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Abstract

Excessive activation of glutamate receptors in spinal dorsal horn neurons is a key mechanism
leading to abnormal neuronal activation in pathological pain conditions. Previous studies have
shown that activation of glutamate receptors in the spinal dorsal horn is enhanced by impaired
glial glutamate transporter functions and pro-inflammatory cytokines including interleukin-1 beta
(IL-1B). In this study, we for the first time revealed that spinal glial glutamate transporter activities
in the neuropathic animals are attenuated by endogenous IL-1f. Specifically, we demonstrated that
nerve injury results in an increased expression of IL-1f and activation of PKC in the spinal dorsal
horn as well as suppression of glial glutamate uptake activities. We provided evidence that the
nerve-injury induced suppression of glial glutamate uptake is at least in part ascribed to
endogenous IL-1p and activation of PKC in the spinal dorsal horn. IL-1p reduces glial glutamate
transporter activities through enhancing the endocytosis of both GLT-1 and GLAST glial
glutamate transporters. The IL-1f induced trafficking of glial glutamate transporters is through the
calcium/PKC signaling pathway, and the dynamin-dependent endocytosis, which is dependent on
the integrity of actin filaments. The signaling pathway regulating glial glutamate transporters
revealed in this study provides novel targets to attenuate aberrant activation of glutamate receptors
in the spinal dorsal horn, which could ultimately help the development of analgesics.

Introduction

Interactions between neurons and glial cells are crucial mechanisms underlying synaptic
plasticity in the spinal dorsal horn in pathological pain conditions (Ren and Dubner, 2010,
Chen et al., 2012, Kanda et al., 2013, Tsuda et al., 2013, Grace et al., 2014). Excessive
activation of glutamate receptors in spinal dorsal horn neurons is a key mechanism leading
to abnormal neuronal activation in the pain signaling system (Moore et al., 2000, Salter,
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2004, Nie and Weng, 2010). Previous studies have shown that glial cells can enhance
activation of glutamate receptors in the spinal dorsal horn by reducing glial glutamate
transporter functions (Sung et al., 2003, Weng et al., 2006, Nie and Weng, 2010, Weng et
al., 2014) and releasing pro-inflammatory cytokines including interleukin-1beta (IL-18)
(Sweitzer et al., 1999, Yan and Weng, 2013). Currently, mechanisms leading to reduced
glial glutamate transporter functions and molecular mechanism by which 1L-18 alters
synaptic transmission in the spinal dorsal horn remain obscure. Two types of glial glutamate
transporters (GLAST and GLT-1 located in astrocytes) and one neuronal glutamate
transporters (EAAC1) exist in the spinal dorsal horn (Furuta et al., 1997, Mao et al., 2002,
Weng et al., 2005). Downregulation of glial glutamate transporter protein expression in the
spinal dorsal horn is associated with hyperalgesia induced by chronic nerve injury (Sung et
al., 2003, Nie and Weng, 2010, Weng et al., 2014), chemotherapy (Weng et al., 2005, Doyle
etal., 2012, Gao et al., 2013), and opioids (Mao et al., 2002). We and others have shown
that pharmacological inhibition of glial glutamate transporters in the spinal dorsal horn
makes animals hypersensitive to peripheral stimulation (Liaw et al., 2005, Weng et al.,
2006). Deficient glial glutamate uptake enhances activation of AMPA and NMDA
glutamate receptors, and causes glutamate to spill to the extrasynaptic space and activation
of extrasynaptic NMDA receptors in spinal sensory neurons (Weng et al., 2007, Nie and
Weng, 2009; 2010). Further, impairment of glial glutamate transporters reduces GABAergic
synaptic activities in the spinal dorsal horn due to insufficient GABA synthesis through the
glutamate-glutamine cycle between astrocytes and neurons (Jiang et al., 2012). Selectively
enhanced protein expression of glial glutamate transporters by ceftriaxone treatment (Hu et
al., 2010) or gene transfer (Maeda et al., 2008) can effectively prevent the development of
pathological pain induced by nerve injury. Despite the critical role of glial glutamate
transporters in spinal nociceptive sensory processing, the molecular mechanisms regulating
activities of glial glutamate transporters remains poorly understood.

Activation of glial cells and the subsequent release of pro-inflammatory cytokines including
IL-1f in the spinal dorsal horn are critically implicated in the development and maintenance
of many types of pathological conditions (Coyle, 1998, Ren and Dubner, 2010, Grace et al.,
2014). For example, following peripheral nerve injury, activation of glial cells (microglia
and astrocytes) in the spinal dorsal horn results in the increased production and subsequent
release of proinflammatory cytokines from glial cells (Sweitzer et al., 2001, Raghavendra et
al., 2003, Tsuda et al., 2004, Yan and Weng, 2013). Endogenous IL-10 in neuropathic rats
enhances non-NMDA glutamate receptor activities in postsynaptic neurons and glutamate
release from the primary afferents in the spinal dorsal horn through coupling with
presynaptic NMDA receptors (Yan and Weng, 2013). Treatment with IL-1 antagonists
(Sommer et al., 1999, Milligan and Watkins, 2009) or knocking out IL-1f receptors (Wolf et
al., 2006, Kleibeuker et al., 2008) reduces behavioral hypersensitivity induced by nerve
injury. Currently, it is unknown whether activities of glial glutamate transporters in the
spinal dorsal horn are regulated by IL-1p.

Protein kinase C (PKC) is one of most important kinases involved the genesis of
pathological pain. Activation of PKC in the spinal dorsal horn is observed in animals with
neuropathic pain induced by peripheral nerve injury (Mao et al., 1992), persistent
inflammation pain induced by complete Freund's adjuvant (Park et al., 2009), formalin-
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induced pain (Yashpal et al., 2001), pain induced by capsaicin (Lin et al., 1996), or long-
term potentiation (LTP) in the spinal dorsal horn (Yang et al., 2004). Studies of the impacts
produced by PKC activation on the pain signaling system are mainly focused on receptors
and signaling molecules on neurons. Whether glial glutamate transporter activities in the
spinal dorsal horn of neuropathic animals are regulated by PKC remains unknown.

In this study, we for the first time demonstrated that IL-1p increases the internalization of
glial glutamate transporters, which is mediated by the calcium/PKC/dynamin signaling
pathway and depends on the integrity of actin filaments.

Young adult male Sprague-Dawley rats or GFAP-GFP transgenic mice (6-8 weeks old)
were used. GFAP-GFP transgenic mice were obtained from the Jackson Laboratory. All
experiments were approved by the Institutional Animal Care and Use Committee at the
University of Georgia and were fully compliant with the National Institutes of Health
Guidelines for the Use and Care of Laboratory Animals.

