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OBJECTIVE Motor cortex stimulation (MCS) is a neurosurgical technique used to treat patients with refractory neuropathic pain syndromes. MCS activates the periaqueductal gray (PAG) matter, which is one of the major centers of the
descending pain inhibitory system. However, the neurochemical mechanisms in the PAG that underlie the analgesic
effect of MCS have not yet been described. The main goal of this study was to investigate the neurochemical mechanisms involved in the analgesic effect induced by MCS in neuropathic pain. Specifically, we investigated the release of
g-aminobutyric acid (GABA), glycine, and glutamate in the PAG and performed pharmacological antagonism experiments to validate of our findings.
METHODS Male Wistar rats with surgically induced chronic constriction of the sciatic nerve, along with sham-operated
rats and naive rats, were implanted with both unilateral transdural electrodes in the motor cortex and a microdialysis
guide cannula in the PAG and subjected to MCS. The MCS was delivered in single 15-minute sessions. Neurotransmitter
release was evaluated in the PAG before, during, and after MCS. Quantification of the neurotransmitters GABA, glycine,
and glutamate was performed using a high-performance liquid chromatography system. The mechanical nociceptive
threshold was evaluated initially, on the 14th day following the surgery, and during the MCS. In another group of neuropathic rats, once the analgesic effect after MCS was confirmed by the mechanical nociceptive test, rats were microinjected with saline or a glycine antagonist (strychnine), a GABA antagonist (bicuculline), or a combination of glycine and
GABA antagonists (strychnine+bicuculline) and reevaluated for the mechanical nociceptive threshold during MCS.
RESULTS MCS reversed the hyperalgesia induced by peripheral neuropathy in the rats with chronic sciatic nerve constriction and induced a significant increase in the glycine and GABA levels in the PAG in comparison with the naive and
sham-treated rats. The glutamate levels remained stable under all conditions. The antagonism of glycine, GABA, and the
combination of glycine and GABA reversed the MCS-induced analgesia.
CONCLUSIONS These results suggest that the neurotransmitters glycine and GABA released in the PAG may be
involved in the analgesia induced by cortical stimulation in animals with neuropathic pain. Further investigation of the
mechanisms involved in MCS-induced analgesia may contribute to clinical improvements for the treatment of persistent
neuropathic pain syndromes.
https://thejns.org/doi/abs/10.3171/2018.7.JNS173239
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the initial report by Tsubokawa et al. in 199138
indicating that motor cortex stimulation (MCS) produces analgesia in patients with poststroke thalamic
pain, MCS has gained notoriety for its effectiveness in
the treatment of chronic neuropathic pain syndromes.8,10
ince

MCS has since been used for the treatment of patients
with chronic pain resistant to conventional pharmacological treatments, despite the lack of a complete understanding of the mechanisms underlying the analgesic effect of
MCS.10,17 Pain syndromes treated with MCS include tri-
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geminal neuropathic pain, phantom limb pain, postherpetic neuralgia, poststroke pain, complex regional pain
syndrome, pain secondary to multiple sclerosis, and posttraumatic brain and peripheral nerve injury pain.8,10,32
The periaqueductal gray (PAG) matter plays a key role
in the descending pain inhibitory system, acting mainly
through the rostral ventromedial medulla (RVM) to inhibit nociceptive neurons in the dorsal horn of the spinal
cord.1,17,30 MCS elicits a substantial and selective antinociceptive effect by inhibiting thalamic sensory neurons and
disinhibiting the neurons in PAG, with the involvement
of the opioid system.7,18,30 The PAG receives inputs from
several brain areas, such as the thalamus, hypothalamus,
medulla oblongata, and spinal cord.1,18,27 The motor system
appears to be connected largely to the PAG since the motor cortex projects to the ventral and ventrolateral parts of
the PAG.1,11,27 Furthermore, experimental data have demonstrated that the motor cortex may be the most rostral
neuroaxis structure that is responsible for pain modulation.7,9,11,30
Endogenous opioids and cannabinoids can regulate
pain transmission by modulating the release of neurotransmitters in the PAG.15,20,21,34,43 The first report of
amino acids playing an important role in modulating
pain in the PAG was published by Sherman and Gebhart
in 1974;35 these investigators observed that a nociceptive stimulus induces a significant reduction in glutamate
levels in the PAG. Bearing in mind that glutamate is the
main excitatory neurotransmitter and that g-aminobutyric
acid (GABA) and glycine act as the main inhibitory neurotransmitters, a dynamic characterization of amino acids
is especially valuable for understanding the pain modulation system.6,13,15,31 Evidence is emerging that excitatory
and inhibitory amino acids play important functional roles
in the PAG and in other brain centers involved in pain
modulation.13,15,20,25 Although there is both clinical and experimental evidence that these amino acids are involved in
pain transmission,13,15,20,25,26,31,34 the mechanism underlying
the analgesic effect of MCS on neurotransmitter release in
the PAG remains unclear, and very little is known about
the functions of the amino acids in the modulatory system
of pain in the PAG.
This study was designed to investigate the neurochemical mechanisms involved in the analgesic effect induced
by epidural MCS in neuropathic pain. Concentrations of
GABA, glycine, and glutamate in the PAG of naive and
sham-operated rats and rats with surgically induced neuropathy, all subjected to MCS, were measured and, to
validate our findings, pharmacological antagonism was
performed through PAG microinjections of antagonists of
glycine, GABA, or a combination of glycine and GABA.
The results of this study may contribute to the elucidation
of the mechanisms of the analgesic effect of MCS, a phenomenon that is not fully understood.

