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Glutamate-mediated astrocyte-to-neuron signalling in
the rat dorsal horn
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By releasing neuroactive agents, including proinflammatory cytokines, prostaglandins and
neurotrophins, microglia and astrocytes are proposed to be involved in nociceptive trans-
mission, especially in conditions of persistent, pathological pain. The specific action on dorsal
horn neurons of agents released from astrocytes, such as glutamate, has been, however, poorly
investigated. By using patch-clamp and confocal microscope calcium imaging techniques in rat
spinal cord slices, we monitored the activity of dorsal horn lamina II neurons following astrocyte
activation. Results obtained revealed that stimuli that triggered Ca®* elevations in astrocytes,
such as the purinergic receptor agonist BZATP and low extracellular Ca’*, induce in lamina
II neurons slow inward currents (SICs). Similarly to SICs triggered by astrocytic glutamate
in neurons from other central nervous system regions, these currents (i) are insensitive to
tetrodotoxin (TTX), (ii) are blocked by the NMDA receptor (NMDAR) antagonist p-AP5,
(iii) lack an AMPA component, and (iv) have slow rise and decay times. Ca** imaging also
revealed that astrocytic glutamate evokes NMDAR-mediated episodes of synchronous activity
in groups of substantia gelatinosa neurons. Importantly, in a model of peripheral inflammation,
the development of thermal hyperalgesia and mechanical allodynia was accompanied by a
significant increase of spontaneous SICs in dorsal horn neurons. The NMDAR-mediated
astrocyte-to-neuron signalling thus represents a novel pathway that may contribute to the
control of central sensitization in pathological pain.
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inward current.
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Introduction

Over the last decade, studies investigating the function of
microglia and astrocytes in the spinal cord have suggested
an important contribution of these cells to the generation
and maintenance of pathological pain. A wide array of
conditions that induce hyperalgesia, such as subcutaneous
inflammation, peripheral nerve trauma, bone cancer, and
spinal cord trauma, increase expression of the astrocytic
marker glial acidic fibrillary protein (GFAP) in the spinal
cord (see for example Garrison et al. 1991; Raghavendra
et al. 2004; Zhang et al. 2005; Gwak & Hulsebosch,
2009). The observations that dorsal spinal cord astrocytes
respond with Ca®" oscillations to neurotransmitters such
as glutamate (Ahmed eral. 1990) and ATP (Salter & Hicks,
1994; Fam et al. 2000; Werry et al. 2006), and can release
pro-inflammatory cytokines (Martin et al. 1992; Pineau
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et al. 2010) and prostaglandins (Palma et al. 1998) hint at
a participation of these cells in the mechanism of hyper-
algesia (Milligan & Watkins, 2009).

Ca’* elevations in astrocytes can trigger the release
also of various neuron-active agents, now termed
gliotransmitters. Among these, the excitatory amino acid
glutamate is the most widely studied. Glutamate can
be released by astrocytes through various mechanisms
(Malarkey & Parpura, 2008), including a Ca’*-dependent
exocytosis of glutamate containing vesicles (Montana
et al. 2004). Elevations of the cytosolic Ca’* have
been reported to be sufficient and necessary to cause
glutamate release from cultured astrocytes and astrocytes
from acute brain slices (Parpura et al. 1994; Bezzi
et al. 1998; however, see also Shigetomi et al. 2008).
The effects of glutamate-mediated astrocyte-to-neuron
signalling systems have been studied both in cultures
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and in acute slice preparations from different brain
regions, including hippocampus (Araque et al. 1998;
Fellin et al. 2004), cerebellum (Kulik et al 1999),
thalamus (Parri et al. 2001), retina (Newman &
Zahs, 1998) and nucleus accumbens (D’Ascenzo et al.
2007). Astrocytic glutamate has been shown to act
on metabotropic (mGlu) and N-methyl-D-aspartate
receptors (NMDARs) located at presynaptic terminals
to change the probability of neurotransmitter release
and to induce a long-lasting enhancement of synaptic
transmission (Fiacco & McCarthy, 2004; Jourdain et al.
2007), as well as on extrasynaptic NMDARs at the post-
synaptic membrane to promote synchronous neuronal
firing (Fellin et al. 2004).

Although these glial cells appear to be widely involved
in the dynamic control of neurotransmission in the brain,
the role of astrocyte-to-neuron signalling, in general, and
the effects of astrocyte glutamate release, in particular,
have been poorly investigated in the spinal cord. By
patch-clamp recordings from acute spinal cord slice
neurons, we here demonstrate that stimulation of Ca*t
elevations in astrocytes triggers NMDAR-mediated slow
inward currents (SICs) in lamina II neurons. As revealed
by confocal microscope Ca’*" imaging, a striking feature
of this NMDAR response is that it occurs synchronously
in multiple dorsal horn neurons. In a model of peripheral
inflammation, we also found that a SIC frequency increase
accompanies the development of thermal hyperalgesia and
mechanical allodynia.

By revealing a glutamate-mediated astrocyte-to-neuron
signalling in the dorsal horn and its amplification
associated with the development of a peripheral
inflammation, our study provides a mechanistic
hypothesis for a role of astrocytes in the modulation of
central pain transmission.

Methods
Ethical approval

All experimental procedures were in strict accordance with
the Italian and EU regulation on animal welfare and had
prior authorization from the Italian Ministry of Health.
The experiments included in these studies comply with the
polices and regulations detailed by Drummond (2009).

Slice preparation for electrophysiology

Sprague-Dawley rats from postnatal day (P)8 to P14
were anaesthetized with halothane and decapitated. Older
animals (P21-P28) were used in one group of experiments.
The spinal cord and vertebrae were rapidly removed and
placed in ice-cold extracellular solution (composition in
mM: 125 NaCl, 2.5 KCl, 25 NaHCOs, 1 NaH,P0O,-H,0, 25
glucose, 6 MgCl,, 1.5 CaCl,, 1 kynurenic acid), bubbled
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with carboxygen (95% O,, 5% CO,). The lumbar part
of the spinal cord was isolated, laid down on an agarose
block, and transverse slices (500 um thick) were obtained
using a vibrating microtome (Campden Instruments,
Loughborough, UK). Slices were incubated in oxygenated
extracellular solution (composition: as above, without
kynurenic acid) at 35°C for 30 min and used for recording
within 6-7 h.