Ligation of the L5 spinal nerve and behavioral tests

Animals were randomly divided into partial sciatic nerve ligation (pSNL) or sham-operated
groups. Briefly, under isoflurane-induced (2-3%) anesthesia, the left sciatic nerve at the
upper thigh was exposed and ligated approximately two-thirds the thickness of the sciatic
nerve with a 5-0 silk suture as previously described (Seltzer et al., 1990, Nie and Weng,
2010). In sham-operated animals, the left sciatic nerve was exposed but not ligated.
Following surgery, the wound was closed with skin stables. Behavioral tests were performed
to determine the hind paw mechanical sensitivity 1 day before operation, and on day 10
post-surgery, prior to electrophysiological and molecular experiments. Briefly, the animals
were placed on wire mesh, loosely restrained under a Plexiglas cage, and allowed to
accommodate for at least 30 min. Von Frey monofilaments with bending forces ranging
from 0.1 to 12.4 g were applied from below through the mesh onto the mid-plantar side of
each hind paw to evoke paw withdrawal responses. Each hind paw was stimulated 10 times
with each VVon Frey monofilament, and the frequency (percentage) of paw withdrawal
responses to 10 stimulations was recorded. The least bending force that evoked withdrawal
responses in more than half the trials was assigned as the 50% withdrawal threshold (Weng
et al., 2006, Yan et al., 2013).

Spinal slice preparations, recording and analysis of glial glutamate transporter currents
(GTCs) from astrocytes in the spinal dorsal horn

Adult male GFAP-GFP transgenic mice were used. These transgenic mice overexpressed
Green Fluorescent Protein (GFP) under the control of the astrocyte-specific glial fibrillary
acidic protein (GFAP) promoter. Transverse mouse spinal cord slices of the L4-5 segment
were prepared as described previously (Weng et al., 2007). Transverse spinal cord slices
(400 pum thick) were cut in the ice-cold sucrose aCSF and then pre-incubated in Krebs
solution oxygenated with 95% O2 and 5% CO2 at 35°C. The Krebs solution contained
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(mM): 117.0 NaCl, 3.6 KCl, 1.2 MgCls, 2.5 CaCl,, 1.2 NaH,PO4, 11.0 glucose, and 25.0
NaHCO3 at 35°C. To record GTCs, the spinal slice was placed in a recording chamber
perfused with Krebs solution. Visualized whole-Cell patch clamp recordings were obtained
from the spinal dorsal horn laminae I and 11 astrocytes identified by GFP under the
fluorescent microscope. Borosilicate glass recording electrodes (resistance, 4-6 ML) were
filled with (mM)145 Kgluconate, 5 NaCl, 1 MgCl,, 0.2 EGTA, 10 HEPES, 2 Mg-ATP and
0.1 Na-GTP (pH 7.3, 290-300 mOsm) (Zhang et al., 2009). GTCs were recorded at a
holding potential of =80 mV in voltage clamp mode in the presence of blockers of GABAA
receptor (10 UM bicuculline), glycine receptor (5 uM strychnine), AMPA/kainate receptors
(10 uM DNQX), NMDA receptor (25 pM D-AP5), and tetrodotoxin (1 pM) at 35°C
(Bergles and Jahr, 1997, Zhang et al., 2009). GTCs were evoked by puffing 50 uM L-
glutamate onto the recorded astrocyte through a glass pipette connected to a Picospritzer
controlled by a computer. Access resistance within the range of 10-20 M was monitored
continuously throughout the experiments. Recordings were abandoned when the access
resistance changed more than 20%. In order to make comparison of GTCs between the
controls and neuropathic mice, care was taken to ensure that the distance between the
recorded astrocyte and the puffing pipette tip (about 15 um), the pipette opening tip (3-4
um), the puffing pressure (3 p.s.i), the puffing duration (25 ms, repeated every 30 s) (Nie
and Weng, 2009), and the depth of the cell in the slice (about 50 um below the surface) were
kept constant across all experiments. In addition, the experimenters who collected the data
were blinded to treatments given to the mice. All the drugs were applied through bath-
perfusion unless otherwise indicated. Data were recorded using Axopatch 700B amplifiers,
digitized at 10 kHz, and analyzed off-line. Four sweeps of GTCs were averaged and the
mean amplitude and charge transfer of GTCs (Devaraju et al., 2013) were measured. To
measure time constants for the rise phase and the decay phase of GTCs, the GTC rise or
decay phase was fitted with monoexponential function, and time constants were measured
(Nie and Weng, 2009). The commercial computer software Clampfit (Molecular Device,
CA) was used for data analysis.

Calcium imaging

Calcium imaging procedures established by other labs (Ge et al., 2006, Gordon et al., 2009,
Barabas et al., 2012) were followed. Spinal slices from GFAP-GFP mice were prepared in
the same manner as those used for electrophysiological experiments stated above. A spinal
slice was placed in the recording chamber perfused with Krebs solution bubbled with 95%
02 and 5% CO2 at 35°C. In order to selectively study calcium activities in astrocytes, an
astrocyte identified by the green fluorescent protein in the superficial dorsal horn was
patched under the microscope with a pipette filled with the intracellular solution containing
the red-fluorescent calcium dye Rhod-2 (the cell impermeant tripotassium salt, Invitrogen)
(200 uM) (Ge et al., 2006, Gordon et al., 2009). Twenty minutes were allowed to let Rhod-2
microdialyze into the recorded astrocyte and diffuse into the adjacent astrocytes through
gap-junctions (Andersson and Hanse, 2010). The fluorescence of Rhod-2 was excited at 514
nm using a helium-neon laser line (Ge et al., 2006, Sztretye et al., 2011). Calcium imaging
was performed on an Olympus fluorescent microscope under a 60X objective (numerical
aperture: 1.2). Images of fluorescence signals of 548—-665 nm were acquired with a
Hamamatsu CDD camera (Ge et al., 2006, Sztretye et al., 2011). Metafluor imaging
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software was utilized in order to detect and analyze intracellular calcium changes throughout
the experiment (Molecular Devices, Sunnyvale, CA) (Barabas et al., 2012).

