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Abstract
Peripheral nerve injury provokes heightened excitability of primary sensory afferents including
nociceptors, and elicits ectopic activity in lesioned and neighboring intact nerve fibers. The major
transmitter released by sensory afferents in the superficial dorsal horn of the spinal cord is
glutamate. Glutamate is critically involved in nociceptive signaling and the development of
neuropathic pain. We recorded miniature excitatory postsynaptic currents (mEPSCs) from neurons
in lamina II of the rat dorsal horn to assess spontaneous synaptic activity after spared nerve injury
(SNI), a model of chronic neuropathic pain. Following SNI, the frequency of mEPSCs doubled,
indicating heightened glutamate release from primary afferents or spinal interneurons. Consistent
with this finding, glutamate concentrations in the cerebrospinal fluid were elevated at one and four
weeks after SNI. Transmitter uptake was insufficient to prevent the rise in extracellular glutamate
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as the expression of glutamate transporters remained unchanged or decreased. 2-Methyl-6-
(phenylethynyl)pyridine hydrochloride (MPEP), an antagonist of metabotropic glutamate receptor
5 (mGluR5), reduced the frequency of mEPSCs to its preinjury level, suggesting a positive
feedback mechanism that involves facilitation of transmitter release by mGluR5 activation in the
presence of high extracellular glutamate. Treatment with the β-lactam antibiotic ceftriaxone
increased the expression of glutamate transporter 1 (Glt1) in the dorsal horn after SNI, raised
transmitter uptake and lowered extracellular glutamate. Improving glutamate clearance prevented
the facilitation of transmitter release by mGluR5 and attenuated neuropathic pain-like behavior.
Balancing glutamate release and uptake after nerve injury should be an important target in the
management of chronic neuropathic pain.
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Introduction
Glutamate is the major transmitter of primary sensory afferents including nociceptors [5,39]
and of excitatory interneurons in the dorsal horn of the spinal cord [58]. Maintaining
glutamate homeostasis at synapses in the superficial dorsal horn, the first relay station for
somatosensory input, is essential for an orderly transfer of nociceptive information to the
central nervous system.

Different from other neurotransmitters, glutamate is not removed from the synaptic cleft by
enzymatic degradation or direct reuptake at the presynaptic terminal. The most prominent
excitatory amino acid transporter in the central nervous system, glutamate transporter 1
(Glt1) is mainly expressed by astrocytes, although it has been identified in some neurons
[10]. L-glutamate/L-aspartate transporter (Glast) is found exclusively in astrocytes; only
excitatory amino acid carrier 1 (Eaac1) is expressed primarily in neurons [12]. The capacity
to clear glutamate from the perisynaptic space may be one factor determining the efficacy
with which rising nociceptive input after inflammation or nerve injury is controlled.
Increasing Glt1 in the spinal cord by local gene transfer attenuates inflammatory and nerve
injury-induced pain (Maeda et al., 2008). Similar reductions of neuropathic pain have been
reported after intrathecal or systemic administration of ceftriaxone, a β-lactam antibiotic that
upregulates Glt1 expression [21,35,48,51].

We used spared nerve injury (SNI) to examine glutamate homeostasis in a rat model of
persistent neuropathic pain. We show that insufficient glutamate uptake after SNI leads to
sustained elevation of the transmitter, and that this increase in extracellular glutamate is
associated with further enhancement of transmitter release, mediated through activation of
metabotropic glutamate receptor (mGluR) 5.

Both ionotropic and metabotropic glutamate receptors at presynaptic terminals modulate the
synaptic transmission between primary sensory afferents and dorsal horn neurons.
Activation of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) or kainate
receptors suppresses sensory input, potentially by primary afferent depolarization (PAD)
[25,30]. Inhibition of glutamatergic excitatory postsynaptic currents (EPSCs) has also been
described following activation of presynaptic N-methyl-D-aspartate (NMDA) receptors [4].
On the other hand, activation of phosphorylated NMDA receptors at nociceptor terminals
may have the opposite effect and facilitate substance P release [11,33]. Primary sensory
afferents express group I, II and III mGluRs [9,26]. Group I mGluRs are involved in the
development and persistence of both inflammatory and neuropathic pain [40] but appear to
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be silent under resting conditions in uninjured animals [27]. Evaluating the contribution of
presynaptic mGluRs to synaptic plasticity after inflammation or nerve injury can be difficult,
because the receptors are also present on dorsal horn neurons [23], and because dorsal horn
interneurons participate in the modulation of presynaptic activity [58]. We found that
insufficient removal of glutamate from the extracellular space after peripheral nerve injury
causes activation of mGluR5 and paradoxically increases transmitter release in the
superficial dorsal horn, providing a positive feedback mechanism that disrupts the balance
between transmitter release and uptake.

Methods
Animals

We used adult male Sprague-Dawley rats (Charles River Laboratories) for all experiments.
Animal procedures were approved by the Subcommittee on Research Animal Care of
Massachusetts General Hospital and the Institutional Animal Care and Use Committee of
Children’s Hospital, both in Boston, Massachusetts.

