signal non-noxious inputs, is used clinically for treating neuropathic pain 

†Correspondence to: Yun Guan, MD, PhD, Division of Pain Medicine, Department of Anesthesiology/CCM, the Johns Hopkins 
University, 720 Rutland Ave., Ross 350, Baltimore, MD 21205. Phone: 410-502-5510; Fax: 410-614-2109; yguan1@jhmi.edu.
*These authors contributed equally to this work.

Disclosures: The authors declare no conflict of interest. None of the authors has a commercial interest in the material presented in this 
paper. There are no other relationships that might lead to a conflict of interest in the current study.

Author contributions
A.S. and Q.X. performed most of the experiments and were involved in writing a draft manuscript. S-Q.H., V.T., F.Y., C.Z., B.S., and 
R.S. assisted with the experiments. S.N.R., Y.W., and X.D. were involved in experimental design, data analysis, and interpretation. 
Y.G. designed and directed the project and wrote the final manuscript.

HHS Public Access
Author manuscript
Pain. Author manuscript; available in PMC 2016 June 01.

Published in final edited form as:
Pain. 2015 June ; 156(6): 1008–1017. doi:10.1097/01.j.pain.0000460353.15460.a3.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conditions that are refractory to pharmacotherapy. These therapies include transcutaneous 

electrical nerve stimulation (TENS), certain forms of peripheral nerve stimulation (PNS), 

and spinal cord stimulation (SCS), which activates Aβ-fibers in the dorsal column. 

Neurostimulation therapies provide important alternative strategies for treating chronic pain 

conditions when other therapies have failed or produce side effects that substantially impair 

a patient’s quality of life [12,15,45]. The premise behind using Aβ-ES for pain treatment 

arose from the “gate control” theory, whereby activity of low-threshold afferent fibers 

triggers pain inhibitory mechanisms in the spinal cord [30]. However, details about the 

spinal neuronal substrates and cellular mechanisms that underlie pain inhibitory effects of 

Aβ-ES remain elusive [15,16].

High-threshold afferent fibers (C-, Aδ-fibers) mostly transmit noxious information and 

terminate principally at superficial (I/II) dorsal horn in the spinal cord. The superficial dorsal 

horn serves as both a relay station for ascending pain signaling and an important site for 

integration and modulation of converging nociceptive information. In particular, substantia 

gelatinosa (SG, lamina II) neurons form important local inter-neuronal circuitry that 

modulates spinal nociceptive transmission and may be essential for Aβ-ES-induced 

analgesia [11]. However, it is unclear how Aβ-ES modulates synaptic responses to noxious 

inputs in superficial dorsal horn. Although previous studies have described different forms 

(e.g., potentiation, depression) of synaptic plasticity in superficial dorsal horn, the 

conditioning stimulation used in those studies often requires high intensities that activate 

high-threshold afferent fibers [29,38,41,42]. To our knowledge, no reports have examined 

whether conditioning paradigms that use low-threshold Aβ-fiber intensities are capable of 

inhibiting high-threshold synaptic transmission (presumably nociceptive) in superficial 

dorsal horn neurons. Therefore, the central effects of Aβ-ES on excitability of SG neurons 

are largely unknown, especially after nerve injury.

Because Aβ-ES pain therapies were shown to be most effective for alleviating chronic pain 

with a neuropathic origin, animal models of neuropathic pain are particularly suitable for the 

exploration of mechanisms underlying pain inhibition by Aβ-ES [15,43,46]. Spinal nerve 

ligation (SNL) is a common rodent model of neuropathic pain and has been used in studies 

of neurostimulation pain therapies, such as SCS [17,43,52]. By conducting patch-clamp 

recording in spinal cord slices from naive and SNL mice, we sought to test the hypothesis 

that certain frequencies of Aβ-ES may attenuate C-fiber–mediated neurotransmission in SG 

neurons. Since excitatory and inhibitory interneurons play different roles in modulating 

spinal pain transmission [48], we further examined whether Aβ-ES differentially modulates 

their excitability in nerve-injured animals by using transgenic mice in which GABAergic 

inhibitory interneurons and glutamatergic excitatory neuron can be identified by 

fluorescence for recording. Our findings suggest that activities in Aβ-fibers may induce 

prolonged depression of synaptic transmission of noxious afferent inputs in SG neurons.

2. Methods

2.1. Animals and surgery

2.1.1. Animals—Young adult wild-type C57BL/6 mice (5–6 weeks old at the time of 

electrophysiology recording) and glutamic acid decarboxylase-green fluorescent protein 
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(GAD-GFP) mice of both sexes were either 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) to 

identify glutamatergic excitatory neurons with red fluorescence. 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 

(maximum of 5 mice/cage).

2.1.2. Spinal nerve ligation (SNL) in mice—Mice of both sexes 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 using methods modified from our 

previous studies [18,27]. The muscle layer was closed with 6-0 chromic gut suture and the 

skin closed with metal clips.

