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Abstract Microglia can modulate spinal nociceptive trans-

mission. Yet, their role in spinal cord stimulation (SCS)-

induced pain inhibition is unclear. Here, we examined how

SCS affects microglial activation in the lumbar cord of rats

with chronic constriction injury (CCI) of the sciatic nerve.

Male rats received conventional SCS (50 Hz, 80% motor

threshold, 180 min, 2 sessions/day) or sham stimulation on

days 18–20 post-CCI. SCS transiently attenuated the

mechanical hypersensitivity in the ipsilateral hind paw

and increased OX-42 immunoreactivity in the bilateral

dorsal horns. SCS also upregulated the mRNAs of M1-like

markers, but not M2-like markers. Inducible NOS protein

expression was increased, but brain-derived neurotrophic

factor was decreased after SCS. Intrathecal minocycline

(1 lg–100 lg), which inhibits microglial activation, dose-

dependently attenuated the mechanical hypersensitivity.

Pretreatment with low-dose minocycline (1 lg, 30 min)

prolonged the SCS-induced pain inhibition. These findings

suggest that conventional SCS may paradoxically increase

spinal M1-like microglial activity and thereby compromise

its own ability to inhibit pain.

Keywords Spinal cord stimulation � Microglia � Neuro-

pathic pain � Spinal cord � Rat

Introduction

Glial cells, including both macroglia and microglia, account

for *70% of the cells in the central nervous system (CNS)

[1]. These cells play important roles in maintaining home-

ostasis, supporting and protecting neurons, and synthesizing

and releasing various neuromodulators that affect neuronal

excitability. Microglia, the resident innate immune cells of

the CNS, show remarkable morphological and functional

plasticity to environmental changes, injuries, and neurologic

disorders [2–4]. Both quiescent and activated microglia have

been isolated from the CNS by immunomagnetic separation

[3]. The isolated microglia retain properties similar to those

in vivo, and hence are suitable for use in ex vivo investigations

[2, 3]. The phenotypes of isolated microglia also correlate

with two major phenotypic profiles characterized mostly by

in vitro studies. The classically activated M1-like state is

associated with the release of pro-inflammatory cytokines

[e.g., tumor necrosis factor (TNF)-a, interleukin (IL)-1b, and

IL-6], which are thought to enhance pain transmission and

exacerbate neurological injury [4–6]. The alternative anti-

inflammatory M2-like state mediates neuronal repair, neuro-

genesis, and protection against neurotoxicity and is associ-

ated with the release of anti-inflammatory cytokines (e.g., IL-

10 and IL-4) [4]. Mounting evidence suggests that activation

of microglia and astrocytes in the spinal cord contributes to

pain facilitation and exacerbation, such as that experienced

after tissue and nerve injury [4, 5, 7, 8].

An important strategy for treating pain when pharma-

cotherapies fail or cause intolerable side-effects is spinal

cord stimulation (SCS) [9]. Conventional SCS, which has
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been used for over 50 years, activates low-threshold Ab-

fibers in the dorsal columns and induces pain inhibition

through both spinal and supraspinal neuronal mechanisms

[10–13]. Although it is useful, conventional SCS is

associated with suboptimal clinical efficacy and short-

lived pain relief [14]. Until recently, attempts to improve

SCS have focused primarily on neuronal effects

[11, 13–17]. Intriguingly, a new SCS paradigm with

differential target multiplexed programming (DTMP) pro-

duced better pain inhibition than conventional SCS, and

more effectively modulated glia-related genes and pain-

relevant biological processes associated with neuron-glial

interactions in nerve-injured rats [18]. Despite the ability of

glial cells to initiate signaling cascades that modulate

neuronal excitability and pain processing, glial mecha-

nisms have often been overlooked in the study of SCS.

A previous study showed that conventional SCS decreases

glial cell reactivity markers in the spinal cord of nerve-injured

rats, indicating glial suppression [19]. Yet, recent genome-

wide microarray and RNA-sequencing studies have sug-

gested that SCS may increase immune responses and promote

glial activation in the spinal cord of neuropathic rats [20–22].

Microarray and RNA-sequencing studies are useful for

identifying gene networks that are altered by SCS, but they

reveal changes in gene expression only at the transcriptional

level. Accordingly, the effects of conventional SCS on

activation of spinal glial cells in neuropathic pain are still

unknown. By conducting animal behavioral tests, immuno-

cytochemistry, real-time polymerase chain reaction (RT-

PCR), and western blot analysis, we endeavored to determine

how conventional SCS affects microglial activation and

alters the expression of pro-inflammatory (M1-like) and anti-

inflammatory (M2-like) phenotypic markers in the lumbar

spinal cord after sciatic nerve injury in male rats.

Materials and 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 Care and Use of Laboratory Animals

to ensure minimal animal use and discomfort. Animals

received food and water ad libitum and were maintained

on a 12-h day–night cycle in isolator cages.