Methods

Study Design
Two experiments were performed: assessment of amino acid levels in the PAG after MCS and determination
of whether the analgesia induced by MCS was reversed
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by the microinjection of antagonists of the neurotransmitters glycine and GABA in the PAG (Fig. 1). Prior to
experimentation and after a habituation period, the animals were randomly divided into control groups (naive or
sham rats) or neuropathic rats. In the second experiment,
just neuropathic rats were used. After randomization all
animals underwent behavioral nociceptive testing before
surgery, which provided baseline measurements that were
subsequently used to assess homogeneity between groups.
The day after nociceptive testing, animals in each group
were treated as follows: 1) subjected to surgically induced
chronic constriction injury (CCI) of the hind paw, which
led to peripheral neuropathy (CCI group); 2) subjected to
sham surgery (sham group); or 3) subjected to no surgical
intervention in the hind paw (naive group). Seven days after the surgical procedures, all groups underwent in a single procedure the implantation of stimulation electrodes
over the area of the motor cortex to be used for MCS and
cannulas in the PAG. Implantation was stereotactically
guided using predetermined coordinates. At the end of the
experiments, the rats were euthanized by transcardial perfusion and the brains were removed.
In the first experiment, to assess the amino acid levels in the PAG after MCS, 14 days after the induction of
peripheral neuropathy or sham surgery, animals were reevaluated with nociceptive testing before and during the
MCS. The next day, the animals (CCI, sham, and naive
group) were anesthetized, and the measurement of neurotransmitters was performed using the microdialysis
cannulas in the PAG before, during, and 30 minutes after
MCS. At the end of the experiment, after euthanasia and
brain removal, histological slices of the brain were made
and used to evaluate the targets of insertion of the microdialysis probe (Fig. 1A).
Following the assessment of amino acid levels, an
additional experiment was performed to evaluate if the
analgesia induced by the MCS could be reversed by
microinjection of antagonists of glycine, GABA, or the
combination of both antagonists. The CCI rats with epidural electrodes implanted over the motor cortex and
guide cannula target to the PAG were reevaluated in the
nociceptive test, before and during the MCS. Then, the
rats were randomly assigned to microinjection of saline
or a neurotransmitter antagonist (the glycine antagonist strychnine, the GABA antagonist bicuculline, or a
combination of antagonists of both glycine and GABA
[strychnine+bicuculline]). Thirty minutes after the microinjections, the rats were reevaluated with the nociceptive test during MCS. At the end of the experiment, after
euthanasia and brain removal, histological slices of the
brain were made and used for further analysis of the position of the cannula (Fig. 1B).
Animals
Sixty-three male Wistar rats weighing 170–190 g obtained from the animal facility of the University of São
Paulo were used as experimental subjects. Animals were
housed in polypropylene cages (40 × 34 × 17 cm) in groups
of 3 rats per cage for at least 1 week before the beginning
of the experimental procedures. The boxes, containing
wood shavings, were maintained in a room with a con-
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FIG. 1. A: Diagram of the study design for the amino acid evaluation. B: Diagram of the study design for the evaluation of the effects of the microinjection of antagonists of glycine, GABA, or a combination of both on the MCS.

