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Abstract

Decreased GABAergic synaptic strength (“disinhibition”) in the spinal dorsal horn is a crucial
mechanism contributing to the development and maintenance of pathological pain. However,
mechanisms leading to disinhibition in the spinal dorsal horn remain elusive. We investigated the
role of glial glutamate transporters (GLT-1 and GLAST) and glutamine synthetase in maintaining
GABAergic synaptic activity in the spinal dorsal horn. Electrically evoked GABAergic inhibitory
postsynaptic currents (elPSCs), spontaneous IPSCs (SIPSCs) and miniature IPSCs (mIPSCs) were
recorded in superficial spinal dorsal horn neurons of spinal slices from young adult rats. We used
(2S, 3S)-3-[3-[4-(trifluoromethyl)benzoylamino]benzyloxy]aspartate (TFB-TBOA), to block both
GLT-1 and GLAST and dihydrokainic acid (DHK) to block only GLT-1. We found that blockade
of both GLAST and GLT-1 and blockade of only GLT-1 in the spinal dorsal horn decreased the
amplitude of GABAergic elPSCs, as well as both the amplitude and frequency of GABAergic
sIPSCs or mIPSCs. Pharmacological inhibition of glial glutamine synthetase had similar effects on
both GABAergic elPSCs and sIPSCs. We provided evidence demonstrating that the reduction in
GABAergic strength induced by the inhibition of glial glutamate transporters is due to insufficient
GABA synthesis through the glutamate-glutamine cycle between astrocytes and neurons. Thus,
our results indicate that deficient glial glutamate transporters and glutamine synthetase
significantly attenuate GABAergic synaptic strength in the spinal dorsal horn, which may be a
crucial synaptic mechanism underlying glial-neuronal interactions caused by dysfunctional
astrocytes in pathological pain conditions.

INTRODUCTION

y-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the central nervous
system. GABA released from GABAergic interneurons exerts inhibition by acting on
GABA receptors at presynaptic terminals and postsynaptic neurons to reduce presynaptic
glutamate release and produce inhibitory postsynaptic currents (IPSCs), or membrane
hyperpolarization, in postsynaptic neurons. Reduced inhibition, termed “disinhibition,”
resulting from decreased GABAergic synaptic strength in the spinal dorsal horn is a crucial
mechanism contributing to the development and maintenance of pathological pain (Coull et
al. 2003; Moore et al. 2002; Yaksh 1989). However, mechanisms leading to disinhibition in
the spinal dorsal horn remain unclear. One major mechanism underlying disinhibition is an
alteration of the homeostasis between the consumption (i.e., exocytosis) and supply of
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GABA in presynaptic GABAergic neurons (Ortinski et al. 2011). Studies of forebrain areas
and cultured cells have shown that the supply of GABA to presynaptic GABAergic vesicles
comes from three different pathways: the GABA recycle pathway, the neuronal glutamate
transporter pathway, and the glutamate-glutamine cycle (Bak et al. 2006; Liang et al. 2006;
Mathews and Diamond 2003). In the GABA recycle pathway, released GABA is taken up
by GABA transporters located in GABAergic presynaptic terminals and packed into the
GABA vesicles to be reused. In the neuronal glutamate transporter pathway, extracellular
glutamate is transported by neuronal glutamate transporters (such as EAAC1) into
GABAergic neurons, where glutamate is transformed into GABA by glutamic acid
decarboxylase (GAD). The glutamate-glutamine cycle takes place between neurons and
astrocytes. Extracellular glutamate is taken up by glial glutamate transporters into astrocytes.
Inside the astrocyte, glutamate is transformed to glutamine via glutamine synthetase. The
astrocyte then exports glutamine outside the cell, where glutamine is taken up by neurons.
Phosphate-activated glutaminase in neurons deaminates glutamine, producing glutamate.
Glutamate in GABAergic neurons is then decarboxylated by GAD to become GABA.
Finally, GABA is taken up into synaptic vesicles by vesicular GABA transporters,
completing the cycle. This process suggests that astrocytes may regulate GABAergic
synaptic activity by altering the function of glial glutamate transporters and glutamine
synthetase. Dysfunction in spinal dorsal horn astrocytes has been widely recognized as a key
mechanism underlying the pathogenesis of pain (Milligan and Watkins, 2010; Ren and
Dubner, 2010). However, it remains unknown whether spinal GABAergic activity can be
regulated by glial glutamate transporters and glutamine synthetase in astrocytes.

