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Abstract
Activation of the GABAA receptor results in inhibition of neuronal activity. One subunit of this
multi-subunit receptor termed alpha 6 (Gabrα6) contributed to inflammatory temporomandibular
joint (TMJ) nociception but TMJ disorders often include myofascial pain. To address Gabrα6 role
in myofascial pain we hypothesized that Gabrα6 has an inhibitory role in myofascial nociceptive
responses similar to inflammatory TMJ arthritis. To test this hypothesis a, myofascial nociceptive
response was induced by placing a ligature bilaterally on the tendon attachment of the anterior
superficial part of a male rat's masseter muscle. Four days after ligature placement Gabrα6
expression was reduced by infusing the trigeminal ganglia (TG) with small interfering RNA
(siRNA) having homology to either the Gabrα6 gene (Gabra6 siRNA) or no known gene (control
siRNA). After siRNA infusion nociceptive behavioral responses were measured, i.e., feeding
behavior and head withdrawal after pressing upon the region above the ligature with von Frey
filaments. Neuronal activity in the TG and trigeminal nucleus caudalis and upper cervical region
(Vc–C1) was measured by quantitating the amount of phosphorylated extracellular signalregulated
kinase (p-ERK). Total Gabrα6 and GABAA receptor contents in the TG and Vc–C1 were
determined. Gabrα6 siRNA infusion reduced Gabrα6 and GABAA receptor expression and
significantly increased the nociceptive response in both nociceptive assays. Gabra6 siRNA
infusion also significantly increased TG p-ERK expression of the ligated rats. From these results
we conclude GABAA receptors consisting of the Gabrα6 subunit inhibit TG nociceptive sensory
afferents in the trigeminal pathway and have an important role in the regulation of myofascial
nociception.

Keywords
pain; trigeminal ganglia; temporomandibular joint; GABA; myofascial

Introduction
The GABAA receptor can function to inhibit neuronal activity and is comprised of five
separate subunits, many of which have several isoforms, including the GABAA receptor
subunit alpha 6 (Gabrα6). Gabrα6 has recently been shown to be expressed in both neurons
and satellite glia of the trigeminal ganglia (TG) (Puri et al., 2011, 2012). The Gabrα6
positive neuronal cell bodies in the TG project axons to the temporomandibular joint (TMJ)
(Puri et al., 2011, 2012) and likely to the trigeminal nucleus caudalis and upper cervical
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region (Vc–C1) (Shigenaga et al., 1988). Orofacial pain, including TMJ nociception can be
affected by changes in neuronal activity within the TG and Vc–C1. These changes are
modulated, in part, by GABA receptor signaling (Ginestal and Matute, 1993; Kondo et al.,
1995; Almond et al., 1996; Cairns et al., 1999; Takemura et al., 2000; Cai et al., 2001;
Hayasaki et al., 2006; Anderson et al., 2009; Vit et al., 2009; Puri et al., 2012). Similarly,
nociceptive studies on the tooth have shown that GABAergic neurons are activated in the Vc
and trigeminal nucleus interpolaris (Vi) and that these neurons respond to GABAA receptor
modulators muscimol and bicuculline (Takemura et al., 2000; Wu et al., 2010).

A recent study demonstrated there was an association between Gabrα6 expression and
inflammatory TMJ nociception (Puri et al., 2012) but a large number of patients with TMD
have masticatory muscle pain (Harness et al., 1990; Stohler, 1999). To date the role of
Gabrα6 in myofascial nociception has not been studied. We hypothesized here that in
addition to its role in inflammatory TMJ nociception that the GABAA receptor also has an
inhibitory role in modulating myofascial nociception. To address this hypothesis we utilized
a recent myofascial hypersensitivity model that induced nociception by placing a ligature
around the tendon attachment of the anterior superficial part of a rat's masseter muscle (Guo
et al., 2010). After ligature placement Gabrα6 expression was knocked down in the TG by
small interfering RNA (siRNA) infusion and orofacial nociception was quantitated by
measuring changes in feeding behavior and in response to the application of graded von
Frey filaments to the region above the ligated muscle tendon (Guo et al., 2010; Puri et al.,
2012). GABAA receptor levels in the TG and the Vc were determined by performing a
Western blot for the β1, β2 and β3 subunits (Schofield et al., 1989; Ymer et al., 1989;
Connolly et al., 1996). Western blot analysis was also utilized to measure expression of
GABAA receptors containing the α6 subunit and to determine neuronal activity by
measuring phosphorylated extracellular signal-regulated kinase (p-ERK) expression
(Shimizu et al., 2006; Suzuki et al., 2007; Liverman et al., 2009).