trolled ambient temperature (22°C ± 2°C) and a 12/12hour light/dark cycle, and the animals received water and
rat chow pellets ad libitum. All experimental procedures
were conducted in accordance with the Animal Research
Reporting of In Vivo Experiments (ARRIVE)16 and the
guidelines for the ethical use of animals in research involving pain and nociception.46 This study was approved
by the Ethics Committee on the Use of Animals at Hospital Sírio-Libanês (protocol no. CEUA 2012/05) and the
University of São Paulo Medical School (protocol no.
CEUA 009/13).
Induction of Neuropathic Pain
For induction of neuropathic pain, peripheral neuropathy was induced through a CCI of the sciatic nerve
performed by placing 4 loose ligatures around the nerve
according to the method described by Bennett and Xie2

(additional details are provided in the Supplemental Material). In the animals in the sham group, the sciatic nerve
was exposed, but no constriction was performed.
Stimulation Electrode Implantation
One week after the induction of peripheral neuropathy
or sham surgery, the animals were deeply anesthetized
by intramuscular administration of ketamine (0.5 mg/kg)
and xylazine 2% (2.3 mg/kg) with local anesthesia of the
scalp with 2% lidocaine (0.5 ml/animal). Under stereotactic conditions, a pair of standard electrodes was implanted
through 2 small trepanations localized over the left motor cortex in the cortical area functionally related to the
right hind paw (1.0 mm rostral and 1.5 mm caudal to the
bregma and 1.5 mm lateral to midline), according to a previously established protocol.33 For additional information,
see the Supplemental Material.
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FIG. 2. Neurotransmitter collection. A: Photograph of a rat showing the guide cannula fixed to the skull and implanted in a caudal
position in relation to the location of the stimulation electrodes, thus allowing the coupling of cables for stimulation and insertion of
the microdialysis cannula appropriately and simultaneously. 1 = stimulation electrode; 2 = outlet conduit (dialysate); 3 = inlet tube
(perfusate); M1 = motor cortex. B: Schematic diagram of the motor cortex stimulation and collection of the microdialysis samples.
PS = poststimulation.

Microdialysis Guide Cannula Implantation
For in vivo microdialysis, a special guide cannula and
probe (CMA 12) were used. The microdialysis probe had
an exposed membrane of 2 mm in length and 0.5 mm in
diameter. The microdialysis guide cannula and the stimulation electrodes were concomitantly implanted under
stereotactic conditions (for additional information, see
the Supplemental Material). The microdialysis probe was
targeted to the PAG by use of the following coordinates
from the bregma according to the atlas:32 anteroposterior,
-7.8 mm; mediolateral, -0.7 mm; and dorsoventral, -6.4
mm. The implantation was performed in order to allow
coupling of the cables for stimulation and appropriate and
simultaneous insertion of the cannula microdialysis (Fig.
2A).
Microinjection Guide Cannula Implantation
During the same surgical procedure used for the electrode implantation, each animal was stereotactically implanted with unilateral stainless steel guide cannulas (17
mm, 24 G) targeted to the PAG according to the following
coordinates from the bregma based on the atlas:32 anteroposterior, -7.8 mm; mediolateral, -0.7 mm; and dorsoventral, -6.4 mm. At the end of the surgery, fixation was
performed with stainless steel screws and dental cement.
A stainless steel wire was placed into the guide cannula to
protect it from obstruction.
242

