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Growing evidence suggests that astroglia are involved in pain states, but no studies have tested their possible involvement in modulating
the activity of nociceptive neurons per se. This study has demonstrated that the central sensitization induced in functionally identified
nociceptive neurons in trigeminal subnucleus caudalis (the medullary dorsal horn) by application of an inflammatory irritant to the rat’s
tooth pulp can be significantly attenuated by continuous intrathecal superfusion of methionine sulfoximine (MSO; 0.1 mM), an inhibitor
of the astroglial enzyme glutamine synthetase that is involved in the glutamate– glutamine shuttle. Simultaneous superfusion of MSO and
glutamine (0.25 mM) restored the irritant-induced central sensitization. In control experiments, superfusion of either MSO or glutamine
alone, or vehicle, did not produce any significant changes in neuronal properties. These findings suggest that the astroglial glutamate–
glutamine shuttle is essential for the initiation of inflammation-induced central sensitization but that inhibition of astroglial function
may not affect normal nociceptive processing.
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Introduction
There is evidence that glia–neuron interactions are involved in
mechanisms underlying the development of chronic pain
(Watkins et al., 2001; Miller, 2005; Raivich, 2005; Watkins and
Maier, 2005; Araque, 2006; Woolf and Salter, 2006). These stud-
ies have especially focused on activation of microglia (Tsuda et
al., 2003, 2005; Inoue et al., 2004; Allen and Barres, 2005; Frank et
al., 2007; Zhang et al., 2007), but there is growing evidence that
astroglia may also be important (Watkins et al., 1997, 2001;
Sweitzer et al., 1999; Raghavendra et al., 2004; Tanga et al., 2004;
Haydon and Carmignoto, 2006; Qin et al., 2006; Lan et al., 2007).
Central sensitization is considered a crucial process underlying
the development of chronic pain states (Dubner and Basbaum,
1994; Sessle, 2000; Woolf and Salter, 2006), and we have recently
demonstrated that intrathecal application of fluoroacetate (FA),
a specific inhibitor of the metabolic enzyme aconitase, which is a
component of the tricarboxylic acid cycle in astroglia (Fonnum et
al., 1997; Schousboe and Waagepetersen, 2006), attenuates cen-

tral sensitization in functionally identified nociceptive neurons of
trigeminal subnucleus caudalis without affecting normal noci-
ceptive processing (Xie et al., 2007). Our findings are consistent
with the literature that glia may not play a significant role in
normal nociceptive processing but rather are contributing to
pathological pain states (Raghavendra et al., 2004; Watkins and
Maier, 2005).

Glutamate plays a major role in central sensitization (Dubner
and Basbaum, 1994; Sessle, 2000; Woolf and Salter, 2006), and
the glutamate– glutamine shuttle is a key process of astroglial
function. This shuttle includes the uptake of excessive extrasyn-
aptic glutamate and the production [via glutamine synthetase
(GS)] and release from astroglia of glutamine, which is then taken
up by neuronal elements to replenish the supply of glutamate
(Zwingmann and Leibfritz, 2003; Hertz, 2004; Hertz and Zielke,
2004; Fonseca et al., 2005). A potent inhibitor of GS in astroglia is
methionine sulfoximine (MSO), and its effects can be counter-
acted by glutamine application (Bacci et al., 2002; Blin et al., 2002;
Suarez et al., 2002; Shin et al., 2003; Gibbs and Hertz, 2005; Tan-
igami et al., 2005; Liang et al., 2006). However, only one study has
used MSO to investigate the involvement of astroglial GS in the
effects of noxious stimuli on glutamatergic receptor-related
events in astroglia (Muscoli et al., 2005), and no studies have
tested its effects on central sensitization in functionally identified
nociceptive neurons. Therefore, the aim of the present study was
to test whether intrathecal superfusion of MSO can attenuate
central sensitization induced in functionally identified caudalis
nociceptive neurons by application of an inflammatory irritant to
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the rat’s tooth pulp, and whether intrathecal superfusion of glu-
tamine can restore the central sensitization. Data have been partly
reported in abstract form (Chiang et al., 2006).

Materials and Methods
Animals. The experiments were performed in 44 anesthetized rats. The
methods used for animal preparation, stimulation, and neuronal record-
ing and classification were similar to those described previously in detail
(Chiang et al., 1998, 2005; Xie et al., 2007) and so will only be briefly
outlined here. Male Sprague Dawley adult rats (280 – 400 g) were anes-
thetized by a single intraperitoneal injection of a mixture of �-chloralose
(50 mg/kg) and urethane (1 g/kg). Then a tracheal cannula was inserted,
and the left external jugular vein was cannulated. To expose the pulp of
the right maxillary first molar, an occlusal cavity (�0.7 mm in diameter
and 0.6 – 0.8 mm in depth) was performed with a dental drill (Rotrex 780,
at a moderate speed) carrying a Carbide bur (0.5 mm in diameter).
During drilling, the cleaned molar occlusal surface was cooled 3–5 times
by the cotton pellet soaked with cooled saline. Then, the cavity was im-
mediately filled with a small piece of cotton pellet soaked with normal
saline. After the rat was placed in a stereotaxic apparatus, the caudal
medulla was surgically exposed, and the overlying dura and subarach-
noid membrane were removed. Just before the neuronal recording ses-
sion, a supplemental dose of urethane (200 –300 mg/kg, i.v.) was admin-
istered, and the rat was then immobilized with intravenous pancuronium
bromide [initial dose, 0.3– 0.4 ml of 1 mg/ml solution, followed by a
continuous intravenous infusion of a mixture of 70% urethane solution
(0.2 g/ml) and 30% pancuronium solution (1 mg/ml) at a rate of 0.4 – 0.5
ml/h] and artificially ventilated throughout the whole experimental pe-
riod. A deep level of anesthesia was confirmed periodically by the lack of
spontaneous movements and responses to pinching the paw when
pancuronium-induced muscle paralysis was allowed to wear off. Heart
rate, percentage expired CO2, and rectal temperature were constantly
monitored and maintained at physiological levels of 333– 430 beats/min,
3.5– 4.2%, and 37–37.5°C, respectively. All surgeries and procedures
were approved by the University of Toronto Animal Care Committee in
accordance with the regulations of the Ontario Animal Research Act
(Canada).