Two types of glial glutamate transporters (GLAST and GLT-1) exist in astrocytes of the
spinal dorsal horn (Mao et al. 2002; Nie et al. 2010; Weng et al. 2005). Dysfunction of glial
glutamate transporters is an important mechanism underlying the allodynia and hyperalgesia
induced by nerve injury or morphine tolerance (Mao et al. 2002; Nie and Weng 2010; Nie et
al. 2010; Sung et al. 2003). Deficient glutamate uptake by glia results in enhanced activation
of both AMPA and NMDA receptors in the spinal dorsal horn neurons (Nie and Weng 2009;
Weng et al. 2007). Glutamine synthetase is also expressed in astrocytes of the spinal dorsal
horn. Recent studies have suggested that reduced activity of glutamine synthetase is
associated with spinal central sensitization following intraplantar injection of carrageenan
(Chen et al. 2010) and in cases of morphine tolerance (Muscoli et al. 2010). To study the
impact of deficient glial glutamate uptake or glutamine synthetase on GABAergic synaptic
activities in the spinal superficial dorsal horn, we examined the changes in GABAergic
synaptic activity induced by pharmacological inhibition of glial glutamate transporters or
glutamine synthetase. We found that both electrically evoked GABAergic IPSCs (elPSCs)
and spontaneous IPSCs (SIPSCs) in the spinal dorsal horn were reduced upon inhibition of
glial glutamate transporters and glutamine synthetase. Our results indicate, to our knowledge
for the first time, that GABAergic synaptic strength in the spinal dorsal horn is highly
dependent on the intact function of glial glutamate transporters and the activity of glutamine
synthetase in astrocytes.

MATERIALS AND METHODS

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.

Spinal slice preparation

Young adult male Sprague-Dawley rats (150-180 g) were deeply anesthetized using inhaled
isoflurane, and a laminectomy was then performed to remove the lumbar spinal cord. The
Lumbar spinal cord section was placed in ice-cold sucrose-based artificial cerebrospinal
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fluid (aCSF) pre-saturated with 95% O, and 5% CO». The sucrose-based aCSF contained
234 mM sucrose, 3.6 mM KCI, 1.2 mM MgCl,, 2.5 mM CaCly, 1.2 mM NaH,POy4, 12.0
mM glucose, and 25.0 mM NaHCO3. The pia-arachnoid membrane was removed from each
section. The L4-5 spinal segment, identified by the lumbar enlargement and large dorsal
roots, was attached with cyanoacrylate glue to a cutting support, which was then glued onto
the stage of a vibratome (Series 1000, Technical Products International, St. Louis, MO).
Transverse spinal cord slices (400 um) were cut in the ice-cold sucrose aCSF and then pre-
incubated for at least 2 hours in Krebs solution oxygenated with 95% O, and 5% CO, at
35°C before they were transferred to the recording chamber. The Krebs solution contained
117.0 mM NacCl, 3.6 mM KClI, 1.2 mM MgCl,, 2.5 mM CaCl,, 1.2 mM NaH,POy4, 11.0 mM
glucose, and 25.0 mM NaHCOs3.

Whole-cell voltage-clamp recordings

Materials

Following pre-incubation, a single slice was placed in the recording chamber (1.5 ml in
volume), perfused with Krebs solution at 35°C, and saturated with 95% O, and 5% CO».
Borosilicate glass recording electrodes (resistance, 3-5 MQ) were made and filled with an
internal solution containing 110 mM CsySOy4, 5 mM KCI, 2.0 mM MgCls, 0.5 mM CaCl,,
5.0 MM HEPES, 5.0 mM EGTA, 5.0 mM ATP-Mg, 0.5 mM Na-GTP, and 10 mM lidocaine
N-ethyl bromide (QX314), adjusted to pH7.2-7.4 with 1 M CsOH (290-300 mOsm). The
recording electrodes were directed to the superficial spinal dorsal horn (laminae | and Il
areas). Live dorsal horn neurons were visualized with an infrared Nomarski microscope
system (Leads Instruments, Inc., Texas, USA) and approached with a 3-dimensional
motorized manipulator (Sutter Instrument Company, California, USA). Then, whole-cell
configurations were established by applying moderate negative pressure after electrode
contact (Weng et al. 2006, 2007). A seal resistance of >2 GQ and an access resistance of
20-35 MQ were considered acceptable. Series resistance was optimally compensated by
>70% and constantly monitored throughout the experiments. A series resistance of more
than 35 MQ was considered loss of voltage control and the data were discarded (Calcagnotto
et al, 2002; Lipp et al, 2002). Signals were amplified with an amplifier (Axopatch 700B,
Molecular Devices, California, USA) and displayed and stored in a computer.

GABAergic IPSCs were recorded in the presence of 0.5 uM strychnine, a glycine receptor
antagonist, at a holding potential of 0 mV (Hunt el al. 2011; Moore et al. 2002). The currents
recorded under such condition were completely abolished by the classic antagonist of
GABA receptors, bicuculline (10 uM) (tested in 8 neurons). To evoked GABAergic IPSCs,
neurons in the spinal lamina Il area were stimulated by a rectangular electrical pulse (0.1 ms,
0.5 mA, repeated every 40 s) delivered through a concentric bipolar stainless electrode (50
um diameter, isolated except for the tip) placed within 150 um of the recorded neurons in
the dorsal horn (Yang et al. 2004). Only monosynaptic GABAergic IPSCs were recorded.
Identification of IPSCs as monosynaptic was based on a constant latency with graded
intensity and high-frequency repetitive stimulation (20 Hz) (Yoshimura and Jessell 1989).
Miniature IPSCs (mIPSCs) were recorded in the presence of tetrodotoxin (TTX, 1 uM).
When sIPSCs were recorded, DNQX (10 uM) and D-aminophosphonovaleric acid (D-AP5;
25 uM) were used to block non-NMDA receptors and NMDA receptors during recordings.