Patch clamping

Patch-clamp recording in the whole-cell configuration was
performed on lamina II neurons at room temperature.
Neurons were visualized by using a Zeiss Axioskop
microscope (Zeiss, Oberkochen, Germany), fitted with
Nomarski optics and connected to a camera (Dage-MTI,
Michigan City, IN, USA). Slices were perfused at
1-2 ml min~'. Thick-walled borosilicate pipettes, having
a resistance of 3-5MQ, were filled with intracellular
solution (composition in mMm: 130 caesium gluconate,
10 CsCl, 11 EGTA, 1 CaCl,, 10 Hepes, 2 Mg*"-ATP;
pH adjusted to 7.2 with NaOH, osmolarity adjusted to
310 mosmol 1! with sucrose). Junction potentials were
corrected after recording.

Data were recorded and acquired using a Multiclamp
700A amplifier and pCLAMP 9 software (Molecular
Devices, Sunnyvale, CA, USA). Sampling rate was 10 kHz;
data were filtered at 2 kHz. Neurons were voltage clamped
at —60 mV. Neuronal spontaneous activity was recorded
in Mg**-free extracellular solution (composition in mm:
125 NaCl, 2.5 KCl, 25 NaHCOs, 1 NaH,PO,4-H,0, 25
glucose, 2 CaCl,) in the constant presence of 1um
tetrodotoxin (TTX). Slices were incubated 20 min before
recording in Mg*"-free extracellular solution. Ca** free
solution was obtained by replacing CaCl, with EGTA
(0.25 mMm). We refer to this condition as ‘low extracellular
Ca?*’since it is not possible to obtain a complete wash-out
of calcium ions in slices.

Transient inward currents with 20—80% rise time slower
than 10 ms and peak amplitude greater than —20 pA were
classified as SICs. Cells displaying an increased number of
SICs during the period of chemical stimulation (BzATP
or low extracellular calcium) with respect to an equal
time period before stimulation (5 min) were considered
responsive. The frequency of SICs was measured in these
responsive neurons. Amplitude threshold for detection of
miniature EPSCs was 10 pA, since recordings obtained in
zero extracellular Mg*™ were usually quite noisy. Number
of cells is indicated as ‘#, while the analysis of individual
SICs is expressed as ‘n of SICs’.

Dye loading in spinal cord slices and calcium imaging

Transverse spinal cord slices were prepared from P10-P14
Wistar rats and loaded with Oregon Green BAPTA 1-AM
(excited at 488 nm) as previously described (Aimar et al.
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1998; Fellin et al. 2004). A Leica TCS SP2 RS laser
scanner microscope (Leica, Mannheim, Germany) was
used for calcium imaging in neurons and astrocytes as
described previously (Fellin et al. 2006a). Slices were
continuously perfused with the same solution that was
used in electrophysiological recording with sulfinpyrazone
(0.2 mm) that by inhibiting organic anion transporters
limits the secretion of the fluorescence indicator in its
free acid form. Laser emission at 488 nm was used
for excitation of Oregon Green BAPTA. Experiments
were performed at room temperature. Cells in the focal
plane 10-30 um beneath the surface of the slice were
monitored. Time frame acquisitions from 0.5 to 2 s (with
2-8 line averaging) were used. No background subtraction
or other manipulations were applied to digitized Ca®*
signal images that are reported as raw data, with the
exception of the difference image in Fig. 4B, which was
obtained by subtracting the prestimulation image from
the poststimulation image. To activate Ca*" elevations in
astrocytes, we used the same stimuli that in patch-clamp
experiments triggered SICs. The maximal extension of the
neuronal domain that displayed a synchronized response
was estimated as the distance between the centres of the
somata of the two neurons positioned at the borders
of the responsive domain. Neurons and astrocytes were
distinguished on the basis of the distinct kinetics of their
Ca** response to stimulation with a high K* extracellular
solution (40 mM) obtained by isosmotic replacement of
Na® with KT (Pasti et al. 1997), applied at the end of the
recording session. While cultured astrocytes were found
to express voltage-dependent Ca** channels (MacVicar,
1984; Corvalan et al. 1990), no unambiguous evidence
exists for their functional presence in astrocytes under
in situ physiological conditions in either the hippocampus
or spinal cord (Carmignoto et al. 1998). Accordingly, as in
previous studies in hippocampal slices (Pasti et al. 1997;
Fellin et al. 20064), in spinal cord slices the response of
neurons to a high Kt extracellular stimulation protocol is
characterized by an early Ca?* rise with fast kinetics (mean
rise time, 2.80 +0.29 s) due to voltage-dependent Ca®*
channel opening, while that of astrocytes is characterized
by a delayed Ca*" response with slower kinetics (mean rise
time, 12.28 £ 0.81 s). The rise time was calculated using
the 20-80% criterion.

The astrocyte response is consistent with metabotropic
receptor activation by neurotrasmitters released by
depolarized neuronal terminals.

Behavioural nociceptive and inflammation tests
on inflamed animals

Postnatal rats (P13-P14, weight: 30-35 g) were randomly
divided into groups of five to six animals. Zymosan A
(from Saccharomyces cerevisiae, 30 ul of a suspension
of 35-40 mgml™') or saline (same volume) were sub-
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cutaneously injected into the plantar surface of the right
paw. Six hours after the injection the animals were
subjected to behavioural tests (thermal plantar or von
Frey filament tests) or to electrophysiology experiments
(as described above).

In particular, paw volume was determined by
plethysmometry (Ugo Basile, Comerio, Italy) before the
injection of zymosan or saline and 6h afterwards,
immediately before the behavioural tests. The
plethysmometer allows measurement of the volume
displacement (expressed in ul) produced by dipping
the rat paw in a water-filled cell. The extent of oedema
was expressed as the percentage increase of the right
paw volume in the saline-injected and zymosan-treated
groups.