Recording and stimulation procedures. Single neuronal activity was re-
corded extracellularly by means of an epoxy resin-coated tungsten mi-
croelectrode. As the microelectrode was advanced with a rostral inclina-
tion of 23° into the right caudal medulla, 1.4 –2.0 mm lateral to the
midline and 1.5–2.0 mm behind the obex, stimuli (see below) were ap-
plied to the orofacial tissues to search for caudalis nociceptive neurons
receiving an orofacial sensory input. Neuronal activity was amplified,
displayed on oscilloscopes, and led to a window discriminator and an
analog-to-digital converter (CED 1401 plus; Cambridge Electronic De-
sign, Cambridge, UK) connected to a personal computer running Spike2
software (Cambridge Electronic Design), which digitized and stored the
triggered action potentials. Data were analyzed off-line with this same
software.

A wide range of mechanical (brush, pressure, and pinch), and noxious
thermal (radiant heat; 51–53°C) stimuli were applied to the orofacial
region to classify each neuron as low-threshold mechanoreceptive, wide
dynamic range (WDR), or nociceptive specific (NS) (Chiang et al., 1998,
2005; Xie et al., 2007). Only WDR and NS neurons were further tested in
this study. The average spontaneous activity in hertz of a nociceptive
neuron was determined over the initial 1 min (for NS neurons) or 5 min
(for WDR neurons) recording period. As outlined in our previous stud-
ies (Chiang et al., 1998, 2005; Park et al., 2001; Hu et al., 2002; Xie et al.,
2007), the cutaneous mechanoreceptive field (RF) of each WDR neuron
was determined by brushing the skin with a force �2 g; the cutaneous
pinch/pressure RF of each NS or WDR neuron was determined through
the use of a blunt probe and a pair of nonserrated forceps. A burst
response consisting of at least two spikes during each stimulus trial was
accepted as the criterion for the RF boundary of the neuron tested. Nox-
ious cutaneous stimulation was used sparingly so as to avoid damage to
the skin and the production of peripheral sensitization. A deep nocicep-
tive input was considered to occur only if application of the blunt probe

to the skin overlying muscle or bone evoked a neuronal response at a
mechanical threshold �5 g, but no response could be evoked by the wide
range of mechanical pinch or thermal stimuli applied to the skin itself
(Yu et al., 1993; Chiang et al., 1998, 2005). For WDR neurons, the acti-
vation threshold was defined as the von Frey nylon monofilament with
the lowest value (0.012 g) that elicited 1 or 2 spikes per trial in at least 5 of
6 trials. For NS neurons, the activation threshold to a mechanical stim-
ulus applied to the orofacial RF was assessed by a pair of force-
monitoring forceps (with an attached strain gauge that monitored force
levels up to 600 g/mm 2) or an electronic von Frey monofilament, and as
the mechanical force was gradually increased, the responses of the tested
neuron were monitored and recorded simultaneously by the use of the
Spike2 program (CED 1401 plus). The NS neuronal responses to four
incremental graded mechanical pinch stimuli with a force-monitoring
forceps or graded pressure by means of electronic von Frey monofila-
ment applications (e.g., 20 –25, 40 –50, 60 – 80, 100, and even 200 g, de-
livered in ascending order, each for 5 s at an interval of �45 s) applied to
the neuronal orofacial RF were determined, as described previously
(Chiang et al., 1998, 2005; Park et al., 2001; Hu et al., 2002; Xie et al.,
2007). The pinch/pressure-evoked responses of a given neuron were as-
sessed by summing the number of spikes evoked by each of these four
graded stimuli.

Chemicals. The chemicals used included allyl isothiocyanate (MO;
95%; Sigma-Aldrich, St. Louis, MO); L-MSO (0.1 mM; Sigma-Aldrich);
L-glutamine (0.25 mM; Sigma-Aldrich); PBS, pH 7.4, as vehicle (Sigma-
Aldrich). All chemicals except MO were freshly dissolved in PBS.

