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Abstract Accumulating evidence indicates that activation
of spinal cord microglia plays an important role in the
genesis of neuropathic pain. Resolvin E1 (El) is derived
from omega-3 polyunsaturated fatty acid and exhibits potent
anti-inflammatory, pro-resolution, and anti-nociceptive
effects. We further examined whether RvEl could reduce
neuropathic pain and modulate spinal cord microglial acti-
vation. Intrathecal pre-treatment of RvE1 (100 ng) daily for
3 days partially prevented the development of nerve injury-
induced mechanical allodynia and up-regulation of IBA-1
(microglial marker) and TNF-« in the spinal cord dorsal
horn. Furthermore, intrathecal post-treatment of RvE1 (100
ng), 3 weeks after nerve injury, transiently reduced mechan-
ical allodynia and heat hyperalgesia. Finally, RvE1 blocked
lipopolisaccharide-induced microgliosis and TNF-« release
in primary micoglial cultures. Our data suggest that RvE1
may attenuate neuropathic pain via inhibiting microglial
signaling. Targeting the anti-inflammatory and pro-
resolution lipid mediators may offer new options for pre-
venting and treating neuropathic pain.
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Introduction

Nerve injury-induced neuropathic pain, as results of diabetic
neuropathy, viral infection, major surgeries, and chemother-
apy, is becoming a major health problem worldwide
(Costigan et al. 2009). Recent studies indicate a critical role
of spinal cord microglia in the genesis of neuropathic pain
(Tsuda et al. 2005; Suter et al. 2007). It is generally believed
that microglial activation drives neuropathic pain via acti-
vation of microglial p38 MAP kinase and subsequent syn-
thesis and release of the proinflammatory cytokines (TNF-«
and IL-13) and growth factor (BDNF) to modulate spinal
cord synaptic transmission and central sensitization (Ji and
Suter 2007; Coull et al. 2005; Kawasaki et al. 2008).
Accumulating evidence suggests that omega-3 polyun-
saturated fatty acids-derived lipid mediators, such as
resolvins, lipoxins, and neuroprotectins produce potent
anti-inflammatory and pro-resolution actions in various
animal models of inflammation (Serhan et al. 2008).
Resolvin E1 (RvEl) is derived from eicosapentaenoic
acid (EPA). We have recently shown that peripheral,
spinal, or systemic administration of RvEl, at very low
doses, reduced inflammatory pain, via inhibiting inflam-
mation and transient receptor potential ion channel
(TRPV1) (Xu et al. 2010). RvE1 elicits its antinocicep-
tive effects via activation of the G-protein-coupled recep-
tor ChemR23, which is widely expressed in immune cells
(macrophages), neurons (primary sensory neurons and
spinal cord neurons), and microglia (Ji et al. 2011). In
the present study, we examined whether RvE1 would inhibit
neuropathic pain by modulating microglial signaling.

Materials and methods
Animals and surgery Adult CD1 mice (male, 25-35 g)
were purchased from Charles River Laboratories. All the

animal procedures were approved by the Animal Care
Committee of Harvard Medical School. To produce chronic
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constriction injury, the left sciatic nerve was exposed at
mid-thigh level under isoflurane anesthesia, and 3 loose
silk ligatures (number 6 suture) were tied around the
sciatic nerve and the incision was closed with sutures.
To produce a spinal nerve ligation, animals were anesthe-
tized with isoflurane and the L6 transverse process was
removed to expose the L4 and LS5 spinal nerves. The L5
spinal nerve was then isolated and tightly ligated with 6-0
silk thread.

Drugs and administration Lipopolysaccharide (LPS) was
obtained from Sigma. RvEl was kindly provided by
Resolvyx Pharmaceuticals Inc. and prepared in PBS. For
intrathecal injection, spinal cord puncture was made with a
30G needle between the L5 and L6 level to deliver reagents
(10 ul) to the cerebral spinal fluid.