Western blot experiments

For measuring IL-1f and phosphorylated PKC levels in neuropathic and sham-operated rats,
animals were deeply anesthetized with urethane (1.3-1.5g/kg, i.p.) 10 days after the surgery.
The L4 and L5 spinal segments were exposed by surgery and removed from the rats. The
dorsal quadrant of the spinal cord of each segment ipsilateral to the operated side was
isolated. The dorsal quadrants of the spinal cord were quickly frozen in liquid nitrogen and
stored at —80 °C for later use. The frozen tissues were homogenized with a hand-held pellet
pestle in lysis buffer for 0.5 hr at 37°C (Weng et al., 2014). For measuring GLT-1 and
GLAST expressions in the plasma membrane and cytosol in spinal slices after IL-1p
treatments, rat spinal slices of the spinal L4-5 segment were obtained in the same way as
those for mouse spinal slices described above. Spinal slices were incubated with the plain
aCSF or aCSF plus IL-1p (10 ng/ml) bubbled with 95% O2 and 5% CO2 at 35°C for 15 min.
The dorsal halves of the spinal cord were then isolated and quickly frozen in liquid nitrogen
and stored at —80 °C. The tissue was fractionated into cytosolic and membrane fractions
with the cytoplasmic, nuclear, and membrane compartmental protein extraction kit
(Biochain Institute, Inc.). Homogenates were then centrifuged at 14000 x g for 20 min at 4
°C and the supernatant were collected. Protein concentrations were determined using
bicinchoninic acid (kit from Pierce). Protein samples (40 ug) were electrophoresed in 10 %
SDS polyacrylamide gels and transferred to polyvinylidene difluoride membrane (Millipore,
Bedford, MA). The membranes were blocked with 5% milk and incubated overnight at 4°C
with primary antibodies against IL-15 (1:500, Millipore, Bedford, MA), phospho PKC
(1:1000, Sigma-Aldrich, St. Louis, USA), GLT-1 (1:1000, Millipore, Bedford, MA),
GLAST (1: 2000, Millipore, Bedford, MA ) or a monoclonal mouse anti-p-actin (1:2000,
Sigma-Aldrich, St. Louis, USA) primary antibody as a loading control. The cytosolic and
membrane fractions were checked for specificity by Western blotting with anti-tubulin
(1:200), anti-EGFR (1:200; Santa Cruz Biotechnology). Then the blots were incubated for 1
hr at room temperature with a corresponding HRP-conjugated secondary antibody (1:5000;
Santa Cruz Biotechnology, CA, USA), visualized in ECL solution (SuperSignal West Pico
Chemiluminescent Substrate, Pierce, Rockford, IL, USA).) for 1 min, and exposed onto
FluorChem HD2 System. The intensity of immunoreactive bands was quantified using
ImageJ 1.46 software (NIH). Results were expressed as the ratio to control protein (Weng et
al., 2014).

In vitro measurement of glutamate uptake activity

To investigate effects of IL-1p and PKC on glutamate transporter activities, the L4-L5
spinal cord was exposed by laminectomy and the spinal dura was excised in rats
anesthetized with urethane (1.3-1.5 g/kg, i.p). The rate of heart beat and breathing, and the
core temperature of the animals were constantly monitored and maintained in normal limits
(Weng et al., 2003). IL-1p or the PKC activator (phorbol 12-myristate 13-acetate, PMA) was
applied onto the L4-L5 spinal segment through a piece of cotton soaked with IL-1(
(concentration: 20 ng/ml) or PMA (4 uM) in artificial CSF (aCSF) at 35°C for 30 min. Rats
in the control group receiving aCSF in the same fashion. Immediately after the treatment,
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the dorsal half of the L4-L5 spinal segment was isolated. To determine glutamate uptake
activities in the spinal dorsal horn in neuropathic rats and sham-operated rats, the dorsal
quadrant of the L4-L5 spinal segment ipsilateral to the surgery side was isolated 10 days
after the surgery as described above for the Western blot experiments. Synaptosome
preparations were prepared immediately after the spinal tissue was isolated according to the
protocol published (Rothstein et al., 1992). The spinal tissue was homogenized in an ice-
cold buffer solution containing: 0.5 MM EDTA, 0.5 mM EGTA, 0.2 mM
phenylmethylsulfonyl fluoride, 0.32 M sucrose, 5 pg/ml pepstatin, 5 ug/ml aprotinin, 20
pg/ml trypsin inhibitor, 4 pg/ml leupeptin, and 0.01 M phosphate-buffered saline. The
homogenates were centrifuged at 15,000 rpm for 10 min at 4°C, and the supernatant
collected. The remaining pellets were resuspended in the same buffer solution and re-
centrifuged at 15,000 rpm for 10 min at 4°C. The two supernatants were combined and
centrifuged again at 13,000 rpm for 10 min at 4°C to obtain the synaptosomal pellets, which
contained both neuronal and glial glutamate transporters (Azbill et al., 2000). The
synaptosomal pellets were suspended in Locke’s buffer. The glutamate uptake activity was
determined by incubating the synaptosome preparation with a solution containing [3H] L-
glutamic acid (0.4 uCi/mmol) at 37°C for 5 min. The reaction was terminated by filtering
the synaptosomes through a Whatman GF/B filter pre-soaked with the same buffer solution.
The filter was then transferred to a vial containing scintillation cocktail and the radioactivity,
which reflects glutamate uptake activities carried by both glial and neuronal glutamate
transporters (Azbill et al., 2000), in the final sample was measured by a liquid scintillation
counter (Beckman, LS6500).

Bicuculline, strychnine, phorbol 12-myristate 13-acetate (PMA), tetrodotoxin (TTX), L-
glutamic acid, cytochalasin D, and 1,2-Bis(2-Aminophenoxy)ethane-N,N,N’,N’-tetraacetic
acid (BAPTA) were obtained from Sigma (St. Louis, MO, USA). D-aminophosphonovaleric
acid (D-AP5), DNQX, GF 109203X, phalloidin and dynamin inhibitory peptide were
obtained from Tocris Bioscience (Minneapolis, MN, USA). Recombinant human IL-1f and
IL-1ra proteins were purchased from R&D Systems (Minneapolis, MN). Rhod-2 was
purchased from Invivogen (San Diego, CA). [3H] L-glutamic acid was obtained from Perkin
Elmer.

Data Analysis

Results

All data are presented as the mean £ SE. Student’s t-test was used to determine the statistical
difference between data obtained from the same group (paired t-test) or between groups
(non-paired t-tests). A p value less than 0.05 was considered statistically significant.

All rats and mice receiving pSNL had mechanical allodynia prior to undergoing the
biochemical or electrophysiological experiments that took place 10 days after the surgery.
This was evident by the fact that mechanical thresholds of hind paw withdrawal responses
ipsilateral to pSNL decreased significantly from 8.07 + 1.14 g at baseline to 1.98 + 0.50 g (p
< 0.001, n=9) in neuropathic rats. The mechanical threshold in sham-operated rats was not
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significantly altered (from 7.86 £+ 0.39 g to 8.24 £ 0.40 g, n=38). Mechanical thresholds of
hind paw withdrawal responses ipsilateral to pSNL decreased significantly from 1.24 £ 0.11
g at baseline to 0.19 + 0.04 g (p < 0.001, n=9) in neuropathic mice while the mechanical
threshold in sham-operated mice was not significantly altered (from 1.17 £ 0.05 g to 1.20 +
0.04 g, n=35).