(2S, 3S)-3-[3-[4-(trifluoromethyl)benzoylamino]benzyloxy]aspartate (TFB-TBOA),
dihydrokainic acid (DHK), tetrahydropyridin-4-yl methylphosphinic acid (TPMPA),
strychnine, bicuculline, DNQX and D-AP5 were purchased from Tocris Bioscience (Park
Ellisville, MO, USA). TTX and methionine sulfoximine (MSO) were obtained from Sigma
(St. Louis, MO, USA). All pharmacological agents were applied by perfusion into the
recording chamber.

J Neurochem. Author manuscript; available in PMC 2013 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jiang et al. Page 4

Data analysis

Data were recorded with Axopatch 700B amplifiers, digitized at 10 kHz and analyzed
offline. Three to four eIPSCs evoked at baseline and in the presence of tested drugs, were
averaged. Clampfit 10.2 software (Molecular Devices) was used to measure the amplitude of
elPSCs. The frequencies and amplitudes of sIPSCs and mIPSCs were analyzed with Mini
Analysis software (synaptosoft, NJ, USA). Data are presented as means * standard errors
(SEs). The paired Student’s t test was used to determine statistical differences between
measurements before and after the addition of tested drugs. A P value <0.05 was considered
statistically significant.

RESULTS

GABAergic elPSCs were reduced by TFB-TBOA

To study the impact of glial glutamate uptake deficiency on GABAergic synaptic functions,
we recorded elPSCs in spinal laminae | and Il before and during bath perfusion of TFB-
TBOA (concentration in the bath, 200 nM). TFB-TBOA is a high-affinity, selective blocker
for both GLT-1 and GLAST. The ICgq values of TFB-TBOA for GLT-1 and GLAST are
about 1/15 that for the neuronal glutamate transporter EAAC1 (Shimamoto et al. 2004).
TFB-TBOA significantly and reversibly reduced the peak amplitude of GABAergic elPSCs
in all neurons by a mean (= SE) of 17.98 + 2.00% (n = 11, P < 0.001, Fig. 1A). The
reduction in GABAergic elPSCs may be attributed to any or a combination of the following:
(a) reduced release probability of GABA at presynaptic terminals; (b) decreased function of
GABA receptors at postsynaptic neurons; and (c) decreased synthesis of GABA. We
conducted the following experiments to determine which of these mechanisms occurred.

TFB-TBOA did not alter the P2:P1 ratio

To determine whether the changes induced by TFB-TBOA in GABAergic elPSCs was due
to altered release probability of GABA transmitter at the presynaptic site, we first recorded
two GABAergic elPSCs elicited by paired pulses separated by 100 ms and analyzed the
paired pulse ratio (i.e., P2:P1 ratio). P1 was the amplitude of the first evoked current and P2
was the second response amplitude measured after subtraction of the remaining P1 “tail”
current” (Balakrishnan et al, 2009; Marty et al, 2011). An increase or decrease in the P2:P1
ratio is conventionally used to detect a decrease or increase in neurotransmitter release
probability at the presynaptic site (Foster and McNaughton 1991; Manabe et al. 1993; Weng
et al. 2007; Xu et al. 2008; Zucker 1989), including GABAergic synapses in the spinal
dorsal horn (Hugel and Schlichter, 2000; Ingram et al, 2008). As shown in Fig. 1B, although
both P2 and P1 values of the GABAergic elPSCs were reduced after bath perfusion of TFB-
TBOA, the P2:P1 ratios remained unchanged (0.66 + 0.08 at baseline and 0.67 + 0.08 during
TFB-TBOA perfusion, n = 11, P = 0.24). These data indicate that the TFB-TBOA-induced
reduction in GABAergic elPSCs was not due to the reduced release probability of GABA
from presynaptic terminals.

TFB-TBOA did not alter GABA currents induced by exogenous GABA

To determine whether functions of postsynaptic GABA receptors changed during perfusion
of TFB-TBOA (200 nM), we recorded GABA currents evoked by exogenous GABA
perfusion (1 mM, 20 s) into the recording bath before and during perfusion of TFB-TBOA.
As shown in Fig. 1C, TFB-TBOA did not alter GABA currents evoked by exogenous
GABA perfusion (n = 6, P = 0.11), indicating that the function of postsynaptic GABA
receptors remained unchanged during perfusion of TFB-TBOA under our experimental
conditions.
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TFB-TBOA reduced GABA concentrations at the synaptic cleft