2.2. Spinal cord slice preparation

Spinal cord slices were prepared as described in our previous study [27]. A laminectomy 

was performed in mice deeply anesthetized with 2–3% isoflurane. Then the lumbosacral 

segment of the spinal cord was rapidly removed with attached dorsal roots and placed in ice-

cold, low-sodium Krebs solution (in mM: 95 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4-

H2O, 6 MgCl2, 1.5 CaCl2, 25 glucose, 50 sucrose, 1 kynurenic acid) 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. Dorsal root manipulation was minimized to prevent damage [27]. 

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.

2.3. Whole-cell patch-clamp recording in spinal cord slices

Patch-clamp recording was conducted as described in our previous study [27]. Briefly, 

transverse slices (400 μm) 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 lamina II 

cells was carried out under oblique illumination with an Olympus fixed-stage microscope 

system (BX51, Melville, NY). Data were acquired with 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 M and were filled with internal saline (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 
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sampled at 10 kHz and low-pass filtered at 2 kHz. Larger bore pipettes filled with Krebs 

solution were used for dorsal root stimulation.

Spinal cord dorsal horn somatosensory maps undergo postnatal refinement over a critical 

postnatal period and are completed by the third postnatal week. To avoid developmental 

changes that may confound data interpretation during early postnatal stages, we have 

optimized the method for 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 [3,6,14].

2.4. Compound action potential recording at the dorsal root

To calibrate the Aβ-ES stimulus intensity that selectively activates low-threshold afferent 

fibers at the dorsal root, we recorded compound action potentials (APs) evoked by graded 

electrical stimulation (0–1.0 mA, 0.1 ms), as illustrated in the recording configuration (Fig. 

1A). The recording pipette was attached to the dorsal root near the dorsal root entry zone. 

For measuring compound AP conduction velocity (CV) and activation threshold (Fig. 1B), 

we stimulated the dorsal root three times (Iso-Flex, AMPI, Jerusalem, Israel) at 0.05 Hz with 

identical intensities and then increased the stimulation intensity. Different waveforms of 

extracellular compound APs corresponding to Aβ-, Aδ-, and C-fiber activation were 

distinguished on the basis of the CV and the activation threshold [17,43]. The CV was 

determined by dividing the distance between the stimulating and recording electrodes by the 

latency of the peak for each component of the compound AP. To establish the stimulus-

response curves for activation of each component, we plotted the amplitude of compound 

APs, shown as a fraction of the maximum amplitude (MM), against the stimulus intensity 

(Fig. 1B). The amplitude of the compound AP was measured from the negative to the 

positive peak voltage.

2.5. Dorsal root stimulation

2.5.1. Aβ-ES—The effectiveness of Aβ-ES pain therapies depends on stimulation 

frequency. Different frequencies of neurostimulation may have distinct mechanisms of 

action, as with TENS and electroacupuncture [39,44]. The 2–4 Hz and 50–100 Hz ranges are 

often used in TENS and SCS, respectively, for pain treatment. Recently, interest has arisen 

in high-frequency neurostimulation (e.g., kilohertz) for pain treatment [7,35,49]. Therefore, 

we included 4, 50, and 1000 Hz stimulation for investigational purposes in naïve animals. 

Because 50 Hz is the most commonly used frequency for Aβ-ES pain therapies in clinic and 

has been validated in preclinical animal models of neuropathic pain [17,45,47], we focused 

on testing 50 Hz in the subsequent experiments carried out in SNL mice. To determine the 

stimulation strength that results predominantly in activation of Aβ-fibers in our setting, we 

measured the compound APs produced by increasing intensities of electrical stimulation at 

the dorsal root. Based on the stimulus-response curves of compound APs, for dorsal root 

Aβ-ES we selected an intensity of 10 μA, which recruited 40% of all Aβ-fibers and 

maximally avoided the activation of Aδ and C-fibers (Fig. 1B). Aβ-ES was applied via a 

suction electrode to the attached distal root.
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2.5.2. Paired-pulse 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 ms) 400 ms apart at a frequency of 0.05 Hz (3 tests/min). 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) [59]. 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%.

2.6. Drugs

All drugs were applied into the bath (i.e., extracellular) solution. (–)-Bicuculline 

methochloride and strychnine hydrochloride were dissolved and diluted in 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).

2.7. Data analysis

In patch-clamp recording, we determined the peak amplitude of evoked postsynaptic 

currents and PPR by using custom-written Matlab (Mathworks, Natick, MA) scripts and 

pClamp software. The evoked postsynaptic current corresponding to C-fiber inputs was 

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 [37]. 

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

cord, we cannot clearly distinguish the central termini of the injured versus the uninjured 

dorsal root ganglion neurons 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 in 

both naïve and nerve-injured mice.

We randomized experiments to the different groups (e.g., naïve and nerve-injured) and 

blinded the experimenter to the treatments (e.g., drug, nerve injury) to reduce selection and 

observation bias. After the experiments were completed, no data point was excluded. 