Peripheral nerve injury
Surgery for spared nerve injury (SNI) was performed on animals anesthetized by 3%
isoflurane inhalation. We ligated two of the three peripheral branches of the sciatic nerve,
the common peroneal and the tibial nerves, with silk (5-0) and transected them distally,
leaving the third branch, the sural nerve, intact [13].

Drug treatment
We injected ceftriaxone (200 mg/kg body weight; Novaplus) intraperitoneally once a day,
starting on the day of injury [51]. Control animals received injections of 0.9% saline
(vehicle).

Glutamate in the cerebrospinal fluid
Cerebrospinal fluid (CSF) was collected from rats anesthetized by 3% isoflurane inhalation.
The animals were placed in a prone position with the neck flexed. We punctured the cisterna
magna through the skin and extracted 100–200 μl CSF. After centrifugation at 250 g we
removed the supernatant and froze it at −80°C until analysis. Glutamate was measured using
an enzyme-linked assay (BioVision). Samples visibly contaminated with blood or with
erythrocytes in the pellet were discarded. We did not fix the head of the animals in a
stereotactic frame to avoid artificial increases in the concentration of glutamate in the CSF
[56].

Microdialysis of the spinal cord
The microdialysis probe consisted of a hollow polyacrylonitrile fiber (AN69; OD 200 μm;
Hostal) with a molecular mass cutoff of approximately 40 kDa, a polyethylene inlet tube
(OD 0.6 μm, ID 0.26 μm) and a micropin for insertion. We anesthetized the animals with 2–
3% isoflurane and placed the microdialysis probe at the level of the L4 and L5 spinal
segments through a small burr hole drilled into the Th13 vertebra [60]. The catheter was
connected to a CMA 100 microdialysis pump (CMA Microdialysis) and perfused with
artificial cerebrospinal fluid (ACSF) containing 141.7 mM Na, 2.6 mM K, 0.9 mM Mg, 1.3
mM Ca, 122.7 mM Cl, 21 mM HCO3, 2.5 mM HPO4, and 3.5 mM dextrose. The ACSF was
gassed with 5% CO2 and 95% O2 and its pH adjusted to 7.2. The flow rate was 1 μl/min.
After loosely closing the surgical wound from the catheter implantation, we took 12 baseline
samples of dialysate at 5-min intervals. The average glutamate concentration in the last three
samples was used as reference (100%) for relative changes after nerve lesion. Upon
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transection of the sciatic nerve at mid-thigh level we collected 14 test samples, also at 5-min
intervals. Glutamate concentrations were measured with a CMA 600 Analyzer (CMA
Microdialysis), which has a detection limit for glutamate of 1 μM and operates in a linear
range up to 150 μM.

Immunohistochemistry
Deeply anesthetized rats were transcardially perfused with 0.9% NaCl followed by
phosphate-buffered 4% paraformaldehyde. The L4 and L5 segments of the spinal cord were
dissected, postfixed for 2 hours, cryoprotected overnight in 20% sucrose and embedded in
Tissue-Tek (Sakura Finetek). Transverse sections through the spinal cord were cut at 10-μm
thickness on a cryostat. We blocked unspecific protein binding sites by incubating the
sections for 1 hour in phosphate-buffered saline (PBS) containing 0.5% bovine serum
albumin (Sigma-Aldrich), 1% blocking reagent (Roche Applied Science) and 0.1% Triton
X-100 (Sigma-Aldrich). The sections were immunolabeled by incubating them overnight at
4°C with primary antibodies directed against CGRP (1:2000; Peninsula Laboratories),
mGluR5 (1:2000; Millipore), Glt1 (1:3000), Glast (1:4000) and Eaac1 (1:1000; all from
Millipore), glial fibrillary acid protein (Gfap) (1:300; Millipore), neuronal nuclei (NeuN)
protein (1:2000; Millipore), CD11b (1:500; AbD Serotec) or ionized calcium binding
adaptor molecule 1 (Iba1) (1:500; Wako Chemicals), followed by 1 or 2 h of incubation with
a corresponding Alexa Fluor-conjugated secondary antibody (1:250 or 1:500; Life
Technologies). Axon terminals of non-peptidergic primary afferents were labelled with
isolectin IB4 conjugated to Alexa Fluor 594 (1:2000; Life Technologies).