Experimental Procedures
Animal care and welfare

All animal experiments were approved by the Texas A&M Health Science Center Baylor
College of Dentistry Institutional Animal Care and Use Committee in accordance with the
guidelines of the Office of Laboratory Animal Welfare, the USDA and National Research
Council's “Guide for Care and Use of Laboratory Animals”. Male Sprague–Dawley rats
(275– 300 g) were purchased from Harlan Industries, Houston, TX. Upon arrival the animals
were housed individually in a temperature-controlled room (23 °C) under a 14/10-h light/
dark cycle with lights on at 6:00 AM. The rats were given chow (Harlan Industries) and
water ad libitum. The rats were acclimated to their surroundings for at least 3 days before
cannulation surgery, see timeline in Table 1 for outline of experimentation.

Guide cannula placement surgery
Rats were anesthetized with a mixture of ketamine (75 mg/kg) and xylazine (0.5 mg/kg)
injected intramuscularly (Bellinger and Tillberg, 1997). Guide cannulas (22 GA, Plastics
One Inc, Roanoke, VA, USA) were stereotaxically (David Kofp Instruments, Tujunga, CA,
USA) placed in the TG bilaterally using coordinates 4.3 mm posterior of Bregma, 3.4 mm
lateral of the midline at a depth of 9.5–10.3 mm from the dura (Paxinos and Watson, 2007).
Stereotaxic coordinates were established in a preliminary trial by injecting India ink through
the cannulas followed by a postmortem histological examination and in all animals cannula
placement was confirmed by X-ray (Puri et al., 2012).
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Nociception testing using meal duration assay
Six days after cannulation (Table 1) the rats were housed individually in sound-attenuated
chambers equipped with photobeam computer-activated pellet feeders (Med Assoc. Inc.,
East Fairfield, VT, USA) and given 45-mg rodent chow pellets (Product No. FO 165,
Bioserv, Frenchtown, NJ, USA). When a rat removed a pellet from the feeder trough, a
photobeam placed at the bottom of the trough was no longer blocked, signaling the computer
to drop another pellet. The computer recorded the date, recorded the time and kept a running
tally of the total daily food consumption. In these analyses, a meal was defined using a 10-
min end of meal criterion (i.e., a meal was bracketed before and after by a 10-min period of
no pellets being taken) and the minimum meal size was set at 135 mg [i.e., three pellets]
(Castonguay et al., 1986). Meal duration was then calculated using proprietary and Med
Associate computer programs. We have previously shown in male and female rats that meal
duration can be used as a non-invasive biological marker for TMJ nociception for up to 19
days (Kerins et al., 2003, 2004; Bellinger et al., 2007; Kramer et al., 2010) and for pulp pain
(Kramer et al., 2012). Changes in meal duration are the result of deep nociceptive responses,
most likely from muscles that function in the mastication process. Patients experiencing
TMJ pain also have longer chewing cycles and the cycle length is attenuated when TMJ pain
is diminished (Hansdottir and Bakke, 2004; Bakke and Hansdottir, 2008; Pereira et al.,
2009). The lengthening of meal duration during TMJ pain is a “guarding behavior”, which
can be argued is an operationally defined nociceptive behavior (Sternberg and Wachterman,
2000). Ten animals were included per treatment group in this assay and these same animals
were tested with the filament assay shown below.

Nociception testing using filaments
A series of calibrated von Frey filaments were applied to the skin of sham and ligated rats
above the tendon attachment of the anterior superficial portion of the masseter muscle on
specific days (Table 1). A withdrawal of the head after contact with the probing filament
was defined as a response. Each von Frey filament was applied five times at intervals of a
few sec. The response frequencies (EF50) were calculated as described previously (Guo et
al., 2010). Briefly, the response frequencies [(number of responses/number of stimuli) ×
100%] to a range of von Frey filament forces were determined and a stimulus–response
frequency curve was plotted. After a non-linear regression analysis, the half maximal
response [i.e., EC50 values calculated by Prism 5.0 software (GraphPad, Inc.), here termed
EF50] value was derived from the stimulus response curve. We used the EF50 values as a
measure of mechanical sensitivity. A smaller EF50 value indicates greater sensitivity and a
larger value less sensitivity. Filament testing reflects deep hyperalgesia, because previous
work has shown that lidocaine injections into the deep tissue surrounding the ligature
attenuate hyperalgesia, whereas lidocaine injection into the overlying skin had no effect
(Shimizu et al., 2009; Guo et al., 2010). Ten animals were included per treatment group.
These 10 animals were in the feeders (to measure meal duration) and were briefly removed
for filament testing, thus filament tests were performed on the same animals in which we
obtained the meal duration data.