Nerve injury results in an increased IL-1p protein expression and PKC activation in the
dorsal horn, which are temporally associated with a reduction of glutamate uptake

To study the mechanisms by which IL-1f and PKC regulate glutamatergic synaptic
plasticity in the spinal dorsal horn induced by nerve injury, we first determined protein
expression of IL-1 and the active form of PKC (phosphorylated PKC, pPKC) in the spinal
dorsal horn in rats with pSNL or sham operation. As shown in Figure 1A, protein expression
of IL-18 in the spinal dorsal horn of the L4-L5 spinal segment ipsilateral to the injury site
was significantly (p<0.01) increased by over 9 fold (n=6) in neuropathic rats in comparison
with sham-operated rats. Meanwhile, expression of pPKC in the spinal dorsal horn in rats
was significantly increased by over one fold (p<0.01) (Fig. 1A). These data suggest that
IL-1p and PKC are implicated in the genesis of neuropathic pain, consistent with previous
studies (Mao et al., 1992, Yan and Weng, 2013).

To determine if elevated levels of IL-1f and activation of PKC in the spinal dorsal horn of
neuropathic rats are associated with dysfunction of glutamate transporter functions,
glutamate uptake activities of the spinal dorsal horn of the L4-L5 segment were measured in
rats with pSNL or with sham-operation 10 days after surgery. Synaptosome preparations
were prepared from the spinal dorsal horn ipsilateral to the operation site. Glutamate uptake
activities were determined by measuring the radioactivity in the synaptosome preparation
treated with a solution containing [3H] L-glutamate (0.4 pCi/mmol). We found that the
overall glutamate uptake activities were reduced by 34.09 + 5.44% in neuropathic rats (n=3,
p<0.001) compared to sham-operated rats (n=3), which is consistent with previous findings
(Sung et al., 2003).

Glutamate uptake activities in the rat spinal dorsal horn are reduced by IL-1p or activation

of PKC

Next, the role of IL-1f in the regulation of glutamate uptake activities in the spinal dorsal
horn was studied. A piece of cotton soaked with IL-1f (concentration: 20 ng/ml) in aCSF at
35°C was placed onto the dorsal surface of the L4-5 spinal segment for 30 min. Rats in the
control group received aCSF treatment which was applied to the rats in the same fashion.
Glutamate uptake activities in the spinal dorsal horn of the L4-5 segment were determined
using synaptosome preparations. We found that in comparison with the aCSF treated rats,
glutamate uptake activities in rats receiving IL-1p treatment were significantly (p<0.05)
reduced by 20.51 £+ 5.30% (n=5) (Fig. 1B). In another set of experiments, we analyzed the
effects of PKC activation on glutamate uptake activities in the spinal dorsal horn. The PKC
activator PMA (concentration: 4 uM) or aCSF was applied onto the spinal cord in the same
fashion as above. We found that glutamate uptake activities in the synaptosome preparations
of rats treated with PMA were significantly (p<0.001) reduced by 23.29 + 2.54% (n=7)
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compared to rats treated with aCSF (Fig. 1B). These data indicate that IL-1p and PKC are
key molecules regulating the overall glutamate uptake activities in the spinal dorsal horn.

Endogenous IL-1p in the spinal dorsal horn of neuropathic mice reduces glial glutamate
transporter activities

To further investigate molecular mechanisms regulating the function of glial glutamate
transporters in neuropathic conditions, we directly measured and monitored activities of
glial glutamate transporters in real time by recording GTCs from astrocytes. The uptake of
glutamate by glial glutamate transporters is accompanied by the co-transport of two or three
Na+ with one H+ and the countertransport of one K+ (Wadiche et al., 1995, Levy et al.,
1998). Because of the translocation of a net positive charge during each transport cycle,
glutamate uptake generates a current called GTC (glutamate transporter current). The size of
GTC:s reflects the amount of transported glutamate, which has been widely used as an
effective tool to study the function of glial glutamate transporters (Bergles and Jahr, 1997,
Adolph et al., 2007). We recorded GTCs from GFAP-GFP transgenic mice, in which
astrocytes were easily identified by the expression of Green Fluorescent Protein (GFP)
under a fluorescent microscope (Fig. 2A). Astrocytes displayed a linear 1V relationship (a
passive membrane property) (Fig. 2B) and a low input resistance (10-20 M£2). GTCs were
evoked by L-glutamate (50 uM) injected onto the astrocyte through a puff-electrode. Such
currents were almost abolished in the presence of the specific glutamate transporter blocker
DL-TBOA (50 uM) (Jabaudon et al., 1999) (Fig. 2C), confirming that these currents were
generated from glutamate transporter activities. We then recorded GTCs from mice with
pSNL and sham-operation 10 days after the operation. We first compared GTCs between
mice with pSNL and sham-operation. Amplitudes and charge transfers of glutamate
transporter currents (i.e., glial GT activities) (n=17) recorded from neuropathic mice were
significantly (p<0.001) smaller than those (h=63) in sham-operated mice (Fig. 3A). The
GTC rise time constants (22.76 £+ 0.34 ms, n=17) and decay time constants (265.36 + 6.67
ms) in neuropathic mice were not significantly different from those in sham-operated mice
(rise time constants: 22.90 + 0.17 ms, n=63, p=0.71; decay time constants: 267.04 + 3.34
ms, n=63, p =0.82). These data indicate that glial glutamate transporter activities in the
spinal dorsal horn of neuropathic mice are reduced.