Western blotting
Western blots were performed as previously described [53]. After euthanizing the animals,
we collected the ipsilateral L4 and L5 dorsal horns and homogenized the tissue by
sonication in a protein extraction buffer (pH 7.5) containing 150 mM NaCl, 50 mM Tris, 1
mM ethylenediaminetetraacetic acid (EDTA), 2% sodiumdodecylsulphate (SDS), 1 mM
dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride, Complete Mini (without EDTA)
protease inhibitors (Roche Applied Science) and phosphatase inhibitor cocktails 1 and 2
from Sigma-Aldrich. We employed NuPAGE Novex 4–12% Bis-Tris gels for the
electrophoresis (Life Technologies) and transferred the protein to polyvinylidene fluoride
(PVDF) membranes (Bio-Rad). After blocking nonspecific binding sites with 5% nonfat
milk in Tris buffered saline (TBS) containing 0.1% Tween 20 for 1 h at room temperature,
we incubated the membranes with a primary antibody overnight at 4°C. Antibody-protein
complexes were labeled with horseradish peroxidase-conjugated secondary antibodies for 1
h at room temperature, followed by incubation with Super Signal West Femto Maximum
Sensitivity chemiluminescent substrate (Thermo Scientific). Chemiluminescent bands were
revealed by exposing Hyperfilm ECL (GE Healthcare) to the membranes. Primary
antibodies were specific for Glt1a (1:10,000; Fisher Scientific, cat. no. AB1783MI) or Glt1b
(1:400; kindly donated by Paul Rosenberg) [10], or directed against both isoforms of Glt1
(1:2000; Cell Signaling, cat. no. 3838). Immunolabeling for glyceraldehyde-3-phosphate
dehydrogenase (Gapdh, 1:5000; Santa Cruz Biotechnology) was used for loading controls
and to normalize the signal intensity of Glt1-immunoreactive bands. We employed Restore
Plus (Thermo Scientific) to strip membranes between incubations with different antibodies.
The results shown represent the average of dorsal horn samples from 6 animals per
experimental group.

Quantitative real-time polymerase chain reaction
For quantitative real-time polymerase chain reaction (qPCR), we pooled the ipsilateral L4
and L5 dorsal horns of 3 rats per sample and processed 4 of these biologically independent
samples per group. RNA was extracted from tissue homogenized in Trizol (Life
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Technologies) using phenol and chloroform, assessed for integrity by agarose gel
electrophoresis and quantified on a NanoDrop spectrophotometer (Thermo Scientific). We
employed Primer Express 3.0 (Applied Biosystems) to design primers for Glt1a (5′-
CTGACTGCAGTGTTGAGGAAGAA-3′ and 5′-TGGCTGAGAATCGGGTCATT-3′),
Glt1b (5′-GGGCCCAGACCATCTCACT-3′ and 5′-
TTGGAGTCAGACTTGCTGATGTC-3′), and a sequence shared by both Glt1 isoforms
(5′-CATTGGTGCAGCCAGTATTCC-3′ and 5′-
CAGCTGTGAGAATGAGGAGCAT-3′). Genomic DNA was removed from the purified
RNA samples with Turbo DNA-free DNase I (Ambion) before using 1 μg of the RNA for
reverse transcription with a Superscript III First Strand Synthesis kit (Life Technologies) as
previously described [1]. We performed qPCR with Power SYBR on a 7500 Fast Real-Time
PCR System (Applied Biosystems). Transcript regulation was determined using the relative
standard curve method according to the manufacturer’s instructions. Relative loading was
compared based on the amplification of Gapdh.

Membrane preparation and in vitro glutamate uptake
Membrane preparations were isolated from spinal cord homogenate as previously described
[50], with minor modifications. We euthanized the animals, dissected the ipsilateral L4 and
L5 dorsal horns and used a Potter-Elvehjem teflon-glass grinder (Wheaton) to homogenize
the tissue in 500 μl of an ice-cold buffer (pH 7.4) containing 0.32 M sucrose, 2 mM ethylene
glycol tetra-acetic acid (EGTA), 2 mM EDTA, 20 mM HEPES and Complete Mini (without
EDTA) protease inhibitors (Roche Applied Science). We centrifuged the homogenate at
3000 g and 4°C for 10 min, collected the supernatant and centrifuged it at 16,000 g and 4°C
for 30 min. We resuspended the resulting pellet in sucrose buffer and added 50 μl of this
membrane preparation to 450 μl Krebs buffer (pH 7.2) containing 140 mM NaCl, 2.5 mM
KCl, 1.2 mM CaCl2, 1.2 mM MgCl2, 1.2 mM K2HPO4, 5 mM Tris base, 10 mM sodium-
free HEPES, 10 mM dextrose, 10 μM L-glutamic acid and 0.2 μCi of L-[3,4-3H]-glutamic
acid (PerkinElmer). We gently mixed the assay and incubated it at 37°C for 5 minutes. The
assay was stopped by transferring the tubes on ice and filtering the tissue through Whatman
GF/C paper (24 mm). We washed the filter paper 3 × with ice-cold sodium-free Krebs
buffer, transferred it into scintillation vials containing 10 ml ScintiVerse II (Fisher
Scientific) and measured the radioactivity retained on the paper with a liquid scintillation
analyzer (Packard Instruments). We also performed a sodium-free assay for each sample to
determine the uptake fraction that was independent of glutamate transporter activity. This
fraction was subtracted from the total uptake; the results shown represent the sodium-
dependent glutamate uptake. DL-threo-β-benzyloxyaspartate (300 μM), a blocker of
glutamate transporters, was used to control for the specificity of the assay [54].

