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Neurobiology of Disease

Extracellular Signal-Regulated Kinase-Regulated
Microglia-Neuron Signaling by Prostaglandin E,
Contributes to Pain after Spinal Cord Injury

Peng Zhao, Stephen G. Waxman, and Bryan C. Hains
Department of Neurology and Center for Neuroscience and Regeneration Research, Yale University School of Medicine, New Haven, Connecticut 06510,
and Rehabilitation Research Center, Virginia Connecticut Healthcare System, West Haven, Connecticut 06516

Many patients with traumatic spinal cord injury (SCI) report pain that persists indefinitely and is resistant to available therapeutic
approaches. We recently showed that microglia become activated after experimental SCI and dynamically maintain hyperresponsiveness
of spinal cord nociceptive neurons and pain-related behaviors. Mechanisms of signaling between microglia and neurons that help to
maintain abnormal pain processing are unknown. In this study, adult male Sprague Dawley rats underwent T9 spinal cord contusion
injury. Four weeks after injury when lumbar dorsal horn multireceptive neurons became hyperresponsive and when behavioral nocicep-
tive thresholds to mechanical and thermal stimuli were decreased, we tested the hypothesis that prostaglandin E, (PGE, ) contributes to
signaling between microglia and neurons. Immunohistochemical data showed specific localization of phosphorylated extracellular
signal-regulated kinase 1/2 (pERK1/2), an upstream regulator of PGE, release, to microglial cells and a neuronal localization of the PGE,
receptor E-prostanoid 2 (EP2). Enzyme immunoassay analysis showed that PGE, release was dependent on microglial activation and
ERK1/2 phosphorylation. Pharmacological antagonism of PGE, release was achieved with the mitogen-activated protein kinase kinase
1/2 (MEK1/2) inhibitor PD98059 [2-(2-amino-3-methyoxyphenyl)-4H-1-benzopyran-4-one] and the microglial inhibitor minocycline.
Cyclooxygenase-2 expression in microglia was similarly reduced by MEK1/2 inhibition. PD98059 and EP2 receptor blockade with AH6809
(6-isopropoxy-9-oxoxanthene-2-carboxylic acid) resulted in a decrease in hyperresponsiveness of dorsal horn neurons and partial
restoration of behavioral nociceptive thresholds. Selective targeting of dorsal horn microglia with the Mac-1-synapse-associated protein
(SAP) immunotoxin resulted in reduced microglia staining, reduction in PGE, levels, and reversed pain-related behaviors. On the basis of
these observations, we propose a PGE,-dependent, ERK1/2-regulated microglia-neuron signaling pathway that mediates the microglial
component of pain maintenance after injury to the spinal cord.
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Introduction
Spinal cord injury (SCI) is a devastating event that can result in
the development of chronic pain as well as paralysis. Sixty to 80%
of persons who have sustained SCI experience clinically signifi-
cant pain after injury (Finnerup et al., 2001; Siddall et al., 2003);
post-SCI pain can increase with time after injury and is often
refractory to treatment (Rintala et al., 1998).

Pain after SCI has traditionally been thought to arise from the
dysfunction of neurons along the pain-signaling pathway. Neu-
roimmune alterations have been implicated in the initiation of
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peripheral injury-induced pain (Watkins et al., 2001; DeLeo etal.,
2006). Activation of spinal microglia after peripheral injury can
be induced by nerve ligation (Coyle, 1998; Jin et al., 2003), For-
malin injection (Fu et al., 1999), and sciatic inflammation (Lede-
boer et al., 2005). Resident microglial cells also become activated
in the spinal cord after contusive SCI (Popovich et al., 1997;
Hains et al., 2003b; Sroga et al., 2003; Nesic et al., 2005; Zai and
Wrathall, 2005; Crown et al., 2006). We recently demonstrated a
role for microglia in the maintenance of post-SCI chronic pain;
microglia in the lumbar dorsal horn dramatically and dynami-
cally maintain, in real time, hyperresponsiveness of pain-
processing neurons and pain-related behaviors (Hains and Wax-
man, 2006).

The signaling mechanisms between activated microglia and
neurons that underlie enhanced postsynaptic excitability and
changes in sensory processing after SCI have not yet been estab-
lished. Microglia are known to produce a number of neuroactive
substances and cytokines (McMahon et al., 2005) that can influ-
ence the excitability of neurons, including interleukin-13 (IL-
1B) (Ferrari et al., 1997), BDNF (Coull et al., 2005), and prosta-
glandin E, (PGE,) (Akundi et al., 2005; Ikeda-Matsuo et al., 2005;
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Inoue, 2006). PGE, in particular has been implicated in the in-
duction of central sensitization of spinal neurons (Minami et al.,
1999; Ji et al., 2003), and extracellular signal-regulated kinase 1/2
(ERK1/2), an upstream effector of PGE, biosynthesis, is activated
in stimulated microglia (Akundi et al., 2005).

Given evidence that inhibition of PGE, release can reduce
behavioral signs of pain after SCI (Hains et al., 2001) and periph-
eral nerve injury (McMahon et al., 2005), we tested the hypoth-
esis that activated microglia modulate the activity of dorsal horn
sensory neurons through a PGE, signaling mechanism and that
PGE, synthesis is regulated by an ERK1/2-dependent mechanism
after SCI. Here, we identify a putative microglia—neuron signal-
ing pathway involving PGE, that contributes to chronic pain after
SCI and show that microglial PGE, release is dependent on acti-
vation of an upstream ERK1/2 mitogen-activated protein kinase
(MAPK) cascade.

Materials and Methods

Animal care. Experiments were performed in accordance with National
Institutes of Health guidelines for the care and use of laboratory animals;
all animal protocols were approved by the Yale University Institutional
Animal Use Committee. Adult male Sprague Dawley rats (200-225 g)
were used for this study. Animals were housed under a 12 h light/dark
cycle in a pathogen-free area with access to water and food ad libitum.

Surgical groups. Rats were deeply anesthetized with ketamine/xylazine
(80 and 5 mg/kg, i.p., respectively). SCI was produced (n = 53 rats) at
spinal segment T9 using the Multicenter Animal Spinal Cord Injury
Study/New York University impact injury device (Gruner, 1992). A10 g,
2.0 mm diameter rod was released from a 25 mm height onto the exposed
spinal cord. For sham surgery, animals (“intact”; n = 24) underwent
laminectomy and placement into the vertebral clips of the impactor with-
out impact injury. After SCI or sham surgery, the overlying muscles and
skin were closed in layers with 4-0 silk sutures and staples, respectively,
and the animal was allowed to recover on a 30°C heating pad. Postoper-
ative treatments included saline (2.0 cc, s.c.) for rehydration and Baytril
(0.3 cc, 22.7 mg/ml, s.c., twice daily) to prevent urinary tract infection.
Bladders were manually expressed twice daily until reflex bladder emp-
tying returned, typically by 10 d after injury. After surgery, animals were
maintained under the same preoperative conditions and fed ad libitum.