Primary cultures of microglia Microglia cultures were pre-
pared from cerebral cortexes of neonatal mice (P1-3). The
cerebral hemispheres were isolated and transferred to ice-
cold Hank’s buffer and the meninges were carefully re-
moved. Tissues were then minced, triturated, filtered
through a 100 um nylon screen, and collected by centrifu-
gation (3000g for 5 min). The cell pellets were broken with
a pipette and resuspended in a medium containing 10 %
fetal bovine serum in high glucose DMEM. After trituration,
the cells were filtered through a 10 um screen and grown on
T75 flasks for 3 weeks. The medium was replaced twice a
week. Twenty-four hours prior to the use, microglia were
isolated by shaking and cultured in 12-well plates, at a
density of 2.5x10° cells/cm?.

ELISA Mouse TNF-oc ELISA kit was purchased from
R&D. For in vitro experiments, microglial culture medi-
um was collected after treatment. For in vivo experi-
ments, mice were transcardially perfused with PBS
after terminal anesthesia with isoflurane. Cells or spinal
cord dorsal horn tissues were homogenized and protein
concentrations were determined by BCA Protein Assay
(Pierce). For each reaction in a 96-well plate, 100 ug of
proteins were used, and ELISA was performed according
to manufacturer’s protocol. The standard curve was in-
cluded in each experiment.

Immunocytochemistry Microglia cultures grown on glass
coverslips were fixed with 4 % paraformaldehyde for
20 min, and processed for immunofluorescence. The cul-
tures were first blocked with 2 % goat serum for 1 h at room
temperature, and then incubated with the IBA-Iprimary
antibody (rabbit, 1:500, Wako) overnight at 4 °C, followed
by 1 h at room temperature with Cy3-conjugated secondary
antibody (1:400, Jackson Immunoresearch). The stained
cultures were examined with a Nikon fluorescence
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microscope, and images were captured with a CCD
Spot camera. We determined different morphological ac-
tivation states of microglia (microgliosis) as follows:
control microglia were characterized as having thin
stained cell bodies and few processes (often with two),
whereas activated microglia cells were defined as having
enlarged cell bodies with several projecting processes
(Fig. 2a). Intermediate morphologies were excluded from
the analysis when encountered.

Real-time quantitative RT-PCR Three days after CCI, spi-
nal cord dorsal horn samples were collected from vehi-
cle and RvEl-treated mice. Total RNA was extracted
using RNeasy Plus Mini kit (Qiagen). A total of 1 ug
of RNA was reverse-transcribed using Omniscript re-
verse transcriptase. Sequences of the forward (F) and
reverse (R) primers are:

IBA-1: GGACAGACTGCCAGCCTAAG (F),
GACGGCAGATCCTCATCATT (R)

GFAP: GAATCGCTGGAGGAGGAGAT (F),
GCCACTGCCTCGTATTGAGT (R)

GAPDH: TCCATGACAACTTTGGCATTG (F),
CAGTCTTCTGGGTGGCAGTGA (R)

Quantitative PCR amplification reactions contained the
same amount of reverse transcription (RT) product, 7.5 ul of
2x 1QSYBR-green mix (BioRad) and 300 nM of primers in
a final volume of 15 pl. The thermal cycling comprised of
3 min of polymerase activation at 95 °C, 45 cycles of 10 s
denaturation at 95 °C, and 30 s annealing and extension at
60 °C, followed by a DNA melting curve for the determi-
nation of amplicon specificity. All experiments were per-
formed in duplicate.

Behavioral analysis Animals were habituated to the test-
ing environment daily for at least 2 days before baseline
testing. For testing mechanical sensitivity, animals were
put in boxes on an elevated metal mesh floor and allowed
30 min for habituation before examination. The plantar
surface of each hindpaw was stimulated with a series of
von Frey hairs with logarithmically incrementing stiffness
(0.02-2.56 g, Stoelting), presented perpendicular to the
plantar surface. The 50 % paw withdrawal threshold was
determined using Dixon’s up-down method. For testing
heat sensitivity, animals were put in plastic boxes and
allowed 30 min for habituation before examination. Heat
sensitivity was tested by radiant heat using Hargreaves
apparatus (IITC Life Science Inc.).