Electrophysiology
We anesthetized rats by intraperitoneal injection of urethane (1.5 g/kg body weight) prior to
dissecting the spinal cord for electrophysiological studies. Following a laminectomy, we
removed the lumbar spinal cord and placed the tissue in an ice-cold solution containing 248
mM sucrose, 11 mM glucose, 26 mM NaHCO3, 2mM KCl, 1.25 mM KH2PO4, 2 mM
CaCl2, 1.3 mM MgSO4, continuously gassed with 5% CO2 and 95% O2. We embedded the
spinal cord in agarose (5%) and, using a VT1200 vibratome (Leica), cut two 600-μm thick
transverse slices through the L4 and L5 segments. The slices were kept at room temperature
in a chamber filled with ACSF containing 126 mM NaCl, 26 mM NaHCO3, 2.5 mM KCl,
1.25 mM NaH2PO4, 2 mM CaCl2, 2 mM MgCl2, 10 mM glucose and continuously gassed
with 5% CO2 and 95% O2. Whole-cell patch-clamp recordings were performed in the
presence of 0.5 μM tetrodotoxin (TTX), 1 μM strychnine and 10 μM bicuculline. 2-
Methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP) and (S)-(+)-α-amino-4-
carboxy-2-methylbenzeneacetic acid (LY367385) (Tocris) were dissolved in water before
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bath application. Patch pipettes (3–5 MΩ) pulled from borosilicate glass capillaries were
filled with an internal solution containing 130 mM CsCl, 2 mM MgCl2 and 10 mM HEPES.
We recorded from neurons in lamina II, which is readily identified as a translucent band in
the superficial dorsal horn. Voltage-clamp recordings were carried out at a fixed holding
potential of −70 mV. Signals were filtered at 5 KHz and digitized at 10 kHz. We used
pClamp 10 (Molecular Devices) and the WinEDR and WinWCP programs of the
Strathclyde Electrophysiology Software (courtesy of John Dempster, PhD, Strathclyde
Institute of Pharmacy and Biomedical Sciences, University of Strathclyde, Glasgow, United
Kingdom) for data acquisition and analysis. Individual events were detected based on the
threshold method, using a baseline-tracking amplitude-threshold algorithm.

Behavioral testing
After habituating the animals to the testing environment, we obtained two baseline measures
during the week prior to SNI. Following SNI, we tested neuropathic pain-like behavior at
defined intervals for a total of 30 days after surgery. All animals were examined 4 hours
after drug or vehicle injections. They were placed on an elevated wire grid and stimulated on
the plantar surface of the hind paw, in the territory of the “spared” sural nerve. We used
calibrated von Frey monofilaments to determine the withdrawal threshold for punctate
mechanical stimulation. The threshold was defined as the lowest force that provoked paw
withdrawal at least twice in 10 applications. The response to cold stimulation was tested by
applying a drop of acetone, which upon evaporation produces a cool sensation on the skin.
We measured the time the animal spent licking, shaking, or lifting the paw during 1 min
following the application of acetone [13].

Statistics
Investigators were blind to the tested conditions and treatments in all experiments. We used
GraphPad Prism, version 4.00, (GraphPad Software) for statistical analysis. Biochemical
and electrophysiological parameters between experimental conditions or treatments were
compared using a t test. Differences in glutamate concentrations in the CSF and transporter
expression at different time points after SNI were evaluated by an analysis of variance
(ANOVA) followed by Dunnett’s test. To analyze pain-related behavior in rats treated with
ceftriaxone or vehicle, we used a repeated-measures two-way ANOVA. Data are presented
as mean ± standard error of the mean (SEM).

Results
Peripheral nerve injury causes a sustained increase in glutamate release

Lesion of a peripheral nerve triggers a transient burst of action potentials (injury discharge).
Approximately two days later, sensory afferents develop ectopic firing which persists for
weeks [32,34,37,62]. We measured glutamate levels in the CSF of rats 1 and 4 weeks after
SNI to assess if ectopic activity and injury-induced enhanced excitability of primary
afferents are associated with a net increase in extracellular transmitter. In uninjured (naïve)
rats, glutamate concentration in the CSF was 64.0±2.3 μM (N=9). Seven days after SNI, the
concentration was to 72.0±1.9 μM, an increase by 12.5% (N=13; p<0.05). Glutamate levels
remained high. We measured 72.2±1.6 μM (N=14; p<0.05) at 28 days after SNI (Fig. 1A).

To determine glutamate transporter activity after SNI, we measured sodium-dependent
uptake of glutamate in membrane preparations isolated from the ipsilateral dorsal horn of the
spinal cord. Transporter-independent uptake was determined in a sodium-free assay for each
preparation and subtracted from the total value. Transporter-mediated uptake was 0.31±0.06
nmol/mg protein in naïve rats (N=4) and 0.52±0.05 nmol/mg in rats 1 week after SNI (N=6;
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p < 0.05) (Fig. 1B). Despite this increase, transporter activity was insufficient to prevent the
rise of extracellular glutamate in the CSF of rats after SNI.