Drugs
Strychnine (Sigma Aldrich), an antagonist of glycine
receptors, and bicuculline (Sigma Aldrich), an antagonist
of GABA receptors, were used in the study. The strychnine and bicuculline were dissolved with artificial CSF
(buffer solution) to concentrations of 2 mM and 0.05 mM,
respectively, and the animals were tested 30 minutes after
the microinjection based on previously reported work.33
Drug Microinjection
For drug administration, the animals were microinjected with either saline, strychnine, bicuculline, or
strychnine+bicuculline. The saline or antagonists were
injected over a period of 2 minutes into the PAG (0.2 ml/
min) using an infusion pump (Harvard Apparatus). For
those animals administered strychnine+bicuculline, one
injection was performed after the other. This procedure
has already been used successfully by our group.23,24 For
additional information, see the Supplemental Material.
Determination of Mechanical Nociceptive Threshold
The nociceptive threshold was determined using a pressure apparatus on the right hind paw (EEF-440, Insight).
The test was carried out as follows: before surgery in all
3 groups (CCI, sham, and naive) to establish the baseline
nociceptive threshold of each animal (initial measure-
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ment); on the 14th day following the surgery to confirm
the neuropathic condition (final measurement); and after
15 minutes of MCS, while still under stimulation, to establish the effectiveness of MCS (MCS measurement). In
the microinjected group, an additional measurement was
evaluated 30 minutes after the microinjection of saline or
the antagonists and while undergoing MCS. For additional
information, see the Supplemental Material.
Motor Cortex Stimulation
After the surgical procedure for implanting the electrodes and microdialysis guide cannulas, the rats remained
under observation for 7 days of recovery. One week after
the surgical implantation, the MCS was delivered in a
single 15-minute session in accordance with the parameters described previously (1.0 V, 60 Hz, and 210 msec;
Medtronic).9,29 Delivery according to these parameters allowed an increase of the pain threshold without interfering
with the motor function of the animals.7,9,29 The rats were
randomly divided into sham and stimulated groups.
In Vivo Microdialysis
Animals were anesthetized by intramuscular administration of ketamine (0.5 mg/kg) and xylazine 2% (2.3
mg/kg), and the microdialysis stylet was replaced by the
microdialysis probe. The probes were irrigated with artificial CSF at a rate of 2.0 ml/min. After 90 minutes of
stabilization, the dialysis material was collected in 7 different samples. Initially, 3 samples were collected every
10 minutes corresponding to the baseline (BL) (BL1, BL2,
BL3). After collection of the basal samples, MCS was performed, using the parameters previously described, for 15
minutes. During the 15-minute stimulation period, one
sample was collected (S), and during the poststimulation
period (PS), 3 samples were collected every 10 minutes
(PS1, PS2, PS3), as summarized in Fig. 2B. The dialysates
were stored at -80°C prior to the analysis.
Amino Acid Analysis
The dialysis samples were analyzed blindly using highperformance liquid chromatography (HPLC) (Shimadzu,
Prominence UFLC). Quantification of the amino acids
was performed as previously described.41 For additional
information, see the Supplemental Material. The extracellular glutamate, glycine, and GABA levels in the dialysate
were expressed as pigograms per liter.
Histology
At the end of the experiments, the animals were euthanized. In this procedure they were deeply anesthetized with a xylazine and ketamine solution and perfused
through the left ventricle with 0.9% saline, followed by
4% paraformaldehyde dissolved in 0.1 M phosphate buffer (pH 7.4). The brains were then collected and cryoprotected in 30% sucrose for 48 hours at 4°C. For analysis,
the brains were sliced into coronal sections (30 mm) on a
freezing microtome.
Sharing of Resources and Data
The datasets generated and/or analyzed during the cur-

rent study are available from the corresponding author
upon reasonable request.
Statistical Analysis
The results are expressed as the mean ± standard error
of the mean (SEM). The data were analyzed with two-way
repeated measures ANOVA or one-way ANOVA, followed
by Tukey’s post hoc test. In addition, Pearson correlations
were performed. Statistical analysis was performed using
the GraphPad Prism software, version 4.02. In all tests, p
< 0.05 was considered statistically significant.