We next determined whether endogenous IL-1f in the spinal dorsal horn of neuropathic
mice contributes to the reduced glial glutamate transporter activities. Blockade of IL-1
receptors with the IL-1p antagonist (IL-1ra, 100 ng/ml) significantly (p<0.001) increased
GTC amplitudes by 80.90 + 6.35% (n=7) and charge transfers by 68.27 + 5.63% (n=7) in
neuropathic mice (Fig. 3B). In contrast, GTCs (n=7) recorded from sham-operated mice
were not altered by bath-perfusion of IL-1ra (100 ng/ml) (Fig. 3C). These data indicate that
glial glutamate transporter activities are suppressed by endogenous IL-1f in neuropathic
mice. This notion was further supported by another set of experiments where perfusion of
IL-1B (10 ng/ml) into the recording bath significantly (p<0.001) reduced the amplitude by
49.12 £ 1.72% (n=14) and charge transfer of GTCs by 46.33 = 1.89% (n=14) recorded from
spinal slices of sham-operated mice (Fig. 3D).
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Glial glutamate transporter activities in the spinal dorsal horn of neuropathic mice are
increased by blocking PKC activities

We next determined whether the activation of PKC in the spinal dorsal horn contributes to
the reduced glial glutamate transporter activities in neuropathic mice. GTCs were recorded
from spinal slices of neuropathic mice before and after bath-perfusion of the PKC inhibitor
GF109203X (4 uM). As shown in Figure 4A, blocking PKC significantly increased the GTC
amplitude by 109.73% 6.04% (n=10, p<0.001) and charge transfer by 107.35 + 8.26% (n=10,
p<0.001). In contrast, perfusion of GF109203X (4 uM) had no clear effects on the GTC
amplitude and charge transfer recorded from slices of sham-operated mice (Fig. 4B). In
addition, when we recorded GTCs from spinal slices of sham-operated mice and activated
PKC with bath-perfusion of the PKC activator (PMA, 4 uM), we found that the amplitude
and charge transfer of GTCs were significantly (n=8, p<0.01) reduced (Fig. 4C). These data
indicate that glial glutamate transporter activities are suppressed by PKC activities in
neuropathic mice.

IL-1B reduces glial glutamate transporter activities in the spinal dorsal horn through
elevating calcium concentrations in astrocytes

Intracellular calcium is an important signaling molecule that is responsible for regulating
activities of many second messenger pathways. IL-1f is known to increase calcium activities
in C6 rat glioma cells (Pita et al., 1999). We then determined whether Ca2* signal mediates
the effects of IL-18 on GTCs. In the first set of experiments, we monitored calcium activities
in astrocytes in spinal slices taken from GFAP-GFP mice before and after bath-perfusion of
IL-1B. The location of astrocytes was first identified under the fluorescent microscope by the
green fluorescent protein that was expressed only in astrocytes of GFAP-GFP mice (Fig.
5A). In order to selectively study calcium activities in astrocytes, a pipette filled with the
intracellular solution containing the red-fluorescent calcium dye Rhod-2 (200 uM) (Ge et al.,
2006, Gordon et al., 2009) was used to patch an astrocyte (Fig. 5A). To allow diffusion of
the calcium sensitive dye into the patched astrocyte and the adjacent gap junction-coupled
astrocytes 20 min was lapsed (Serrano et al., 2006) before calcium images were taken. The
Ca?* indicator Rhod-2 has a molecular weight of 869.06, which is well below the 1 kDa size
limit for gap junction pores (Giaume et al., 2010). As shown in Figure 5, bath-perfusion of
IL-1B (10 ng/ml) significantly and reversibly increased calcium activities in the astrocytes.
Further, in the next set of experiments (13 astrocytes), calcium in the recorded astrocytes
was chelated by a fast calcium chelator BAPTA concentration: 40 mM), which was included
in the pipette intracellular solution (Gordon et al., 2005, Andersson and Hanse, 2010). Under
such condition, perfusion of IL-15 (10 ng/ml) into the recording bath no longer altered
GTCs recorded from spinal slices obtained from sham-operated mice (data not shown). This
is in contrast with the results obtained under the control condition when BAPTA was not
loaded in the electrode intracellular solution (Fig. 3D). These data indicate that I1L-183
reduces glial glutamate transporter activities through elevating the intracellular Ca2*
concentration in astrocytes.
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IL-1B reduces glial glutamate transporter activities in the spinal dorsal horn through
activating PKC

To determine if PKC is a downstream molecule used by IL-1f to suppress glial glutamate
transporter activities, we bath-applied IL-1p (10 ng/ml) in the presence of the PKC inhibitor
(GF109203X, 4 uM). As shown in Figure 6A, in the presence of GF109203X, perfusion of
IL-1p did not significantly alter both the amplitude and charge transfer of GTCs recorded
from spinal slices of sham-operated mice. In another set of experiments, after the effects of
IL-1p (10 ng/ml) on GTCs were documented, we further added GF109203X (4 uM) into the
recording bath in the presence of IL-1. GF109203X reversed the attenuation of GTCs
induced by IL-1B (Fig. 6B). Further, in the presence of the PKC activator (PMA, 4 uM), the
GTC amplitude (75.28 £ 5.17 pA, n=6) and charge transfer (16925.41+ 790.33 pA-ms, n=6)
were not significantly altered when IL-1f (10 ng/ml) was further added into the recording
bath (amplitudes: 75.10 + 4.66 pA, n=6, p=0.90; charge transfers: 17085.73 £ 754.51
pA-ms, n=6, p=0.29). These data indicate that IL-1p reduces glial glutamate transporter
activities through activating PKC.

IL-1B reduces glial glutamate transporter activities in the spinal dorsal horn through the
dynamin-dependent endocytosis mechanism

Previous studies suggested that trafficking of glial glutamate transporters between the
cytosol and plasma membrane is a major post-translational mechanism regulating the glial
glutamate transporter function (Tai et al., 2007, Garcia-Tardon et al., 2012). The clathrin-
dynamin dependent endocytotic process is a major mechanism regulating trafficking of
neuronal transporters (Vaughan, 2004) between the plasma membrane and cytosol. To
understand the possible role of the clathrin-dynamin dependent endocytotic process in
regulating the glial glutamate transporter function, we microdialyzed the recorded astrocyte
with the dynamin inhibitory peptide (100 pM) included in the intracellular solution in the
recording pipette. As shown in Figure 7, the GTC amplitude and charge transfer became
larger after rupturing of the astrocyte, indicating the function of glial glutamate transporters
is regulated by the clathrin-dynamin dependent endocytotic process under normal
conditions. The amplitude and charge transfer of GTCs became stable 10 to 13 min after the
rupturing. Under such condition, perfusion of IL-1f (10 ng/ml) (Fig. 7A) or the PKC
activator (PMA, 4 uM) (Fig. 7B) did not significantly alter GTCs. These are in contrast with
the results obtained under the condition when the dynamin inhibitory peptide was not
included in the electrode intracellular solution (Fig. 3D and Fig. 4C). These results indicate
that IL-1p (10 ng/ml) and activation of PKC reduce the function of glial glutamate
transporters in spinal dorsal horn astrocytes through enhancing the clathrin-dynamin
dependent endocytosis.