Thermal hyperalgesia was assessed using the method of
Hargreaves et al. (1988). The Paw Withdrawal Algesimeter
(Plantar test, Ugo Basile, Comerio, Italy) was used to
measure thermal nociceptive threshold. Radiant heat
was applied to the plantar surface of each hind paw
and the withdrawal latency was measured (mean paw
withdrawal latency was determined by performing three
measurements on each hind paw at 5 min interval, after
a 15 min habituation period). The intensity of the light
beam was calibrated so that baseline latencies were 6-8 s
in naive rats. The cut-off value was determined as 20 s in
order to avoid tissue damage. Thresholds of each rat were
defined as the mean of the values from the last three stable
threshold responses.

The von Frey filament test was performed by placing the
animalsinatransparent plastic chamber upon a perforated
metal sheet allowing the application of mechanical stimuli
to the hind paw from below. Testing began after an
adaptation period of 15min. A mechanical stimulus
measured with a series of calibrated von Frey hairs of
ascending forces (0.08 to 8 g) was applied to the fat part
of the heel. Von Frey hairs were indented on the plantar
surface until they bent 5 times ata frequency of about 2 s
At threshold, the rat responded by withdrawal. The pain
threshold was determined as the lower force that evoked a
withdrawal response to three of the five stimuli. Animals
were tested sequentially on the inflamed and control paw
until threshold was reached.

Data analysis and statistics

Patch-clamp data were analyzed by using the pClamp
software (Clampfit, Molecular devices, Sunnyvale, CA,
USA). Miniature EPSCs were analyzed with Mini Analysis
Program (Synaptosoft, Decatur, GA, USA). Statistic
analysis was performed by using Sigmaplot 11 (SSI,
San Jose, CA, USA) or Graphpad software (GraphPad
Software, La Jolla, CA, USA). The specific statistic tests
used are indicated in the text or in the figure legends. Data
are expressed as means £ S.E.M.
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Table 1. Analysis of peak amplitude and kinetics of SICs recorded under different experimental conditions

Condition

Number of cells exhibiting SICs

Amplitude (pA) Rise time 20-80% (ms) Decay t (ms)

Spontaneous (control animals) 14/112 (12.5%)

Spontaneous (inflamed animals) 21/47 (44.7%)
BzATP 15/37 (40.5%)
Low Ca%t 12/20 (60%)
Low Ca?* + NBQX 15/27 (55.5%)

Low CaZ* 4+ 1 Mg+ 14/32 (43.7%)

—-80.3+12.8 83.5 + 16.1 423.1 £65.9
(n=22) (n=21) (n=18)
—20to —244.3 11 to 330 67-1059
—-214.2 +113.6 544 +7 334.4 +64.7
(n =30) (n=27) (n=21)
—19 to —3470 8.6-160 65-1095
—78.1 £ 10.1 89.6 +23.3 341.9 £ 75.7
(n=21) (n=19) (n=19)
—251t0 —191 10-362 78-1225
—179.7 +£42.9 479 + 6.6 364.7 + 127
(n=32) (n=31) (n = 28)
—31to —1283 18.2-116.9 115-731.7
—126.3 +£23.3 744+ 134 394 4+ 79.6
(n = 28) (n = 28) (n=22)
—30 to —500 12-288.4 85-1400
—-4534+7.5 91.44+21.7 416.9 +94.6
(n = 26) (n=23) (n=19)
—19to —201 10-348 45-1261

SIC recordings were obtained from postnatal rats (P8-P14), in basal conditions (both in control and zymosan-treated animals) or in
the presence of a stimulus. Data obtained in the first 5 conditions were acquired in the virtual absence of extracellular Mg+ and
in the presence of 1 um TTX. Numbers and percentages of cells exhibiting at least one SIC during 5 min recording are reported for
each experimental situation. The mean value + s.e.m., the number of analysed SICs (n) and the range of values are indicated for
each parameter (amplitude, rise time and decay 7). Decay t values were determined by fitting the current decay phase with a single
exponential function, as shown in Fig. 1. Note that the high value of SIC peak amplitude in inflamed animals is due to the presence of
asingle very large SIC (—3470 pA). The mean peak value of SICs in zymosan, obtained excluding this current, would be —102 + 17.6 pA.

Drugs

2/(3')-O-(4-Benzoylbenzoyl)adenosine  5'-triphosphate
triethylammonium salt (BzATP), kynurenic acid and
Zymosan A were from Sigma (Milan, Italy); tetrodotoxin
(TTX) and D-AP5 (or D-APV) were from Ascent
Scientific (Weston-Super-Mare, UK); 1,2,3,4-tetrahydro-
6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide
(NBQX) and (RS)-3,5-dihydroxyphenylglycine (DHPG)
were from Tocris Bioscience (Bristol, UK).

Results

Astrocyte stimulation triggers NMDAR-mediated
slow inward currents in lamina Il neurons

Patch-clamp recordings from spinal cord acute slice
neurons, in the virtual absence of extracellular Mg**
and in the presence of TTX (1 uM), revealed slow
inward currents (SICs) occurring both spontaneously,
in a low percentage of neurons (14/112 cells, 12.5%),
and in the presence of astrocyte activating stimuli (see
below). Compared to miniature excitatory postsynaptic
currents (mEPSCs), spontaneous SICs exhibited a larger
peak amplitude (—80.3 &= 12.8 pA versus 19.6 £ 2.04 pA)
and a slower rise time (83.5+ 16.1 ms vs. 0.7 &= 0.1 ms)
(see Tablel for number of analysed SICs). The
SIC decay phase was wusually fitted by a single
exponential function (mean Tgecy =423.1 % 65.9 ms),

while mEPSC decay was usually interpolated by
a double exponential function (7;=4.7+0.5ms;
7, =89.34+19.5ms; A;/A; + A, =0.67 +0.01, number
of recorded cells =9, Fig. 1A).