Animals and Surgery

Animals

Adult, male Sprague-Dawley rats (2–3 months old, Harlan

Bioproducts for Science, Indianapolis, IN) were

administered SCS and drug treatment for behavioral tests

and molecular biological studies.

Chronic Constriction Injury (CCI) of Sciatic Nerve

A neuropathic pain model of CCI was made as described

previously [23]. Briefly, animals were anesthetized with

2.0% isoflurane (Abbott Laboratories, North Chicago, IL).

The left sciatic nerve was loosely ligated with a 6–0 silk

suture. 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.

Behavioral Tests

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 g, 0.57 g, 1.23 g, 1.83 g, 3.66 g,

5.93 g, 9.13 g, and 13.1 g) [24]. Briefly, the von Frey

filaments were applied to the test area between the footpads

on the plantar surface of the hind paw for 4 s to 6 s. If a

positive response occurred (abrupt paw withdrawal, lick-

ing, 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 [25]. Rats that showed impaired motor function

after surgery or that failed to develop mechanical hyper-

sensitivity (mechanical allodynia, [50% reduction from

pre-CCI PWT) on the hind paw ipsilateral (left) to the

nerve injury by day 5 post-injury were excluded from

subsequent study.

SCS in CCI Rats

One week after CCI, a custom-made quadripolar electrode

(contact diameter, 0.9 mm–1.0 mm; center spacing, 2.0

mm; Medtronic Inc., Minneapolis, MN) that provided

bipolar SCS (‘‘twin-pairs’’ stimulation) was placed epidu-

rally through a small laminectomy at the T13 vertebra

(Fig. 1A), as described in our previous studies [16, 21].

The sterilized lead was placed at the T10–12 levels, which

correspond to the T13–L1 spinal cord region. A subcuta-

neous 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
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recover from surgery for [1 week. SCS and mechanical

pain hypersensitivity were examined at 7 days–14 days

after lead implantation (Fig. 1B).

CCI rats were randomized to receive SCS (n = 15) or

sham stimulation (n = 10). On each test day, rats were

acclimated for 30 min before we measured the pre-SCS

PWT. Motor threshold (MoT), which ranged from 0.1 mA

to 0.5 mA, 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. On days 18, 19, and 20 post-CCI, rats received

SCS (50 Hz, 0.2 ms, biphasic, constant current, 80% MoT,

180 min) or sham stimulation (0 mA) in two sessions per

day, and on day 21, they received one session in the

morning. We measured PWT before applying SCS and at

30 min, 60 min, 120 min, and 180 min during SCS (intra-

SCS) on days 18 to 20 in the morning session, and at 30

min and 60 min during SCS on day 21 (Fig. 1B). We used

80% MoT because it represents the maximum intensity of

SCS that can be applied without causing discomfort in

awake animals and has been used in previous studies

[16, 20, 26]. Naı̈ve rats (n = 8) received neither CCI nor

SCS treatment and were handled and tested in parallel with

other groups of rats.

Immunocytochemistry

Rats were deeply anesthetized with isoflurane (2%–3%) at

1–2 h after the last SCS treatment and perfused intracar-

dially with 0.1 mol/L 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). Lumbar (L4–L6)

spinal cord tissue was cryoprotected in 20% sucrose for 24

h before being serially cut into 15-lm sections and placed

on slides. The slides were incubated overnight at 4�C in the

primary antibodies mouse antibody to glial fibrillary acidic

protein (GFAP; MAB-360, 1:500, Millipore, Temecula,

CA) and mouse OX-42 antibody (CBL-1512, 1:500,

Millipore). Slides were incubated in secondary antibody

at room temperature for 45 min. The secondary antibody,

Fig. 1 Repeated SCS induces short-term inhibition of mechanical

hypersensitivity in CCI rats. A Schematic illustrating the experimen-

tal setup for repeated SCS in rats with CCI of the left sciatic nerve.

Lumbar spinal cord tissue (L4–L6, marked with dotted lines)

ipsilateral to the side of nerve injury was harvested after the last

SCS treatment on day 21 post-injury. B Experimental timeline. CCI

rats received repeated SCS (50 Hz, 0.2 ms, biphasic, 80% motor

threshold, 180 min/session, n = 15) or sham stimulation (n = 10) from

days 18 to 21 post-injury. Naı̈ve rats (n = 8) received no treatment.