The endocytosis of glial glutamate transporters induced by IL-18 depends on the integrity
of filamentous actin

Cytoskeleton proteins, like filamentous actin (F-actin), are often critically involved in the
endocytosis of membrane receptors (Rogers and Gelfand, 2000) and transporters (Sakai et
al., 2000). To determine the role of F-actin in the IL-18 mediated endocytosis of glial
glutamate transporters, we examined the effects of IL-18 on GTCs in the presence of agents
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that interfere with actin filaments. Bath-application of the actin-depolymerizing agent
cytochalasin D (5 uM, 20 min) (Rosenmund and Westbrook, 1993, Gu et al., 2005)
significantly reduced the GTC amplitude by 37.40 = 1.72% (n=7, p<0.001) and charge
transfer by 50.73 + 5.59% (n=7, p<0.001) (Fig. 8A). In the presence of cytochalasin D,
further bath-application of IL-1f (10 ng/ml) did not alter GTCs (Fig. 8A). In another set of
experiments, we microdialyzed the recorded cell with phalloidin (2 uM) included in the
intracellular solution in the recording pipette (Gu et al., 2005). Phalloidin is a non-
membrane permeable F-actin stabilizer (Cooper, 1987). Microdialysis of phalloidin into the
cell did not significantly alter the GTC amplitude and charge transfer. Under such condition,
perfusion of IL-1f (10 ng/ml) did not significantly alter GTCs (Fig.8B). Together, these
results indicate that the integrity of F-actin is required for IL-1p to produce endocytosis of
glial glutamate transporters in spinal dorsal horn astrocytes.

IL-1B reduces GLT-1 and GLAST protein expressions in the plasma membrane

Finally, protein expressions of GLT-1 and GLAST in the cytosol and plasma membrane in
the spinal dorsal horn treated with IL-1 were measured by Western blotting. Spinal dorsal
horn tissues of the L4-L5 spinal segment were obtained from rat spinal slices (450 pm thick)
incubated with IL-1f (10 ng/ml) or aCSF (for controls) for 15 min. In comparison with
slices treated with aCSF, spinal slices treated with IL-15 had a significant decrease (p<0.01,
n=4) of GLT-1 and GLAST expressions on the cell surface (plasma membrane) and an
increase of GLT-1 and GLAST expressions in the cytosol in the spinal dorsal horn (p<0.01,
n=4) (Fig. 9). At the same time, the sum protein of GLT-1 (cytosol + plasma membrane) in
the slices treated with aCSF (2.38 + 0.36, n=4) was not significantly different (p=0.67) from
that in slices treated with IL-1f (2.20 + 0.20, n=4). Similarly, the total proteins of GLAST in
the slices treated with aCSF (0.83 + 0.03, n=4) and in the slices treated with IL-1f (0.81 +
0.03, n=4) were similar (p=0.66). These data consolidate the conclusion that IL-1( reduces
glial glutamate transporter activities by promoting GLT-1 and GLAST endocytosis. The
lack of alteration in the total protein expressions of GLT-1 and GLAST in the IL- IL-1f
treated group also rules out the possibility that changes in the protein synthesis or
degradation contribute the altered glial glutamate transporter activities induced by IL-1f in
these experimental conditions.

Discussion

Given that aberrant activation of spinal glutamate receptors and over-production of pro-
inflammatory cytokines (including IL-1f) are crucial mechanisms in the genesis of
pathological pain, understanding molecular signaling pathways through which pro-
inflammatory cytokines alter the activation of glutamate receptors would provide therapeutic
targets for the development of analgesics. In this study, we for the first time demonstrated
that IL-1p reduces glial glutamate transporter activities in the spinal dorsal horn through
enhancing the endocytosis of GLT-1 and GLAST glutamate transporters. The IL-10 induced
trafficking of glial glutamate transporters is through the calcium/PKC signaling pathway,
and the dynamin-dependent endocytosis, which is also dependent on the integrity of actin
filaments. As activation of glutamate receptors in the spinal dorsal horn is restrictively
controlled by the function of glial glutamate transporters, our findings reveal a novel
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signaling pathway by which glial cells regulate glutamatergic synaptic activation in the
spinal dorsal horn in the neuropathic pain condition.

Role of glial glutamate transporters in the genesis of pathological pain

Excessive activation of glutamate receptors is a culprit in aberrant neuronal activation in
pathological pain conditions including neuropathic pain (Ren and Dubner, 2010, Salter and
Pitcher, 2012). Activation of glutamate receptors is governed by three key factors: the
amount of glutamate release from presynaptic terminals, the function of postsynaptic
glutamate receptors, and the function of glutamate transporters (Danbolt, 2001). Glutamate
released from presynaptic terminals is not metabolized extracellularly. Instead, clearance of
the released glutamate and homeostasis of extracellular glutamate are dependent on
glutamate transporters that transport extracellular glutamate into the cell (Danbolt, 2001). It
is generally believed that glial glutamate transporters up-take more than 90% of glutamate
uptake in the CNS (Tanaka et al., 1997). Studies by us and others in recent years have
shown that dysfunction of glial glutamate transporters contributes importantly to the
development and maintenance of many types of pathological pain conditions (Mao et al.,
2002, Sung et al., 2003, Weng et al., 2005, Nie and Weng, 2010). Previous studies of
glutamate uptake activities are based on the synaptosome preparation which reflects the
overall glutamate uptake activities by both glial and neuronal glutamate transporters (Sung
et al., 2003). Our current study is in agreement with previous studies and extends to
demonstrate the specific deficiency in the glial glutamate uptake in neuropathic animals. The
impact of impaired glial glutamate transporters on synaptic activities was demonstrated
previously by us. Activation of AMPA and NMDA glutamate receptors in spinal sensory
neurons is enhanced upon impaired glial glutamate transporter activities (Weng et al., 2007,
Nie and Weng, 2009; 2010). More importantly, we provided evidence that deficiency of
glutamate transporter activities in animals with neuropathic pain induced by the same type
of nerve injury used in this study significantly increases the decay time constants of NMDA
receptor currents (Nie and Weng, 2010). Targeting of glutamate transporters to speed up the
clearance of glutamate for avoiding excessive activation of glutamate receptors in the spinal
dorsal horn appears to be an effective approach for the prevention of neuropathic pain. For
example, the genesis of neuropathic pain can be prevented when protein expression of glial
glutamate transporters is enhanced by ceftriaxone treatment (Hu et al., 2010) or gene
transfer (Maeda et al., 2008). Thus, identifying endogenous molecules regulating glial
glutamate transporter functions is a key step towards the development of therapeutics
targeting glial glutamate transporters for the treatment of neuropathic pain.