Western blots of Glt1, Glast and Eaac1, performed at weekly intervals after SNI (N=6 per
time point), showed that Glt1 expression rose slightly, but only 3 weeks after SNI (not
significant), whereas Glast expression remained unchanged and Eaac1 expression decreased
(p < 0.05) (Fig. 1C). We found Glt1 (Fig. 2A) and Glast expressed in spinal cord astrocytes
(immunolabeled for Gfap); Eaac1 colocalized with neuronal perikarya (NeuN) and
astrocytes (data not shown) as previously described [49]. We did not observe Glt1
expression by microglial cells (CD11b, Iba1) (Fig. 2B), which was recently reported in a rat
model of partial sciatic nerve ligation [63].

The sustained rise in extracellular glutamate must have developed after the transient
transmitter increase that is triggered by an acute nerve lesion [32,34]. To evaluate the early
time course of glutamate in the spinal cord after nerve injury, we measured the extracellular
transmitter level in microdialysate of the rat dorsal horn during sciatic nerve transection.
Because sciatic nerve transection is quick to perform, it is better suited to examine instant
biochemical changes than SNI, which requires successive exposure, ligation and cutting of
the common peroneal and tibial nerves [13]. Sciatic nerve transection prompted a rapid
increase in intraspinal glutamate by 27.7±4.5% relative to baseline (N=5) (data not shown).
However, glutamate returned to baseline levels within 50 min after the nerve lesion,
reflecting the brevity of the initial injury discharge [32,34].

Activation of mGluR5 contributes to spontaneous glutamate release
To assess spontaneous glutamate release at synapses in the superficial dorsal horn, we
recorded miniature excitatory postsynaptic currents (mEPSCs) of lamina II neurons in the
presence of the sodium channel blocker TTX. Seven days after SNI, the frequency of
mEPSCs was markedly higher (0.84±0.14 Hz; N=15) than in naïve rats (0.46±0.09 Hz;
N=15; p<0.05) (Fig. 3A and B), indicating increased presynaptic activity. Peak amplitude
(Fig. 3A), rise time and decay time constant (data not shown) of the mEPSCs were
unchanged.

High presynaptic activity in the dorsal horn may result from ectopic generation of action
potentials or increased excitability of primary sensory afferents, or reflect enhanced activity
of spinal interneurons or descending pathways from the brainstem. We hypothesized that the
sustained rise in extracellular glutamate that we observed after SNI caused activation of
presynaptic glutamate receptors and increased transmitter release through positive feedback.
We tested this hypothesis focusing on group I mGluRs, which have recently been implicated
in the modulation of glutamate release following noxious stimulation [26,27]. Primary
sensory and dorsal horn neurons express the group I mGluRs 1a and 5 [7,9,61].

To examine if group I mGluRs were involved in the regulation of glutamate release after
nerve injury, we recorded mEPSCs from lamina II neurons after bath application of the
mGluR5 antagonist MPEP (10 μM) or the mGluR1a antagonist LY367385 (10 μM). In the
spinal cord of naïve rats, MPEP did not change the frequency of mEPSCs (0.35±0.09 Hz
versus 0.20±0.04 Hz in the absence of MPEP; N=5, not significant) and only slightly
reduced their peak amplitude (20.92±3.96 pA versus 16.09±2.603 pA; N=5, p<0.05) (Fig.
3B and C). In the spinal cord of rats after SNI, however, MPEP markedly reduced the
frequency of mEPSCs (from 1.02±0.42 Hz to 0.23±0.08 Hz; N=6, p<0.05), without
changing their amplitude (from 20.14±5.69 pA to 13.82±2.67pA; N=6, not significant) (Fig.
3B and C). The mGluR1a antagonist LY367385 (10 μM) had no effect on mEPSC
frequency or amplitude after SNI (data not shown).
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Immunostaining for mGluR5 showed intense labeling in the superficial dorsal horn. We
found colocalization with the central terminals of peptidergic nociceptors (immunostained
for CGRP) in lamina I and outer lamina II (Fig. 3D) and non-peptidergic nociceptors
(labeled with IB4) in inner lamina II (Fig. 3E). CGRP-immunostaining and IB4-labeling
decreased after SNI, most noticeably in the medial half of the dorsal horn, where afferents
from the injured tibial and peroneal nerves terminate, consistent with a previously described
transient degenerative change after nerve injury [3]. In contrast, the staining intensity for
mGluR5 was only slightly reduced (Fig. 3D and E). The preservation of mGluR5
immunoreactivity and our electrophysiological results indicate that mGluR5 remained
expressed at a level comparable to that in naïve rats, and that its function as a modulator of
glutamate release stayed intact.