A second group of animals was used to show that abnormal activation
of phosphorylated p38 (P-p38) and/or phosphorylated ERK1/2
(pERK1/2) in dorsal root ganglion neurons, caused by SCI, could drive
increased dorsal horn levels of PGE,. In these animals (n = 6), the right
sciatic nerve was exposed at midthigh level, ligated with 4-0 silk sutures,
transected, and placed in a silicon cuff to prevent regeneration. To clearly
identify transected neurons, a retrogradely transported fluorescent label
(hydroxystilbamine methanesulfonate, 4% w/v; Invitrogen, Carlsbad,
CA) was placed in the cuff before stump insertion (Waxman et al., 1994).
These animals did not receive intrathecal catheters or drugs and were
used for immunohistochemical experiments only.

Intrathecal catheterization and drug delivery. Twenty-eight days after
SCI or sham surgery, under ketamine/xylazine (80 and 5 mg/kg, i.p.,
respectively) anesthesia, a sterile premeasured 32 gauge intrathecal cath-
eter (ReCathCo, Allison Park, PA) was introduced through a slit in the
atlanto-occipital membrane, threaded down to the lumbar enlargement,
secured to the neck musculature with suture, and heat sealed to prevent
infection and leakage of CSF. The catheters easily slid past the SCT impact
site (T9) in all animals. Verification of the lumbar location of the termi-
nal end of the catheter was done at the time the animals were killed by
injecting methylene blue dye through the catheter.

Three days after catheter placement, under brief (<1 min) halothane
sedation (3% by facial mask), intrathecal infusion of artificial CSF (aCSF)
vehicle (n = 4), Mac-1-synapse-associated protein (SAP) (n = 6; 36 ug),
minocycline (n = 4; 100 ug), PD98059 [2-(2-amino-3-methyoxyphenyl)-
4 H-1-benzopyran-4-one] (n = 13; 10 pg), or AH6809 (6-isopropoxy-9-
oxoxanthene-2-carboxylic acid) (n = 12; 166 ug) began in SCI animals.
Intact animals received fractalkine (n = 4; 30 ng) at the same time points.
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Mac-1-SAP, a chemical conjugate of mouse monoclonal antibody to
CD11b and the ribosome-inactivating protein saporin (Advanced Tar-
geting Systems, San Diego, CA), was used to selectively kill microglia in
the dorsal horn (Dommergues et al., 2003). The tetracycline antibiotic
minocycline has been shown to potently downregulate the activity of
microglia in vivo (Raghavendra et al., 2003; Hua et al., 2005; Ledeboer et
al,, 2005). 7-Dimethylamino-6-demethyl-6-deoxytetracycline [minocy-
cline hydrochloride; molecular weight (MW) of 493.9; Sigma, St. Louis,
MO)] was used based on previous reports (Ledeboer et al., 2005; Hains
and Waxman, 2006). Recombinant rat CX3CL1/fractalkine (chemokine
domain; amino acids 25-100; MW of 8.8 kDa; R & D Systems, Minne-
apolis, MN), a chemokine that induces glial activation (Harrison et al.,
1998; Milligan et al., 2005), was used based on the literature (Milligan et
al.,, 2004) and pilot studies. PD98059 has been shown to selectively target
the upstream ERK kinase mitogen-activated protein kinase kinase 1/2
(MEK1/2); because ERK1 and ERK2 are the only known substrates of
MEK, MEK1/2 inhibition by PD98059 results in selective inhibition of
ERK phosphorylation and thus activation (Alessi et al., 1995; Dudley et
al., 1995; Zhuang et al., 2005). PD98059 (MW of 267.28; Sigma) was used
based on previous reports (Zhuang et al., 2005) and preliminary experi-
ments. AH6809 (MW of 298.29; Sigma), a stable synthetic antagonist of
PGE, that blocks the activity of the E-prostanoid 2 (EP2) receptor (but
not EP1) in rats (Woodward et al., 1995), was used based on previous
reports (Haupt et al., 2000) and preliminary experiments. For 3 d, injec-
tions were performed twice daily in 5 ul of aCSF (in mwm: 1.3 CaCl,-2H,0,
2.6 KCl, 0.9 MgCl, 21.0 NaHCO,, 2.5 Na,HPO,-7H,0, and 125.0 NaCl,
prepared in sterile H,0), followed by 10 ul of aCSF flush. As a vehicle
control, aCSF was injected during the same time points in separate
animals.

Immunohistochemistry. Tissue was collected from the lumbar enlarge-
ment (L4 spinal segment) and dorsal root ganglia (DRG) (L4-L5) from
animals that had received SCI 31 d earlier (n = 6). Lumbar DRG tissue
was also collected from animals that had undergone unilateral sciatic
nerve ligation and transection 10 d earlier (n = 6). Rats were deeply
anesthetized with ketamine/xylazine (80 mg and 5 kg, i.p., respectively)
and perfused intracardially with 0.01 m PBS, followed by 4% cold, buft-
ered paraformaldehyde. Tissue was postfixed for 15 min in 4% parafor-
maldehyde and cryopreserved overnight at 4°C in 30% sucrose PBS. Thin
(8 wm) cryosections (n = 6 sections per animal) from each treatment
group were processed simultaneously.

Slides were incubated at room temperature in the following: (1) block-
ing solution (PBS containing 5% NGS, 2% BSA, 0.1% Triton X-100, and
0.02% sodium azide) for 30 min; (2) primary antibody: mouse anti-
CD11b/c OX-42 clone raised against complement receptor 3 (1:250; BD
Biosciences, San Jose, CA), mouse anti-neuron-specific nuclear protein
NeuN (1:500; Chemicon, Temecula, CA), rabbit anti-pERK1/2 MAP ki-
nase (1:500; Cell Signaling Technology, Danvers, MA), rabbit anti-PGE,
receptor EP2 (1:1000; Chemicon), rabbit anti-P-p38 (1:50; Cell Signaling
Technology), rabbit anti-cyclooxygenase-2 (COX-2) (1:500; Santa Cruz
Biotechnology, Santa Cruz, CA), or mouse anti-GFAP (1:500; Chemi-
con), overnight in blocking solution at 4°C; (3) PBS, six times for 5 min
each; (4) either goat anti-rabbit Alexa 546 (1:1500; Invitrogen) or donkey
anti-mouse 488 (1:1500; Invitrogen), in blocking solution, 2 h; and (5)
PBS, six times for 5 min each. Control experiments were performed
without primary or secondary antibodies that yielded only background
levels of signal.