C Paw withdrawal thresholds were measured before injury (Pre-CCI),

before stimulation (Pre-SCS), and during the morning (AM) session

of SCS (Intra-SCS) on days 18 to 21 post-injury. Data are shown as

the mean ± SEM. Two-way mixed model ANOVA, with Bonferroni

post hoc test. *P \ 0.05, **P \ 0.01, ****P \ 0.0001 versus
CCI?Sham SCS; #P\0.05, ##P\0.01, ###P\0.001, ####P\0.0001

vs Pre-SCS of the same day.
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donkey antibody to mouse (715-095-151, FITC-conju-

gated, Jackson ImmunoResearch, West Grove, PA), was

diluted 1:100 in PBS. Tissues from different experimental

groups were processed and analyzed simultaneously. The

images of immunostained tissue were analyzed with

ImageJ 1.46a (NIH, Bethesda, MD). Areas that contained

positive immunoreactivity are expressed as percentage of

total dorsal horn on each side.

Real-Time PCR

The dorsal aspect of the lumbar (L4–L6) spinal cord was

collected from naı̈ve and CCI rats at 1 h–2 h after the last

SCS. Tissues ipsilateral and contralateral to the nerve

injury were then separated. Half of the tissue on each side

was used for RT-PCR, and the other half was processed for

western blot analysis. RNA and protein were isolated using

TRIzol reagent (Invitrogen, Carlsbad, CA) according to the

manufacturer’s protocols. After measuring the concentra-

tion of RNA on a Nanodrop 2000c (Thermo Fisher,

Waltham, MA), we prepared cDNA from 1 lg of total

RNA using an oligo(dT) primer and reverse transcriptase

(SuperScript III First-Strand Synthesis SuperMix for qRT-

PCR, 11752-050, Invitrogen, CA) according to the kit

instructions. PowerUp SYBR Green Master Mix (A25741,

Applied Biosystems, Waltham, MA) was used to perform

real-time PCR on the StepOnePlus Real-Time PCR system

(Applied Biosystems). Each PCR mixture contained 500

nmol/L forward and reverse primers, 5 lL of PowerUp

SYBR Green Master Mix (2X), 1 lL of cDNA, and 2 lL of

nuclease-free water for a total volume of 10 lL. PCR was

carried out with the following steps: uracil-DNA glycosy-

lase activation at 50�C for 2 min, Dual-Lock DNA

polymerase at 95�C for 2 min, denature at 95�C for 15 s,

anneal at 55�C–60�C for 15 s, and extend at 72�C for 1

min. All PCRs were performed in triplicate; b-actin was

used as an endogenous control and to normalize the mRNA

expression data. Relative expression was calculated by the

2-DDCt method. Primer sequences are listed in Table 1.

Western Blot Analysis

Protein was isolated using a TRIzol reagent kit and

concentration determined by the bicinchoninic acid method

(Thermo Fisher). After protein concentrations were equal-

ized with 1% sodium dodecyl sulfate (SDS), 4X Bolt

lithium dodecyl sulfate sample buffer (Thermo Fisher) and

10X Bolt sample reducing agent (Thermo Fisher) were

added to the samples in a ratio of 1 to 1. Finally, the

samples were heated at 70�C for 10 min and separated by

electrophoresis on 4%–12% Bis-Tris Plus SDS-polyacry-

lamide gels at a constant voltage for *35 min in Bolt 2-(N-

morpholino) ethanesulfonic acid SDS running buffer.

Protein was transferred to a polyvinylidene difluoride

membrane (Bio-Rad, Berkeley, CA) and blocked in a

solution of tris-buffered saline and 0.1% Tween 20

containing 5% nonfat dry milk (Bio-Rad). Membranes

were incubated with mouse anti-inducible nitric oxide

synthase (iNOS) antibody (1:1000, BD Biosciences, San

Jose, CA), rabbit anti-TNF-a antibody (1:1000, Abcam,

Cambridge, UK), goat anti-arginase 1 (Arg1) antibody

(1:1000, Santa Cruz Biotechnology, Dallas, TX), rabbit

anti-IL10 antibody (1:1000, Abcam), rabbit anti-phospho-

rylated extracellular signal-regulated kinase (p-ERK1/2)

antibody (1:2000, Cell Signaling Technology, Danvers,

MA), rabbit anti-c-Fos antibody (1:1000, Abcam), rabbit

anti-protein kinase C (PKC)-c antibody (1:1000, Santa

Cruz Biotechnology), rabbit anti-brain derived neu-

rotrophic factor (BDNF) antibody (1:800, Santa Cruz

Biotechnology), rabbit anti-phosphorylated glutamate

receptor (p-GluR) subunit 1 at serine 831 residue (p-

GluR1ser831) antibody (1:1000, Millipore), rabbit anti-

phosphorylated N-methyl-D-aspartate (NMDA) receptor 1

(p-NR1) antibody (1:1000, Millipore), or rabbit anti-

glyceraldehyde 3-phosphate dehydrogenase antibody

(1:100,000, Millipore). Peroxidase-conjugated goat anti-

mouse IgG, goat anti-rabbit IgG, and donkey anti-goat IgG

(1:10,000, Jackson ImmunoResearch, West Grove, PA)

were used as secondary antibodies. Membranes were

incubated in enhanced chemiluminescence (Bio-Rad) and

imaged by ImageQuant LAS 4000 (GE Healthcare Life

Sciences). Protein band densities were analyzed with

ImageJ 1.46a software.