Experimental paradigm. As described previously (Chiang et al., 1998,
2005; Xie et al., 2007), MO was applied to the tooth pulp to evoke caudalis
central sensitization, which was reflected in an increase in spontaneous
activity, RF size, responses to noxious stimuli, and a decrease in mechan-
ical activation threshold. Three groups (PBS/MO, MSO/MO, and

Figure 1. Histologically confirmed neuronal recording sites in the MDH. The recording sites
of neurons in each of the groups were plotted separately onto a section of the caudalis medulla
at 5.3 mm behind interaural line. Note that the sites of all NS neurons and the majority of WDR
neurons were located in the deep laminas of trigeminal subnucleus caudalis; the remaining
three WDR neurons were located in the superficial laminas. Vc, Trigeminal subnucleus caudalis,
also termed MDH; Sp 5, trigeminal spinal tract.
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MSO�Gln/MO) of animals were studied, and a standard assessment of
neuronal spontaneous activity, mechanical activation threshold, orofa-
cial RF size, and pinch/pressure-evoked responses to the four graded
stimuli was performed periodically throughout the experiment. After
baseline values of neuronal properties were obtained, MSO (MSO/MO
group), MSO plus glutamine (MSO�Gln/MO group), or PBS (PBS/MO
group, as a control) was continuously superfused (i.t.) over the ipsilateral
medullary dorsal horn (MDH; at a rate of 0.6 ml/h). Five and fifteen
minutes after the commencement of the superfusion, two assessments of
neuronal properties were performed. Then, the saline-soaked cotton pel-
let was carefully removed from the molar pulp cavity and replaced with a
segment of dental paper point soaked with MO (0.2 �l). The cavity was
promptly sealed with CAVIT (ESPE, Seefeld, Germany) to prevent MO
from leaking out of the tooth and to ensure the chemical’s sustained
action on pulp afferents. Three minutes after MO application, the stan-
dard assessment of neuronal properties was repeatedly performed at 10

min intervals until 50 min, except for the threshold assessment of WDR
neurons that was performed at baseline, 15 min after MSO, glutamine, or
PBS superfusion, and 18 and 48 min after MO application. The chemical
intrathecal superfusion was terminated at the end of the experiment.
Because of its specific effect on GS, MSO is a toxic agent disturbing
astroglial function (Shaw and Bains, 1998; Shaw et al., 1999). In pilot
experiments, we found that superfusion of several doses (from 4 to 0.25
mM) of MSO produced strong depression of neuronal function, and only
the 0.1 mM dose appeared to be appropriate for long-term superfusion
over MDH without disturbing neuronal function (RF size, threshold,
and response) but still being able to attenuate the MO-induced central
sensitization. Thus, the 0.1 mM dose of MSO was used in this study.

In addition to these groups of animals, some other animals were used
in which the effects of continuous intrathecal superfusion of MSO alone,
glutamine alone, or glutamine followed by MO were tested. A protocol
similar to that in the above-mentioned experiments was used, except that

Table 1. Effects of intrathecal superfusion of MSO, MSO plus glutamine, or PBS on features of MO/pulp-induced central sensitization in MDH nociceptive neurons

Treatment Tactile RF (cm2) Pinch or pressure RF (cm2) Mechanical activation threshold (g)
Responses to graded
stimuli (sum of spikes)

PBS/MO experiments
NS neurons (n � 6)

Baseline value 0 1.9 � 0.6 99.3 � 38.6 36.1 � 5.8
Value 18 min after PBS 0 1.9 � 0.5 97.1 � 35.5 35.7 � 9.7
Value 18 min after MO 0.06 � 0.03* 4.9 � 0.9* 49.5 � 16.5* 129.5 � 40.8*
Value 48 min after MO 0 4.2 � 0.8* 83.8 � 30.4 87.3 � 45.8

WDR neurons (n � 6)
Baseline value 0.76 � 0.39 2.4 � 0.9 1.01 � 0.95
Value 18 min after PBS 0.84 � 0.45 2.5 � 0.9 1.01 � 0.95
Value 18 min after MO 1.03 � 0.35* 4.1 � 1.5* 0.07 � 0.05*
Value 48 min after MO 0.79 � 0.36 2.6 � 0.8 1.23 � 1.15

MSO/MO experiments
NS neurons (n � 6)

Baseline value 0 2.8 � 0.4 116.5 � 36.4 89.0 � 28.7
Value 18 min after MSO 0 3.0 � 0.3 94.5 � 25.5 63.8 � 11.6
Value 18 min after MO 0 2.9 � 0.3 112.5 � 28.4 53.8 � 15.6
Value 48 min after MO 0 2.6 � 0.4 113.5 � 29.7 44.8 � 13.2

WDR neurons (n � 6)
Baseline value 0.81 � 0.12 3.6 � 0.8 0.44 � 0.37
Value 18 min after MSO 0.78 � 0.19 3.4 � 0.8 0.44 � 0.37
Value 18 min after MO 0.68 � 0.23 3.4 � 0.7 0.33 � 0.23
Value 48 min after MO 0.52 � 0.16 3.1 � 0.7 0.44 � 0.37

MSO � Gln/MO experiments
NS neurons (n � 6)

Baseline value 0 3.0 � 0.8 101.7 � 23.7 122.7 � 28.7
Value 18 min after MSO

� Gln
0.02 � 0.02 3.4 � 0.9 99.0 � 30.9 128.7 � 29.5

Value 18 min after MO 0.43 � 0.27* 4.9 � 1.1* 73.5 � 21.7* 177.3 � 26.5
Value 48 min after MO 0.16 � 0.16 3.8 � 0.8* 99.5 � 21.6 146.3 � 37.1

WDR neurons (n � 6)
Baseline value 0.71 � 0.23 3.6 � 1.1 0.06 � 0.03
Value 18 min after MSO