Quantitative image analysis. Images were captured with a Nikon (To-
kyo, Japan) Eclipse E800 light microscope equipped with epifluorescence
and Nomarski optics, using a Photometrics CoolSnap HQ camera
(Roper Scientific, Tucson, AZ) and MetaVue version 6.2r6 software
(Universal Imaging Corporation, Downingtown, PA). Quantitative
analysis was performed by a blinded observer using MetaVue and IPLab
Spectrum version 3.0 software (Scanalytics, Fairfax, VA). Signal intensity
in DRG neurons (<50 wm diameter) or activated microglia (n = 26-38
per group) was determined by manually tracing the outline of the cell and
allowing the software to compute signal intensity. Percentage of field
analysis was used to provide a quantitative estimate (proportional area)
of changes in the activation state of glial cells in the spinal cord and
coexpression of pPERK1/2 and Cd11b/c (Popovich et al., 1997; Hains and
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Waxman, 2006; Kigerl et al., 2006). Resting and activated astroglia and
microglia were classified based on the following criteria. resting glia dis-
played small compact somata bearing long thin ramified processes. Ac-
tivated glia exhibited marked cellular hypertrophy and retraction of pro-
cesses such that the process length was less than the diameter of the soma
compartment. Measurement of signal colocalization was performed with
MetaMorph (version 7.0, Molecular Devices, Sunnyvale, CA). Cells were
sampled only if the nucleus was visible within the plane of section and if
cell profiles exhibited distinctly delineated borders. Background levels of
signal were subtracted, and control and experimental conditions were
evaluated in identical manners.

Tissue PGE, determination. Tissue levels of PGE, in the spinal cord
dorsal horn were assayed using enzyme immunoassay (EIA) (Prostaglan-
din E, EIA kit, Monoclonal; Cayman Chemical, Ann Arbor, MI), from
the following groups: intact (n = 4), intact + fractalkine (n = 4), SCI
(n =4),SCI + Mac-1-SAP (n = 3), SCI + minocycline (n = 4), SCI +
PD98059 (n = 5), and SCI + AH6809 (n = 4). Drug groups received
intrathecal injections of fractalkine, minocycline, PD98059, or AH6809
for 3 d as described above. Animals were anesthetized with an overdose of
pentobarbital (75 mg/kg, i.p.) and decapitated. The lumbar spinal cord
(L4-L5) was taken out within 30—60 s after decapitation, and the dorsal
horn was rapidly microdissected from the ventral horn, weighed, and
flash frozen in liquid nitrogen for storage at —80°C. Tissue was homog-
enized in ice-cold lysis buffer [0.1 M phosphate, pH 7.4, 1 mm EDTA, 10
M indomethacin (Cayman Chemical)] using a tube pestle. Acetone was
added (2X sample volume), and samples were centrifuged at 1500 X g
for 10 min. The supernatants were then stored at —80°C. Samples were
run in triplicate based on supplied instructions. The PGE, monoclonal
EIA kit demonstrates sensitivity from 10 to 1000 pg/ml and demonstrates
little cross reactivity between structurally related PGE; and PGE,. Absor-
bance (412 nm) values of standards and samples were corrected by sub-
traction of the background value to correct for absorbance caused by
nonspecific binding.

Electrophysiologic procedures. Extracellular unit recordings were ob-
tained from dorsal horn sensory neurons 30 d after SCI. Acute spinal
drug delivery was performed by soaking drug solutions onto pledgets (2
mm?), which were placed centered on the dorsal surface of the spinal
segment in which cells were isolated, covering both ipsilateral and con-
tralateral dorsal horns (Qin et al., 1999; Hains et al., 2003a). Working
doses of PD98059 and AH6809 were determined by behavioral experi-
ments. Both drugs were dissolved in 5 ul of aCSF, pH 7.4. Mineral oil was
drawn off and replaced before and immediately after pledget application.
Start time of recordings were based on predetermined onset and offset
efficacy evaluations. aCSF vehicle control pledgets were applied in the
same manner before or after drug application to ensure continuity of
response. Unit responses were recorded after drug washout (30—60 min)
to assess recovery of hyperresponsiveness.

Animals underwent extracellular single-unit recording according to
established methods (Hains et al., 2003a,b). The activity of three to seven
units per animal (n = 4 per group from SCI + VEH, SCI + PD98059, or
SCI + AH6809) were recorded for each experiment, yielding 1228 cells
per group. The experimenter was blinded to drug treatment for all ani-
mals. Rats were initially anesthetized with sodium pentobarbital (40 mg/
kg, i.p.) and supplemented (5 mg - kg ' - h ~!) intravenously through a
catheter in the jugular vein. Rectal temperature was maintained at 37°C
by a thermostatically controlled heating blanket. A T12-L6 laminectomy
was done before fixing the head and the vertebral column on a stereotaxic
apparatus (David Kopf Instruments, Tujunga, CA). The exposed spinal
cord was covered with warm (37°C) mineral oil. Units were isolated from
L3-L5 medially near the dorsal root entry zone up to a depth of 1000 pwm.
Recordings were made with a low-impedance 5 M() tungsten-insulated
microelectrode (A-M Systems, Carlsborg, WA). Electrical signals were
amplified and filtered at 300-3000 Hz (DAM80; World Precision Instru-
ments, Sarasota, FL), processed by a data collection system (CED 1401+;
Cambridge Electronics Design, Cambridge, UK), and stored on a com-
puter (Latitude D800; Dell Computer Company, Austin, TX). The stored
digital record of individual unit activity was retrieved and analyzed off-
line with Spike2 software (version 5.03, Cambridge Electronics Design).

After a cell was identified and its receptive field was mapped, natural
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stimuli were applied: (1) phasic brush (PB) stimulation of the skin with a
cotton applicator, (2) stimulation with calibrated von Frey filaments of
increasing force (0.39, 1.01, and 20.8 g), (3) compressive pressure, by
attaching a large arterial clip with a weak grip to a fold of the skin (144
g/mm?), and (4) compressive pinch, by applying a small arterial clip with
astrong grip to a fold of skin (583 g/mm?). Multireceptive (MR) neurons
were identified by their relative magnitude of responsiveness to all stim-
uli. Because functional phenotype shifts can occur after SCI, such that
more units assume a multireceptive functional classification, our search
paradigm ensured that in all groups we sampled multireceptive units.
Stimulation was applied with the experimenter blinded to the output of
the cell during stimulation. Background activity was recorded for 20 s,
and stimuli were applied serially for 20 s, separated by another 20 s of
spontaneous activity without stimulation. Care was taken to ensure that
the responses were maximal, that each stimulus was applied to the pri-
mary receptive field of the cell, and that isolated units remained intact for
the duration of each experiment using Spike2 template-matching rou-
tines. Based on previously published statistical analysis of evoked dis-
charge rates in intact control and SCI animals (Christensen and Hulse-
bosch, 1997; Hains et al., 2003a,b,c), neurons were considered to be
hyperresponsive if evoked discharge rates were >150% of control levels.