Results

MCS Effect on the Nociceptive Threshold
In the CCI rats, peripheral neuropathy promoted mechanical hyperalgesia compared with the control rats (interaction F(1,4) = 51.22; p < 0.05) (Fig. 3). MCS significantly
increased the nociceptive threshold in the CCI animals
compared to the initial and final measurements between
the groups (p < 0.05). The nociceptive threshold returned
to baseline when the paw pressure test was repeated 15
minutes after disconnection of cortical stimulation. There
was no significant difference in results for the naive and
sham animals (Fig. 3A).
Flowcharts of the Animals Used in the Procedure
For the microdialysis study, 33 animals were initially
included in the study, and at the end, 18 rats had finished
the experimental protocol: 5 naive, 5 sham, and 8 CCI rats
(Fig. 3B). The rats that did not complete the study (rats that
had lost the implant or were nonresponsive to the MCS)
were euthanatized. The final data included 10 measurements (3 nociceptive threshold measurements and 7 microdialysis samples) from each of the 18 rats that completed the protocol.
For the microinjection study (Fig. 3C), 30 CCI rats
were initially included and 19 animals finished the experimental protocol: saline group (n = 5), strychnine group (n
= 4), bicuculline group (n = 6), and strychnine+bicuculline
group (n = 4). Only the data from those 19 rats were included in the analysis.
Location of the Cannulas
The locations of the microdialysis probes and microinjection guide cannulas were evaluated. We observed
that the probes were located mainly through the lateral
and dorsolateral PAG. In some cases, a small portion of
the probes was partially located in the ventrolateral region of the PAG (Fig. 4A). The microinjection guide cannulas were targeted mainly to the lateral and dorsolateral
columns of the PAG (Fig. 4B). The animals in which the
probes were incorrectly located outside the PAG were excluded from further experimentation (Fig. 3B and C).
MCS Effect on Glycine, GABA, and Glutamate Levels in
the PAG
Our results demonstrated an increase in the glycine levels during MCS, PS1, and PS3 in the CCI group compared
to the naive and sham groups (F(2,24) = 96.99; p < 0.05)
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FIG. 3. A: MCS and nociceptive response. The nociceptive threshold was
evaluated in the right hind paws of the
rats with no surgical procedure (naive,
n = 7), with false surgery (sham, n = 11),
and with surgically induced peripheral
neuropathy (CCI, n = 13). CCI or sham
surgeries were performed in the right
paws, and cortical electrodes were
implanted in the left hemispheres of
all animals. The nociceptive test was
performed 1) before surgery (initial
measurement [IM]), 2) 14 days after
surgery (final measurement 1 [FM]), and
3) during MCS. #p < 0.05 compared to
IM; *p < 0.05 compared to FM; $p < 0.05
compared to all other groups. MCS did
not affect nociceptive threshold in naive
and sham animals, while CCI animals
showed a decrease in the nociceptive
threshold, which was readily reversed by
MCS. B and C: Flowcharts of animals
used in the 2 experiments, the microdialysis study (B) and the microinjection
study (C). Figure is available in color
online only.
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FIG. 4. Location of the microdialysis probes within the PAG. Histological localization of the PAG microdialysis sites in the rat coronal sections, redrawn from the Paxinos and Watson atlas (1998)32 at 4 representative rostrocaudal levels of the PAG, considering
the microdialysis cannula (A) and microinjection cannula (B). Most of the microdialysis sites were located in the dorsal and lateral
PAG. Figure is available in color online only.

(Fig. 5A). In addition, the CCI group showed an increase
in the GABA levels during MCS compared to the naive
and sham groups (F(2,24) = 106.65; p < 0.05) (Fig. 5B), while
glutamate levels in the PAG remained stable over all conditions in the 3 groups (F(2,24) = 0.19; p > 0.05) (Fig. 5C).
Pearson correlations were performed to analyze the nociceptive response of individual CCI rats to MCS and the
changes in the baseline of GABA, glycine, and glutamate.
There was a positive correlation for GABA (r2 = 0.49) and
glycine (r2 = 0.27) and no correlation for glutamate (r2 =
0.00). Specifically, the most important observation was
that animals with higher increases in the pain threshold
after MCS had higher amounts of GABA released.
MCS Effect After Microinjection of Saline or Antagonists of
Glycine, GABA, or Glycine and GABA
The nociceptive threshold evaluated during MCS was
reduced in rats microinjected with strychnine, bicuculline, or strychnine+bicuculline compared with rats microinjected with saline (F(1,3) = 101.47; p < 0.05) (Fig. 6A).
These data showed that microinjection of the antagonists
of glycine, GABA, or a combination of both reversed the
analgesic effect induced by the MCS.
All CCI rats were evaluated before and after surgical
neuropathic induction. The surgically induced CCI promoted hyperalgesia compared with initial measurement
(IM) and MCS significantly increased the nociceptive
threshold: saline (F(1,3) = 238.84; p < 0.05), strychnine
(F(1,3) = 516.08; p < 0.05), bicuculline (F(1,3) = 549.94; p