Drugs and Intrathecal Injections

Minocycline from Tocris Bioscience (Bristol, UK) was

dissolved in water to 25 mmol/L, separated into aliquots,

and stored in tightly-sealed vials at -20�C. This stock

solution was freshly diluted to the desired dosage with

vehicle (saline) before use. Rats were briefly anesthetized

in 2.0% isoflurane before being infused intrathecally with

drug or vehicle via lumbar puncture [27]. CCI rats were

randomized to receive a 15 lL intrathecal injection of

vehicle (n = 7) or minocycline (1 lg, n = 9; 10 lg, n = 10;

or 100 lg, n = 9) at day 18 post-CCI. PWT was tested 1 day

before CCI, before intrathecal injection (pre-IT), and 30

min, 60 min, 120 min, 150 min, 180 min, and 240 min after

injection (post-IT).

Data Analysis

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 [25]. The PWT was compared
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between the pre- and post-SCS conditions and between

groups by using a two-way mixed model analysis of

variance (ANOVA). In each study, we blinded the

experimenter to the treatments (e.g., drug) to reduce

selection and observation bias. Western blot and immuno-

cytochemistry data were analyzed as described previously

[28, 29]. The ipsilateral and contralateral spinal cord were

analyzed separately, and results from different groups were

compared. Statistica 6.0 software (StatSoft, Inc., Tulsa,

OK) was used to conduct all statistical analyses. The Tukey

honestly significant difference 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 expressed as the mean ?

SEM; P\ 0.05 was considered statistically significant in

all tests.

Results

SCS Induces Inhibition of Mechanical Hypersensi-

tivity in CCI Rats

The PWT of the ipsilateral hind paw was significantly

decreased from the pre-injury level in CCI rats before SCS

treatment on day 18 post-CCI (Fig. 1C; F = 201.1, group;

F = 18.84, time; F = 6.66, group–time interaction). SCS

(n = 15) increased the ipsilateral PWTs of CCI rats from

the pre-SCS level on each of the treatment days. The pain-

inhibiting effect started by 30 min intra-SCS and peaked

*60 min intra-SCS. Sham SCS (n = 10) did not

significantly alter the PWT in CCI rats.

SCS Enhances Microglial Activation in the Spinal

Cord of CCI Rats

Sham-stimulated CCI rats exhibited significantly greater

immunoreactivity for both GFAP (an astrocyte-reactive

marker) and OX-42 (a microglia-reactive marker) than did

naı̈ve rats (Fig. 2A, B). Repeated SCS treatment induced a

downward trend in the GFAP immunoreactivity of CCI rats

that was not seen in sham-stimulated rats (P = 0.38). GFAP

immunoreactivity on the contralateral side was not signif-

icantly altered by CCI or SCS (Fig. 2A). In contrast, SCS

produced a significant increase in OX-42 immunoreactivity

in both the ipsilateral and contralateral dorsal horn of CCI

rats, when compared to that in sham-stimulated rats

(Fig. 2B). RT-PCR revealed that the levels of GFAP and

OX-42 mRNA in the ipsilateral lumbar cord were approx-

imately two-fold higher in sham-stimulated CCI rats than

in naı̈ve rats (Fig. 2C, D). CCI rats that received SCS

showed a trend toward an additional increases in OX-42

mRNA (P = 0.06) but no change in GFAP mRNA

(Fig. 2A: F = 22.29, ipsilateral; F = 4.203, control;

Fig. 2B, F = 23.10, ipsilateral; F = 6.64, control; Fig. 2C:

F = 4.37; Fig. 2D; F = 9.52).

Table 1 Primers used for RT-

PCR.
Gene Forward primer (50-30) Reverse primer (50-30)