Glt1 upregulation by ceftriaxone restores the balance between glutamate release and
uptake

Ceftriaxone, a β-lactam antibiotic, increases Glt1 synthesis through activation of nuclear
factor κB [16]. We tested if continuous treatment with ceftriaxone can improve glutamate
uptake in the spinal cord sufficiently to avert the sustained elevation of extracellular
glutamate and prevent the activation of mGluR5 after SNI.

Glt1 expression rose in the ipsilateral dorsal horn of rats receiving daily intraperitoneal
injections of ceftriaxone (200 mg/kg) for 7 days after SNI. The increase was attributable to
an enhanced expression of isoform a, which rose 1.5-fold (p<0.05), whereas isoform b
mRNA remained unchanged (Fig. 4). Western blot analysis confirmed that ceftriaxone
stimulated specifically the expression of Glt1a (Fig. 4; p<0.05). Glt1a upregulation appeared
to improve glutamate uptake in membrane preparations of the dorsal horn, from 0.60±0.05
nmol/mg in rats receiving vehicle injections to 0.79±0.09 nmol/mg in rats treated with
ceftriaxone (N=6, not significant) (Fig. 5A). Glutamate in the CSF was reduced to
47.57±1.54 μM, compared with a concentration of 65.16±3.80 μM in rats receiving vehicle
(N=12; p<0.001) (Fig. 5B).

Next we examined if the enhanced clearance of extracellular glutamate prevented the
activation of mGluR5 and decreased presynaptic activity. To test this hypothesis, we
determined the frequency of mEPSCs in dorsal horn slices of rats treated with ceftriaxone
for 7 days after SNI and rats receiving vehicle injections. In dorsal horn neurons of vehicle-
treated rats, mEPSCs occurred at a rate of 0.82±0.09 Hz (N=7). Ceftriaxone treatment led to
a decrease in the frequency of mEPSCs after SNI to 0.44±0.08 Hz (N=16; p<0.05) (Fig. 5C),
a rate equivalent to that in uninjured rats (Fig. 3A and B). The amplitude of mEPSCs was
unchanged (Fig. 5C). Adding the mGluR5 antagonist MPEP to the slices did not reduce the
frequency of mEPSCs further, beyond the effect of ceftriaxone (0.33±0.20 Hz versus
0.33±0.19 Hz; N=4, not significant), consistent with the idea that mGluR5 is recruited only
in the presence of excess levels of extracellular glutamate (Fig. 5D).

Ceftriaxone attenuates neuropathic pain-like behavior
We determined the effect of ceftriaxone on neuropathic pain-like behavior by testing the
responses to punctate mechanical stimulation with calibrated von Frey filaments and
evaporation of a drop of acetone, which produces a cold sensation. The stimuli were applied
to the plantar surface of the left hind paw, in the territory of the sural nerve which remains
intact after SNI [13]. SNI reduced the withdrawal threshold for mechanical force and
increased the withdrawal response to cold (Fig. 6), resulting in behavioral changes that are
equivalent to mechanical and cold allodynia, respectively, in patients with neuropathic pain.
Ceftriaxone attenuated the nerve injury-induced increase in sensitivity to both mechanical
and cold stimulation (n=8, p<0.05, compared to vehicle treatment) (Fig. 6).
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Discussion
Changes in glutamate signaling contribute critically to central sensitization and the
development of neuropathic pain [28,29,52]. We examined glutamate release and uptake in a
model of chronic pain after peripheral nerve injury and found a severe disruption of intrinsic
mechanisms that regulate glutamate homeostasis. Glutamate uptake was insufficient to
prevent a long-term increase in spinal glutamate levels, and this rise in extracellular
glutamate was associated with mGluR5 activation, which prompted further enhancement of
glutamate release.

Consistent with our finding that group I mGluRs did not modulate miniature activity in the
dorsal horn of naïve animals, mGluR5 or mGluR1a antagonists have no effect on baseline
nociception [27]. In contrast, the development of enhanced pain sensitivity after
inflammation [7,19,27,61,66] or nerve injury [27,31,66] clearly involves group I mGluRs.
Activation of these receptors changes the firing pattern of dorsal horn neurons and is
involved in long-term changes in nociceptive transmission [2,14,17]. We found that
mGluR5 activation was responsible for a marked increase in miniature activity at dorsal
horn synapses following peripheral nerve injury. Metabotropic GluR5 in the superficial
dorsal horn colocalized with the central axons of both peptidergic and non-peptidergic
nociceptors, but is also expressed on the dendrites of dorsal horn neurons [9,46]. The effect
of mGluR5 activation on the frequency of mEPSCs after SNI may therefore indicate
receptor recruitment at the terminals of primary sensory neurons or excitatory interneurons,
involvement of mGluR5-expressing interneurons in the modulation of transmitter release, or
retrograde signaling in response to mGluR5 activation on nociceptive transmission neurons.
A slight decrease in mEPSC amplitudes in the presence of the mGluR5 antagonist MPEP
might suggest a blockade of active postsynaptic receptors, but was not statistically
significant after SNI. Considering the expression of mGluR5 on both primary sensory
neurons and excitatory interneurons in the dorsal horn, glutamate release after nerve injury
is likely to be regulated directly through presynaptic receptor activation.