These spontaneous SICs recorded from lamina II
neurons are reminiscent of similar currents previously
recorded in neurons from different brain regions that are
mediated by glutamate released from astrocytes (Parri et al.
2001; Fellin et al. 2004; Angulo et al. 2004; D’Ascenzo et al.
2007). To confirm the involvement of glial cells in the
generation of the slow currents in dorsal horn, we tested
whether SICs could be triggered by stimuli that induce
Ca?* elevations in astrocytes (see below). Stimulation of
Ca?* signals in astrocytes can be achieved by activation
of purinergic receptors that in the dorsal horn are widely
expressed in these cells (Ho et al. 1995; Kobayashi et al.
2006). We thus first used BzATP, an agonist of purinergic
ionotropic receptors, such as the P2X7, and metabotropic
receptors, such as the P2Y1, that in spinal cord cultured
astrocytes mediate Ca®t elevations, propagating Ca®t
waves (Fam et al. 2000; Gallagher & Salter, 2003; Suadicani
et al. 2006) and glutamate release (Zeng et al. 2009). In
hippocampal slice preparations, BzZATP application was
also reported to induce Ca*"-dependent glutamate release
in astrocytes and SICs in neurons (Fellin et al. 2006b).

We found that BzATP is an effective stimulus for
evoking robust Ca’>" elevations in dorsal horn astrocytes.
Following stimulation with 100 uM BzATP, we also
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A Basal conditions
(0 Mg?*, 1 TTX)

Figure 1. Slow inward currents (SICs) recorded
from lamina Il neurons in basal conditions and c
after astrocyte stimulation

A, representative patch-clamp recordings showing
several miniature EPSCs (mEPSCs), mediated by both
AMPA and NMDA receptors, and a single slow inward
current. Insets: expanded mEPSC (left) and SIC (right).
The SIC exhibits slower kinetics and larger amplitude
than the miniature synaptic current. The decay phase of
the mEPSC is interpolated by a double exponential
function (red line), while the SIC is fitted by a single
exponential. B, recordings of SICs from two different
lamina Il neurons, in ‘low extracellular Ca*” (left) and in
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the presence of the purinergic receptor agonist
benzoylbenzoyl-ATP (BzATP, 100 um, right). C,
percentage of cells exhibiting at least one SIC in the
different conditions, during 5 min recording. D,
percentage of responsive cells, i.e. cells where the
number of SICs during the stimulus is higher than in
control. £, the application of BzATP or low extracellular
Ca?* causes a significant increase of SIC mean
frequency in the responsive neurons (Wilcoxon's signed
rank test, P < 0.01 for both groups; low Ca?t, n=11;
BzATP, n = 13).
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detected SICs in 40.5% of the lamina II neurons, during
5min recording (15/37; mean frequency of responsive
cells, 0.27 £ 0.03 SIC min~! in BzATP vs. 0.01 4 0.01 in
control, n=13, Fig. 1 B-E).

As an additional stimulus for astrocytes we next
used slice perfusion with a ‘low Ca?"’ extracellular
solution. Low Ca?* has been previously reported to
evoke robust Ca’' oscillations in astrocytes not only
from the hippocampus and cortex (Zanotti & Charles,
1997; Parri et al. 2001), but also from the spinal cord
(Suadicani et al. 2006). In our experiments, we found that
exposure to low Ca’>" evoked Ca’' elevations in dorsal
horn astrocytes and SICs in neurons. The percentage of
neurons exhibiting at least one SIC during the first 5 min
of exposure to low Ca’>" increased from 10% (2/20) in
control to 60% (12/20) in low Ca?>* and the mean SIC
frequency increased significantly in the responsive cells
(control: 0.02 £ 0.01 SIC min~!; low Ca?*: 0.56 £ 0.15,
n=11, Fig. 1B-E).

Peak amplitude, 20-80% rise time and the decay
time constant were determined for the SICs recorded in
basal conditions (spontaneous SICs), in low extracellular
Ca?* and during application of BzATP (Table 1). Kinetic
parameters did not differ significantly in the three
experimental conditions (Kruskal-Wallis test, P > 0.05).
Peak amplitudes of SICs recorded in low Ca’" were
significantly larger than those obtained in basal conditions
or in BzATP (Kruskal-Wallis test, P < 0.01, followed by
Dunn’s method of pairwise multiple comparison).

BzATP and low Ca’" triggered SICs also in neurons
located in deeper laminae (III-V) (data not shown). In
older rats (P21-P28), stimulation of astrocytes by low Ca®*
induced SICs in 61.5% of the recorded lamina II neurons
(n=13) and the mean SIC frequency increased from 0
to 0.40 £ 0.07 in the responsive cells (n=8). Similarly,
application of 100 um BzATP was effective in generating
SICs also in older animals (percentage of neurons with
SICs: 46.7% vs. 6.7% in control, n = 15). In the responsive
neurons, mean SIC frequency increased from 0 in control
to 0.30 £ 0.04 in BzATP (n=7).

We then tested the effect of mGluR activation on SIC
generation. Application of 15 uM DHPG in low Mg?* and
in the presence of TTX failed to evoke SICs in lamina II
neurons from postnatal rats (n=9).

SICs recorded from lamina Il neurons are mediated
by NMDARs

Studies performed in several areas of the brain showed
that SICs are due to activation of NMDA receptors,
mainly expressed at extrasynaptic sites (Fellin et al. 2004;
D’Ascenzo et al. 2007). AMPA receptors do not appear
to contribute significantly to the generation of SICs
(Fellin et al. 2004), which is likely to be due to their
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rapid desensitization caused by the slowly increasing
concentration of astrocytic glutamate in their vicinity.
Consistent with these results, we observed that SICs from
lamina II neurons were inhibited by the NMDA receptor
antagonist D-AP5. The NMDA receptor antagonist was
able to completely block SICs during BzATP application
in all tested cells (n = 11), while only one SIC was observed
during recording from nine cells in low Ca*" in the
presence of D-AP5 (Fig. 2C and D). The AMPA receptor
antagonist NBQX had no effect on SICs (n=27; Fig. 2).
SICs recorded in low Ca** and in the presence of NBQX
exhibited similar amplitudes and kinetics compared to
the currents obtained in low Ca** only (Mann—Whitney
U test, P > 0.05; Table 1).