� Gln
0.74 � 0.18 3.5 � 0.8 0.06 � 0.03

Value 18 min after MO 0.88 � 0.33 6.2 � 1.5* 0.02 � 0.01*
Value 48 min after MO 0.84 � 0.31 3.9 � 1.1 0.08 � 0.02

Statistical comparisons
NS neurons

MSO/MO vs PBS/MOa ns F(1,80) � 61.79; p � 0.001 F(1,80) � 16.9; p � 0.001 F(1,80) � 19.2; p � 0.001
MSO/MO vs MSO�Gln/

MOa
F(1,80) � 9.26; p � 0.01 F(1,80) � 21.90; p � 0.001 F(1,80) � 12.9; p � 0.001 F(1,80) � 5.53; p � 0.02

WDR neurons
MSO/MO vs PBS/MOa F(1,80) � 7.21; p � 0.01 F(1,80) � 10.34; p � 0.002 F(1,40) � 4.41; p � 0.05
MSO/MO vs MSO�Gln/

MOa
F(1,80) � 8.05; p � 0.01 F(1,80) � 14.98; p � 0.001 F(1,40) � 4.41; p � 0.05

All values are shown as mean � SEM. ns, Not significant. *p � 0.05 for comparison between the baseline value and values at the different time after chemical or PBS in each group (RM ANOVA or RM ANOVA on ranks, followed by Dunnett’s
test).
aTwo-way ANOVA results for comparison of all time points between MSO/MO and PBS/MO or MSO�Gln/MO groups.
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no MO was applied to the pulp after the chemical intrathecal superfusion
started. The standard assessment of neuronal properties was repeatedly
performed at 10 min intervals throughout a 50 min observation period.

Histological and statistical analyses. Recording sites were marked by
electrolytic lesions (anodal current of 8 �A for 13 s) and verified histo-
logically (Fig. 1). Data are reported as mean � SEM. Statistical analyses
were based on the normalized data (in percentage). Differences between
the baseline value and values at different postchemical (i.e., MO, MSO,
PBS, and MSO plus glutamine) time points in each group were treated by
repeated-measures ANOVA (RM ANOVA) or RM ANOVA on ranks,
followed by Dunnett’s test. Differences between the PBS/MO or
MSO�Gln/MO group and the MSO/MO group were treated by two-way
ANOVA followed by Bonferroni t test. The difference in incidence and
firing rate of spontaneous activity, in RF size, and in responses to graded
stimuli between NS and WDR neurons was treated by Fisher’s test and

Mann–Whitney U test, respectively. The level
of significance was set at p � 0.05.

Results
Forty-four functionally identified NS (n �
26) and WDR (n � 18) neurons respond-
ing to ipsilateral orofacial noxious stimu-
lation were studied. The majority of these
neurons were located in the deep laminas
of caudalis, and their recording sites are
shown in Figure 1. With the exception of
the eight NS neurons that were tested as
controls with MSO alone or glutamine
alone, comparisons of neuronal properties
at baseline were made between the NS
(n � 18) and WDR (n � 15) neurons lo-
cated in the deep laminas of caudalis:
WDR neurons had a characteristic tactile
RF with a very low mechanical activation
threshold and were significantly different
from the NS neurons in incidence of spon-
taneous activity (2 of 18 NS neurons vs 15
of 15 WDR neurons, respectively; p �
0.001, Fisher’s test) and basal spontane-
ously firing rate (0.08 vs 2.1 Hz, respec-
tively; p � 0.001, Mann–Whitney U test)
but not in pinch/pressure RF size ( p �
0.3). However, after MO application in the
PBS/MO group (see below), the peak in-
crease in pinch/pressure RF size between
the NS neurons (292 � 51%; n � 6) and
WDR neurons (197 � 39%; n � 6) was
significantly different ( p � 0.05; Mann–
Whitney U test).

Orofacial RF size
In the PBS/MO group, all six NS neurons
had at baseline an ipsilateral pinch/pres-
sure RF; most neurons had a dumbbell-
like shaped RF in tissues supplied by the
maxillary division of the trigeminal nerve
that involved the periorbital region, nose,
and vibrissal pad. MO application to the
pulp produced a significant, long-lasting
increase in RF size in all six neurons that
peaked at 18 –28 min and that expanded
into the trigeminal nerve’s mandibular di-
vision in three neurons ( p � 0.05) (Table
1, Figs. 2, 4A). In addition, soon after MO
application, a novel tactile RF appeared for

10 –20 min in three of the six neurons ( p � 0.05) (Fig. 4B). Five
of the six WDR neurons had at baseline an extensive ipsilateral
orofacial pinch/pressure RF involving the periorbital and peri-
oral regions; the remaining one neuron located in the superficial
laminas had an RF limited to the vibrissal pad. MO application
produced a significant increase in RF size in all six neurons ( p �
0.05) (Table 1, Figs. 3, 4A). The tactile RF of all six WDR neurons
was located within the boundary of the pinch/pressure RF; only
four of these neurons showed an increase in the tactile RF after
MO application ( p � 0.05) (Table 1, Figs. 3, 4B).