STATISTICA 6.0 software (StatSoft, Inc., Tulsa, OK) was used to conduct all statistical 

analyses. The methods for statistical comparisons in each study are given in the figure 

legends. 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. Characterization of the extracellular compound APs evoked by graded dorsal root 
electrical stimulation

Increasing stimulus intensities (0 – 1.0 mA, 0.1 ms) at dorsal root activated Aβ-, Aδ-, and C-

fiber components of compound APs progressively (Fig. 1). The fastest component was 

considered to correspond to Aβ-fiber activation (CV: 5.7 ± 1.2 m/s, n=6). The slower 

component, referred to as the Aδ-compound AP, usually has a smaller amplitude than the 

fast Aβ component and was distinguished by a higher threshold and slower CV (1.6 ± 0.3 
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m/s). The slowest component was considered to correspond to C-fiber activation (CV: 0.7 ± 

0.2 m/s, activation threshold > 100 μA). Similar to what has been published before [9], the 

amplitude of the Aβ-component plateaued at a stimulation intensity of approximately 20 μA, 

whereas the Aδ-components plateaued at approximately 90 μA. Based on the stimulus-

response curves, we selected 10 μA as the intensity for Aβ-ES, because stimulus at this 

strength (intensity and pulse width) activates roughly 40% of the Aβ-fibers (42 ± 14%) in 

the dorsal root and few low-threshold Aδ-fibers (9 ± 9.1%). This intensity was either 

comparable to or lower than those used for activation of Aβ-fibers in the dorsal root in 

previous studies [9,32].

3.2. Aβ-ES inhibits the postsynaptic currents evoked by high-threshold afferent inputs in 
SG neurons of naïve mice

Because GABA release and GABA-A receptor activation are thought to be important 

components of the mechanism underlying Aβ-ES analgesia [15,31], we preserved the 

network of inhibitory neurotransmission in spinal cord slices in the initial set of experiments 

by excluding GABA-A and glycine receptor antagonists from the bath solution. We 

examined the effects of Aβ-ES (50 Hz, 10 μA, 0.1 ms, 1 min) on postsynaptic currents 

evoked by C-fiber inputs in SG neurons. The paired-pulse test stimulation (500 μA, 0.1 ms, 

400 ms apart) was applied at the dorsal root at intensities sufficient to activate C-fibers (Fig. 

2A, B). After measuring the baseline of evoked postsynaptic currents for 5 minutes, we 

administered Aβ-ES followed by post-stimulation tests. The peak amplitudes of the 1st C-

fiber–evoked postsynaptic current (1st amplitude) to paired-pulse stimulation gradually 

decreased after Aβ-ES (filled circles, Fig. 2C). The 1st amplitudes during each 5-minute time 

period after Aβ-ES were averaged and then normalized to the respective baseline values (0–

5 minutes before Aβ-ES) for statistical analysis. At 15–20 minutes after Aβ-ES, the 1st 

amplitude was significantly decreased from pre-stimulation baseline (0.78 ± 0.1 fold, 

P<0.05, n=11; Fig. 2D). The PPR gradually increased after Aβ-ES (Fig. 2E) and was 

significantly greater than baseline at 15–20 minutes (1.23 ± 0.08 fold, P<0.05; Fig. 2F). The 

access resistance remained largely unchanged during the experiment (data not shown), 

indicating a stable recording condition.

To determine if GABA-A and glycine receptor activation is involved in this form of 

synaptic depression induced by 50 Hz Aβ-ES, we next compared the data with that from 

experiments conducted with GABA-A receptor (bicuculline, 20 μM) and glycinergic 

receptor (strychnine, 2 μM) antagonists in the bath solution (open circles, Fig. 2C). At 20 

minutes after Aβ-ES and in the presence of both antagonists, the 1st amplitude significantly 

decreased to 0.77 ± 0.07 fold of baseline level (n=6, P<0.05; Fig. 2D), and the PPR 

increased to 1.26 ± 0.12 fold of baseline level (P<0.05; Fig. 2F). Thus, including both 

antagonists did not prevent 50 Hz Aβ-ES from inhibiting C-fiber–evoked postsynaptic 

currents.

3.3. Evoked excitatory postsynaptic currents (eEPSCs) produced by high-threshold 
afferent inputs in SG neurons were inhibited by Aβ-ES in a frequency-dependent fashion

To determine the effects of different frequencies of Aβ-ES on regulation of the excitatory 

synaptic transmission and avoid synaptic current contamination by GABA-A receptor- and 
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glycine receptor-mediated currents, we specifically recorded eEPSCs in SG neurons (Fig. 