Astrocyte marker

GFAP TCCTGGAACAGCAAAACAAG CAGCCTCAGGTTGGTTCAT

Microglial marker

OX42 CAGATCAACAATGTGACCGTATGGG CATCATGTCCTTGTACTGCCGCTTG

M1 markers

iNOS CCCTTCAATGGTTGGTACATGG ACATTGATCTCCGTGACAGCC

CD16 GCTTTCTACCGTGGCATCA TCCAGTGAAGTTTGGGTTCC

CD32 TGAAGAAGGGGAAACCATCA GGCTTTGGGGATTGAAAAAT

M2 markers

Arg1 TTAGGCCAAGGTGCTTGCTGCC TACCATGGCCCTGAGGAGGTTC

CD163 TGGGCAAGAACAGAATGGTT CCTGAGTGACAGCAGAGACG

TGF-b GACCTGCTGGCAATAGCTTC GACTGGCGAGCCTTAGTTTG

Pro-inflammatory cytokines

TNF-a TGAGCACTGAAAGCATGATCC GGAGAAGAGGCTGAGGAACA

IL-1b CAGGAAGGCAGTGTCACTCA AAAGAAGGTGCTTGGGTCCT

Anti-inflammatory cytokines

IL-4 CAGGGTGCTTCGCAAATTTTAC CACCGAGAACCCCAGACTTG

IL-10 TAAGGGTTACTTGGGTTGC TATCCAGAGGGTCTTCAGC

Control

b-Actin AGAAGGACTCCTATGTGGGTGA CATGAGCTGGGTCATCTTTTCA
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SCS Changes Microglial Phenotypic Markers

and Cytokine Levels in the Spinal Cord of CCI Rats

RT-PCR of the ipsilateral dorsal horn showed that the mRNA

levels of CD16 and CD32 (M1-like markers) were signif-

icantly higher in sham-stimulated CCI rats than in naı̈ve rats

(Fig. 3A). In addition, SCS significantly increased the

mRNA levels of both CD16 and iNOS mRNA in CCI rats.

The mRNA levels of the pro-inflammatory cytokines IL-1b
and TNF-a were similar in sham-stimulated CCI rats and

naı̈ve rats. However, the IL-1b mRNA level was signifi-

cantly increased in CCI rats after SCS (Fig. 3B). The mRNA

levels of the M2-like markers Arg1, CD163, and TGF-bwere

not significantly changed by CCI or SCS (Fig. 3C). How-

ever, the mRNA levels of the anti-inflammatory cytokines

IL-4 and IL-10 were significantly lower in sham-stimulated

CCI rats than in naı̈ve rats. SCS did not significantly alter the

IL-4 or IL-10 mRNA levels in CCI rats from those in sham-

stimulated CCI rats (Fig. 3D; F = 4.39, iNOS; F = 13.34,

CD16; F = 6.625, CD32; F = 4.36, IL-1b; F = 0.74, TNF-a;

F = 0.39, Arg1; F = 1.01, CD163; F = 1.81, TGF-b; F =

12.99, IL-4; F = 10.92, IL-10).

Western blot analysis showed that the protein levels of

iNOS, TNF-a, Arg1, and IL-10 did not differ significantly

between sham-stimulated CCI and naı̈ve rats. Repeated

SCS in CCI rats upregulated iNOS expression (Fig. 4A),

but did not change TNF-a, Arg1, or IL-10 expression

(Fig. 4B–D), as compared to that in sham-stimulated rats

(F = 4.49, iNOS; F = 1.27, TNF-a; F = 2.06, Arg1; F =

0.024, IL-10).

Fig. 2 Changes in the

immunoreactivity and mRNA

levels of GFAP and OX-42 in

the spinal cord after CCI and

SCS. A Upper: representative

images of GFAP staining in the

dorsal horn ipsilateral (Ipsi) and

contralateral (Ctrl) to the nerve

injury. Lower: quantification of

GFAP immunoreactivity in each

group. B Upper: representative

images of OX-42 staining.

Lower: quantification of OX-42

immunoreactivity. Scale bars,

100 lm. C, D Levels of GFAP

mRNA (C) and OX-42 mRNA

(D) in the ipsilateral cord of the

different groups. n = 3–6

rats/group. Data are shown as

the mean ± SEM. *P\ 0.05,

**P\ 0.01, ***P\ 0.001,

****P\0.0001 vs naı̈ve; ##P\
0.01 vs CCI ? Sham SCS; one-

way ANOVA, with Bonferroni

post hoc test.
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Effects of SCS on the Expression of Pro-nociceptive

Molecules in the Spinal Cord of CCI Rats

Phosphorylated (p-) forms of NR1 (p-NR1), GluR1 (p-

GluR1ser831), and extracellular signal-regulated kinase (p-

ERK1/2) are neurochemical markers for central sensitiza-

tion [30–32]. Thus, in addition to the M1-like markers

associated with microglial polarization, we examined the

protein levels of these pro-nociceptive molecules in the

spinal cord. Western blot analysis showed that the p-ERK1/

2 levels were significantly higher in the ipsilateral cord of

sham-stimulated CCI rats than in that of naı̈ve rats

(Fig. 5A). However, the protein levels of c-Fos, BDNF,

PKC-c, p-NR1, and p-GluR1ser831 did not differ signifi-

cantly between the two groups (Fig. 5B–F). Compared to

sham stimulation, SCS significantly decreased the BDNF

levels in CCI rats (Fig. 5C; F = 12.31, p-ERK1/2; F = 0.61,

c-Fos; F = 4.55, BDNF; F = 0.37, PKC-c; F = 0.39, p-NR1;

F = 3.45, p-GluR1).