Behavioral testing. All behavioral testing was performed by a blinded
observer. Testing began on day 28 after SCI to confirm that SCI animals
had developed chronic pain-related behaviors (for all experiments, we
used only animals that demonstrated the development of chronic pain)
before intrathecal drug administration of aCSF vehicle, Mac-1-SAP,
PD98059, or AH6809. Daily testing resumed after intrathecal catheter-
ization on day 30 (n = 8 animals per group). Drugs were administered
from days 31 to 33, followed by 2 additional days of testing (until day 35).
On the first day of behavioral testing after SCI, motor performance of rats
with SCI recovered well enough to yield reliable withdrawal reflex mea-
sures, as shown in previous studies (Hains et al., 2001).

Locomotor function was recorded using the Basso, Beattie, and
Bresnahan (BBB) rating scale (Basso et al., 1995) to ensure reliability of
hindlimb somatosensory testing, as well as to assess the motor effects of
delivered compounds. Briefly, the BBB is a 21-point ordinal scale ranging
from 0 (no discernable hindlimb movement) to 21 (consistent and co-
ordinated gait with parallel paw placement of the hindlimb and consis-
tent trunk stability). Scores from 0 to 7 rank the early phase of recovery
with return of isolated movements of three joints (hip, knee, and ankle);
scores from 8 to 13 describe the intermediate recovery phase with return
of paw placement, stepping, and forelimb—hindlimb coordination; and
scores from 14 to 21 rank the late phase of recovery with return of toe
clearance during the step phase, predominant paw position, trunk stabil-
ity, and tail position.

Mechanical nociceptive thresholds were determined by paw with-
drawal to application of a series of calibrated von Frey filaments (Stoelt-
ing, Wood Dale, IL) to the glabrous surface of the hindpaws. Before
testing, animals were acclimatized to the testing area for 30 min. After
application of von Frey filaments (0.4-26 g) with enough force to cause
buckling of the filament, a modification of the up—down method of
Dixon (1980) was used to determine the value at which paw withdrawal
occurred 50% of the time (Chaplan et al., 1994), interpreted to be the
mechanical nociceptive threshold.

After acclimation to the test chamber, thermal nociceptive thresholds
were assessed by measuring the latency of paw withdrawal in response to
aradiant heat source (Dirig et al., 1997). Animals were placed in Plexiglas
boxes on an elevated glass plate (37°C) under which a radiant heat source
(5.14 A) was applied to the glabrous surface of the paw through the glass
plate. The heat source was turned off automatically by a photocell during
limb lift, allowing the measurement of paw-withdrawal latency. If no
response was detected, the heat source was automatically shut off at 20 s.
Three minutes were allowed between each trial, and four trials were
averaged for each limb. Although not providing direct measures of the
experience of pain by experimental animals, these methods provide mea-
sures of pain-related behaviors that coincide with anatomical and phys-
iological observations.

Statistical analysis. All statistical tests were performed at the « level of
significance of 0.05 by two-tailed analyses using parametric tests. Data
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Figure1.
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Identification of the cellular location of pERK1/2 after SCI. A, Thirty-one days after T9 SCI, NeuN immunostaining revealed typically distributed neuronal morphologies in the spinal cord
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lumbar dorsal horn. B, pERK1/2 signal was also present after SCI. pERK1/2-positive cells demonstrated round nuclei and compact processes. €, NeuN and pERK1/2 showed very little colocalization,
which is confirmed in higher-magnification panels. D, (d11b/c-positive cells exhibited morphological features of activated microglia: cell bodies were small, and several slender branched processes
emerged from the soma. E, F, pERK1/2 (E) was strongly colocalized to Cd11b/c (F). Percentage of field analysis showed that pERK1/2 is almost exclusively located within activated microglia after SCI.

Identification of the cellular localization of the PGE, receptor EP2 after SCI. A, B, EP2 signal was strong (B

with neurons (4). C, Colocalization with NeuN revealed strong correspondence between NeuN and EP2 signal. D, Cd11b/c staining showed the expected activation of microglia after SCI. E, F, EP2
immunostaining (E) did not colocalize with activated microglia (F). Percentage of field analysis showed a strong colocalization between NeuN and EP2 but a weak correspondence between Cd11b/c

Figure 2. ) and was confined to cells exhibiting morphological characteristics consistent

and EP2, indicating that EP2 is preferentially expressed in neurons after SCI.

were tested for significance using one-way ANOVA, followed by Bonfer-
roni’s post hoc analysis. Tests of factors including pairwise comparisons
were applied with either the paired Student’s ¢ test or the two-sample
Student’s ¢ test. Linear regression analysis was performed on pERK1/2
and Cd11b/c signal intensities. Data management and statistical analyses
were performed using SAS (1992) statistical procedures with Jandel Sig-
maStat (version 1.0; SPSS, Chicago, IL) and graphed using Jandel Sig-
maPlot (version 7.0; SPSS) as mean * SD.

Results

PERK1/2 and EP2 localization

Imaging experiments were performed to identify the cellular lo-
calization of phosphorylated ERK1/2 MAP kinase (pERK1/2)
and the PGE, receptor EP2 in the lumbar dorsal horn after SCI.
Within the dorsal horn, NeuN, a marker of neurons, is present in
cells that exhibit a typical neuronal morphology and size (Fig.



Zhao et al. @ Microglia—Neuron Pain Signaling after SCI

1A). pERK1/2 was observed in the intact spinal cord (data not
shown), but signal levels were very low, as were the number of
pERK1/2-positive cells. After SCI, there was a marked increase in
pERK1/2 in all laminas within the lumbar dorsal horn. pERK1/2
signal was observed in both white and gray matter after SCI. The
distribution was uniform throughout the dorsal horn gray mat-
ter. pERK1/2-positive cells demonstrated round nuclei and com-
pact processes (Fig. 1B). NeuN and pERK1/2 showed very little
colocalization (Fig. 1C), which is confirmed in higher-
magnification panels. Antibodies against Cd11b/c (OX-42) re-
vealed the presence of microglia in both white and gray matter of
the spinal cord after SCI (Fig. 1 D), which exhibited an activated
morphology: marked cellular hypertrophy and retraction of cy-
toplasmic processes. pPERK1/2 staining was robust (Fig. 1E) and
tightly colocalized with Cd11b/c signal in these cells (Fig. 1F).
Percentage of field analysis showed a 3.1 = 0.8% colocalization
between NeuN and pERK1/2 and 85.6 = 6.7% colocalization
between Cd11b/c and pERK1/2, indicating that pERK1/2 is al-
most exclusively located within activated microglia after SCI.

Figure 2 shows NeuN (Fig. 2A) and PGE, EP2 receptor local-
ization in the lumbar dorsal horn after SCI. EP2 signal was strong
and was confined to cells exhibiting morphological characteris-
tics consistent with neurons: larger rounded cell bodies with few
processes (Fig. 2 B). Colocalization revealed strong correspon-
dence between NeuN and EP2 signal (Fig. 2C). Cd11b/c signal
showed the expected activation of microglia after SCI (Fig. 2D).
EP2 (Fig. 2E) did not colocalize with activated microglia (Fig.
2 F). Percentage of field analysis showed a 75.02 = 4.2% colocal-
ization between NeuN and EP2 but only 4.2 = 1.3% colocaliza-
tion between Cd11b/c and EP2, indicating that EP2 is preferen-
tially expressed in neurons after SCI.