Statistics All data were expressed as mean+s.e.m. Differences
between groups were compared using student #-test or ANOVA
followed by Newman-Keuls test. The criterion for statistical
significance was P<0.05.
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Results

Spinal RvE1 treatment reduces nerve injury-induced
neuropathic pain and spinal cord microglial activation

We first examined whether spinal (intrathecal) pretreatment
of RvEl (100 ng, daily for 3 days) would reduce nerve
injury-induced neuropathic pain. Chronic constriction injury
of the sciatic nerve (CCI) elicited robust neuropathic pain
behaviors in mice on day 3, including mechanical allodynia,
a reduction of paw withdrawal threshold in response to

Fig. 1 Spinal RvEI treatment
inhibits nerve injury-induced
neuropathic pain symptoms and
spinal microglial activation. a,
b Chronic nerve constriction
(CCI)-induced mechanical allo-
dynia (a) but not heat hyperal-
gesia (b) is reduced by RvE1
pre-treatment. RvE1 (100 ng,
daily for 3 days) was given via
intrathecal route, with the first
injection starting 10 min before
the nerve injury. Neuropathic
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mechanical stimulation (Fig. 1a), and heat hyperalgesia, a
reduction in paw withdrawal latency in response to heat
stimulation (Fig. 1b). Intrathecal pre-treatment of RvEl
reduced CCl-induced mechanical allodynia but not heat
hyperalgesia, assessed 24 h after the last RvEl injection
(Fig. la, b).

To correlate neuropathic pain symptoms with microglia
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gesia (f) are reduced by intra-
thecal RvE1 post-treatment
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Fig. 2 RvEl inhibits LPS-induced microgliosis and TNF-o release in p

microglial cultures. a IBA-1 immunostaining in control microglial
cultures and cultures treated with LPS and RvE1/LPS. Scale, 10 um.
b Percentage of microglia with morphological changes (amoeboid).
* P<0.05, compared to control, #p<0.05, compared to LPS. n=3
independent cover slips from 10 mice. LPS treatment (0.1 pg/ml) for
24 h induces marked microgliosis, which is dose-dependently inhibited
by RVE1 (100 ng/ml). (C) ELISA analysis shows that pre-treatment of
microglial cultures with RvE1 (100 ng/ml), starting 15 min before LPS
stimulation, inhibits LPS (0.1 pg/ml)-elicited TNF-« release. *P<
0.05, compared to control, #p<0.03, compared to LPS. n=4 indepen-
dent cultures from 10 mice

RVEL pre-treatment prevented CCl-induced up-regulation
of IBA-1 but not GFAP (Fig. 1c). Furthermore, ELISA
analysis showed that the RVEl pre-treatment prevented

CCl-induced TNF-« expression in the dorsal horn (Fig. 1d).

We further examined whether RvE1 post-treatment could
inhibit established neuropathic pain in the late-phase. To gen-
erate more persistent neuropathic pain, we produced another
neuropathic pain model by spinal nerve ligation (SNL). SNL
elicited marked mechanical allodynia and heat hyperalgesia
3 weeks after nerve injury (Fig. 1e, f). Intrathecal administra-
tion of RVEl (100 ng), 3 weeks after SNL, significantly
reduced SNL-induced mechanical allodynia (Fig. 1¢e) and heat
hyperalgesia (Fig. 1f). These anti-allodynic and anti-
hyperalgesic effects were evident at 1 h, maintained at 2 h,
but declined at 3 h following the RvE1 injection (Fig. le, f).

RVE! inhibits LPS-induced microgliosis and TNF-«x release
in microglial cultures

Non-stimulated microglial cells in primary cultures exhibited
thin cell bodies with long processes (often with two, Fig. 2a).
Since TLR4 has been strongly implicated in spinal cord
microglial activation and neuropathic pain (Tanga et al.
2005), we activated microglial cultures with the TLR4 agonist
lipopolisaccharide (LPS). LPS treatment (0.1 pg/ml, 24 h)
elicited marked microgliosis, and the activated microglia dis-
played enlarged cell bodies with short processes. The cell
bodies of activated microglia become amoeboid (Fig. 2a).
Notably, LPS-induced microgliosis was suppressed by
RvEl, in a dose-dependent manner (Fig. 2b). LPS (0.1 pug/
ml, 3 h) also elicited a dramatic increase (=100 fold) in TNF-«
release, but this increase was largely prevented by RvE!1 pre-
treatment (100 ng/ml), starting 15 min before LPS stimulation
(Fig. 2¢).