If the TFB-TBOA-induced reduction in GABAergic elPSCs were due to a reduction of
GABA synthesis, one would expect that the amount of GABA released from presynaptic
terminals would be reduced—that is, the concentrations in the GABAergic synaptic cleft
would be reduced per se (Liang et al. 2006). To test this notion, we examined the inhibition
induced by TPMPA on GABAergic elPSCs in the absence and presence of TFB-TBOA.
Because TPMPA is a low-affinity competitive antagonist of GABAA, receptors, TPMPA
binding to GABA, receptors is rapidly replaced by synaptic GABA transmitter. When
GABA receptors are exposed to TPMPA, the degree of inhibition caused by TPMPA on
GABAergic IPSCs is inversely related to the concentration of GABA transients (the amount
of GABA release) in the synaptic cleft (Foster et al. 2005; Liang 2006; Liu et al. 1999; Shen
et al. 2002; Wadiche and Jahr 2001). As shown in Fig. 2 the percentage of inhibition by
TPMPA (60 uM) on GABAergic IPSCs in the presence of TFB-TBOA (45.22 £ 2.11%, n =
10) was significantly larger (P < 0.001) than that in the absence of TFB-TBOA (20.90 +
2.16%, n = 10). These data indicate that inhibition induced by TFB-TBOA on GABAergic
IPSCs was indeed due to a decrease in the amount of GABA release from presynaptic
neurons.

Exogenous glutamine prevented the reduction induced by TFB-TBOA in GABAergic

elPSCs

Although TFB-TBOA has an 1Csq value for EAAC1 15 times higher than that for GLT-1
and GLAST, it was not clear that the TFB-TBOA induced reduction of GABAergic activity
in the preceding experiment occurred through its inhibition on GLT-1 and GLAST in the
astrocyte or on EAACL in the neuron. Based on the glutamate-glutamine cycle theory (Bak
et al. 2006), we reasoned that if the effects induced by TFB-TBOA occur through its
inhibition on GLT-1 and GLAST, then glutamine concentrations in the extracellular space in
the presence of TFB-TBOA must be reduced, resulting in a deficient glutamine supply to
GABAergic neurons and a reduction in GABA synthesis. If this is the case, supplementing
exogenous glutamine in the recording bath would prevent the reduction induced by TFB-
TBOA in GABAergic elPSCs. As expected, in the presence of 1 mM glutamine, TFB-
TBOA no longer altered the amplitudes of GABAergic elPSCs (baseline: 712.88 + 78.90
pA; TFB-TBOA: 699.00 + 79.64 pA, n =8, P = 0.24, Fig. 3).

Contents of spontaneously released GABAergic vesicles were reduced by TFB-TBOA

The data described above clearly demonstrate that TFB-TBOA reduced the contents of
GABAergic vesicles in the vesicle pool used by action potential-evoked release. It has been
suggested that the presynaptic vesicle pool used by spontaneous neurotransmitter release in
the absence of action potentials is separate from the presynaptic vesicle pool used by action
potential-evoked neurotransmitter release (Fredj and Burrone 2009; Mathew et al. 2008;
Schikorski and Stevens 2001). To determine whether TFB-TBOA also affects the contents
of GABAergic vesicles in the vesicle pool used by spontaneous release, GABAergic
mIPSCs were recorded in the presence of 1 uM TTX (Fredj and Burrone 2009; Mathew et
al. 2008; Murthy and Stevens 1999) (Fig. 4). Perfusion of TFB-TBOA immediately (in <3
min) and significantly reduced the mean mIPSC amplitudes by 13.32 £ 3.09% (n=9, P <
0.01) and frequencies by 27.37 + 7.33% (n = 9, P < 0.01). Because TFB-TBOA did not alter
the function of postsynaptic GABA receptors or the release probability at the presynaptic
site (Fig. 1), we reasoned that the reduction in GABAergic mIPSC frequencies was ascribed
to a failure to detect some of the GABAergic mIPSCs with low amplitude during perfusion
of TFB-TBOA. It is conceivable that the missing of events with low amplitudes during
analysis also led to an underestimation of the percentage reduction of the mean mIPSC
amplitudes induced by TFB-TBOA. Our data are in line with previous reports that
decreasing the amount of GABA and glutamate in synaptic vesicles not only reduces
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amplitudes of mIPSCs and miniature excitatory postsynaptic currents (mEPSCs), but also
reduces frequencies of mIPSCs and mEPSCs (Juge et al. 2010; Zhou et al. 2000). Together,
these findings suggest that the contents of GABAergic vesicles in the vesicle pool used by
spontaneous neurotransmitter release were reduced upon blockage of glial glutamate
transporters.