In the MSO/MO group, all six NS neurons had at baseline an
ipsilateral pinch/pressure RF involving the ophthalmic and/or
maxillary divisions of the trigeminal nerve (Fig. 2) that, except for

Figure 2. Examples showing MO-induced neuroplastic changes (central sensitization) in NS neurons after continuous intra-
thecal superfusion of PBS, MSO, or MSO plus glutamine over MDH. For each example, the pinch RF (top), activation threshold
(middle), and responses to pinch/pressure stimuli (bottom) are shown. Data at baseline, 8 –15 min after chemical or PBS super-
fusion (i.e., before MO application), and 18 –25 and 38 – 45 min after MO application of each NS neuron are arranged in columns
from left to right. Note that the NS neurons illustrated from both the PBS/MO and MSO�Gln/MO groups showed MO-induced
neuroplastic changes, whereas no such marked changes occurred in the NS neuron of the MSO group, indicating that simultaneous
superfusion of glutamine could restore the MO-induced neuroplastic changes in NS neurons. The cutoff (vertical) line shows the
activation threshold of a given neuron, and the neuronal discharges are displayed in an interspike instantaneous frequency
distribution. The unit responses to pinch/pressure stimuli (1–2 times threshold intensity) are also shown in the instantaneous
frequency distribution during the 5 s stimulation period. The black area indicates the pinch/pressure RF. RFt refers to that part of
the RF from which the neuron could be activated by tactile as well as pinch/pressure stimulation.

Chiang et al. • Glutamate–Glutamine Shuttle and Central Sensitization J. Neurosci., August 22, 2007 • 27(34):9068 –9076 • 9071



one neuron, remained unchanged after
MSO superfusion and MO application
( p � 0.05); no novel tactile RF was noted
in this group. The pinch/pressure RF and
the tactile RF of the six WDR neurons in-
volved mainly the maxillary and mandib-
ular divisions of the trigeminal nerve (Fig.
3) and remained unchanged after applica-
tion of both MSO and MO ( p � 0.1).
Overall, MSO pretreatment attenuated the
MO-induced increase in RF size in both
NS and WDR neurons ( p � 0.2– 0.7)
(Figs. 2– 4), and these effects were signifi-
cantly different from those in the PBS/MO
group ( p � 0.01– 0.001) (Table 1).

In the MSO�Gln/MO group, the six
NS neurons had at baseline an ipsilateral
pinch/pressure RF involving mainly the
trigeminal maxillary division. Although
MSO�glutamine superfusion did not af-
fect their RF size, MO application pro-
duced a long-lasting significant increase in
RF size ( p � 0.05) (Fig. 2, Table 1). A
novel tactile RF also appeared in five of the
six neurons for 10 –30 min after MO appli-
cation ( p � 0.05) (Table 1, Figs. 2, 4B).
The pinch/pressure and tactile RF of the
six WDR neurons involved mainly the tri-
geminal maxillary division (Fig. 3).
Whereas MSO�glutamine superfusion
produced a slight increase in both pinch/
pressure and tactile RF of the WDR neu-
rons, MO application produced a signifi-
cant increase in their pinch/pressure RF
but not in their tactile RF ( p � 0.05 and
p � 0.8, respectively) (Table 1, Fig. 4). The
two WDR neurons located in the superfi-
cial laminas, compared with the four WDR neurons in the deep
laminas, had only a mild expansion of pinch/pressure RF
(�150% of control) after MO application. Compared with the
MSO/MO group, the additional glutamine pretreatment signifi-
cantly restored the MO-induced pinch/pressure and tactile RF
expansion in both NS and WDR neurons in the MSO�Gln/MO
group ( p � 0.01– 0.001) (Table 1).

Mechanical activation threshold
In the PBS/MO group, the mechanical activation threshold of the
six NS neurons significantly decreased from baseline to 54% of
control after MO application ( p � 0.05) (Table 1, Figs. 2, 5A). In
the six WDR neurons, the threshold significantly decreased from
baseline to 62% of control after MO application ( p � 0.05) (Ta-
ble 1).

In the MSO/MO group, the activation threshold of the six NS
neurons and the six WDR neurons was not significantly altered
after MO application ( p � 0.8), indicating that the MSO pre-
treatment had significantly attenuated the MO-induced decrease
in threshold, compared with the PBS/MO group in the NS neu-
rons ( p � 0.001) (Table 1, Fig. 5A) and the six WDR neurons
( p � 0.05) (Table 1).

In the MSO�Gln/MO group, the activation threshold of the
six NS neurons did not significantly change after MSO plus glu-
tamine superfusion but significantly decreased to 70% of control
after MO application ( p � 0.05) (Fig. 2). The threshold of the six

WDR neurons also significantly decreased (to 49% of control)
after MO application. These data indicate that the additional
glutamine pretreatment had restored the MO-induced decrease
in threshold in the MSO�Gln/MO group, compared with the
MSO/MO group, in both NS neurons ( p � 0.001) (Table 1, Figs.
2, 5A) and WDR neurons ( p � 0.05) (Table 1).

Responses to graded pinch/pressure stimuli
In the PBS/MO group, the six NS neurons comprising this group
had a mean baseline response of 36.1 � 5.8 spikes, which re-
mained unchanged after PBS superfusion but significantly in-
creased to 410% of control after MO application ( p � 0.05)
(Table 1, Figs. 2, 5B).

In the MSO/MO group, the six NS neurons had a mean base-
line response of 89 � 28.7 spikes, which was slightly decreased at
the beginning of MSO superfusion but did not significantly in-
crease after MO application ( p � 0.8). Compared with the
PBS/MO group, the additional MSO pretreatment significantly
attenuated the MO-induced increase in responses ( p � 0.001)
(Table 1, Figs. 2, 5B).