3A). We preserved the inhibitory synaptic transmission in spinal cord (i.e., GABA-A and 

glycine receptor antagonists were omitted from the extracellular solution) by substituting 

Cl− with F− in the intracellular solution [22]. Because F− will not exit the membrane through 

activated GABA-A and glycine receptors, replacing Cl− with F− in the intracellular solution 

will substantially diminish GABA-A and glycine current contamination of eEPSCs when 

membrane potential is at −70 mV [22]. None of the SG neurons recorded exhibited eEPSCs 

that corresponded to Aδ- or C-fiber input during low-intensity dorsal root stimulation (10 

μA, 0.1 ms, Fig. 3B, upper panel). Under these experimental conditions, bath application of 

antagonists to NMDA (APV, 50 μM) and AMPA (CNQX, 50 μM) receptors completely 

abolished the eEPSCs evoked by the test stimulus (500 μA, 0.1 ms; Fig. 3B, lower panel), 

confirming that the evoked currents were solely mediated by glutamate receptors.

To better detect the actions of Aβ-ES, we used a longer induction protocol (5 minutes) than 

that used in the previous experiment (1 minute). Compared to 1-minute treatment, 5 minutes 

of 50 Hz Aβ-ES induced a quicker onset and greater inhibition of C-fiber eEPSC (Fig. 

3C,D). In naïve mice, the peak amplitudes of the 1st C-fiber eEPSC produced in response to 

test stimulation progressively decreased from pre-stimulation baseline level after 50 Hz 

(n=12) and 1000 Hz (n=10) Aβ-ES (10 μA, 0.1 ms, 5 min; Fig. 3C,D). However, 4 Hz Aβ-

ES (n=10) was not effective. The amplitudes of the 1st C-fiber eEPSC during each 5-minute 

period were averaged for analysis (Fig. 3D). The averaged 1st amplitudes were significantly 

decreased as early as 0–5 minutes after 50 Hz and 1000 Hz Aβ-ES (P<0.05), and the 

inhibition reached a greater peak level by 10–15 minutes after the stimulation. The PPR was 

significantly increased from baseline at 15–20 minutes after 50 Hz (P<0.01), but not 1000 

Hz or 4 Hz Aβ-ES (Fig. 3E). Sham stimulation (control, n=12, including 6 naive and 6 SNL 

mice) did not significantly affect C-fiber eEPSC amplitude or PPR.

3.4. eEPSCs produced by high-threshold afferent inputs in SG neurons were also inhibited 
by 50 Hz Aβ-ES in nerve-injured mice

Because spinal sensory circuitry may change after nerve injury, and Aβ-ES therapies (e.g., 

SCS) are often used to alleviate chronic pain with a neuropathic origin, we further 

investigated the effects of 50 Hz conditioning stimulation in nerve-injured mice. We took 

advantage of the SNL model, an established surgical model of neuropathic pain that has 

been used in previous studies to demonstrate the analgesic properties of neurostimulation 

therapy [17,43,52,54]. We found that 50 Hz Aβ-ES gradually reduced the 1st amplitudes of 

C-fiber eEPSC in mice at 1–2 weeks after SNL (n=11). The averaged 1st amplitudes were 

significantly decreased from baseline level from 5–10 minutes until 15–20 minutes after Aβ-

ES (Fig. 4A,B), though there was a trend toward the decrease in C-fiber eEPSC being less 

prominent in nerve-injured mice than in naïve mice. Interestingly, unlike in naïve mice, the 

PPR did not change significantly from baseline after 50 Hz Aβ-ES in SNL mice (Fig. 4C).

3.5. Aβ-ES of 50 Hz inhibited both monosynaptic and polysynaptic forms of eEPSCs 
evoked by high-threshold afferent inputs

Monosynaptic and polysynaptic (i.e., through interneurons) forms of eEPSC in dorsal horn 

neurons in response to high-threshold afferent inputs may be affected differently by 

Sdrulla et al. Page 7

Pain. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analgesics [40,56]. Therefore, we asked whether Aβ-ES may also differentially modulate 

these two forms of C-fiber eEPSC in SG neurons. To determine whether the C-fiber eEPSCs 

are monosynaptic or polysynaptic, we stimulated cells with 20 high-intensity test pulses 

(500 μA, 0.1 ms) at a frequency of 1 Hz. According to previous studies [24,32], the eEPSC 

to monosynaptic inputs from C-fibers should have no failures in response to these stimuli 

(i.e., stimuli fail to evoke a response), though the amplitudes of the eEPSCs may differ (Fig. 

5A, left). In contrast, C-fiber eEPSCs evoked by polysynaptic inputs will display prolonged 

and variable latency and some failures at this frequency (Fig. 5A, right). Compared to 

baseline values, the 1st amplitudes of both monosynaptic (n=7) and polysynaptic (n=5) C-

fiber eEPSCs were decreased after 50 Hz Aβ-ES in naïve mice (Fig. 5B,C). Similarly, both 

monosynaptic (n=6) and polysynaptic (n=5) C-fiber eEPSCs were decreased after 50 Hz Aβ-

ES in SNL mice (Fig. 5D,E).