Intrathecal Injection of Minocycline Prolongs Pain

Inhibition by SCS

Lastly, we determined whether inhibiting microglial acti-

vation in the spinal cord affects pain inhibition by SCS in

CCI rats. Intrathecal administration of minocycline, a

microglial inhibitor, dose-dependently attenuated mechan-

ical hypersensitivity in the ipsilateral hind paw of CCI rats

(Fig. 6A; F = 5.79, group; F = 228.7, time; F = 4.20,

group–time interaction). Based on previous studies [6, 33],

we tested three minocycline doses (1 lg, 10 lg, 100 lg/15

lL). At the highest dose, the ipsilateral PWT was

significantly increased from pre-drug baseline from

30 min–150 min post-drug; lower doses were not effective.

Based on these findings, we tested the combination of

low-dose minocycline (1 lg, i.t.) and SCS. Rats underwent

CCI surgery and SCS electrode implantation on the same

day and were randomized to receive SCS?minocycline

(n = 15), SCS?vehicle (n = 15), or sham stimulation (n =

7) on day 18 post-CCI. SCS (50 Hz, 0.2 ms, biphasic,

constant current, 80% MoT, 120 min) was delivered at 30

min after pretreatment with drug or vehicle. PWT was

measured 1 day before CCI, before SCS and intrathecal

injection (pre-SCS), during SCS (intra-SCS, 30 min,

60 min, and 120 min), and after SCS (30 min, 60 min,

and 120 min). SCS increased the ipsilateral PWTs from

pre-SCS levels in CCI rats that received either vehicle or

minocycline, with a peak effect at *60 min–120 min

intra-SCS in both groups. The pain-inhibiting effect

diminished quickly after SCS cessation in the vehicle-

pretreated group. Notably, pretreatment with 1 lg minocy-

cline prolonged the SCS-induced pain inhibition, as

Fig. 3 Changes in the mRNA

levels of M1-like and M2-like

microglia markers and related

cytokines in the ipsilateral

spinal cord after CCI and SCS.

A Levels of iNOS, CD16, and

CD32 mRNA. B Levels of IL-

1b and TNF-a mRNA. C Levels

of Arg1, CD163, and TGF-b
mRNA. D Levels of IL-4 and

IL-10 mRNA. n = 3–6

rats/group. Data are shown as

the mean ± SEM. *P\ 0.05,

**P\ 0.01, ***P\ 0.001 vs
naı̈ve; #P\ 0.05 vs CCI ?

Sham SCS; one-way ANOVA,

with Bonferroni post hoc test.
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Fig. 4 Changes in the levels of

M1-like and M2-like microglial

markers and related cytokines in

the ipsilateral spinal cord after

CCI and SCS. Quantification

(upper) and representative

immunoblots (lower) of

(A) iNOS, (B) TNF-a,

(C) Arg1, and (D) IL-10 in

different groups. n = 3–6

rats/group. Data are shown as

the mean ± SEM. #P\ 0.05 vs
CCI ? Sham SCS; one-way

ANOVA, with Bonferroni post
hoc test.
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Fig. 5 Changes in the protein levels of pro-nociceptive factors in the

ipsilateral spinal cord after CCI and SCS. Quantification (upper) and

representative immunoblots (lower) of (A) p-ERK1/2, (B) c-fos,

(C) BDNF, (D) PKC-c, (E) p-NR1, and (F) p-GluR1ser831 in different

groups. n = 3–6 rats/group. Data are shown as the mean ± SEM. *P\
0.05, **P\0.01 vs naı̈ve; #P\0.05 vs CCI ? Sham SCS; one-way

ANOVA, with Bonferroni post hoc test.
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compared to that with vehicle pretreatment (Fig. 6B; F =

3.73, group; F = 101.4, time; F = 4.11, group–time

interaction).

Discussion

Both microglia and astrocytes in the spinal cord are thought

to play an important role in neuropathic pain conditions

[34, 35]. We found that at 3 weeks after rats underwent

sciatic CCI, the ipsilateral lumbar spinal cord exhibited

higher levels of OX-42 and GFAP immunoreactivity and

mRNA than those of naı̈ve rats, suggesting that both

microglia and astrocytes remain activated at this mainte-

nance phase of neuropathic pain. Repeated SCS did not

significantly alter GFAP immunoreactivity or mRNA

levels in the ipsilateral lumbar spinal cord of CCI rats.

However, it further increased the immunoreactivity of OX-

42, a marker of reactive microglia, in the bilateral dorsal

horns of CCI rats. SCS also produced a trend toward

increased OX-42 mRNA in the ipsilateral spinal cord.