Molecular mechanisms regulating functions of glial glutamate transporters

Glial glutamate transporter functions can be regulated by transcriptional and post-
translational mechanisms. Mechanisms about the transcriptional regulation of glial
glutamate transporters have been mainly derived from studies on cell cultures from forebrain
areas or cellular lines. For example, increased activities of AKT enhance protein expression
of GLT-1 through transcriptional regulation (Li et al., 2006). Astrocytes treated with
lipopolysaccharide, and chemokines (like macrophage inflammatory protein-2y, MIP-2y)
exhibit a decreased mRNA and protein expression of GLT-1 (Fang et al., 2012). The MIP-2y
mediated downregulation of GLT-1 expression is eliminated or partially rescued when NF-
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kB, PI-3 K, PKA, and MEK/ERK are pharmacologically blocked (Fang et al., 2012). In the
spinal dorsal horn, modulation of glial glutamate transporter protein expression has been
previously reported. Inhibition of astrocytic activation with propentofylline improve protein
expression of GLT-1 and GLAST and ameliorates neuropathic pain (Tawfik et al., 2006,
Tawfik et al., 2008). Downregulation of GLT-1 and GLAST protein expression in the spinal
dorsal horn of rats with morphine tolerance is attenuated by amitriptyline (Tai et al., 2006).
Previously we showed that suppression of glial activation with minocycline prevents the
downregulation of GLT-1 protein expression in the spinal dorsal horn in rats following
partial sciatic nerve ligation (Nie et al., 2010). More recently, we also reported that
suppression of glucogen synthesis kinase 3 in the spinal dorsal horn ameliorates protein
expression of GLT-1 in the spinal dorsal horn and allodynia in neuropathic rats (Weng et al.,
2014). Changes of protein levels may results from transcriptional regulation and/or post-
translational regulation like protein degradation. As these studies did not examine mMRNA
levels of glial glutamate transporters, mechanisms underlying transcriptional regulation of
glial glutamate transporters in pathological pain conditions remain to be determined.

Mechanisms of post-translational regulation of glial glutamate transporters at least include
nitration, protein degradation, and trafficking of glial of glial glutamate transporters. For
example, formation of peroxynitrite in the spinal dorsal horn induced by paclitaxel treatment
reduces glial glutamate transporter activities by post-translational nitration of glial glutamate
transporters (Doyle et al., 2012). Down-regulation of GLT-1 and GLAST in the spinal
dorsal horn of the complete Freund's adjuvant (CFA)-injected rats are ascribed to
proteasome-mediated degradation of GLAST and GLT-1 (Kim et al., 2012). Our Western
blot data and patch clamp recording results reveal that endocytosis is a critical mechanism
by which IL-1p and activation of PKC reduce glial glutamate transporter activities at post-
translational levels. Indeed, internalization of GLT-1 has been considered a mechanism by
which PKC reduces GLT-1 activities in cell cultures (Garcia-Tardon et al., 2012).

To understand how the IL-1B-induced activation of PKC leads to the internalization of glial
glutamate transporters, we examined if the clathrin-dynamin mediated endocytosis is
involved in the reduction of GTCs induced IL-1f and the PKC activator. The clathrin-
dynamin mediated endocytosis is a crucial mechanism regulating functions of GABA
transporter 1 (GAT-1) in astrocytes (Vaz et al., 2011), and dopamine transporters in
HEK?293 cells (Sorkina et al., 2013). In this study, we found that inhibition of dynamin
abolishes the inhibitory effects induced by IL-1f and the PKC activator. It is suggested that
the IL-1pB induced suppression of glial glutamate transporter activities is mediated through
the clathrin-dynamin dependent endocytosis. This is reminiscent of a study by others
demonstrating that clathrin-mediated endocytosis is the major pathway of PKC-dependent
internalization of dopamine transporter (Sorkina et al., 2013). We further examined the role
of cytoskeleton F-actin in the IL-1B-induced reduction of GTCs. F-actin is a major
component of the cytoskeleton in the cell (Matus et al., 1982, Allison et al., 1998). The actin
cytoskeleton regulates serotonin transporter (Sakai et al., 2000), and glial glutamate
transporter (Adolph et al., 2007) in cell cultures. In this study, we found that the IL-1[3-
induced decrease of GTCs was prevented by agents interfering with actin filaments. These
data suggest that IL-1p regulates glial glutamate transporter activities via a mechanism
depending on the integrity of actin cytoskeleton.
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Conclusions

Our study suggests that dysfunction of glial glutamate transporters contributes to
mechanisms by which IL-1p and PKC activation alter glutamatergic synaptic activation in
pathological pain conditions. Targeting the signaling pathway used by IL-1 to reduce glial
glutamate transporter activities would be a novel approach for the development of
analgesics.
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Figure 1. Protein expressions of |L-18 and phosphorylated PKC (pPKC) in the spinal dorsal
horn ipsilateral to theinjury sitein neuropathic ratsareincreased; |L-1B or activation of PKC
reduces glutamate uptake activitiesin therat spinal dorsal horn

(A). Samples of IL-1p and pPKC expressions in the spinal dorsal horn at the L4 to L5
segment in neuropathic and sham-operated rats are shown. Bath graphs show the mean
(+S.E.) relative density to B-actin. (B). Bar graphs show the mean (+S.E.) glutamate uptake
activities obtained from the spinal cord treated with IL-1f (20 ng/ml) or PMA (4 uM) for 30
min. The glutamate uptake activities in the synaptosome preparation treated with IL-1p or
PMA are normalized with those treated with aCSF measured at the same time. Number of
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animals included in each group for the analysis is shown in each bar. * p<0.05; ** p<
0.01;*** p<0.001.
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Figure 2. Glutamatetransporter currentsin astrocytesin the spinal dorsal horn are evoked by
glutamateinjected onto the astrocyte
(A) Astrocytes (indicated by arrows) in spinal slices of GFAP-GFP mice were identified by

the green fluorescent protein (GFP). (B) Inward and outward currents (top) in a spinal
astrocyte were evoked by voltage steps (10 mV/step) from —=130 mV to +70 mV (bottom),
indicating a passive membrane property of astrocytes. (C) shows GTCs in an astrocyte as
baseline, during and after washout of perfusion of DL-TBOA (50 uM). Bar graphs show the
mean (+S.E.) amplitude of GTCs at baseline and after blocking glutamate transporters with
DL-TBOA. *** p<0.001.
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Figure 3. Endogenous I L-18 in the spinal dorsal horn of neuropathic mice reducesglial
glutamate transporter activities