Analysis of the correspondence of the activation state of mi-
croglia and pERK1/2 in the spinal cord after injury is shown in
Figure 3. Alteration in morphological features permit field area
analysis of activated microglia and pERK1/2 signal in SCI animals
(Fig. 3A). Proportional field area of pERK1/2 was plotted against
field area of Cd11b/c, showing a strong relationship between in-
creasing pERK1/2 signal and Cd11b/c signal after SCI (Fig. 3B).
Regression analysis revealed a positive correlation between
pERK1/2 and Cd11b/c (y = 1.38x; r* = 0.64). Border plot his-
tograms indicate a biphasic clustering of activated microglia and
pERK1/2 signal. Data points were partitioned into two groups
that likely represented inactivated and activated status.

To eliminate the possibility that agents used in our pharma-
cological agents acted on DRG neurons after SCI and to show that
SCI does not induce changes in P-p38 or pERK1/2 activation in
lumbar DRG neurons that might feedforward into the dorsal
horn and increase PGE, release, which could have secondary ef-
fects on dorsal horn neurons, we measured EP2, P-p38, and
pERK1/2 levels in lumbar DRG neurons after SCI and after sciatic
nerve axotomy and encapsulation (Fig. 4). EP2 signal was very
low on both contralateral (17.9 %= 5.9 arbitrary units) (Fig. 4A)
and backfilled fluorogold-positive (blue) ipsilateral (13.3 * 4.6)
(Fig. 4 B) sides after axotomy. After SCI, EP2 signal was barely
detectable in DRG neurons (12.0 = 4.7) (Fig. 4C). P-p38 was
present at low levels in contralateral DRG (50.7 = 11.4) (Fig. 4 D).
After axotomy of the sciatic nerve, P-p38 levels were significantly
(p < 0.05) increased in fluorogold-positive DRG neurons
(108.5 = 18.7) (Fig. 4E,K). After SCI, P-p38 levels were equiva-
lent to those in uninjured DRG neurons (56.5 * 13.1) (Fig. 4 F).
Levels of pERK1/2 were low in contralateral DRG neurons

J. Neurosci., February 28,2007 - 27(9):2357-2368 * 2361

SCI

A Intact

B
140
« pERK1/2 vs. Cd11b/c
120 {4 ¥ =1.38x “.%, *
L
g 100
E 1 L]
i
S 80 A
8 60
©
o
@ 40 -
L
20
20 40 60 80 100
Field area (Cd11b/c)
Figure 3. A, Immunostaining showing correspondence of the activation state of microglia

(Cd11b/cfield area) and pERK1/2 activation (field area) in intact animals and 4 weeks after SCI.
B, Proportional field area of pERK1/2 was plotted against field area of Cd11b/c, showing a
strong relationship between increasing pERK1/2 signal and Cd11b/c signal 31 d after SCI. Re-
gression analysis revealed a positive correlation between pERK1/2 and Cd11b/c. Boarder plot
histograms indicate a biphasic clustering of activated microglia and pERK1/2 signal. Data points
were partitioned into two groups that likely represented inactivated and activated status.

(41.5 = 10.4) (Fig. 4G), whereas after axotomy there was a sig-
nificant increase in pERK1/2 signal in fluorogold backfilled neu-
rons (65.8 * 12.4) (Fig. 4H,L). After SCI, pERK1/2 signal was
low, equivalent to uninjured DRG neurons (Fig. 41).

Immunocytochemistry for detection of GFAP, a marker for
astroglia, in the lumbar enlargement revealed baseline expression
in intact animals (Fig. 5A). GFAP-positive astroglia demon-
strated typical slender processes and were distributed throughout
both white and gray matter laminas. Twenty-eight days after SCI,
astroglia possessed a swollen appearance consistent with activa-
tion and a significant increase in percentage field area of GFAP
signal (Fig. 5F). As assessed on day 33, treatment of SCI animals
with vehicle (Fig. 5B), Mac-1-SAP (Fig. 5C), PD98059 (Fig. 5D),
or AH6809 (Fig. 5E) did not significantly reduce astroglial acti-
vation (Fig. 5F).
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Imaging of dorsal horn levels of micro-
glia with the Cd11b/c antibody revealed
robust presence of microglia throughout
the dorsal horn, as we have shown previ-
ously (Fig. 6A). Microglial cells demon-
strated cellular morphologies consistent
with activation. Selective targeting of dor-
sal horn microglia with the Mac-1-SAP
immunotoxin resulted in a dramatic de-
crease in the level of Cd11b/c signal after
3 d of treatment (Fig. 6C) when compared
with animals administered vehicle for the
same duration (Fig. 6 B).

Axot +10d, Cont

Axot +10d, Cont

pERK1/2

Determination of PGE, levels

In intact animals, PGE, levels (314.2 = 9.8
pg/mg tissue) in the lumbar dorsal horn
were determined using an enzyme immu-
noassay (Fig. 7). In intact animals, intra-
thecal administration of the microglial ac-
tivator fractalkine resulted in a significant
(p < 0.05) increase in dorsal horn PGE,
levels (484.6 = 13.8 pg/mg). Thirty days
after T9 contusion SCI, PGE, levels in the
lumbar dorsal horn were significantly in-
creased (476.8 = 16.2 pg/mg) compared
with intact animals. After SCI, the levels of
PGE, were not significantly different from
those measured from intact animals given
fractalkine. Elimination of dorsal horn microglia with Mac-1-
SAP (353.9 = 19.8 pg/mg) and inhibition of microglial activation
with minocycline (350.4 = 20.1 pg/mg) resulted in a significant
reduction in PGE, levels after SCI. Similarly, inhibition of down-
stream ERK1/2 activation with the MEK1/2 inhibitor PD98059
resulted in significantly lowered levels of PGE, after SCI (392.9 +
10.2 pg/mg). AH6809, the PGE, EP2 receptor antagonist, had no
effect on PGE, levels after SCI (446.1 = 13.5 pg/mg).

Similarly, inhibition of pERK1/2 with PD98059 after SCI led
to areduction in COX-2 immunostaining in microglial cells (Fig.
8 B), whereas with aCSF vehicle administration (Fig. 8 A), COX-2
signal was strong in both microglia and neurons after SCI.

Axot +10d, Cont

Figure 4.

Effects of microglial PGE, on evoked unit activity

Dorsal horn multireceptive units were sampled in the lumbar
enlargement in intact animals and after SCI and/or acute drug
administration on day 30. Recordings from drug efficacy time
course studies were also performed at this time point (data not
shown).