Group I mGluRs are coupled through Gq/11 protein to phospholipase C activation, inositol
trisphosphate generation and intracellular calcium mobilization, which may be one
mechanism through which they facilitate neurotransmitter release [44,45]. Coupling of
mGluR5 to Trpv1 provides for an additional increase in calcium influx [26]. Activation of
mGluR5 may further modulate neuronal excitability through mitogen-activated protein
kinase-mediated phosphorylation of voltage-gated potassium channel subunit Kv4.2 [20].
Expression and function of mGluR5 remained stable after SNI despite an injury-induced
transient degenerative change in non-peptidergic nociceptor terminals that is characterized
by diminished IB4 binding and a decrease in the varicosities of type Ia synaptic glomeruli
[3]. Nerve injury appears to even induce upregulation of mGluR5 in primary sensory
afferents and dorsal horn neurons [22]. We did not find evidence supporting an involvement
of mGluR1a, which was recently described following formalin injection into the rat hind
paw after chronic constriction of the sciatic nerve [27]. The larger impact of mGluR1
activation on glutamate release in this combined model may be related to the additional
nociceptive Trpa1 activation by formalin [36]. According to electron microscopic studies,
mGluR1 in the dorsal horn is predominantly postsynaptically located, on the dendrites of
lamina V neurons, and integrated into the plasma membrane after peripheral tissue
inflammation [46].

Our results suggest that a high level of extracellular glutamate is responsible for mGluR5
activation on presynaptic terminals. Normally, Glt1, Glast and Eaac1 remove glutamate
rapidly from the extracellular space by buffering and uptake [59]. Glutamate uptake in the
spinal cord is an important regulator of physiological somatosensory transmission and pain
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[57]. But elevated glutamate concentrations in the CSF at one and four weeks following SNI
showed that the transmitter uptake was insufficient, despite a modest increase in glutamate
transport that we observed in our in vitro studies. Glt1 and Glast expression did not change
over six weeks after SNI, and Eaac expression decreased. Whereas a previous report
suggested a transient rise in spinal glutamate transporters after sciatic nerve constriction
[55], long-term reduction of the transporter proteins including Glt1 has been demonstrated in
several models of peripheral nerve injury [8,41,55], corresponding to our finding that the net
clearance of glutamate is insufficient. Studies describing an analgesic effect of glutamate
transporter inhibition indicate that these proteins may also contribute to increased pain
sensitivity, for example, if experimental conditions lead to a reversal of glutamate transport
or a suppression of afferent input through presynaptic glutamate receptors [43,64].

Increased miniature activity in the presence of already high extracellular glutamate
concentrations represents an abnormal facilitation of spontaneous transmitter release. Rising
afferent input from ectopic activity and enhanced nociceptor excitability after nerve injury
[32,34,37,62] should rather be met with a compensatory reduction of presynaptic transmitter
release as a means of homeostatic adaptation [47]. The facilitating effect of mGluR5
activation after nerve injury contrasts with the suppression of presynaptic activity that is
mediated by activation of group II mGluRs and kainate receptors on the central terminals of
primary afferents, or by AMPA receptor activation on inhibitory interneurons [15,25,40].
But it may be reinforced by glutamate causing kainate receptor-dependent suppression of
inhibitory transmission [24].

We used continuous treatment with ceftriaxone, a β-lactam antibiotic that increases Glt1 in
astrocytes through activation of nuclear factor κB, as a tool to enlarge the capacity for
glutamate uptake [38,51]. Following treatment with ceftriaxone, we found a specific
increase in isoform Glt1a, which is expressed not only by astrocytes but also on the
presynaptic terminals of excitatory neurons [10], suggesting that ceftriaxone may modulate
glutamate uptake by both astrocytes and neurons. Glt1b was not induced, in contrast with a
previously described rise in Glt1b expression in the hippocampus of rats treated with
ceftriaxone [51]. However, Glt1b expression in this study was examined in uninjured rats,
implying that astrocytes were in a resting state. Nerve injury, on the other hand, provokes
morphological and molecular changes in spinal astrocytes that may be associated with
altered Glt1b regulation. Considering the regional heterogeneity of astrocytes with respect to
development, gene expression and function [65], it is also possible that modulation of the
two Glt1 isoforms differs between brain and spinal cord, similar to other regional
differences in the regulation of Glt1a and Glt1b [6,18]. We demonstrated specificity for
Glt1a induction in the dorsal horn of the spinal cord at both RNA and protein levels.