Selective inhibition of GLT-1 reduced GABAergic elPSCs and sIPSCs

Two types of glial glutamate transporters, GLAST and GLT-1, are blocked by TFB-TBOA
(Shimamoto et al. 2004). It is generally believed that GLT-1 plays a major role in taking up
glutamate into glial cells. To specifically determine the role of GLT-1 in the GABAergic
activity in the spinal dorsal horn, we first examined the effects induced by DHK, which
selectively blocks GLT-1 (Arriza et al. 1994; Shimamoto et al. 2004), on GABAergic
elPSCs. Similar to the effects induced by TFB-TBOA, bath perfusion of DHK
(concentration in the bath, 300 uM) significantly and reversibly reduced the amplitude of
GABAergic IPSCs by 17.81 + 2.69% (n = 6, p<0.001). The P2:P1 ratios remained
unchanged (baseline: 0.74 £ 0.10; DHK: 0.75 £ 0.11) (Fig. 5A). Next, TPMPA was used to
determine the changes in GABA concentrations induced by DHK in the synaptic cleft (Fig.
5B). We found that the mean percentage of inhibition induced by TPMPA (60 uM) on
GABAergic elPSCs in the presence of DHK (39.56 + 7.28%, n = 5) was significantly (P <
0.05) stronger than that in the absence of DHK (22.28 + 2.46%, n = 5), indicating that
GABA concentrations in the synaptic cleft were reduced in the presence of DHK. We then
determined the effects of DHK on GABAergic sIPSCs, which reflect vesicles released from
both the vesicle pool used by action potentials and that used by spontaneous release in the
absence of action potentials. To eliminate effects induced by changes in excitatory synaptic
activities during the blockade of glutamate transporters, we used DNQX (10 uM) and D-
AP5 (25 uM) to block non-NMDA receptors and NMDA receptors during recordings. Bath
perfusion of DHK reduced the amplitude of GABAergic sIPSCs by 10.40 + 1.55% (n = 12,
P < 0.001) and the mean frequency by 37.60 + 5.64% (n = 12, P < 0.001) (Fig. 5C).
Furthermore, in the presence of 1 mM glutamine, bath perfusion of DHK no longer altered
the amplitude (baseline: 22.62 + 1.40 pA; DHK: 22.32 + 1.48 pA; n=6) and the frequency
(baseline: 5.00 £+ 1.24 Hz; DHK: 5.11 + 1.34Hz; n=6) of GABAergic sIPSCs. These data
indicate that GLT-1 is a key glial glutamate transporter for maintaining the homeostasis of
GABA activity in the spinal dorsal horn.

Selective inhibition of glutamine synthetase reduced the amplitude of GABAergic elPSCs,
as well as both the amplitude and frequency of GABAergic sIPSCs

One key step in the glutamate-glutamine cycle is the transformation of glutamate to
glutamine by glutamine synthetase in astrocytes. Thus, we used MSO to selectively block
glutamine synthetase (Fricke et al. 2007; Liang et al. 2006; Sellinger 1967) to determine the
role of glutamine synthetase in GABAergic synaptic activity. Bath application of MSO
(concentration in the recording chamber, 5 mM) significantly and reversibly reduced the
peak amplitude of GABAergic elPSCs by a mean of 29.36 + 3.90% (n = 8, p<0.001) without
changing the P2:P1 ratio (Fig. 6). GABAergic sIPSCs were then recorded in the presence of
DNQX (10 uM) and D-APS5 (25 uM) before and after bath perfusion of MSO (concentration
in the recording chamber, 5 mM). In the presence of MSO, the amplitude of GABAergic
SIPSCs was reduced by 12 + 3.15% (n = 12, P < 0.01) and the frequency by 35.50 + 5.23%
(n=12, P <0.01) (Fig. 7). These data indicate that spinal GABAergic activities are
dependent on the tonic activity of glial glutamine synthetase, which also further supports the
idea that GABA synthesis through the glutamate-glutamine cycle is crucial to maintaining
normal GABAergic synaptic activities in the spinal dorsal horn.
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DISCUSSION

In this study, we reveal that astrocytes regulate spontaneous and action-potential-dependent
GABAergic activities in the spinal dorsal horn via glial glutamate transporters and
glutamine synthetase. Specifically, we found that blockade of both GLAST and GLT-1 and
blockade of GLT-1 only in the spinal dorsal horn suppressed the peak amplitude of elPSCs,
SIPSCs or mIPSCs. Frequency of GABAergic sIPSCs and mIPSCs was also decreased upon
blockade of glial glutamate transporters. Inhibition of glial glutamine synthetase by MOS
produced similar effects in GABAergic elPSCs and sIPSCs. We provide evidence to
demonstrate that the reduction of GABAergic activity results from insufficient GABA
synthesis through the glutamate-glutamine cycle between astrocytes and GABAergic
neurons.

Degree of dependence of GABAergic activity on the glutamate-glutamine cycle differs in
synapses from different areas of the central nervous system

In this study, we found that maintenance of normal GABAergic activity in the spinal dorsal
horn is highly dependent on the intact function of glial glutamate transporters and the
activity of glutamine synthetase, as demonstrated by the our findings that amplitudes of both
GABAergic sIPSCs and elPSCs decreased immediately upon pharmacological blockade of
glial glutamate transporters or glutamine synthetase. This high degree of dependency is
strikingly different from that of synapses in the hippocampal CA1l area. Studies of that area
in rats showed that blocking the glutamate-glutamine cycle by inhibiting GLT-1 with DHK
or inhibiting glutamine synthetase with MOS did not alter GABAergic sIPSCs or elPSCs
(Fricke et al. 2007; Liang et al. 2006). Only after repetitive burst stimulation (four pulses of
50-Hz bursts repeated at 20-s intervals, 0.05 Hz, for 15 min) did application of DHK
significantly reduce elPSC amplitudes (Liang et al. 2006). These differences between
previous studies and ours may be ascribed to several possibilities: (a) spinal dorsal horn
GABAergic neurons have lower GABA storage and/or a higher consumption rate of GABA
vesicles than hippocampal GABAergic neurons; (b) among the three pathways to supply
GABA to GABA vesicles, the glutamate-glutamine cycle plays a more dominant role in the
spinal dorsal horn than in the hippocampal area; or (c) other pathways, such as the GABA
recycle pathway and/or the neuronal glutamate transporter pathway, may compensate more
efficiently in GABA supply in hippocampal areas than in the spinal dorsal horn. Consistent
with this view, studies of the hippocampal area have shown that blockade of glial glutamate
transporters can reduce the amplitude of mIPSCs when neuronal glutamate transporters are
blocked (Fricke et al. 2007). These data reiterate the long-held notion that the role of
glutamate transporters in synaptic functions is region and synapse specific (Danbolt 2001).