SICs recorded from older animals (P20-P28), both in
basal conditions and in low extracellular Ca**, were also
mediated by NMDA receptors since they were completely
abolished by D-AP5 (n=8).

We next investigated in voltage-clamped neurons
whether BzATP may directly affect neuronal membrane
excitability. Experiments were performed in the presence
of D-AP5 and TTX. Results obtained revealed that BzZATP
failed to affect the holding current and also failed to trigger
transient currents that could resemble SICs. Analysis of
spontaneous neuronal activity only revealed that in six of
eleven neurons BzATP resulted in a significant decrease
in the frequency, and not in the amplitude of mEPSCs
(Supplementary Fig. 1).

In other CNS regions SICs appear to be mediated by
NMDA receptors expressing the NR2B subunit since they
are inhibited by the specific NR2 antagonist ifenprodil. In
dorsal horn, this subunit is expressed during development
and in the adult animals, both at the synaptic and
extrasynaptic site (Monyer et al. 1994; Momiyama, 2000;
Nie & Weng, 2009.) We thus tested whether the NR2B
subunit is responsible for SICs in spinal cord dorsal horn.
Ifenprodil (10 um) applied to slices from young rats at
postnatal day P21 to P28, differently from what was
observed in the brain, failed to affect SICs. The frequency
of SICs was 0.40 = 0.07 in control (n = 8) and 0.46 = 0.12
in ifenprodil (n=6, Student’s ttest, P> 0.05), while
SIC mean amplitude was —169 £ 53 pA in control (n of
SICs = 17) and —106 £ 22.6 in ifenprodil (n of SICs = 14,
Mann—Whitney U test, P > 0.05).

SICs are still present at physiological Mg?*+
concentrations

As previously observed in different brain regions
(Parri et al. 2001; Fellin et al. 2004), the ability of
astrocytic glutamate to activate NMDAR-mediated SICs
in neurons is preserved at physiological concentrations
of extracellular Mg?". In 1 mm Mg®" and 1 um TTX, only
two out of 32 cells exhibited SICs during 5 min recordings,

© 2010 The Authors. Journal compilation © 2010 The Physiological Society
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but upon low Ca’* stimulation both the number of
neurons exhibiting SICs (14 of 32) and SIC frequency
(control, 0.01 & 0.01; low Ca**, 0.40 & 0.10, n = 14) were
significantly increased (Fig. 3). However, by contrast with
0 Mg?* conditions that favour the activation of the NMDA
receptor, SICs were of similar kinetics, but significantly
lower amplitude (Mann—Whitney U test, P > 0.05 for rise
and decay times, P < 0.01 for peak amplitudes; see also
Table 1) and they were observed in a reduced percentage
of neurons (43.7%, n = 32 vs. 60%, n = 20, Fig. 3).

tamate in the dorsal horn 837

Astrocytic glutamate triggers synchronized Ca%*
elevations in multiple neurons

We previously found that Ca*" elevations in astrocytes
triggered by different stimuli, including low Ca**, were
followed by simultaneous Ca** elevations in small groups
of contiguous neurons, which we termed a domain response
(Fellin et al. 2004). This domain response reflects a
synchronous activation by astrocytic glutamate of the
NMDARs in these neurons (Fellin et al. 2004). We
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receptors does not prevent the appearance of SICs. C E
and D, application of NBQX in low Ca%* does not alter - 0.8 %
the percentage of cells with SICs or the percentage of E =06 |
responsive neurons, while addition of 100 um b-AP5 &£ o
inhibits almost completely the appearance of SICs (only 2 3 0.4
1 SIC observed in 9 recorded neurons). £, a significant 5@ oo
increase of SIC frequency during low Ca%* can be E ST _
observed also in the presence of NBQX (paired t test, 0.0 i —
P <0.01 and n = 14). Frequencies of SICs in low Ca®* 6“6\0% 6@5?3\0& %
and low Ca?t + NBQX are not significantly different éj\dﬁ (P\d"k ‘g){}

(Mann-Whitney U test, P > 0.05).
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asked whether astrocytic glutamate evokes similar domain
responses in dorsal horn neurons. As in hippocampal
slices (Pasti et al. 1997), cells loaded with a Ca’" dye
in spinal cord slices could be classified as neurons
or astrocytes according to the different delay of the
Ca’* change triggered in these two cells by high K*
stimulation (see Methods). Asillustrated in Fig. 4, the Ca**
elevation evoked by BzATP in three astrocytes (Fig. 4A2,
red arrows and Fig. 4C) was followed by a synchronous
Ca?* elevation from five spinal neurons (Fig. 4A3, yellow
arrows and Fig.4C). This domain response is evident
in Movie 1 (see Supplementary Movie 1) and it is also
clearly illustrated by the difference image generated by
subtracting the image captured immediately before from
that in which a synchronous Ca** elevation was detected in
neurons (Fig. 4B). Ca’* elevations triggered in astrocytes
by different stimuli, such as BZATP (n=5), PGE, (n=3)
and low Ca** (n = 6), could evoke domain responses. The
same individual neurons within the same domain show
repetitive responses. As illustrated in Fig.4F, astrocyte
stimulation with BzATP evoked two successive domain
responses from the same five neurons. Results from 14
experiments revealed that the majority of domains are
composed of two to four neurons, although domains
comprising a higher number of neurons were also present
(Fig. 4D). The determination of the maximal spatial
extent of the domain in relation to the number of

A Low Ca®* 1 Mg®*
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neurons composing the domain revealed that two or three
non-contiguous neurons located up to a distance of about
100 pm can display synchronized responses (Fig. 4E). The
domain responses activated by astrocyte stimulation with
BzATP were abolished by slice perfusion with D-AP5
and recovered after D-AP5 washout (Supplementary
Fig.2), confirming the distinct role of the NMDAR in
astrocyte-mediated neuronal synchronies (n=3). In the
presence of D-AP5, Ca’" elevations evoked by BzATP or
low Ca*" in astrocytes were unchanged.

Similarly to what was observed in the patch-clamp
experiments, DHPG (15-50 uM) failed to induce neuronal
domains in lamina II (n=7), although it induced Ca**
elevations in 60.61% of dorsal horn astrocytes (40 of 66, 7
experiments).