The induction of Glt1a expression with ceftriaxone reduced extracellular glutamate to
preinjury levels and interrupted the positive feedback mediated by mGluR5 activation. The
balance between transmitter release and uptake was restored and pain-related behavior
equivalent to mechanical and cold allodynia in humans decreased, as previously described
[21,48]. A similar attenuation of neuropathic pain has been achieved with minocycline-
induced upregulation of glutamate transporters or Glt1 gene transfer [35,42], underscoring
the importance of glutamate homeostasis for the transmission of nociceptive input in the
spinal cord. Clinical management of neuropathic pain involves pharmacological
interventions to reduce glutamate release, for example, pregabalin and ziconotide, or block
postsynaptic NMDA receptors, for example, dextromethorphan and memantine. Tolerable
doses of these medications usually provide only partial pain relief. Our results suggest that
the enhancement of glutamate uptake provides a complementary strategy to reestablish
glutamate homeostasis at dorsal horn synapses. Ceftriaxone is currently clinically tested for
the treatment of amyotrophic lateral sclerosis (NCT00349622) and refractory psychosis
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(NCT00591318). The drug needs to be administered intravenously, limiting its use in a
chronic condition such as neuropathic pain, which requires sustained treatment. However, if
these ongoing trials demonstrate long-term safety, targeting glutamate transport should be
considered a promising approach to pain management.
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Summary

Following peripheral nerve injury, insufficient neurotransmitter uptake in the spinal cord
causes activation of metabotropic glutamate receptors and further enhancement of
glutamate release.
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Fig. 1.
Extracellular levels of glutamate increase but glutamate transporter expression remains
unchanged or decreases after sciatic nerve injury. A, Glutamate in the CSF of uninjured
(naïve) rats (N=9), and rats 1 week (N=13) or 4 weeks (N=14) after spared nerve injury
(SNI). B, Glutamate transport activity measured in membrane preparations of the ipsilateral
dorsal horn of naïve rats and rats 1 week after SNI (N=4–6). C, Western blot analysis of
Glt1, Glast and Eaac1 expression in the ipsilateral dorsal horn after SNI, N=6 per group. *
p<0.05
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Fig. 2.
Immunohistochemical localization of Glt1 in the dorsal horn 1 week after spared nerve
injury. A, Glt1 (green) was expressed by astrocytes (Gfap, red). B, Glt1 immunostaining
(green) did not colocalize with neurons (NeuN, red) or microglia (CD11b, Iba1; red). The
images represent z-stacks of 12–15 focal planes of 0.4 μm thickness each. Scale bars are 15
μm.
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Fig. 3.
Miniature excitatory synaptic activity increases after nerve injury. A–C, Whole cell patch
clamp recordings, performed on acute slices of the spinal cord, show facilitation of
glutamate release through mGluR5 activation 1 week after SNI. A, Frequency and amplitude
of mEPSCs in lamina II of the dorsal horn (N=15 neurons). * p<0.05 B, Representative
recordings of mEPSCs. Lower traces show mEPSCs after bath application of the mGluR5
antagonist MPEP (10 μM). C, Effect of MPEP on mEPSC frequency and amplitude in naïve
rats (N=5 neurons) and rats after SNI (N=6 neurons). * p<0.05 D, E, Immunohistochemical
labeling of mGluR5 (green), CGRP (D, red) and IB4 (E, red) in the ipsilateral dorsal horn of
naïve rats and rats 1 week after SNI. Scale bars are 100 μm.
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Fig. 4.
Ceftriaxone treatment increases glutamate transporter expression. Expression of Glt1 mRNA
(qPCR, left panels) and protein (Western blot, right panels) in the ipsilateral dorsal horn of
rats treated with vehicle or ceftriaxone (200 mg/kg) for 7 days after SNI. For qPCR, N=4
dorsal horn samples per group, pooled from 3 rats each. For Western blot, N=6 individual
dorsal horn samples. * p<0.05
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Fig. 5.
Ceftriaxone decreases spinal glutamate and prevents the facilitation of glutamate release by
mGluR5 activation in rats 1 week after SNI. A, Glutamate uptake in the ipsilateral dorsal
horn of rats after SNI that were treated with vehicle or ceftriaxone (N=5–6), not significant.
B, Glutamate in the CSF of naïve rats compared to untreated rats after SNI, and rats after
SNI that were treated with vehicle or ceftriaxone (N=12). ** p<0.01, one-way ANOVA
followed by a Bonferroni test. C–D, Whole cell patch clamp recordings, performed on acute
slices of the spinal cord. C, mEPSC frequency and amplitude of rats treated with vehicle
(N=7 neurons) or ceftriaxone (N=16 neurons). *p<0.05 D, Effect of MPEP (10 μM) on
mEPSC frequency and amplitude in rats treated with ceftriaxone (N=4).

Inquimbert et al. Page 20

Pain. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 6.
Ceftriaxone treatment reduces neuropathic pain-like behavior. Daily treatment of rats after
SNI decreased A, mechanical allodynia tested with von Frey filaments, B, cold allodynia
elicited by acetone evaporation. p<0.01 for mechanical allodynia, p<0.05 for cold allodynia,
in two-way ANOVAs. Bar graphs in the right panels show the corresponding areas under the
curves (AUCs). * p<0.05, in an unpaired Student’s t test.
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