< 0.05), and strychnine+bicuculline (F(1,3) = 91.79; p <
0.05). The microinjection of strychnine, bicuculline, or
strychnine+bicuculline significantly reduced the nociceptive thresholds in comparison with MCS only, as can be
seen in Fig. 6B–E.

Discussion

In this study, we investigated the analgesic therapeutic mechanisms of MCS using in vivo microdialysis and
pharmacological microinjections focusing on the role of
neurotransmitter amino acids in the PAG. Our results suggest that glycine and GABA within the PAG contribute
to the antinociceptive effect of MCS. To our knowledge,
this is the first study to evaluate MCS-induced analgesia
based on the release and pharmacological antagonism of
those amino acids using in vivo microdialysis and microinjection techniques. Initially we demonstrated that the
experimental model was adequate by showing that MCS
induced analgesia in CCI rats, as observed by the reversion
of mechanical hyperalgesia, and that this effect ceased
when stimulation was switched off, a finding that is in accordance with those of previous studies of MCS in experimental models7,11,29,30 and chronic pain patients.8,10 These
observations reinforce the hypothesis that the primary
motor cortex is one of the most rostral structures in the
neuroaxis related to the pain modulating system and that
transdural stimulation induces analgesia in neuropathic
pain conditions. The neuroanatomical substrate for this
analgesic effect could be a direct connection between the
J Neurosurg Volume 132 • January 2020
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FIG. 5. Amino acid levels at baseline (BL1–3), MCS (S), and after stimulation (PS1–3) for the naive (n = 5), sham (n = 5), and CCI groups (n =
8); relative levels of glycine (A), GABA (B), and glutamate (C) according
to the microdialysis sampling in the PAG. #p < 0.05 compared to the
sham group; *p < 0.05 compared to the naive group. Figure is available
in color online only.

motor cortex and PAG,1,7,17,27,30 as illustrated in Fig. 7. The
MCS-induced analgesia activates the PAG, which in turn
activates the descending pain inhibitory pathways mainly
through the RVM, which projects directly into the spinal
cord dorsal horn.7,29,30,41
However, in our study, unlike previous studies,7,29,30,41
we did not observe a marked modulator effect of MCS in
naive rats. One possible explanation for this apparent inconsistency is that the control animals in the present study
could not be considered completely naive. Although these
246