Thus, conventional SCS did not suppress the heightened

astrocyte and microglial activation, but may have exacer-

bated microglial activation in the lumbar cord of CCI rats

during the maintenance phase of neuropathic pain. This

finding is in line with previous findings that continuous

conventional SCS (72 h) in uninjured rats increases the

GFAP and ITGAM (OX-42) genes in the lumbar cord, as

compared to sham stimulation, suggesting elevated glia-

related mRNA in the spinal cord [36]. However, another

study showed that 4 consecutive days of SCS attenuated

glial activation in a spared nerve injury model of neuro-

pathic pain, as indicated by decreased GFAP, MCP-1, and

OX-42 immunoreactivity in the dorsal horn [19]. The

reason for this discrepancy is unclear but may be due in

part to differences in the animal models, post-injury time

points, and SCS protocols between these studies.

How SCS increases OX-42 expression remains unclear.

It is possible that conventional SCS may induce the release

of ATP from neurons into the spinal cord, which would

activate P2X7 and P2X4 receptors on microglial cells

[37, 38]. Importantly, our RT-PCR study also showed that

the SCS-induced increase in microglial activation was

associated with differential changes in M1-like and M2-

like phenotypic markers. Specifically, the mRNA levels of

M1-like markers, such as iNOS and CD16, were signifi-

cantly increased in CCI rats that received SCS, as

compared to the levels in sham-stimulated rats. The

increase in iNOS mRNA was also associated with

increased protein expression. However, SCS did not alter

the mRNA of some M2-like markers, such as Arg1,

CD163, and TGF-b. In line with these findings, the mRNA

levels of the pro-inflammatory cytokine IL-1b was also

increased in CCI rats after SCS, whereas the mRNA levels

of the anti-inflammatory cytokines IL-4 and IL-10, which

decreased after CCI, were not changed by SCS. These

Fig. 6 Intrathecal administration of low-dose minocycline (MC)

prolongs the pain inhibition induced by SCS in CCI rats. A Ipsilateral

paw withdrawal thresholds (PWTs) of CCI rats after intrathecal

injection of vehicle (n = 7) or minocycline (1 lg, 10 lg, or 100 lg, 15

lL, n = 9 or 10/dose). PWT was measured one day before CCI (Pre-

CCI), before intrathecal injection (Pre-IT), and at 30 min, 60 min, 120

min, 150 min, 180 min, and 240 min post-injection (Post-IT) on day

18 post-CCI. Data are shown as the mean ± SEM. *P \ 0.05,

****P\ 0.0001 vs CCI ? Vehicle; ####P\ 0.0001 vs Pre-IT; two-

way mixed model ANOVA, with Bonferroni post hoc test. B PWTs

after sham SCS (n = 7) or SCS in CCI rats pretreated (30 min) with an

intrathecal injection of low-dose minocycline (1 lg, 15 lL, n = 16) or

vehicle (n = 15). PWT was measured one day before CCI (Pre-CCI),

before SCS and intrathecal injection (Pre-SCS), during SCS (Intra-

SCS; 30 min, 60 min, and 120 min) and after SCS (Post-SCS; 30 min,

60 min, and 120 min) on day 18 post-CCI. Data are shown as the

mean ± SEM. *P\ 0.05, **P\ 0.01, ***P\ 0.001 vs Sham SCS;
####P\0.0001 vs Pre-SCS; �P\0.05, ��P\0.01 vs SCS ? Vehicle;

two-way mixed model ANOVA, with Bonferroni post hoc test.
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findings suggest that SCS may promote the pro-inflamma-

tory M1-like phenotype of microglia in the spinal cord after

nerve injury. This notion supports findings in a recent

RNA-sequencing study, which showed that repetitive SCS

further increases the mRNA levels of many immune-

related genes, including genes encoding markers for

astrocytes (Gfap and Ccl2) and activated microglia (Cd68

and Itgam) in the lumbar spinal cord of CCI rats [21].

Pro-inflammatory cytokines such as IL-1b and TNF-a
released from microglia can increase neural activity and

activate neighboring glial cells. In addition, activated

microglia may function to clear various neurotransmitters,

including the pain-inhibitory gamma-aminobutyric acid

(GABA) that is released during SCS [39, 40]. Hence,

increased activation of M1-like microglia may compromise

the pain-inhibiting actions of SCS. Nevertheless, the

expression of c-Fos, PKC-c, p-NR1, and p-GluR1ser831,

which are common markers of neuronal activation and

sensitization, were not increased in CCI rats after SCS. In

fact, SCS decreased the protein level of BDNF, which

contributes to central sensitization by converting GABAer-

gic inhibitory cells to excitation via TrkB-KCC2 [38] and

by potentiating glutamatergic excitation via NMDA recep-

tors. Thus, a decrease in BDNF expression may contribute

to SCS-induced pain inhibition. Taken together, these

findings suggest that conventional SCS induces a mixture

of neurochemical changes in the spinal cord that involve

immune and glial reactions.