3.6. Both excitatory and inhibitory interneurons in SG showed decreased excitability after 
50 Hz Aβ-ES in nerve-injured mice

Glutamatergic excitatory neurons and GABAergic inhibitory neurons in SG form important 

local pain modulatory circuitry [48]. Conventionally, it has been difficult to separate and 

characterize their responses, as the two types of interneurons have similar soma morphology 

and are interspersed in the superficial layers of the dorsal horn. In GAD-GFP mice, 

GABAergic dorsal horn neurons can be identified by the expression of enhanced GFP under 

the control of the GABAergic specific promoter Gad67 [25,34]. In spinal cord slices from 

GAD-GFP and vGlut2-Td mice, we can clearly identify GABAergic inhibitory and 

glutamatergic excitatory neurons for recording in SG by green and red fluorescence, 

respectively (Fig. 6A). Surprisingly, 50 Hz Aβ-ES (10 μA, 0.1 ms, 5 min) inhibited C-fiber 

eEPSCs in both GAD-GFP–positive (n=11) and vGlut2-Td– positive (n=10) SG neurons in 

mice at 1–2 weeks after SNL (Fig. 6B).

4. Discussion

The mechanisms underlying pain inhibitory effects of Aβ-fiber stimulation are incompletely 

understood, despite the burgeoning clinical application of neurostimulation pain therapies. 

Here, we investigated the synaptic mechanisms of Aβ-ES–induced pain relief by examining 

its effects on C-fiber–evoked excitatory neurotransmission in SG neurons. We showed that a 

brief train of Aβ-ES induced a sustained depression of synaptic response to C-fiber inputs in 

SG neurons in a frequency-dependent fashion. Further, 50 Hz Aβ-ES inhibited both 

monosynaptic and polysynaptic forms of C-fiber eEPSCs in naive and nerve-injured mice. 

Notably, both inhibitory and excitatory neurons in SG showed a decrease in C-fiber eEPSC 

amplitudes after 50 Hz Aβ-ES in nerve-injured mice.

eEPSC measurements are commonly used to assess excitatory neurotransmission in 

postsynaptic neurons [19,27]. An important feature of Aβ-ES–induced inhibition in SG 

neurons is that the C-fiber eEPSCs remain depressed for at least 20 minutes after 

termination of 50 Hz and 1000 Hz Aβ-ES. Our study provides the first electrophysiologic 

evidence for a prolonged depression of nociceptive transmission in SG neurons following a 

short period of low-threshold Aβ-fiber stimulation. Classically, the Hebbian protocol for 

inducing long-term depression in the dorsal horn requires that conditioning electrical 
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stimulation be applied to activate high-threshold afferent fibers (Aδ- and C-fibers) with 

concurrent postsynaptic responses in dorsal horn neurons [20,28,38,41]. Unlike this classical 

protocol, our protocol induced synaptic depression of high-threshold inputs in SG neurons 

with a much lower stimulus intensity (10 μA), which activates at most a portion of Aβ-fibers 

in the dorsal root. This intensity is comparable to that used for selective activation of Aβ-

fibers in previous studies [9,32]. Further, we did not detect evoked postsynaptic current in 

any SG neurons that corresponded to activation of Aδ-fibers by dorsal root stimulation at 10 

μA. Therefore, the depression of C-fiber eEPSCs was primarily, if not exclusively, a result 

of Aβ-fiber activation by the conditioning electrical stimulation. Because Aβ-fibers 

terminate mostly in the deeper laminae, and the recorded SG neurons rarely showed direct 

synaptic responses to Aβ-fiber inputs, the depression of C-fiber eEPSCs after Aβ-ES may 

rely on yet unidentified heterosynaptic and network mechanisms. Future studies may 

examine whether the inhibition of C-fiber eEPSC by Aβ-ES persists when Aδ- and C-fibers 

are activated concomitantly. For example, does concurrent Aβ-ES inhibit long-term 

potentiation (LTP) of spinal nociceptive transmission induced by tetanic electrical 

stimulation of C-fibers or tissue inflammation [42,53]?

Functionally distinct subsets of neurons in SG play different roles in transmitting and 

modulating pain signals [11,36]. In general, the balance between the pain facilitatory and 

inhibitory actions in excitatory and inhibitory interneurons fine tunes spinal pain 

transmission. The gate control theory postulates that stimulation of afferent Aβ-fibers 

activates GABAergic inhibitory interneurons in dorsal horn, which in turn suppress 

excitatory neurons and spinal nociceptive transmission [15,30]. Yet, a recent review 

suggested a contemporary view of gate control and highlighted the complexity of dorsal 

horn neuronal circuitry that modulates nociceptive transmission [5]. C-fiber eEPSCs in both 

glutamatergic excitatory and GABAergic inhibitory interneurons were significantly 

decreased after 50 Hz Aβ-ES in nerve-injured mice. This finding suggests that 50 Hz Aβ-ES 

failed to induce cell type-selective inhibition of eEPSCs in SG neurons, based on the 

neurochemical markers that we selected. We limited vGlut2-Td–positive cell selection to SG 

(lamina II) to maximally avoid recording projection neurons, which are found mostly in 

lamina I and laminae III-V [48,55]. However, it is possible that subtypes of excitatory (e.g., 

projection neurons) and inhibitory neurons could have different responses to Aβ-ES. Also, it 

remains to be examined if Aβ-ES at another frequency (e.g., 1000 Hz), pattern (e.g., burst), 

or stimulation site (e.g., dorsal column) induces preferential inhibition of excitatory dorsal 

horn neurons.