SCI resulted in the development of evoked hyperresponsive-
ness and sensitization of dorsal horn neurons in the spinal cord
lumbar enlargement consistent with previous observations. Unit
discharge activity was elevated in response to application of nat-
ural stimuli to identified peripheral receptive fields (Fig. 9A).
Evoked responses to phasic brush, increasing strength von Frey
filaments, compressive press, and compressive pinch stimuli
were all significantly (p < 0.05) increased (between 100 and
300%) when compared with intact animals (Fig. 9D). Peristimu-
lus time histograms show that, after SCI, evoked discharge rates
were between 35 and 90 Hz. Acutely administered PD98059 had
no effect on spontaneous firing of MR units after SCI (3.2 = 1.9 vs
4.1 = 2.5Hz). PD98059 did result in decreased evoked responses
to all peripheral stimuli except the lowest intensity von Frey fila-
ment (0.39 g) (Fig. 9B). Evoked responses ranged from 10 to 50
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EP2, P-p38, and pERK1/2 levels in lumbar DRG neurons after sciatic nerve axotomy or SCI. A, B, EP2 signal was very
low on both contralateral (Cont) (4) and backfilled fluorogold-positive (FG, blue) ipsilateral (Ipsi) (B) sides 10 d after axotomy. C,
Thirty-one days after SCI, EP2 signal was barely detectable in DRG neurons. D, P-p38 was present at low levels in contralateral DRG.
After sciatic axotomy, P-p38 levels were significantly (K) increased in fluorogold-positive DRG neurons (E). F, After SCI, P-p38
levels were equivalent to those in uninjured DRG neurons. G, H, L, Levels of pERK1/2 were low in contralateral DRG neurons (G),
whereas after axotomy there was a significant increase in pERK1/2 signal in fluorogold backfilled neurons (H, L). I, After SCI,
pERK1/2 signal was low, equivalent to uninjured DRG neurons. J, Quantification revealed no significant differences between
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Figure 5.  GFAP staining for normal and activated astroglia from the lumbar dorsal horn
revealed the presence of resting astroglia in intact (4) animals. Four weeks after SCl and intra-
thecal administration of aCSF vehicle (VEH) (B), astroglia demonstrated an activated morphol-
ogy. Administration of the microglial immunotoxin Mac-1-SAP (C), the ERK1/2 inhibitor
PD98059 (D), or EP2 receptor antagonist AH6809 (E) did not have a significant effect on astro-
glial activation as measured by percentage of field analysis, which was significantly (*p < 0.05)
elevated after SCl compared with intact animals (F).
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Figure 6. A, Immunostaining for dorsal horn microglia after SCl revealed strong activation within the lumbar enlargement 4
weeks after SCI (). B, C, Selective targeting of dorsal horn microglia with Mac-1-SAP resulted in a robust decrease in the amount
of Cd11b/csignal after 3 d of treatment (C) when compared with animals administered vehicle (VEH) for the same duration (B).
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Figure 7.  Determination of PGE, levels in the lumbar dorsal horn. In intact animals, intra-
thecal administration of the microglial activator fractalkine (INT+FKN) resulted in a significant
increase (*p << 0.05) in dorsal horn PGE, levels. Thirty days after T9 contusion SCI, PGE, levelsin
the lumbar dorsal horn were significantly increased compared with intact animals. Elimination
of microglia with Mac-1-SAP immunotoxin (SCI+ SAP) and inhibition of microglial activation
with minocycline (SCI-MINO) significantly reduced (*p < 0.05) PGE, levels after SCI. Simi-
larly, inhibition of downstream ERK1/2 activation with the MEK1/2 inhibitor PD98059
(SCI+-PD) resulted in significantly lowered levels of PGE, after SCI. AH6809, the PGE, EP2
receptor antagonist, had no effect on PGE, levels after SCI (SCI+AH).

Hz. Predrug unit responses (Fig. 9A) are superimposed on post-
drug responses (Fig. 9B). Examples of unit activity of MR units in
response to press before and after PD98059 administration are
shown (Fig. 9C). Waveform overdraws ensure that the same unit
was recorded in both instances, and its depth in the dorsal horn is
shown. Quantification of the number of spikes per second re-
vealed that inhibition of microglial ERK1/2 activation signifi-
cantly reduced neuronal hyperresponsiveness after SCI to all
stimuli except the 0.39 g von Frey stimulus compared with vehi-
cle injections (Fig. 9D).

Similarly, antagonism of the EP2 receptor with AH6809 re-
sulted in reduced hyperresponsiveness. Unit recordings from a
representative MR neuron after SCI show increased responsive-
ness to peripheral stimulation (Fig. 10A). Acute administration
of AH6809 caused a reduction in the responsiveness of this unit
to the same stimuli (Fig. 10 B). Examples of unit spiking in re-
sponse to press stimulation before and after AH6809 administra-
tion clearly illustrate the attenuation in post-SCI hyperrespon-
siveness (Fig. 10C). In SCI animals, inhibition of the neuronal
PGE, receptor EP2 with AH6809 significantly reduced the
evoked responses to all peripheral stimuli when compared with
vehicle (Fig. 10D).
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PGE, and pain-related behaviors

Intact and pre-SCI animals demonstrated
expected levels of locomotor function
(group mean of 21.0 * 0.0) (Fig. 11A).
Thirty days after SCI, BBB scores had pla-
teaued at 9.5 * 1.1. At this level of recov-
ery, animals are capable of withdrawing
their paws in response to noxious stimuli.
Intact animals did not demonstrate
changes in BBB scores throughout the du-
ration of intrathecal administration of
Mac-1-SAP, PD98059, or AH6809. Simi-
larly, SCI animals did not show changes in
BBB scores throughout the period of drug
administration. After cessation of drug
delivery, no changes were observed. Vehi-
cle injection did not result in changes in
BBB scores (mean of 9.6 * 1.3).

Before SCI, and in intact animals, the
mean mechanical nociceptive threshold was 20.4 = 1.4 g. Thirty
days after SCI, mechanical thresholds had significantly (p <
0.05) decreased to 2.1 = 1.9 g, demonstrating the development of
mechanical allodynia. In intact animals, intrathecal administra-
tion of PD98059 had no effect on paw-withdrawal threshold to
von Frey filament stimulation at any time point (Fig. 11 B). In SCI
animals receiving Mac-1-SAP, mechanical thresholds were sig-
nificantly increased starting on day 1 of drug administration to an
average of 6.9 = 2.9 g for all days when compared with predrug
levels and vehicle-treated animals (2.5 * 1.5 g). Immediately
after cessation of delivery of PD98059, mechanical thresholds
returned to predrug levels, 1.8 = 0.9 g. PD98059 resulted in a
significantly increase in mechanical thresholds as well, to an av-
erage of 7.8 = 2.6 g for all days when compared with predrug
levels and vehicle. Immediately after cessation of delivery, me-
chanical thresholds returned to predrug levels, 2.8 * 1.6 g.
AH6809 had a similar effect, significantly increasing mechanical
thresholds to 9.2 = 2.4 g when compared with predrug levels and
vehicle-treated animals. After AH6809 withdrawal, thresholds
returned to predrug levels, 3.1 = 1.9 g.