Although microglia can be categorized into classically

activated (M1-like) and alternatively activated (M2-like)

states [41], in vivo these states may occur on a spectrum of

functionality [41] that is context-dependent under different

pathological conditions [42, 43]. Mounting evidence indi-

cates that the net effect of microglial activation in the

spinal cord contributes to neuropathic pain [44]. Minocy-

cline is a tetracycline antibiotic that preferentially inhibits

the proinflammatory actions of activated microglia, as

neurons and astrocytes are more resistant to its metabolic

effects. Minocycline has also been shown to inhibit

chemotherapy-induced peripheral neuropathy and bone

cancer pain by inhibiting the nuclear factor-jB signaling

pathway in astrocytes [45]. Besides inhibition of glial

activation or function, minocycline can also alter spinal

endocannabinoids [46], reduce the impairment of glial

glutamate uptake [47], inhibit phosphorylation of neuronal

ERK1/2 [48], and promote microglial M1-like to M2-like

gene expression [33]. Indeed, intrathecal injection of

minocycline dose-dependently inhibited the mechanical

hypersensitivity in CCI rats. This finding supports previous

observations [6, 49] and suggests that the net outcome of

microglial activation may be pain facilitation at 3 weeks

post-CCI. SCS increased the mechanical PWT in CCI rats

from the pre-SCS level, but this effect was short-lived.

Importantly, pretreating rats with an intrathecal injection of

a sub-effective minocycline dose prolonged the pain

inhibition by SCS.

Clinically, pain relief by conventional, low-frequency

(40 Hz–60 Hz) SCS often requires a high amplitude that

elicits paresthesia (i.e., above the sensory threshold) in

patients [11, 14]. Animal studies have also shown that

decreasing the stimulation intensity to 20%–40% MoT

markedly reduces the pain-inhibiting effect of conventional

SCS [15–17]. The mode of action for conventional SCS

involves feed-forward inhibition of dorsal horn neurons

[10, 11, 16, 17]. Yet, whether it also depends on proper

modulation or normalization of glial dysfunction and

altered neuron-glia interactions is unclear. Collectively,

the current findings suggest that SCS increases M1-like

microglial activation in the spinal cord, which may

counteract its pain inhibitory action. Recently, DTMP

SCS was shown to induce greater pain inhibition than

conventional SCS, perhaps owing to more effective

modulation of gene expression and biological processes

associated with glial function and neuron-glial interactions

[18]. These findings suggest that the efficacy of SCS may

be improved by developing new SCS paradigms that better

modulate spinal glial function. As an anti-inflammatory

drug, minocycline may also enhance SCS-induced pain

inhibition through other neuronal mechanisms, such as by

inhibiting sodium currents in dorsal root ganglion neurons

[5]. However, the administration of low-dose minocycline

alone did not inhibit pain, suggesting that this neuronal

mechanism may not contribute to the enhancement of SCS-

induced pain inhibition.

Our study has some limitations. First, we examined only

the conventional SCS paradigm. Therefore, the effects of

high-frequency, sub-sensory threshold SCS and burst SCS

on spinal glial phenotypes and functions must still be

studied. In addition, because of technical challenges, we

used intermittent rather than continuous SCS (48–72 h),

which is usually used in the clinic and has been tested in

previous animal studies [18, 22, 36]. It is plausible that

microglial modulation and its impact on pain may differ for

different stimulation time schemes and paradigms. In

addition, because tissues from CCI rats treated with

minocycline and SCS were not harvested for RT-PCR

and Western blotting, it remains to be determined whether

the improvement in pain inhibition is attributable to

enhanced inhibition of microglial activation.

SCS has more than 50 years of history as a useful non-

pharmacological intervention for chronic pain. Although

the clinical use of SCS continues to grow, studies of the

biological and neurochemical mechanisms underlying

SCS-induced analgesia have lagged behind. Most previous

studies of SCS-induced analgesia have revolved around

neuronal mechanisms in spinal and supraspinal structures,
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and identified many neurochemical mechanisms, including

serotonin, epinephrine, GABA, acetylcholine, adenosine,

and endocannabinoids [10, 11, 50]. Comparatively, our

knowledge about the roles of non-neuronal mechanisms in

the therapeutic effects of SCS remains limited. Our current

findings show that repeated SCS may increase M1-like

microglial activation in the spinal cord of nerve-injured rats

and suggest that inhibition of microglial activation or

promotion of M2-like polarization with adjuvant pharma-

cotherapy may present an opportunity to prolong the pain

inhibition of conventional SCS. Nevertheless, other M1-

and M2-like polarization markers, and changes in the

associated cytokines in the spinal cord after SCS warrant

future investigation. This study represents a continuing

effort toward understanding the non-neuronal modulatory

actions of SCS [21, 22, 51], which may spur the clinical

development of mechanism-based interventions to improve

its therapeutic effects.
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