The physiologic effect of sustained synaptic depression on nociceptive transmission in SG 

neurons after Aβ-ES warrants further investigation. Pain relief from Aβ-ES, such as that 

from TENS and SCS, may briefly outlast the treatment time [17,52]. Currently, the 

biological basis for these “carryover” pain inhibitory effects is unclear. Previous 

electrophysiologic studies showed that Aβ-ES decreased wide-dynamic range (WDR) 

neuronal hyperexcitability in neuropathic rats [17,43,51] and blocked windup in WDR 

neurons during repetitive noxious stimuli in vivo [17]. Further, SCS normalized the LTP in 

WDR neurons [50]. Windup and LTP reflect short-term and long-lasting neuronal 

sensitization, respectively, and may share certain mechanisms with those that underlie 

Sdrulla et al. Page 9

Pain. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



persistent pain [17,21,26]. These findings suggest that Aβ-fiber volleys may induce plastic 

changes in dorsal horn and counteract the spinal neuronal sensitization that underlies 

persistent pain. However, our current study revealed that excitability in GABAergic 

inhibitory interneurons is also decreased after 50 Hz Aβ-ES. In general, the compromised 

inhibitory tone may reduce the pain inhibition of Aβ-ES. Hence, our findings might partially 

explain why the carryover inhibition of WDR neurons and the effect of Aβ-ES on animal 

pain behavior in vivo are often short-lived [17,43,52]. Nevertheless, a subset of inhibitory 

interneurons may form synapse connections with another inhibitory interneuron [23,57]; 

thus it is possible that depression of GABAergic interneurons may paradoxically enhance 

pain inhibition by disinhibiting other inhibitory interneurons. Additional studies are needed 

to examine network mechanisms for pain inhibition of Aβ-ES by conducting double patch-

clamp recordings in a pair of neurons with synaptic connections, and to investigate the 

effects of Aβ-ES on projection neurons. The mechanisms that underlie the decreased 

excitability in GABAergic neurons after 50 Hz Aβ-ES must still be ascertained.

In naïve mice, the decreased C-fiber eEPSC after 50 Hz Aβ-ES was accompanied by an 

increase in PPR, suggesting that the inhibition of eEPSC may involve a presynaptic site of 

action, such as a decrease in the probability of excitatory neurotransmitter release from 

presynaptic terminals [10,19,59]. This finding supports previous data suggesting that SCS 

analgesia involves presynaptic mechanisms [15,16,45]. Yet, it is unclear why the PPR did 

not increase significantly after 50 Hz Aβ-ES in nerve-injured mice. Perhaps the PPR did not 

increase because of substantial anatomical changes in spinal sensory circuitry after 

peripheral nerve injury, such as changes in sensory mapping and excitatory synaptic 

transmission in lamina II [24,33]. For example, the excitatory synaptic drive onto putative 

inhibitory neurons in SG may decrease after nerve injury and lead to decreased inhibition 

[1]. Further, nerve injury may differentially affect the presynaptic mechanisms of excitatory 

and inhibitory neurotransmission in SG neurons [58]. The neurochemical and 

neurophysiologic changes after nerve injury may thereby alter the mechanisms by which 

Aβ-ES modulates C-fiber eEPSC. The respective pre- and postsynaptic mechanisms and 

pathways by which Aβ-ES inhibits C-fiber eEPSCs in different subsets of SG neurons, 

especially after nerve injury, warrant additional studies.

A subgroup of GABAergic interneurons in dorsal horn are activated by convergent Aβ-fiber 

inputs [9]. The increased extracellular GABA level, which induces neuronal inhibition, may 

exceed the duration of Aβ-ES (e.g., SCS), but only for a short time [8]. However, in our 

study, the inhibition of C-fiber eEPSC in both excitatory and inhibitory interneurons by Aβ-

ES developed gradually and peaked at 15–20 minutes after Aβ-ES was complete. Several 

factors could cause the different studies to have different time courses. First, the descending 

modulation that may be activated by Aβ-ES in vivo is lost during the recording of SG 

neurons in spinal slices. Second, the effect of in vivo Aβ-ES on deep WDR neurons reflects 

the combined actions on afferent terminals, superficial neurons, deep neurons, and 

interneurons in contact with them. Thus, the intrinsic spinal network mechanisms by which 

Aβ-ES modulates superficial SG neurons and deep WDR neurons may be different. Third, 

we found that blocking fast inhibitory neurotransmission mediated by GABA-A receptors 

and glycine receptors, which may be important to pain gate-control, did not preclude the 
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prolonged synaptic depression induced by 50 Hz Aβ-ES. The neurochemical mechanisms 

that underlie the sustained synaptic depression in excitatory and inhibitory neurons after Aβ-

ES warrant future studies.