Baseline thermal paw-withdrawal latencies for intact and pre-
SCI animals was 10.6 = 0.8 s (Fig. 11C). Thirty days after injury,
withdrawal latencies significantly decreased to 4.4 = 0.8 s for all
SCI animals, indicating the development of thermal hyperalgesia.
Neither PD98059 nor AH6809 had an effect on withdrawal laten-
cies in intact animals. After SCI, however, Mac-1-SAP adminis-
tration resulted in significantly increased paw-withdrawal laten-
cies to an average of 8.3 £ 0.9 s compared with vehicle-treated
animals (4.3 * 1.4 s), which decreased after cessation of admin-
istration to 4.9 * 0.5 s. PD98059 also resulted in an immediate
restoration in paw-withdrawal latency to 8.5 = 1.3 s. This was
significantly increased compared with vehicle-treated animals.
After drug delivery was stopped, latencies returned to predrug
levels, 4.3 = 0.9 s. Compared with vehicle, AH6809 also resulted
in a significant increase in withdrawal latencies to 8.2 = 0.8 s,
which was reversed after drug delivery was stopped, to 4.8 + 1.1s.
Thus, pharmacological inhibition of the elevated microglial re-
lease of PGE, and antagonism of its neuronal receptor reduced
mechanical allodynia and thermal hyperalgesia after SCI.

SCI+(Mac-1-SAP)

Discussion

There is a dramatic shift in microglial status from a resting to an
activated state in the lumbar dorsal horn after SCI at a time when
dorsal horn sensory neurons exhibited hyperresponsiveness to
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Figure8. COX-2immunostaining after SClis reduced in microglia after administration of the
MEK1/2 inhibitor PD98059. A, In animals receiving vehicle (VEH) injections after SCI, COX-2
signal colocalizes with activated microglia (green) and is observed in cells exhibiting a neuronal
morphology (indicated by asterisk). B, After PD98059 treatment, however, C0X-2 signal is
reduced in microglia but persists in neurons.

peripheral stimulation, and pain-related behaviors were evident
(Hains and Waxman, 2006). Pharmacological downregulation of
microglial activation resulted in a return to resting morphologi-
cal phenotype as well as reductions in electrophysiologic and
behavioral concomitants of pain, suggesting a new role for acti-
vated microglia after SCI. The finding that microglia are actively
involved in the maintenance of ongoing pain phenomenology
suggests mechanistic differences from peripheral injury in which
microglial activation is related to the induction phase of pain. It is
not completely unexpected that microglia are involved in the
maintenance of changes in sensory processing in the injured cord
because, in most models of injury, the process is dynamic and
continuous as the injury progresses and reinvents itself over time
attributable to the positive feedback of the injury cascade.

The current study builds on these findings and identifies a
putative signaling mechanism by which activated microglia acti-
vate dorsal horn sensory neurons after SCI. This is the first dem-
onstration of a direct microglia—neuron signaling pathway in the
injured spinal cord. We show that PGE, is a central molecule in
microglia-mediated chronic pain. Using morphological, bio-
chemical, electrophysiological, and behavioral methodologies,
we demonstrate that pERK1/2 MAP kinase-mediated release
from microglia of PGE,, which binds to the EP2 receptor located
on dorsal horn neurons, is sufficient to induce changes in their
excitability state, which poises them to inappropriately amplify
innocuous and noxious sensory stimuli. These changes contrib-
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ute to the expression of abnormal pain-related behaviors after
injury.

We should note, however, that changes in signaling molecules
after injury should not be thought of as activity dependent. The
changes that are observed are injury dependent and have the
same long-range impact as with peripheral injury in which
changes in signaling molecules are believed to be dependent on
input from the periphery.

ERK activation (phosphorylation) has been documented in
the spinal cord after peripheral nerve injury (Ji et al., 1999; Ma
and Quirion, 2002; Ciruela et al., 2003; Katsura et al., 2006) and
inflammation (Galan et al., 2002). Spinal nerve ligation-induced
ERK activation occurs sequentially in dorsal horn neurons, mi-
croglia, and astrocytes and is thought to contribute through dif-
ferent mechanisms in different cell types to pain sensitivity
(Zhuang et al., 2005). Nociceptor activity leads to microglia-
specific ERK activation (Tsuda et al., 2005), possibly through
stimulation by nitric oxide, IL-13, tumor necrosis factor-a, and a
variety of cytokines (Ji and Strichartz, 2004; Marchand et al,,
2005). After excitotoxic (Yu and Yezierski, 2005) or contusive
(Crown et al., 2006) SCI, ERK activation occurs at both acute and
chronic time points near the lesion epicenter by Western blot
analysis, but its cellular localization has not been demonstrated.
Yu and Yezierski (2005) showed that PD98059 prevented the
development of at-level excessive grooming behavior after exci-
totoxic SCI. We localized pERK1/2 specifically to activated mi-
croglia after SCI and show a positive relationship between the
degree of microglial activation and pERK1/2 levels. Furthermore,
we observed upstream activation of this effector at the same time
that levels of PGE, were increased in spinal parenchyma.

In vitro studies indicate that microglia are indeed able to syn-
thesize and release PGE, (Minghetti et al., 1998; Hoozemans et
al., 2002; Ajmone-Cat et al., 2003; Ikeda-Matsuo et al., 2005;
Zhang et al., 2006). PGE, has been implicated in the induction of
central sensitization of spinal neurons (Minami et al., 1999; Sa-
mad et al,, 2001; Ji et al., 2003). Microglial PGE, may therefore
play an important role in the generation of central sensitiza-
tion after SCI. Reductions in behavioral indicators of pain
after SCI are possible through inhibition of COX-2-mediated
PGE, production (Hains et al., 2001). COX-mediated PGE,
release may be possible through a number of cell types. COX-1
and COX-2 are present in DRG and dorsal and ventral spinal
cord (Yaksh etal.,2001), and COX-2 is present within neurons
(Beiche et al., 1998), astrocytes (Hirst et al., 1999; Falsig et al.,
2004), and microglia (Akundi et al., 2005). Our data show that
upstream inhibition of ERK1/2 activation results in reduc-
tions in COX-2 staining within activated microglia, whereas
neuronal COX-2 is unaffected.

ERK1/2 activation has been shown to be an upstream effector
of the PGE, biosynthetic pathway in microglia (Akundi et al.,
2005). Similarly, p38 MAPK activation may also induce PGE,
release, but it is not definitively known whether the source of
PGE, is neuronal or glial (Svensson et al., 2003, 2005). Addition-
ally, activation of p38 MAPK is mostly involved in posttranscrip-
tional regulation of COX-2 mRNA stability, whereas the pERK1/2
pathway is essential for COX-2 gene transcription (Chun and Surh,
2004) that leads to PGE, synthesis and expression (Akundi et al.,
2005). For this reason, we chose to target pERK1/2 because it may
specifically regulate microglial PGE, release.