Discussion
In the present study, we demonstrated that daily pre-
treatment of RvE1 (100 ng, i.t.) for 3 days was effective in

partially preventing CCI-induced mechanical allodynia
(Fig. la). Given the fact that mechanical allodynia was
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tested 24 h after the last RvEl treatment, RvE1l elicited
enduring inhibition of mechanical allodynia (Fig. la). Of
note the same pre-treatment also prevented CCI-induced up-
regulation of the microglial marker IBA-1 (Fig. 1c) in the
spinal cord dorsal horn. Furthermore, our in vitro study in
primary cultures of microglia demonstrated a direct action
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of RVEl on microglia, by inhibiting LPS-induced micro-
gliosis (Fig. 2a,b). LPS is a ligand of TLR4, which is
required for the nerve injury-induced spinal cord microglial
activation and the development of neuropathic pain (Tanga
et al. 2005). Since RVE1 pre-treatment inhibited microglial
activation and mechanical allodynia but not heat hyperalge-
sia (Fig. la,b), spinal cord microglial activation after nerve
injury should be associated with mechanical allodynia but
not heat hyperalgesia.

RvVE1 pre-treatment also prevented CCl-induced TNF-«
up-regulation in the dorsal horn (Fig. 1d). In parallel, RvE1
treatment in vitro blocked LPS-induced TNF-« release in
primary cultures of microglia (Fig. 2¢). Given the facts that
(1) microglia are a major source of TNF-o (Hanisch 2002)
and (2) TNF-« plays an important role in the pathogenesis
of neuropathic pain (Sommer and Kress 2004) and induction
of central sensitization (Park et al. 2011; Zhang et al. 2011),
RvE1 is likely to attenuate neuropathic pain via inhibiting
TNF-o synthesis and release in microglia. In addition to
modulating TNF-« signaling, RvE1 may also inhibit neuro-
pathic pain by down-regulating different proinflammatory
cytokines and chemokines (e.g., IL-13, IL-6, CCL2) and
up-regulating the anti-inflammatory cytokines (e.g., IL-10)
(Serhan et al. 2008; Ji et al. 2011).

Our data also demonstrated that intrathecal post-treatment
of RVEI (10 ng), 3 weeks after nerve injury, could partially
reverse SNL-induced mechanical allodynia and heat hyper-
algesia for 2 h (Fig. le,f). Thus, RvEl may also be used to
treat established neuropathic pain in the late phase, although
RVE1 appears to be more effective in treating neuropathic pain
in the early-phase.

In summary, RvEI can reduce neuropathic pain via multi-
ple mechanisms, by inhibiting (1) microglia signaling (e.g.,
TNF-o synthesis and release), (2) TRPV1 signaling, (3)
downstream signaling of TNF-«, and (4) peripheral inflam-
mation (neutrophil infiltration) (Ji et al. 2011). RvEl may
further promote the resolution of neuropathic pain via enhanc-
ing phagocytosis activity of macrophages and microglia
(Serhan et al. 2008). Resolution of inflammation, glial activa-
tion, and neuropathic pain by endogenous proresolving medi-
ators represent a conceptual change. Given the potent
analgesic efficacy and safety profiles of endogenous lipid
mediators, resolvins and their metabolically stable analogues
such as 19-pf-RvEl (Arita et al. 2006), as well as small
molecule agonists targeting the resolvin’s signaling pathways,
may offer new therapeutic tools for the management of de-
structive neuropathic pain. Noteworthy, it is equally important
to prevent the development of chronic neuropathic pain after
surgeries (e.g., amputation and thoracotomy) and treatment
(chemotherapy) with pro-resolution-derived therapies.
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