Glial glutamate transporters are key molecules used by astrocytes to regulate both
glutamatergic and GABAergic synaptic strength in the spinal dorsal horn

Abnormal activation of spinal dorsal horn neurons and dysfunction in glial cells are two
fundamental phenomena in pathological pain conditions (Milligan and Watkins, 2010; Ren
and Dubner, 2010). Imbalance between excitatory and inhibitory synaptic strength results in
abnormal neuronal activation. Glutamate concentrations in the spinal dorsal horn are
elevated in pathological pain conditions (Yang et al. 2011). Mechanisms by which glial cells
increase excitatory synaptic strength have been accumulated. For example, cytokines and
chemokines released from activated glial cells can enhance responses of AMPA receptors
and NMDA receptors and spontaneous activities in dorsal horn neurons (Kawasaki et al.
2008). Glial cells also directly regulate the activation of glutamate receptors by glial
glutamate transporters. Recent studies by us and others have shown that pharmacological
blockade of glial glutamate transporters induces mechanical and thermal hypersensitivity in
normal rats (Liaw et al. 2005; Weng et al. 2006). Down-regulation of glial glutamate
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transporter expression is has been associated with allodynia and hyperalgesia in neuropathic
rats with neuropathy induced by nerve injury (Nie et al. 2010; Sung et al. 2003; Weng et al.
2005). In our previous studies, when we mimicked the glial deficiency of glial glutamate
uptake by pharmacologically blocking glial glutamate transporters, excitatory postsynaptic
currents induced by activation of both AMPA receptors and NMDA receptors increased
(Nie and Weng 2009; Weng et al. 2007). Mechanisms by which glial cells regulate
GABAergic synaptic strength in the spinal dorsal horn are still not fully understood. The
findings of the current study indicate that the disinhibition induced by impairment of glial
glutamate uptake and glutamine synthetase may be a crucial synaptic mechanism underlying
glial-neuronal interactions caused by dysfunctional astrocytes in pathological pain
conditions.

It is generally believed that glutamate in neurons is maintained by the glutamate-glutamine
cycle (Kandel et al. 2000). Because glutamate is both an excitatory neurotransmitter and a
precursor for the synthesis of GABA transmitter, one would expect that blockade of glial
glutamate transporters (which impairs the glutamate-glutamine cycle) should, in addition to
causing a reduction of GABAergic synaptic activities, reduce glutamatergic synaptic
activities. However, previous studies by us and others have consistently shown that glial
glutamate transporter inhibitors enhance the activation of glutamate receptors in both the
spinal dorsal horn (Nie and Weng 2009; Weng et al. 2007) and forebrain areas (Overstreet et
al. 1999; Tong and Jahr 1994). Furthermore, low expression of glial glutamate transporters
has been associated with neuronal hyperactivation in neuropathic pain (Nie et al. 2010; Sung
et al. 2003; Weng et al. 2005; Xin et al. 2009), and gene knockout of glial glutamate
transporters has been shown to result in neuronal excitotoxicity (Rothstein et al. 1996) and
epilepsy (Tanaka et al. 1997). The mechanisms by which glutamatergic synapses resist the
impairment of the glutamate-glutamine cycle induced by reduced glial glutamate uptake
remain unknown. It is possible that the glutamate resource, the compensatory pathways for
the glutamate supply that are activated upon impairment of glial glutamate uptake, the size
of the glutamate pool, and the efficacy of glutamate use in glutamatergic neurons differ from
those in GABAergic neurons. Indeed, the central role of the glutamate-glutamine cycle in
maintaining the vesicular glutamate pool in glutamatergic neurons has been challenged in
recent years. Studies have shown that direct uptake of released glutamate accounted for a
significant contribution to vesicular glutamate in photoreceptors in the retina (Hasegawa et
al. 2006; Winkler et al. 1999) and in bipolar cells (Palmer et al. 2003). Glutamatergic
neurons in hippocampus have the capacity to store or produce glutamate for long periods of
time, independent of glia and the glutamate-glutamine cycle (Kam and Nicoll 2007). It has
been suggested that glutamatergic neurons are capable of de novo synthesis of glutamate
from tricarboxylic acid cycle intermediates, which can then be replenished from glutamine,
glucose, or any other source of carbons that can be transported into the cell (Kam and Nicoll
2007). Although these previous studies suggest that the glutamate-glutamine cycle may not
be crucial to supplying glutamate to excitatory neurons, our current study indicate that
GABA synthesis in spinal dorsal horn GABAergic neurons is highly dependent on the
glutamate-glutamine cycle. Consistent with our data, a recent study shows that exogenous
glutamine reversed the hippocampal circuit hyperexcitability induced by GABAergic IPSC
erosion resulting from failure of the astrocytic glutamate-glutamine cycle (Ortinski et al,
2010).