In the MSO�Gln/MO group, the six NS neurons had a mean
baseline response of 122.7 � 28.7 spikes, which was only mildly
increased after MSO plus glutamine superfusion but was mark-
edly increased to 330% of control after MO application; however,
this increase was not significant, probably because of the response
variability of the individual neurons (Fig. 5B). Nonetheless, the
differences in pinch/pressure-evoked responses after MO appli-

Figure 3. Examples showing MO-induced neuroplastic changes (central sensitization) in WDR neurons after continuous intra-
thecal superfusion of PBS, MSO or MSO plus glutamine over MDH. For each example, the pinch and tactile RF (top) and a 25 min
period of the spontaneous activity are shown. Data for each WDR neuron at baseline, 8 –15 min after chemical or PBS superfusion
(i.e., before MO application), and 18 –25 and 38 – 45 min after MO application are arranged in columns from left to right. Note that
the WDR neurons illustrated from both the PBS/MO and MSO�Gln/MO groups showed MO-induced neuroplastic changes,
whereas no such marked changes occurred in the WDR neuron of the MSO group, indicating that simultaneous superfusion of
glutamine could restore the MO-induced neuroplastic changes in the WDR neuron. The neuronal spontaneous activity is displayed
in an interspike instantaneous frequency distribution. The black area indicates the pinch/pressure RF. RFt refers to that part of the
RF from which the neuron could be activated by tactile as well as pinch/pressure stimulation.
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cation between the MSO�Gln/MO and MSO/MO groups were
significant, suggesting that glutamine pretreatment had restored
the MO-induced increase in pinch/pressure-evoked responses in
the MSO�Gln/MO group, compared with the MSO/MO group
( p � 0.02) (Figs. 2, 5B, Table 1).

Spontaneous activity
In the PBS/MO group (six NS, six WDR), only one NS neuron
had low spontaneous activity (�0.07 Hz) at baseline; MO appli-
cation to the tooth pulp increased its activity to 25 Hz. MO also
produced a transient weak response in two other NS neurons. All
six WDR neurons had spontaneous activity (0.01–14 Hz); MO ap-
plication increased this activity to a higher level (0.02–29.7 Hz).
However, the changes in firing rates after MO application in either
group of NS or WDR neurons were not significant.

In the MSO/MO group (six NS, six WDR), only one NS neu-
ron had baseline spontaneous activity (1.3 Hz), and it increased
to 4.4 and 4.7 Hz after MSO superfusion and MO application,
respectively. All six WDR neurons had baseline spontaneous ac-
tivity (0.01– 0.5 Hz) that was unchanged in all but one after both
MSO and MO application. In either NS or WDR neurons, there
was no significant difference between the baseline and 18 min
post-MO activities. In comparisons between groups, there was no
significant difference between the MSO/MO and PBS/MO

groups in the NS neuronal activity, but the
spontaneous activity of the WDR neurons
was significantly lower in the MSO/MO
group than in the PBS/MO group ( p �
0.001; F(1,80) � 14.8).

In the MSO�Gln/MO group (six NS,
six WDR), none of the six NS neurons had
spontaneous activity at baseline. MO ap-
plication produced a low level of activity
(0.02– 0.1 Hz) in two neurons. All six
WDR neurons had low baseline spontane-
ous activity (�0.9 Hz). MO application
produced an increase in activity in all six
neurons; interestingly, the spontaneous
activity of the four neurons located in the
deep laminas increased to a much higher
level (up to 17 Hz) than that of the two neu-
rons in the superficial laminas (0.2–0.3 Hz).
However, probably because of the variability
between neurons in spontaneous activity,
the differences between the baseline and 18
min post-MO activities were not significant.
In comparisons between groups, there was
no significant difference between the
MSO�Gln/MO and MSO/MO groups for
the WDR neurons, but the spontaneous
activity of the NS neurons was significantly
different between the two groups ( p �
0.003; F(1,80) � 5.1). Examples of sponta-
neous activity of WDR neurons from the
above three groups are shown in Figure 3.

Effects of MSO or glutamine
In experiments in which six NS neurons
were tested with either MSO alone or glu-
tamine alone or glutamine followed by
MO application, there were no significant
changes in spontaneous activity, RF size,
mechanical activation threshold, or re-

sponses to graded stimuli during the 50 min of superfusion of
MSO or glutamine alone (all p � 0.2), and glutamine followed by
MO application did not interfere with the MO-induced central
sensitization.

Discussion
The present study is the first documentation that continuous
intrathecal superfusion of an inhibitor (MSO) of GS activity in
astroglia strongly attenuates central sensitization induced in
functionally identified nociceptive (WDR and NS) neurons in V
subnucleus caudalis (also termed MDH) (Dubner and Bennett,
1983; Sessle, 2000). Furthermore, this study has documented that
the MSO-mediated reduction in the MDH central sensitization
induced by application of the inflammatory irritant MO to the
tooth pulp can be restored by simultaneous intrathecal superfu-
sion of glutamine, which is a key component of the glutamate–
glutamine shuttle. No such effects were seen when PBS superfu-
sion (as control) in MDH preceded the MO application to the
pulp, consistent with our previous several findings that MO ap-
plication to the pulp produces MDH central sensitization re-
flected in increases in spontaneous activity, RF size, and re-
sponses to noxious stimuli and a decrease in mechanical
activation threshold induced by MO application to orofacial tis-