Here we show that direct pharmacological activation of spinal
microglia results in increased PGE, production in the spinal cord
dorsal horn. This level of increase is similar to that measured 30 d
after SCI. After SCI, we reduced spinal PGE, levels with agents
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Figure9.  Effects of inhibition of pERK1/2 on peripherally evoked activity of dorsal horn multireceptive units from SCl animals.
A, ¢, Thirty days after SCI (A), significantly increased ( *p << 0.05) evoked responses to natural stimuli (PB, 0.39 g, 1.01g, 20.8 g,
144 g/mm?, and 583 g/mm * refer to phasic brush, von Frey filaments of increasing intensities, pressure, and pinch, applied for
205) are observed when compared with intact animals (C, dotted line). After SCl, evoked discharge rates were between 35 and 90
Hz. Phasicbrush stimulation as well as compressive press and pinch stimuli resulted in high-frequency discharge. von Frey filament
stimulation resulted in graded increases in responsiveness of sampled units. B, Topical administration of the ERK1/2 inhibitor
PD98059 resulted in decreased evoked responses. Predrug unit responses are overlaid in gray on the SCI+-PD98059 histogram.
Example waveforms of unit activity to press stimulation for SCI, SCI + PD98059, and after SCI + PD98059 washout (C) illustrate
the effect of ERK1/2 inhibition, which attenuated the post-SCI hyperresponsiveness. Waveform overdraws show that the same
unit was recorded in both instances, and its depth in the dorsal horn is shown. PD98059 significantly reduced (*p < 0.05) the
evoked responses to all peripheral stimuli except the 0.39 g von Frey filament after SCI compared with vehicle (SCI+VEH, D). dIf,
Dorsolataeral fasciculus; 11V, laminas I-IV.
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Figure 10.  Antagonism of the PGE, receptor EP2 and evoked responsiveness of dorsal horn neurons. A, After SCI, significantly
increased (" p << 0.05) evoked responses to natural stimuli (PB, 0.39 g, 1.01g, 20.8 g, 144 g/mm 2 and 583 g/mm 2referto phasic
brush, von Frey filaments of increasing intensities, pressure, and pinch, applied for 20 s) are observed in SCl animals. Phasic brush
stimulation, stimulation with von Frey filaments, and compressive press and pinch stimuli resulted in high-frequency discharges.
B, Topical administration of the EP2 receptor antagonist AH6809 reduced the evoked firing rate to peripherally applied stimuli.
Predrug unit responses are overlaid in gray. Sample waveforms in response to press stimulation are shown for SCl, SCI + AH6809,
and after SCI + AH6809 washout (€), toillustrate the effect of EP2 antagonism. Waveform overdraws show that the same unit was
recorded in both instances, and its depth in the dorsal horn is shown. D, In SC| animals, when compared with vehicle-treated
animals (SCI + VEH), inhibition of the neuronal PGE, receptor EP2 with AH6809 significantly reduced ( *p < 0.05) the evoked
responses to all peripheral stimuli.
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that specifically inhibited microglia or the
ERK1/2 signaling cascade. PGE, levels
were reduced by ~27% by microglial in-
hibition but by only 18% with pERK1/2
inhibition. This incomplete reduction in
PGE, release could indicate an additional
neuronal or glial source of PGE, synthesis
and/or release. In microglia, the ceram-
ide—p38 MAPK or phosphatidylcholine—
phospholipase C pathways might act as
additional activators of PGE, biosynthesis
(Akundi et al., 2005). Our behavioral data
indicate statistically equivalent effective-
ness of both PD98059 and AH6809, how-
ever, suggesting that EP2 binding of PGE,
is maximal.

Four major subtypes of the PGE, EP
receptors exist (Vanegas and Schaible,
2001). EP1, EP3, and EP4 are localized to
DRG neurons and primary afferents (Oida
etal.,, 1995), and it is probable that micro-
glial PGE, modulates nociceptive trans-
mission via actions on central terminals of
primary afferent fibers (Vasko, 1995). We
and others have shown that the EP2 recep-
tor is robustly localized to postsynaptic
dorsal horn neurons (Kawamura et al.,
1997). PGE,, acting through the EP2 re-
ceptor, directly depolarizes spinal neurons
(Baba et al., 2001) and contributes to
inflammation-induced spinal hyperexcit-
ability (Vasquez et al., 2001; Reinold et al.,
2005). We show that the EP2 receptor is not
localized to microglia after SCI; however,
there are reports suggesting that EP1 and
EP2 receptors can be present in cultured mi-
croglia (Caggiano and Kraig, 1999).

It is not likely that SCI induces in-
creases in PGE, production by DRG neu-
rons that project into the dorsal horn. Our
data do not show activation of either p38
or ERK1/2 within corresponding lumbar
DRG cell bodies. However, because we do
not completely eliminate PGE, in the dor-
sal horn, PGE, release by primary afferent
remains a possibility.

In conclusion, we identified a putative
microglia—neuron signaling mechanism
whereby PGE, released by activated mi-
croglia contributes to the sensitization of
spinal neurons after SCI. We demonstrate
the key role of PGE, by both interrupting
its release at the source and by blocking the
binding to its target. Specific activation of
microglia with fractalkine or by chronic
SCI causes the release of PGE, in the dorsal
horn. Pharmacological blockade of up-
stream effectors of microglial PGE, re-
lease, as well as inhibition of microglial ac-
tivation, results in decreased spinal PGE,
levels. Both inhibition of microglial-
mediated PGE, release and blockade of the
neuronal PGE, receptor EP2 result in at-
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Figure 11.  Behavioral analysis of locomotor function and pain-related behaviors. 4, Intact

(INT) and SCl animals demonstrated expected levels of locomotor function as measured by the
BBB scale (A), which permitted testing of nociceptive thresholds. In intact animals, intrathecal
delivery of the pERK1/2 inhibitor PD98059 or EP2 receptor antagonist AH6809 had no signifi-
cant effect during the period of administration or for 2 d after cessation of administration,
indicating no activation or depression of motor function. B, After SCI, mechanical paw-
withdrawal thresholds were significantly decreased in all groups when compared with intact
animals. Both PD98059 and AH6809 resulted in an immediate increase in mechanical thresh-
olds, which persisted for the duration of administration. This effect was significant for Mac-1—
SAP, PD98059, and AH6809 compared with aCSF vehicle (*p << 0.05). Immediately after cessa-
tion of administration (day 33), mechanical thresholds returned to predrug levels, which were
equivalent to untreated SCl animals. ¢, Thermal paw-withdrawal (PWD) latencies were signif-
icantly lowered after SCI. Mac-1-SAP, PD98059, and AH6809 resulted in assignificantincrease in
paw-withdrawal latencies compared with vehicle. After cessation of Mac-1-SAP, PD98059, or
AH6809, latencies returned to predrug levels, which persisted for the duration of the
experiment.

tenuated neuronal hyperresponsiveness and reductions in pain-
related behaviors. Targeting of this signaling mechanism may
offer hope for successful management of pain after SCI.
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