Functional implications

The spinal superficial dorsal horn is a first station for processing nociceptive inputs from
peripheral nociceptive Ad and C fibers. Reduced GABAergic synaptic strength in this area is
thought to be an important mechanism leading to allodynia in neuropathic pain conditions.
Extracellular GABA levels in the lumbar dorsal horn have been shown to be decreased by

J Neurochem. Author manuscript; available in PMC 2013 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jiang et al.

Page 9

nerve injury (Stiller et al. 1996). Amplitudes and frequencies of GABAA receptor-mediated
IPSCs in spinal dorsal horn neurons in neuropathic rats have also been found to be decreased
(Moore et al. 2002). Mechanical allodynia and thermal hyperalgesia induced by nerve injury
are known to be reversed by spinal application of GABA agonists (Malan et al. 2002). In
addition, apoptosis of GABAergic neurons (Scholz et al. 2005), reduction of the chloride
gradient across the neuronal membrane (Coull et al. 2003), and low expression of GAD (an
enzyme that converts glutamate to GABA in GABAergic neurons) (Moore et al. 2002) have
all been suggested to contribute to disinhibition in the neuropathic spinal dorsal horn
induced by nerve injury. Our findings that GABAergic synaptic strength in the spinal
superficial dorsal horn is highly dependent on the continuous supply of glutamine from glial
cells through the glutamate-glutamine cycle highlight a novel pathway by which glial cells
can regulate inhibitory synaptic activities in the spinal superficial dorsal horn. Physiological
and pathological regulation of glial glutamine synthetase (which converts glutamate to
glutamine) and glial glutamate transporters could be a crucial mechanism to alter the balance
between excitatory and inhibitory inputs to spinal dorsal horn neurons. Indeed, down-
regulation of glial glutamate transporters has been found in neuropathic rats and those with
morphine tolerance (Mao et al. 2002; Nie et al. 2010; Sung et al. 2003; Weng et al. 2005).
Recent studies have also shown nitration of glutamine synthetase, which reduces the
function of glutamine synthetase, in spinal central sensitization following intraplantar
injection of carrageenan (Chen et al. 2010) and in cases of morphine tolerance (Muscoli et
al. 2010). Further experiments are needed to confirm that down-regulation of glial glutamate
transporters and nitration of glutamine synthetase cause the decreased GABAergic synaptic
activity and increased excitability in the spinal dorsal horn in these animal models.

In conclusion, we have demonstrated that glial cells consistently regulate GABAergic
synaptic activities in the spinal superficial dorsal horn by taking up glutamate into glial cells
and converting glutamate to glutamine through glutamine synthetase. Our findings suggest
that normalization of glial glutamate transporters and glutamine synthetase may be a
potential approach to counter the imbalance between excitatory and inhibitory synaptic
strength in the spinal dorsal horn in pathological pain conditions.
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Figure 1. TFB-TBOA significantly reduces electrically evoked GABAergic IPSC amplitudes
without changing P2/P1 ratios or GABA currents evoked by exogenous GABA

(A) Samples of original recordings recorded from the same cell before, during and after
washout of TFB-TBOA are displayed (left). Bar graphs (right) show mean (£SE) amplitudes
before, during and after washout of TFB-TBOA (200 nM). (B) The raw data (left) show two
GABAergic IPSCs evoked by paired pulse stimuli (100 ms apart) before, during and after
washout of TFB-TBOA (200 nM). Bar graphs (right) show mean (£SE) P2/P1 ratios at
baseline, during and after washout of TFB-TBOA (200 nM). (C) Samples of GABA currents
evoked by perfusing exogenous GABA (1 mM, 20 s) at baseline and in the presence of TFB-
TBOA (200 nM) are shown (left). Mean (xSE) percentages of baseline peak amplitudes of
GABA currents in the presence of TFB-TBOA (200 nM) are presented in bar graphs (right).
* P <0.05; *** P < 0.001; n.s., no statistical significance.
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Figure 2. GABA concentrations at the synaptic cleft is reduced by TFB-TBOA

(A) Shown are electrically evoked GABAergic IPSCs (elPSCs) at baseline (al), in the
presence of TPMPA (60 pM) (a2), after TPMPA washout (a3), in the presence of TFB-
TBOA (200 nM) (a4), in the presence of TFB-TBOA (200 nM) plus TPMPA (60 uM) (a5),
and after washout of both TFB-TBOA and TPMPA (a6). In the presence of TFB-TBOA, the
percentage of inhibition induced by TPMPA on elPSCs (a4 and a5) was significantly
stronger than that induced by TPMPA in the absence of TFB-TBOA (al and a2). (B) Mean
(xSE) percentages of elPSC amplitudes during perfusion of TPMPA in the absence of TFB-
TBOA (second bar to the left), and in the presence of TFB-TBOA (the far right bar).
Amplitudes prior to TPMPA perfusion in the absence (the far left bar) or presence of TFB-
TBOA (the second bar to the right) were used as the baseline for calculating the percentages.
*** P <0.001.
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Figure 3. Exogenous glutamine prevents the reduction induced by TFB-TBOA in electrically
evoked GABAergic IPSCs (elPSCs)