Low frequency (e.g., 2–4 Hz) TENS induces pain inhibition, but in our study, 4 Hz Aβ-ES 

did not inhibit C-fiber eEPSCs in naïve animals. This finding suggests that the mechanisms 

underlying pain inhibition by low- and high-frequency Aβ-ES may differ. It remains to be 

examined if 4 Hz Aβ-ES inhibits C-fiber eEPSCs in nerve-injured animals. Descending 

modulation from supraspinal structures significantly affects dorsal horn neurons, including 

SG neurons [48]. Pain inhibition from Aβ-ES in vivo involves both spinal and supraspinal 

mechanisms [2,46]. Because tonic descending modulation could influence the direction 

(e.g., potentiation or depression) of plastic changes in C-fiber–mediated synaptic 

transmission [28], our current findings may not fully reflect the actions of Aβ-ES that occur 

in intact animal preparations. Nevertheless, the prolonged synaptic depression, especially in 

excitatory neurons, may represent another segmental cellular mechanism that contributes to 

pain inhibition by Aβ-ES therapies. Our study may inspire the exploration of additional 

spinal substrates that underlie the therapeutic actions of neurostimulation techniques in 

defined neuronal populations, such as using transgenic mice that express fluorescent 

proteins in functionally distinct subsets of dorsal horn neurons [34]. The knowledge 

obtained from these mechanistic studies may enable us to improve the clinical efficacy of 

neurostimulation pain therapy in the future.
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Fig. 1. Calibrating the intensity of dorsal root electrical stimulation
(A) Left: Configuration for extracellular recording of compound action potentials (APs) 

produced by graded dorsal root electrical stimulation. In a transverse spinal cord slice, the 

stimulating electrode was placed distally on the dorsal root, and the compound AP recording 

electrode was placed close to the dorsal root entry zone. Right: Examples of increasing 

stimulus intensities of dorsal root stimulation that activated Aβ- and Aδ-fiber components of 

compound APs. DRG, dorsal root ganglion. (B) The stimulus response curves were 

established by plotting the amplitude of the compound APs, shown as a fraction of the 

maximum amplitude (MM, inset), against the increasing stimulus intensity (0–1.0 mA, 0.1 

ms). The Aβ-compound AP amplitude plateaued first, followed by the Aδ-component (left), 

and then, at much higher intensities (>100 μA), the C-component (right). Data are expressed 

as mean ± SEM in B.
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Fig. 2. Electrical stimulation of Aβ-fibers in the dorsal root inhibits evoked postsynaptic currents 
in substantia gelatinosa neurons
(A) Configuration for whole-cell patch-clamp recording in a substantia gelatinosa (SG) 

neuron during dorsal root stimulation in a spinal cord slice. First, a baseline recording was 

obtained (5 min). Then electrical stimulation of Aβ-fibers (Aβ-ES, 50 Hz, 10 μA, 0.1 ms, 1 

min) was administered to the ipsilateral dorsal root. Finally, post-stimulation tests were 

obtained for 20 minutes after stimulation. (B) Representative traces of postsynaptic currents 

in an SG neuron evoked in response to paired-pulse test stimulation (500 μA, 0.1 ms, 400 ms 

apart) before (black) and after (red) Aβ-ES. The traces of 1st evoked postsynaptic currents in 

response to high-threshold afferent (i.e., C-fiber) inputs are also shown on a smaller 

timescale (inset). (C) Time course of amplitudes of the 1st C-fiber–evoked postsynaptic 

currents in SG neurons of naïve mice before and after Aβ-ES. The 50 Hz Aβ-ES induced 

progressive inhibition of C-fiber–evoked postsynaptic currents in the presence (n=6) and 

absence of GABA-A receptor (bicuculline, 20 μM) and glycine receptor (strychnine, 2 μM) 
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blockers (bath application, n=11). (D) The amplitudes of the 1st C-fiber–evoked 

postsynaptic currents during each 5-minute period were averaged for analysis (one-way 

repeated measures ANOVA). (E) Time course of paired-pulse ratio (2nd amplitude / 1st 

amplitude) before and after Aβ-ES. (F) The averaged paired-pulse ratios were increased at 

15–20 minutes after Aβ-ES in both groups (one-way repeated measures ANOVA). Data are 

expressed as mean ± SEM (C-F). *P<0.05 as compared with the baseline.
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Fig. 3. Electrical stimulation of Aβ-fibers induces frequency-dependent inhibition of evoked 
excitatory postsynaptic currents (eEPSCs) produced by high-threshold afferent fiber inputs in 
substantia gelatinosa (SG) neurons
(A) Representative traces of eEPSCs in SG neurons. The eEPSCs were produced by paired-

pulse test stimulation (500 μA, 0.1 ms, 400 ms apart) before (black) and after (red) sham 

stimulation (control) and 50 Hz electrical stimulation of the dorsal root at Aβ-intensity (Aβ-