animals had not undergone neuropathic pain induction,
they did receive the microdialysis cannula implantation
within the PAG, which according to our understanding is
highly involved in the pain control mechanism.
Electrophysiological and neuroimaging studies suggest
that the PAG plays a key role in the analgesia induced by
epidural MCS.17,29,30,41 The PAG presents distinct and opposing functions in the analgesic response since the naloxone opioid antagonist elevates the nociceptive threshold
induced by ventrolateral PAG (vlPAG) stimulation but not
by dorsolateral PAG (dlPAG) stimulation. The systems
formed by these portions of the PAG should work through
interactions between the PAG columns and their descendent systems.18,28 The existence of a cannabinergic painmodulatory mechanism within the dorsal and lateral PAG
that is regulated by GABA, glycine, and glutamate similarly to pain-modulatory mechanisms regulated by opioids
has been proposed.43
Since its early development in 1966,3 microdialysis
has become a valuable tool for measuring extracellular
substances in different regions of the central nervous system.3,19–21,34 Despite its usefulness, there are several limitations to the microdialysis technique. During diffusion
through the extracellular space, metabolism of the receptors and degradation of the neurotransmitters can modify
the amounts of the components that are collected through
the dialysate.3,19 Furthermore, depending on the area to be
analyzed, the microdialysis cannula size, membrane properties, and tissue damage during cannula insertion may
influence the results obtained and complicate data interpretation.3,19
Previous microdialysis studies have shown that glutamate is present at high basal concentrations in the spinal
cord and in brainstem-related nuclei such as the PAG and
RVM.20,34 In addition, differentially labeled receptors for
glutamate are present at high levels in the PAG.6,15 Variations in the extracellular levels and in the distributions of
all subtypes of glutamate binding sites in the PAG indicate
the role of glutamate in pain modulation.6 Moreover, microinjection of excitatory amino acids into the PAG activates
the descending pain inhibitory pathways.15 In this study,
we found that glutamate release remained unchanged in
the PAG microdialysates after MCS, even though glutamate was present at basal levels as previously reported.20,34
This finding may be related to the PAG region analyzed,
considering that the analgesic effect of glutamate is commonly described in vlPAG and that our microdialysis targets analyzed here were dorsomedial PAG, dlPAG, lateral
PAG, and vlPAG. It is well known that in neuropathic pain
models, glutamatergic neurotransmission in the vlPAG
may be crucial to induce a persistent reduction in the descending pain inhibitory system, which results in chronic
neuropathic pain.13 Additionally, our results also suggest
that glutaminergic neurotransmission in the PAG may not
be critical for MCS-induced analgesia.
Glycine may exert its inhibitory function through activation of specific postsynaptic receptors (GlyR) and an excitatory effect by acting as a coagonist of glutamate on the
activation of N-methyl-d-aspartate (NMDA) receptors.5,25
GlyRs are found mainly in dlPAG.5,26 Additionally, a common vesicular transporter for both glycine and GABA,
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FIG. 6. (A) The nociceptive threshold data after intra-PAG microinjection. The evaluation was performed 30 minutes after the
administration of saline, strychnine, bicuculline, or strychnine+bicuculline during MCS. For data from individual groups, the nociceptive threshold was evaluated in the right hind paws before the surgical manipulation (IM), after the induction of neuropathic pain
(FM), and during the motor cortex stimulation (MCS). Then 30 minutes after the microinjection of (B) saline (n = 5), (C) strychnine
(n = 4), (D) bicuculline (n = 6), or (E) strychnine+bicuculline (n = 4) into the PAG, CCI rats were reevaluated during MCS. #p < 0.05
in comparison with IM; *p < 0.05 in comparison with FM; **p < 0.05 in comparison with MCS; ***p < 0.05 in comparison with the
saline group. Figure is available in color online only.
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FIG. 7. Illustration showing the direct projections of the motor cortex to the ipsilateral PAG in the rat brain. CPu = caudate-putamen
complex; CS = corticospinal tract; M1 = primary motor cortex; M2 = secondary motor cortex.

which would be responsible for their costorage in the same
synaptic vesicle and subsequent corelease at mixed synapses of these inhibitory neurotransmitters, has been proposed. It has been hypothesized that GABA and glycine
are released by distinct populations of interneurons and
not jointly in the PAG.20 Glycine plays a key role in pain
modulation at supraspinal levels.25 Data obtained from
in situ hybridization and immunoreactivity studies indicate that glycine seems to play an important role in pain
processing in the PAG.5,31,33 In vivo microdialysis studies
have shown that inflammatory pain markedly increases
the glycine and glutamate levels and reduces GABA in the
PAG.31,39 However, microinjection of glycine in the dlPAG
induces antinociception in rats, and this effect is anatomically specific to dlPAG.25 Choi et al.5 reported that activation of presynaptic GlyR enhances glutamate release onto
PAG neurons and therefore provides an antinociceptive
function that is mediated by the PAG. However, glycine
has a dual role in pain control; low doses of glycine into
the dorsal PAG produce hyperalgesia, while high doses
produce antinociception, suggesting that in the dorsal
PAG, glycine produces facilitation or inhibition of nociception.26 In the present study, we observed an increase in
glycine release during and after MCS and that the MCSinduced analgesia effect was reversed by the microinjec248