Peripheral inflammation increases the frequency
of spontaneous SICs in lamina Il neurons

We next investigated possible changes in the
astrocyte-to-neuron signalling during the development
of peripheral inflammation. As an experimental model
we used the intraplantar injection of an inflammatory
agent, zymosan. Our behavioural tests indicated a full
development of thermal hyperalgesia and mechanical
allodynia 6-8h after zymosan application (Fig.5A-D).

1s
B C
- 50 0.6 Figure 3. SICs can be observed also in the presence
C 40 g 0.5 of extracellular magnesium
2 30 2T 04 A, recording of SICs from a lamina Il neuron, during low
= g% 0.3 extracellular Ca2t and in the presence of 1 mm Mg?™*.
2 20 pl & Three SICs can be observed in these conditions. B and
w i 3L 0.2 C, lowering Ca2* concentration in 1 mm Mg?+ still
= i E 0.1 causes an increase in the percentage of cells ?Xhllblltlng
0 0.0 at least one SIC in 5 min recording (B) and a significant
control low Ca®* control  low Ca?®* enhancement of SIC frequency (C, Wilcoxon's signed
1 Mg?* 1 Mg?* 1Mg®* 1 Mg? rank test, P < 0.01, n = 13).
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Figure 4. Ca?t elevation in astrocytes triggers domain Ca?* responses in lamina Il neurons of spinal
cord slices

A, sequence of dorsal horn pseudocolour images after incubation with Oregon Green BAPTA 1-AM illustrating the
Ca?t signal at rest (7) and during BzATP application (2 and 3) in constant presence of TTX. The BzATP-induced Ca%*
increase in astrocytes (2, red arrowheads) is followed by a domain response in five neurons (3, yellow arrowheads).
B, difference image obtained by subtracting the image of the neuronal domain Ca%* response (3) from the image
captured before the domain response (2). C, time course of the BzATP-mediated Ca?* signal change in three
astrocytes (labelled in panel A2) and the following highly synchronous Ca2* elevation in five neurons belonging
to the domain response. Numbers 7, 2 and 3 refer to the corresponding panels in A. D, histogram showing the
number of neurons composing a domain response following stimulation with BzATP, PGE; or low Ca2* (n = 14).
E, maximal spatial extension of domains in relation to the number of neurons in the domain. £, time course of
the BzATP-mediated Ca®* signal change in five neurons: BzATP evokes two successive, similar domain responses
from the same neurons (b and d).
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Figure 5. Effects of intraplantar injection of zymosan on nociceptive behaviour and induction of SICs

A-D, behavioural tests. A, zymosan (30 ul, 35-40 mg mI~") causes a significant increase of paw volume (oedema),
compared with control animals injected with the same volume of saline (Mann-Whitney U test, P < 0.05; mean
baseline paw volume ranged from 281 to 301 ul in both groups). B, zymosan induces thermal hyperalgesia
evaluated as a significant decrease of paw withdrawal latency to a thermal stimulus during the plantar test
(Mann-Whitney U test, P < 0.01 for both sets of data). C, mechanical allodynia assessed using von Frey filaments
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Patch-clamp recordings from lamina II neurons revealed
that 6-8h after zymosan application the frequency of
spontaneous SICs was drastically increased. SICs were
detected, during 10 min recording, in 14% of cells from
non-treated animals, in 44.7% of neurons obtained from
inflamed rats and in 19.5% of cells from rats injected with
saline (n = 50,47 and 46, respectively). All recordings were
obtained in low Mg*" and in the presence of 1 um TTX.
Slice perfusion with the NMDA receptor antagonist D-AP5
abolished SICs also in slices from inflamed animals (Fig. 5F
and G). SICs recorded in zymosan-treated rats exhibited
peak amplitudes and kinetic parameters that were not
significantly different from those observed in control
animals (Mann—Whitney U test, P > 0.05; Table 1).

Discussion

We here demonstrate that stimuli that evoke Ca’"
oscillations in astrocytes trigger NMDAR-mediated SICs
and synchronous Ca?* elevations in superficial dorsal
horn neurons.

Properties of SICs recorded in spinal cord dorsal horn

The SICs that we recorded from lamina II neurons
following Ca’" elevations in astrocytes exhibit
many properties that distinguish them from
glutamate-dependent synaptic currents such as slow
kinetics, resistance to TTX and sensitivity to NMDA
receptor antagonists (Araque et al. 1998; Parri et al. 2001;
Angulo et al. 2004; Fellin et al. 2004; Fellin et al. 2006b; Xu
et al. 2007). SICs similar to the events that we described
in lamina II neurons were evoked in different brain
regions, such as the hippocampus (Fellin ef al. 2004), the
neocortex (Ding et al. 2007) and the nucleus accumbens
(D’Ascenzo et al. 2007) by a selective stimulation of single
astrocytes through photolysis of Ca>"-caged compounds.
This observation, together with the sensitivity of these
SICs to D-AP5 (Fellin et al. 2004; D’Ascenzo et al. 2007),

Effects of astrocytic glutamate in the dorsal horn 841

provides evidence for a causal role of astrocytic glutamate
in SIC generation.

Similarly to hippocampus, the kinetic parameters (rise
and decay time constant) of dorsal horn SICs are much
slower than those of synaptic currents. The slow kinetics
suggests that SICs are mediated by glutamate slowly
diffusing from astrocytes, while the variability is likely to
depend on the distance and the geometrical arrangement
of astrocytes around the recorded neurons.

The insensitivity of SICs to the non-NMDA receptor
antagonist NBQX suggests that the AMPA receptor is not
activated by astrocytic glutamate, probably due to the
slow diffusion of astrocytic glutamate that may cause the
desensitization of AMPA receptors on lamina II neurons.
Consistent with this hypothesis, we previously found
that in the presence of inhibitors of AMPA receptor
desensitization, TTX and D-AP5, the stimulation of
glutamate release in astrocytes evoked in hippocampal
neurons AMPA receptor-mediated currents (Fellin et al.
2004).