Figure 4. Changes in NS and WDR neuronal RF size induced by MO application to the tooth pulp after continuous intrathecal
superfusion of PBS, MSO, or MSO plus glutamine over MDH. Each group consists of six NS or six WDR neurons. A, Pinch/pressure RF.
In the PBS/MO group, MO application to the pulp produced significant increases in pinch/pressure RF size throughout the 50 min
observation period ( p � 0.005 and 0.001 for WDR and NS neurons, respectively, RM ANOVA; *p � 0.05, Dunnett’s test); in the
MSO/MO group, MSO superfusion strongly attenuated the MO-induced increases in pinch RF size ( p � 0.7 and p � 0.2 for NS and
WDR neurons, respectively, RM ANOVA), whereas in the MSO�Gln/MO group, the additional glutamine superfusion restored the
MO-induced effect ( p � 0.005 and p � 0.02 for NS and WDR neurons, respectively, RM ANOVA). B, Tactile RF. In the PBS/MO
group, MO application to the pulp produced significant increases in tactile RF size of WDR neurons ( p �0.05, RM ANOVA on ranks;
*p � 0.05, Dunnett’s test) and a transient appearance of novel tactile RF in some NS neurons ( p � 0.02, RM ANOVA; *p � 0.05,
Dunnett’s test); in the MSO/MO group, the MSO superfusion attenuated the MO-induced increases in tactile RF size of WDR
neurons ( p � 0.4, RM ANOVA) and prevented the appearance of novel tactile RF in NS neurons, whereas in the MSO�Gln/MO
group, the additional glutamine superfusion restored the MO effects in NS but not in WDR neurons ( p � 0.005 and p � 0.8,
respectively, RM ANOVA on ranks). There were significant differences between the PBS/MO and MSO/MO groups and between
MSO�Gln/MO and MSO/MO groups in both NS and WDR neurons ( p � 0.01– 0.001, 2-way ANOVA) (also see Table 1) ( #p �
0.05, Bonferroni t test, which reflects a significance difference in values at the same post-MO time point between two groups).
Arrows indicate the application time (at 0 min) of chemicals or PBS. Error bars represent SEM.
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sues, including the tooth pulp (Hu et al., 1992; Yu et al., 1993;
Chiang et al., 1998, 2005; Xie et al., 2007).

The present findings are also consistent with previous behav-
ioral and immunohistochemical studies (Watkins et al., 1997,
2001; Yeo et al., 2001; Piao et al., 2006; Lan et al., 2007), which
demonstrated that astroglia and microglia are involved in the
hyperalgesia induced by formalin application to the rat’s hind-
paw that can be attenuated by intrathecal administration of an
astroglial metabolic inhibitor (FA or fluorocitrate) (Watkins et
al., 1997; Lan et al., 2007). We have also recently shown that

application of FA blocks central sensitization induced by the ap-
plication of MO to the pulp in functionally identified nociceptive
neurons in the MDH (Xie et al., 2007). Furthermore, upregula-
tion of astroglial markers examined by immunostaining and re-
verse transcription-PCR assays has also been observed at the sub-
acute (4 h) and chronic (4 –14 d) phases of inflammation induced
by intraplantar injection of complete Freund’s adjuvant (Raghav-
endra et al., 2004), and similar findings were observed after tri-
geminal sensory nerve injury (Piao et al., 2006); however, in other
studies, immunohistochemical data indicative of spinal astroglia
activation were detected earlier than microglia activation and
occurred as early as 0.5–1 h after subcutaneous formalin injection
(Sweitzer et al., 1999; Qin et al., 2006).

Astroglia provide an array of supportive, nutritional, develop-
mental, and homeostatic functions to surrounding neurons and
can also modulate synaptic transmission (Allen and Barres, 2005;
Fitzgerald, 2005; Araque, 2006; Haydon and Carmignoto, 2006).
A key and specific process of astroglial function is the glutamate–
glutamine shuttle, which includes the uptake of the excess extra-
synaptic glutamate and the production (via astroglial enzyme
GS) and release from astroglia of glutamine, which is then taken
up by neuronal elements to replenish the supply of glutamate
(Zwingmann and Leibfritz, 2003; Hertz, 2004; Hertz and Zielke,
2004; Fonseca et al., 2005), which plays a major role in central
sensitization (Dubner and Basbaum, 1994; Sessle, 2000; Woolf
and Salter, 2006). In the spinal cord as well as the brain, GS exists
in astroglia and oligodendrocytes but not in neurons (Noren-
berg, 1979; Warringa et al., 1988; Cammer, 1990; Suarez et al.,
1997, 2002); however, some earlier radio-assay studies reported
that GS may also exist in cultured cortical neurons (Zwingmann
and Leibfritz, 2003). Although there is a lack of direct evidence for
altered astroglial GS activity in the spinal cord related to periph-
eral inflammatory events, recent studies have reported that GS
activity is increased in the white and gray matters of lumbar as
well as cervical enlargements 7 d after spinal cord injury in rats
(Benton et al., 2000). Furthermore, the injection of the inflam-
matory irritant capsaicin into the dorsal rump region signifi-
cantly increased the glial fibrillary acidic protein, colocalized with
GS immunoreactivity in the arcuate-median eminence of hypo-
thalamus (Okere and Waterhouse, 2004).