tion of strychnine, an antagonist of glycine receptors, suggesting that glycine may be involved in the antinociceptive
effect induced by MCS. Some studies have demonstrated
that activation of glycine receptors increases the excitability of PAG neurons by enhancing excitatory glutamatergic
transmission;25 however, we did not observe an increase
in glutamate release during MCS, suggesting that glycine
may be involved in MCS-induced analgesia and that this
involvement is probably independent of glutamate action.
The amino acid GABA plays an important role in pain
regulation in the PAG. GABA interneurons are present
throughout the rostrocaudal extension of the PAG and may
account for approximately 36% of neuronal populations
in the vlPAG and dlPAG columns.34 At least two categories of GABAergic interneurons may exist in the PAG. The
first group generates a tonic control of projecting neurons,
and the second group acts on those GABAergic neurons
and, in turn, maintains projecting neurons under tonic inhibition.7 GABAergic terminals comprise almost 40% of
all axon terminals in the vlPAG, and approximately 50%
of PAG cells that are retrogradely labeled in the RVM
have GABA-immunoreactive synaptic inputs to their
soma and proximal dendrites.33,34,42,44 In the present study,
we observed an increase in GABA release during MCS, a
positive correlation between the MCS effect and GABA
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released, and the reversion of the analgesic effect after
GABA receptor antagonism, emphasizing that GABA is
essential for the modulation of analgesia, as previously described.36,40
Regarding the MCS effect, Pagano et al. showed that
MCS enhanced neuronal activation and decreased GABA
in the PAG, suggesting that MCS induced inhibition of
GABAergic interneurons, consequently activating the descending analgesic pathway leading to the antinociceptive
effect.30 However, the decrease in glutamic acid decarboxylase (GAD) expression that was previously shown30 was
observed in naive animals, without neuropathic pain. In
the present data, we observed an increase in the GABA
levels only in the CCI animals, whereas the naive and
sham rats did not show any change in GABA levels during
stimulation. The discrepancy between the studies could
have been attributable to differences due to plastic changes
during the induction of neuropathic pain in the nociceptive
circuitry, the time course of the evaluation, or the technical approach to the experimentation. Neuropathic pain is
characterized by molecular and biochemical neuroplasticity that could occur in the ascending and descending pathways.4 Considering the time course of evaluating histological sections, Pagano et al.30 have chosen to evaluate GAD
expression after 1 hour based on the peaks of expression of
transcription factor proteins.12 On the other hand, microdialysis enables immediate and local sampling and collection of GABA from the interstitial space.19,45 With regard
to the technical approach, although both studies focused
on cerebral chemical transmission, there is a difference in
the measurement methods required for immunostaining
for GABA versus microdialysis. Immunostaining markers
label GABAergic neurons, including different intracellular
pools, the cytoplasmic and vesicular GABA.42,44 Staining
GAD in the brain allows evaluation of the GAD inactive
reservoir from the cell bodies that could be activated when
additional GABA synthesis is required.14,22 An advantage
of using microdialysis is that this practical method evaluates dynamic changes in the extracellular space that offers
reliable measurements of GABA influenced by GABAergic afferents.19,37 The present findings illustrate the complexity of the local and expanded network of nociception
modulating transmitters and the key role of microdialysis
in evaluating this neurotransmission process.
Regarding the limitations of the present study, one
should consider that the PAG is a highly complex structure
with subdivisions that exhibit different and opposing functions, as demonstrated by both electrical and neurochemical studies; moreover, the same neurotransmitters, such as
glycine and glutamate, may produce diverse responses depending on the PAG regions where they operate.21,25,26,31 In
addition, the neurotransmitter collections were performed
with anesthetized animals, and the anesthetization may
have interfered with the release of the neurotransmitters,
as previously demonstrated.26 Our results suggest that the
amino acids glycine and GABA that are released in the
PAG may be involved in the analgesia induced by cortical
stimulation in animals with neuropathic pain. Due to technical labeling limitations, we were not able to determine if
the MCS induces morphological changes in the neurons.
Additionally, the mechanism underlying the increase in

the GABA and glycine levels induced by MCS is not completely clear, and more studies will be necessary to clarify
the possible relationship between MCS-induced analgesia
in neuropathic pain models and the GABA and glycine
modifications in the PAG.

Conclusions

A comprehensive understanding of the therapeutic
mechanism underlying the analgesic effect of MCS and
the role of glycine and GABA is of great interest because
it will help us to understand the modulation of pain transmission and may provide us with new treatment options
for chronic pain conditions.
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