(A) shows samples of GTCs recorded from sham-operated and neuropathic mice and the
mean (+S.E.) amplitude and charge transfer of GTCs in both sham and neuropathic (NP)
mice. (B) Samples of GTCs recorded from neuropathic mice before (baseline), during and
after washout of the IL-1p inhibitor (IL-1ra, 100 ng/ml) are shown. (C) Samples of GTCs
recorded from sham-operated mice before and during perfusion of IL-1ra (100 ng/ml) are
shown. (D) Samples of GTCs recorded from sham-operated mice before, during and after
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washout of IL-1f (10 ng/ml) are shown. The measurements of GTC amplitudes for each cell
over time are plotted. Bar graphs show the mean (+S.E.) amplitude of GTCs before
(baseline), during and after washout of each tested agent. *** p<0.001; NS: no statistical
significance.
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Figure4. Glial glutamate transporter activitiesin the spinal dorsal horn of neuropathic miceare

increased by blocking PKC activities

Samples of GTCs recorded from neuropathic mice (A) and sham-operated mice (B) before
(baseline), during and after washout of the PKC inhibitor, GF109203X (GF, 4 uM) are
shown. (C) shows samples of GTCs recorded from sham-operated mice before, during and
after washout of the PKC activator (PMA, 4 uM). Bar graphs show the mean (+S.E.)
amplitude and charge transfer of GTCs before (baseline), during and after washout of each
tested agent. ** p<0.01; *** p<0.001; NS: no statistical significance.
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Figure5. IL-1B increases calcium concentrationsin astrocytesin the spinal dorsal horn
(A) shows astrocytes marked by the green fluorescent protein viewed under the fluorescent

microscope with a FITC cube and a patch pipette marked by dotted lines. Astrocytes used
for the calcium imaging analysis were labeled by numbers. (B) Calcium imaging (red-
fluorescent) pictures taken in a sequential time order before, during and after washout of
IL-1f (10 ng/ml) are shown. IL-1[ was applied to the bath at 100 s and washout at 220 s. (C)
Line-plots show samples of quantitative analysis of astrocytic Ca2* levels in 4 astrocytes
marked by numbers in the pictures before, during and after washout of I1L-1p expressed as
fluorescent intensity in arbitrary units. AF/F = (F — Fyase)/Fpase, Where F is the measured
fluorescence intensity of the Ca2* indicator, Fp,se is the fluorescence intensity of the Ca2*
indicator in the cell at baseline (Takahashi et al., 1999). (D) Bar graphs show the mean
(+S.E.) AF/F before, during and after washout of IL-18. *** p<0.001.
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Figure6. IL-1B reduces glial glutamate transporter activitiesin the spinal dorsal horn through
activating PKC
(A) Raw data show samples of GTCs recorded in the presence of the PKC inhibitor,

GF109203X (GF, 4 uM) from sham-operated mice before (GF) and after bath-application of
IL-1B (10 ng/ml) (GF+IL-1B). Bar graphs show the mean (+S.E.) amplitude and charge
transfer of GTCs before (GF) and after bath-application of IL-1p (GF+IL-1p). (B) The
scatter plot to the right shows measurements of GTC amplitudes from an astrocyte from
sham-operated mice at baseline, during perfusion of IL-1 (10 ng/ml), further addition of
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GF109203X (GF) and then washout of GF109203X with IL-1f (10 ng/ml) remaining.
Samples of original recordings labeled by numbers are shown to the left. Bar graphs show
the mean (+S.E.) amplitude and charge transfer of GTCs at baseline, during perfusion of
IL-1B, perfusion of IL-1p+GF, and after washout of GF109203X with I1L-1f (10 ng/ml)
remaining (GF washout). * p<0.05; ** p<0.01; NS: no statistical significance.
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Figure7.1L-1B reduces glial glutamate transporter activitiesin the spinal dorsal horn through

the dynamin-dependent endocytosis mechanism

The open circles in the scatter plot (right) show measurements of GTC amplitudes before,
during and after washout of IL-1p (10 ng/ml) (A) or PMA (PMA, 4 uM) (B) from an
astrocyte of sham-operated mice recorded with a recording pipette filled with the
intracellular solution containing the dynamin inhibitory peptide (DIP, 100 uM). Samples of
original recordings labeled by numbers are shown (left). Note GTC amplitudes gradually
became larger within 13 min after rupturing of the astrocyte. The filled circles in the scatter
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plot show that GTC amplitudes in an astrocyte recorded with the normal intracellular
solution were stable during the same period. Bar graphs show the mean (+S.E.) amplitude
and charge transfer of GTCs immediately after rupturing (baseline), 20 minutes after
rupturing (DIP) and during perfusion of IL-1p (DIP+IL-1pB) (A) or during perfusion of PMA
(DIP+PMA) (B). ** p<0.01; *** p<0.001; NS: no statistical significance.
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Figure 8. The endocytosis of glial glutamate transportersinduced by IL-1f depends on the

integrity of filamentous actin

(A) The scatter plot shows measurements of GTC amplitudes from an astrocyte from sham-
operated mice at baseline, during perfusion of cytochalasin D alone (5 pM, 20), cytochalasin
D (5 uM) plus IL-1B (10 ng/ml), and then washout of both cytochalasin D and 1L-1p.
Samples of original recordings labeled by numbers are shown to the left. Bar graphs show
the mean (+S.E.) amplitude and charge transfer of GTCs at baseline, during perfusion of
cytochalasin D (CYT), perfusion of cytochalasin D+IL-1f (CYT+ IL-1p), then washout of
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both cytochalasin D and IL-1p (Washout). (B) The data were collected under the condition
when the recorded astrocyte was microdialyzed with phalloidin (2 pM) included in the
intracellular solution in the recording pipette. Raw data show GTCs recorded from sham-
operated mice immediately after rupturing (baseline), 15 minutes after rupturing (Phalloidin)
and during perfusion of IL-1f (10 ng/ml) (Phalloidin+IL-1p). Bar graphs show the mean
(+S.E.) amplitude and charge transfer of GTCs immediately after rupturing (baseline), 15
min after rupturing (PHA) and during perfusion of IL-1p (PHA+IL-1p). *** p<0.001; NS:
no statistical significance.
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Figure9.IL-1B reduces GLT-1 and GLAST protein expressionsin the cell surface
Samples of GLT-1 (A) and GLAST (B) protein expressions in the cell surface (plasma

membrane) and cytosol in spinal dorsal horn slices treated with 1L-1f8 (n=4 rats) and plain
aCSF (n=4 rats) for 15 minutes are shown. Bath graphs show the mean (+S.E.) relative
density of GLT-1 and GLAST in the plasma membrane to EGFR, and the mean (+S.E.)
relative density of GLT-1 and GLAST in the cytosol to tubulin in each group. *** p< 0.001.
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