ES, 10 μA, 0.1 ms, 5 min). (B) Upper panel: Example of an SG neuron that showed only 

Aβ-fiber eEPSCs in response to a 10 μA test stimulus but Aβ-, Aδ-, and C-fiber eEPSCs in 

response to a high-intensity (500 μA) test stimulus. Lower panel: eEPSCs evoked by a high-

intensity test stimulus were completely blocked by glutamate receptor antagonists (APV, 50 

μM; CNQX, 50 μM). (C) Time-dependent changes in the amplitudes of the 1st C-fiber 

eEPSCs after Aβ-ES in naïve mice (4 Hz: n=10, 50 Hz: n=12, 1000 Hz: n=10). Data from 

sham stimulation (control) in naïve and nerve-injured mice were combined for analysis 

(n=12). (D) The amplitudes of the 1st C-fiber eEPSC during each 5-minute period were 

averaged for analysis (one-way repeated measures ANOVA). (E) The paired-pulse ratio (2nd 

amplitude / 1st amplitude) was significantly increased from baseline at 15–20 minutes after 

50 Hz Aβ-ES (paired t-test). Data are expressed as mean ± SEM (C-E). *P<0.05, **P<0.01, 

***P<0.001 as compared with the baseline.
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Fig. 4. Electrical stimulation of Aβ-fibers inhibits evoked excitatory postsynaptic currents 
(eEPSCs) produced by high-threshold afferent fiber inputs in both naive and nerve-injured mice
(A) Time-dependent changes in the amplitudes of the 1st C-fiber eEPSCs after Aβ-ES in 

naïve mice (n=12) and mice that underwent spinal nerve ligation (SNL, n=11). Data from 

sham stimulation (control) in naïve and SNL mice were combined for analysis (n=12). (B) 
The amplitudes of the 1st C-fiber eEPSC during each 5-minute period were averaged for 

analysis in each group (one-way repeated measures ANOVA). (C) The paired-pulse ratio 

(2nd amplitude / 1st amplitude) at 15–20 minutes after Aβ-ES was significantly increased 

from baseline (paired t-test) in naïve mice, but not in SNL mice. Data are expressed as mean 

± SEM. *P<0.05, **P<0.01, ***P<0.001 as compared with the baseline.
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Fig. 5. Dorsal root stimulation inhibits both monosynaptic and polysynaptic forms of evoked 
excitatory postsynaptic currents (eEPSCs) produced by high-threshold afferent fiber inputs
(A) Examples of monosynaptic (left) and polysynaptic (right) eEPSCs produced by high-

threshold afferent fiber (i.e., C-fiber) inputs in substantia gelatinosa (SG) neurons. The C-

fiber eEPSCs were judged to be monosynaptic if no failures occurred during 20 test pulses 

(500 μA, 0.1 ms) applied to the dorsal root at 1 Hz, despite variability of C-fiber eEPSC 

amplitude (left). The eEPSCs of the 20 traces are superimposed. (B) In naïve mice, 50 Hz 

Aβ-ES (10 μA, 0.1 ms, 5 min) at the dorsal root reduced the 1st C-fiber eEPSC in SG 
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neurons that showed monosynaptic (n=7) and polysynaptic (n=5) components of C-fiber 

eEPSCs. (C) The amplitudes of the 1st C-fiber eEPSCs during each 5-minute period in naïve 

mice were averaged for analysis (one-way repeated measures ANOVA). (D) Changes in the 

1st C-fiber eEPSCs in SNL mice after Aβ-ES in SG neurons that showed monosynaptic 

(n=6) and polysynaptic components (n=5). (E) The amplitudes of the 1st C-fiber eEPSCs 

during each 5-minute period in SNL rats were averaged for analysis (one-way repeated 

measures ANOVA). Data are expressed as mean ± SEM (B–E). *P<0.05, **P<0.01, 

***P<0.001 as compared with the baseline.
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Fig. 6. Effects of 50 Hz electrical stimulation of Aβ-fibers on inhibitory and excitatory dorsal 
horn neurons
(A) Confocal images of spinal cord slices from GAD-GFP and vGlut2-Td mice. GABAergic 

inhibitory interneurons can be identified by green fluorescence in slices from GAD-GFP 

mice, and glutamatergic excitatory neurons can be identified by red fluorescence in slices 

from vGlut2-Td mice. (B) Aβ-ES (50 Hz, 10 μA, 0.1 ms, 5 min) induces prolonged 

inhibition of C-fiber eEPSCs in both GAD-GFP–positive (+, n=11) and vGlut2-Td–positive 

(n=10) neurons in mice with spinal nerve ligation (one-way repeated measures ANOVA). 

Data are expressed as mean ± SEM. *P <0.05, **P <0.01 as compared with the baseline.
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