The sensitivity to D-AP5 demonstrates that SICs in
dorsal horn are mediated by NMDA receptors. In the
brain, SICs are significantly inhibited also by the specific
NR2B antagonist ifenprodil and are therefore mediated
by the extrasynaptic, NR2B-containing NMDA receptor
(Fellin et al. 2004; Jourdain et al. 2007). In spinal cord
dorsal horn, ifenprodil was unable to produce a significant
block of SICs, suggesting that NR subunits other than
the NR2B contribute to these currents (Cull-Candy et al.
2001). Indeed, the NMDA receptor expressed by dorsal
horn neurons is enriched by the NR2D subunit (Monyer
et al. 1994; Tong et al. 2008), which could be preferentially
located at the extrasynaptic site (Momiyama, 2000). The
NR2D-containing NMDAR has a low Mg*t sensitivity
(Monyer et al. 1994) and has been suggested to play a
specific role in the development of allodynia or hyper-
algesia in different models (Hizue et al. 2005). The release
of D-serine may also contribute to the low Mg*" sensitivity
of SICs, and it has been shown to be triggered in astrocytes
by Ca*" elevations (Mothet et al. 2005), and to control

on the right paw of animals receiving zymosan or saline (Mann-Whitney U test, P < 0.01). Zymosan causes a
significant decrease of paw withdrawal threshold. D, mechanical allodynia tested by performing the von Frey
test on the right (injected with zymosan) and left paw (non treated) of each animal. The injected paw exhibits a
significant decrease of withdrawal threshold compared to the untreated one (Mann-Whitney U test, P < 0.01).
Data are expressed as means =+ s.t.M. of 5-6 rats for each group. £-G, patch-clamp recordings of SICs in lamina I
neurons, obtained from non-treated rats (control) and animals injected with zymosan or saline. Recordings were
performed at —60 mV in basal conditions (i.e. zero extracellular Mg+ and 1 um TTX). E, representative traces of
SICs recorded from an inflamed animal, in basal conditions. F, traces recorded in a different lamina Il neuron, from
a treated animal, showing the presence of a spontaneous SIC in control, abolished by the subsequent application
of 100 uMm p-AP5. G, mean frequency of SICs determined from all cells obtained from the 3 animal groups.
Zymosan causes a significant increase of SIC frequency compared to control and saline (P < 0.001 and P < 0.05,
respectively), while no significant difference is observed between control and saline (Kruskal-Wallis test followed
by Dunn’s method for multiple comparisons). The application of 100 um p-APV during recording from treated
animals completely abolishes SICs (control: n = 50; zymosan: n = 47; saline: n = 46, zymosan + b-APV: n = 10).
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NMDA receptor activity (Panatier et al. 2006). Notably,
the application of D-serine has been reported to potentiate
NMDA mediated EPSCs in dorsal horn neurons from
spinal cord slices (Siarey et al. 1991).

Stimuli for Ca?*-dependent gliotransmission
in dorsal horn astrocytes

While considerable differences exist in the functional
and morphological organization of the dorsal horn with
respect to that of hippocampus, where the astrocytic origin
of SICs has been first revealed, our results indicate that
Ca?* elevations in dorsal horn astrocytes can mediate a
release of glutamate that activates preferentially NMDA
receptors. Our study of dorsal horn neurons suggests that
glutamate-dependent gliotransmission, although it may
be differently regulated in different areas, may occur in
many CNS regions.

Not all the stimuli that triggered Ca*" elevations in
astrocytes were effective. In our experiments, we found
that BzATP, low Ca’" and DHPG triggered similar Ca®*
elevations in dorsal horn astrocytes. However, while the
first two stimuli were similarly effective, DHPG (which in
astrocytes from different brain regions triggers glutamate
release) failed to trigger glutamate release in these cells.
Notably, in hippocampal astrocytes agonists of P2Y
and PAR-1 receptors induced similar Ca®" elevations in
astrocytes, but only activation of the PAR-1 receptor leads
to glutamate release and NMDA receptor-mediated SICs in
neurons (Shigetomi et al. 2008). Apparently, the release of
glutamate is evoked only when astrocytes are appropriately
excited and this may occur upon activation of the specific
signalling pathways that in a distinct region characterize
neuron-to-astrocyte signalling. Ca®* elevations may thus
be necessary but not sufficient for activating glutamate
release in astrocytes.

To stimulate dorsal horn astrocytes we first used BzATP,
an unspecific purinergic receptor agonist that activates
mainly the P2X7R, but also other P2XRs and P2YRs. Ca**
elevations and Ca®* waves can be, indeed, triggered in
spinal cord astrocytes by ATP, mainly through activation
of P2Y1 and -2 receptors (Salter & Hicks, 1994; Idestrup
and Salter, 1998; Fam et al. 2000; Gallagher & Salter, 2003).
In dorsal horn cultured cells, activation of astrocyte P2Y1
receptor has been recently shown to induce glutamate
release from these cells and glutamate-mediated slow
inward currents in neurons (Zeng et al. 2009). P2X7
receptors may also play an important role in propagating
Ca?* waves, particularly when Ca*" elevations are evoked
by a lowering of extracellular divalent cations (Suadicani
et al. 2006).

In our study, BzATP triggered Ca’" elevations in
astrocytes and the release of glutamate that in neurons
activated synchronous domain responses and SICs. In
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the presence of D-AP5 and TTX, BzATP still triggered
Ca’* elevations in astrocytes, but it failed to activate
SICs and domain responses. Voltage-clamp experiments
aiming to investigate possible direct effects of BZATP on
the neuronal membrane also revealed that BzATP failed
to affect the holding current in dorsal horn neurons,
while it decreased spontaneous EPSC frequency in some
neurons. These observations provide evidence that SICs
and domain responses in neurons are not due to direct
effects of BZATP on postsynaptic neuronal membrane.
The BzATP effect on the frequency, but not the amplitude,
of spontaneous events suggests that it may be mediated by
activation of presynaptic receptors. P2X7 receptors have
been, indeed, reported to be expressed at presynaptic levels
in the dorsal horn (Deuchars et al. 2001; Nakatsuka & Gu,
2006).