(A) Samples of original recordings show that in the presence of glutamine (1 mM),
amplitudes of eIPSCs were not changed by bath-application of TFB-TBOA (200 nM). (B)
Bar graphs show that mean (£SE) amplitudes of elPSCs in the presence of glutamine (1
mM) were not significantly altered by TFB-TBOA. n.s., no statistical significance.

J Neurochem. Author manuscript; available in PMC 2013 May 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Jiang et al. Page 16

lj n=9

baseline TBOA

>
w

w

Frequencies (Hz)
- N

TFB-TBOA 10 pA
al a2 2 min 30
n=9
— —
< 25 Tk
£
* 20
% 15
=2
3 10
g
al
10 pA 0
20s baseline TBOA

a2 10 pA

20s

Figure 4. Contents of spontaneously released GABAergic vesicles are reduced by TFB-TBOA
(A) A sample of GABAergic miniature IPSC (mIPSC) recording before, during, and after
washout of TFB-TBOA (200 nM). al and a2 show enlargements of the recording before and
during perfusion of TFB-TBOA, respectively. (B) Bar graphs show that mean (£SE)
frequencies (top) and amplitudes (bottom) of GABAergic mIPSCs were reduced by bath
perfusion of TFB-TBOA. * P < 0.05; ** P < 0.01.

J Neurochem. Author manuscript; available in PMC 2013 May 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Jiang et al.

Page 17

A o 120 1.0
% s rN.S.arN.SH
21007 H 0.8 _L
a | o
E 80 — ]
© © 0.6
g 60 ~
£ Q 04
T 40 §
S 2 0.2
—
o
NS 0.0
° IR oL
A\ QO A\ O
L X SN L0 KR SR
L DSENINRC(S
B 120
=5 ™
o _100{ "0 *
0 <L i
oo *
2= 80 i*
=n
2 60
=
(U-o—'
w— o 40
SHe)
X & 20
0
Q
& ¥ & &
& R N
X
X
Q

(&)
w
o

n=12 n=12
N —~ 25 **' .
z 3
e = 20
7]
Q3 * kK o
g © 15
g ? £
Q.
(o
9] S
T 1 < 5
0 0
baseline DHK baseline DHK

Figure 5. Selective inhibition of GLT-1 reduces GABAergic elPSCs and sIPSCs

(A) Bar graphs show that selective inhibition of GLT-1 with DHK (300 uM) significantly
and reversibly reduced the amplitude of electrically evoked GABAergic IPSCs (elPSCs)
(left) without altering the P2/P1 ratio (right). (B) In the presence of DHK (300 uM), the
percentage of inhibition induced by TPMPA (60 uM) on elPSCs was significantly stronger
than that induced by TPMPA in the absence of DHK. Mean (£SE) percentages of eIPSC
amplitudes during perfusion of TPMPA in the absence of DHK (the second bar to the left)
and in the presence of DHK (the far right bar). Amplitudes prior to TPMPA perfusion in the
absence (the far left bar) or presence of DHK (the second bar to the right) were used as the
baseline for calculating the percentages. (C) Selective inhibition of GLT-1 reduces
amplitudes and frequencies of spontaneous IPSCs (sIPSCs). Bar graphs show that mean
(xSE) frequencies (left) and amplitudes (right) of GABAergic sIPSCs were reduced by bath
perfusion of DHK. * P < 0.05; *** P < 0.01; n.s., no statistical significance.
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Figure 6. Selective inhibition of glutamine synthetase reduces the amplitude of electrically
evoked GABAergic IPSCs (ePISCs) without altering P2/P1 ratios

(A) The raw data show that bath perfusion of the glutamine synthetase inhibitor (MSO, 5
mM) reversibly reduced amplitudes of two GABAergic IPSCs evoked by paired pulse
stimuli (100 ms apart) without altering the P2/P1 ratio. (B) Bar graphs show that MSO
reduced mean amplitudes of electrical evoked GABAergic IPSCs, but did not alter the ratio.
* P <0.05; *** P < 0.01; n.s., no statistical significance.
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Figure 7. Selective inhibition of GLT-1 reduces amplitudes and frequencies of spontaneous
IPSCs

(A) A sample of GABAergic sIPSC recording before, during, and after washout of bath
perfusion of the glutamine synthetase inhibitor (MSO, 5 mM). al and a2 show enlargements
of the recording before and during perfusion of MSO, respectively. (B) Bar graphs show that
mean (xSE) frequencies (top) and amplitudes (bottom) of GABAergic sIPSCs were reduced
by bath perfusion of MSO. ** P < 0.01.
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