MSO has been widely used as a GS inhibitor in astroglia in
studies of hyperammonemia, memory consolidation, and sei-
zures, and its effects can be counteracted by glutamine applica-
tion (Bacci et al., 2002; Suarez et al., 2002; Gibbs and Hertz, 2005;
Tanigami et al., 2005; Liang et al., 2006). One recent study has
used MSO to examine the effect of inflammatory stimuli on ac-
tivation of GS in astroglia and found that GS activation is related
to glutamatergic receptor activation (Muscoli et al., 2005). Be-
cause GS exists in the MDH (Norenberg, 1979; Cammer, 1990),
the superfusion of MSO onto the brainstem overlying MDH as
perfused in the present study would directly target the GS activity
in MDH astroglia, and so the suppressive effect of MSO on MDH
central sensitization could be attributable to its action on astro-
glial GS function in the MDH. However, we cannot be certain of
the exact site of action of the superfused chemicals, and the use of
other techniques (e.g., microdialysis) will be needed to clarify the
exact site of action. Furthermore, because MSO (100 –300 �M)
application to cortical slices induces glutamate and glutamine
release and a sustained cortical neuronal depolarization, which
could be partially blocked by an NMDA antagonist (Albrecht and
Norenberg, 1990; Shaw et al., 1999; Zielinska et al., 2004), it is
possible that the MSO effects we have documented in the MDH
were caused by a direct action of MSO on MDH neuronal excit-

Figure 5. Changes in mechanical activation threshold and responses to graded mechanical
stimuli of NS neurons induced by MO application to the tooth pulp after continuous intrathecal
superfusion of PBS, MSO, or MSO�glutamine over MDH. Each group consists of six NS neurons.
A, In the PBS/MO group, MO application to the pulp produced significant decreases in threshold
during the 50 min observation period ( p � 0.001, RM ANOVA; *p � 0.05, Dunnett’s test); in
the MSO/MO group, MO application no longer produced decreases in threshold ( p � 0.8, RM
ANOVA); in the MSO�Gln/MO group, the additional glutamine superfusion restored the MO-
induced decreases in threshold ( p � 0.01, RM ANOVA). There were significant differences
between the PBS/MO or MSO�Gln/MO and MSO/MO groups (both p � 0.001, 2-way ANOVA).
B, In the PBS/MO group, MO application to the pulp produced significant increases in responses
during the 50 min observation period ( p � 0.002, RM ANOVA; *p � 0.05, Dunnett’s test),
whereas in the MSO/MO group, the MSO superfusion strongly attenuated the MO-induced
increases in responses ( p � 0.4, RM ANOVA). In the MSO�Gln/MO group, the additional
glutamine superfusion moderately reversed this attenuation. There were significant differences
between the PBS/MO or MSO�Gln/MO and MSO/MO groups ( p � 0.001 or p � 0.02, respec-
tively, 2-way ANOVA; #p � 0.05, Bonferroni t test). Arrows indicate the application time (at 0
min) of chemicals or PBS. Error bars represent SEM.
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ability. However, the present study used only a low dose of MSO
(100 �M), and there were no significant changes in nociceptive
neuronal properties during its superfusion alone, except for a
mild but nonsignificant increase in spontaneous activity or neu-
ronal responses to noxious stimuli in only three neurons. The
lack of any observed significant effects of MSO alone, in contrast
to our findings that it significantly attenuates MO-induced cen-
tral sensitization, suggests that its action on astroglial GS is not
evident in basal conditions but is apparent in hyperexcitable
states, consistent with findings by ourselves and others that glia
may not affect basal nociceptive processing but rather participate
in exaggerated pain states (Watkins and Maier, 2005; Xie et al.,
2007). It is also noteworthy that an excess of glutamine in the
CNS is involved in ammonia neurotoxicity (e.g., hyperammone-
mia and hepatic encephalopathy), possibly through its detrimen-
tal effects on mitochondrial function (Albrecht and Norenberg,
2006). The dose of glutamine superfusion (250 �M) used in the
present study was also selected at a level below the rat’s cerebral
basal interstitial concentration (385 �M) (Kanamori and Ross,
2004) to avoid neuronal excitation elicited by too high a dose of
glutamine, and control experiments with superfusion of glu-
tamine also resulted in no significant changes in MDH neuronal
properties.

Thus, given this and the earlier findings of MSO effects on
astroglial GS, we interpret our findings as indicative of the MSO
inhibition of astroglial GS and thereby modulation of the gluta-
mate– glutamine shuttle. Such a view is further supported by our
recent documentation that continuous intrathecal superfusion
over MDH of FA can also attenuate central sensitization in MDH
nociceptive neurons induced by MO application to the tooth
pulp (Xie et al., 2007). Whereas FA is a specific inhibitor of the
metabolic enzyme aconitase in the astroglial tricarboxylic acid
cycle (Fonnum et al., 1997; Schousboe and Waagepetersen,
2006), MSO affects the downstream consequences of astroglial
function by inhibiting the production and release of glutamine
from astroglia, which is essential for glutamatergic neurotrans-
mission in pathological pain states. Our FA and MSO studies
collectively represent the first documentation that the functional
integrity and metabolic activity of astroglia are essential for the
initiation of central sensitization in functionally identified dorsal
horn nociceptive neurons. Furthermore, these data as well as our
recent findings that MSO intrathecal administration can also re-
duce the central sensitization induced by chronic tooth pulp in-
flammation and inferior alveolar nerve transection (Hu et al.,
2006; Suzuki et al., 2007) indicate that astroglia may be intimately
involved in the maintenance as well as development of central
sensitization induced by inflammation and nerve injury.
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