To activate astrocytes we also used slice perfusion
with a low Ca?" solution. The reduction in external
Ca’" is recognized as a powerful stimulus that triggers
massive Ca*" signal transmission within the astrocytic
network by promoting ATP release (Zanotti & Charles,
1997; Stout & Charles, 2003; Suadicani et al. 2006). An
increase of connexin 43 hemichannel conductance and an
enhancement of purinergic P2X7 receptor sensitivity to
its endogenous ligand are mechanisms proposed to form
the basis of the large pore formation in the astrocyte
membrane that allows the efflux into the extracellular
space of small molecules, such as ATP and also glutamate
(Duan et al. 2003).

SICs recorded in different brain regions upon
activation of astrocytes by different stimuli have similar
mean amplitude. In contrast, SICs evoked in dorsal
horn neurons by low Ca’t are of larger amplitude
than spontaneous and BzATP-evoked SICs. Given the high
expression of the NR2D-containing NMDARs in the spinal
cord, this difference might rely on the different NR2 sub-
unit composition of the receptor that crucially determines
distinct properties of the channel opening. Additional
experiments are, however, required to analyse whether the
NR2D-containing NMDARs is specifically affected by the
reduction in the screening effect on the membrane surface
charge caused by low Ca?* (Frankenhaeuser & Hodgkin,
1957).

Functional effects of glutamate released from
astrocytes

In the spinal cord, pathological pain is determined
by elevated responsiveness and activity of dorsal horn
neurons, a phenomenon termed ‘central sensitization’.
High intensity and repetitive stimulation of nociceptive
primary afferent fibres activates NMDA receptors on
dorsal horn neurons, causing the increase of neuro-
nal excitability and triggering Ca’*-dependent plasticity
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mechanisms (reviewed in D’Mello & Dickenson, 2008).
Based on these considerations, the NMDA-mediated
SICs and Ca’" elevations triggered in dorsal horn
neurons by glutamate released from astrocytes could play
an important role in the induction and maintenance
of pain sensitization at the spinal cord level. It is
worth emphasizing that in neuropathic pain, groups of
dorsal horn neurons exhibit spontaneous synchronous
discharges. This type of activity is believed to be
responsible for the shooting pain sensation typical of
this condition and for causing the spreading of the pain
sensation beyond the innervation patterns of peripheral
nerves (Maleki et al. 2000; Schoffnegger et al. 2008).
Our observation that glutamate released from dorsal
horn astrocytes induces synchronous Ca’* elevations in
domains of neurons hints at a possible contribution
of astrocyte-to-neuron signalling in these events. In
support of such a role for astrocytes, gap junctional
communication inhibitors, which deeply affect excitability
in the astrocyte network, blocked the spread of pain in
animal models (Watkins & Maier, 2003).

Gliotransmission may thus form the basis of the
proposed role of astrocytes in inflammatory and neuro-
pathic pain. However, to fully characterize this role,
in vivo conditional studies deriving from modern genetic
approaches are probably required. Although in their
infancy, these studies have already revealed pivotal roles
of astrocytes in the regulation of neuronal excitability and
behaviour, such as sleep homeostasis (Halassa et al. 2009).

Our results are consistent with a large number
of studies from different brain regions showing that
gliotransmission, mediated by glutamate, D-serine or
ATP/adenosine, affects important neuronal functions
(Haydon & Carmignoto, 2006). The physiological role and
even the existence of gliotransmission have been, however,
questioned following results obtained in transgenic mice
that express selectively in astrocytes an exogenous G
protein-coupled receptor (MrgA1) linked to intracellular
Ca’" mobilization. In hippocampal slices from this mouse,
Ca?* elevations evoked in astrocytes by a specific MrgA1l
receptor ligand failed to evoke SICs in CAl neurons
(Fiacco et al. 2007). The possibility that Ca** elevations
are necessary but not sufficient to trigger glutamate
release and the absence in this exogenous receptor of
the appropriate coupling to the intracellular signalling
cascades thatin astrocytes mediate this release are plausible
explanations for this negative result.

In the present study, we also reported that a peri-
pheral inflammation developing following an intraplantar
injection of zymosan is accompanied by an increased
frequency of spontaneous SICs in lamina II neurons. As
previously reported, and confirmed by our behavioural
tests, this agent is able to generate, on a rapid time
scale, peripheral inflammation and oedema. At the spinal
cord level, zymosan has a number of effects, including
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the increase of COX-2 expression, the release of PGE,
and the alteration of neuronal firing thresholds (Meller
& Gebhart, 1997; Randich et al. 1997; Maihofner et al.
2000). More relevant to this study, zymosan induces a
significant activation of both microglia and astrocytes
in dorsal horn, as revealed by an increase of immuno-
reactivity to the microglia and astrocyte markers OX-42
and GFAP (Sweitzer et al. 1999; Clark et al. 2007). Our
finding is consistent with these observations and suggests
that peripheral inflammation results in a potentiation
of glutamate release from astrocytes, as revealed by
the increased number of SICs in lamina II neurons.
Several mediators could be involved in the potentiation
of astrocyte-to-neuron signalling, such as ATP, glutamate,
substance P, cytokines and PGE,.

It is important to note that most experiments described
in this paper, including those regarding inflammation,
have been performed on postnatal rats, while studies
investigating the role of glia in inflammatory pain have
been predominantly obtained from adult animals. It
is known, however, that hyperalgesia and dorsal horn
sensitization can be induced by several inflammatory
agents also in neonates, although with different patterns
and magnitude than in adults (Fitzgerald, 2005). Our
data indicate that SICs and Ca’*" elevations triggered
in dorsal horn neurons by astrocytic glutamate could
contribute to pain sensitization starting from an early age.
Furthermore, the observation that SICs are still inducible
in older animals suggests that this mechanism could play
an important role also in the mature spinal cord.

In conclusion, our work describes a novel form of inter-
action between astrocytes and neurons in the spinal cord
dorsal horn mediated by glutamate. While further studies
are required to define the conditions and modalities that
activate this astrocyte-to-neuron signalling, our results
hint at a contribution of this signalling pathway in the
control of pain transmission in the spinal cord.
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