Ligature surgery
Rats were anesthetized with ketamine and xylazine as stated above. Two 4.0 chromic gut
ligatures, spaced >3.0mm apart, were placed around the tendon of the anterior superficial
portion of the masseter muscle (Guo et al., 2010). Surgical access to the tendon was from the
interior of the mouth. The incision in the mouth was closed with a single 5.0 polyglycolic
acid suture using a 13-mm 3/8 needle. Sham-operated rats received the same surgery, but the
tendon was not ligated.
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Trigeminal ganglion infusions
Rats were anaesthetized with 5% isoflurane and infused bilaterally with 5 μl of control or
siRNA solution over a 5-min period using an infusion pump (KDS Model 310 Plus,
Holliston, MA). Gabrα6 siRNA (2.5 μg) or control siRNA (2.5 μg) (Invitrogen, Carlsbad,
CA) was mixed with linear polyethyleneimine (PEI) (in vivo JetPEI, Cat# 201–10, PolyPlus
Transfection, Illkirch, France) to increase the transfection efficiency (Boussif, 1995). The
ratio of cationic PEI amines (N) to nucleic acid phosphates (P) was N/P = 6. This amount of
siRNA and PEI was based on a previous study where siRNA knockdown was performed in
vivo (Kramer et al., 2010).

The control siRNA had no homology to any known gene and was identified as Silencer
Negative Control #1 siRNA (5′-AGUACUGCUUACGAUACGGtt-3′, 5′-
CCGUAUCGUAAGCAGUACUtt-3′) and the Gabrα6 siRNA sequence was sense (5′-
GGAACGAUCCUGUACACCAtt-3′), anti-sense (3′-
UGGUGUACAGGAUCGUUCCat-5′). Animals were alert and mobile less than 5 min after
removal from isoflurane.

Western blot analysis
Three days following infusion (Table 1) the rats were anesthetized with carbon dioxide gas
and quickly decapitated. The TG from each rat just rostral of V1 and 2 mm caudal of V3
was dissected after removal of the brain. A slice of caudal brainstem was also collected from
a tissue block that included a 2-mm segment beginning 5 mm caudal to the obex. This tissue
block included the caudal laminated (Vc) and upper cervical spinal cord (C1). The tissue
block was turned coronally and the upper Vc–C1 was harvested using a 15-gauge needle as
a punch. The tissue was then homogenized in 300 μl of T-Per tissue protein extraction
reagent containing Halt Protease Inhibitor (Thermo Scientific, Rockford, IL, USA). The
homogenates were centrifuged at 20,200g for 10 min at 4 °C. The supernatant was removed.
Total protein was determined in each sample using a BCA protein assay (Thermo Scientific)
and 15 μg of total protein was loaded into each well of a 4– 12% Bis-Tris acrylamide gel
(Invitrogen). The gel was electrophoresed at 200 V for 35 min and the proteins were
transferred to a polyvinylidene fluoride (PVDF) membrane (Bio Rad, Hercules, CA, USA).
The membrane was rinsed in Tris-buffered saline containing 0.1% Tween-20 and then
blocked for 1 h in this buffer containing 5% milk. After three more rinses the membranes
were placed in the block solution with either an antibody against (1) Gabrα6 (1:2000) or (2)
GABAA receptor subunit beta - Gabrβ1 (1:2000) or (3) Gabrβ2 (1:1000) or (4) Gabrβ3
(1:2000) or (5) against p-ERK (1:2000) or (6) against β-actin (1:2000). These rabbit
polyclonal antibodies were obtained from either Millipore (Billerica, MA, USA) or Cell
Signaling Technology (Danvers, MA, USA). The membranes were probed with: (1) with
anti-Gabrα6, stripped (Re-blot Plus Mild, Millipore) (2) probed with anti-Gabrβ1, stripped;
(3) probed with anti-Gabrβ2, stripped; (4) probed with anti-Gabrβ3, stripped; (5) probed
with anti-p-ERK; and (6) stripped again and probed with anti-β-actin. For each antibody an
overnight incubation at 4 °C was completed, the membranes were rinsed three times and
then incubated with a horse radish peroxidase (HRP)-conjugated goat anti-rabbit antibody
(1:500, Cell Signaling) at room temperature for 90 min. After incubation in this second
antibody the membranes were rinsed three times and reacted with the ECL Plus Western
Blotting Detection System (GE Healthcare). After exposure of the membrane to the film and
development of the film, the bands were quantitated with Image J software. An area and
mean value were multiplied to obtain the optical density of the band. Values were reported
as a ratio of the optical density of the protein band of interest (i.e., Gabrα6, Gabrβ or p-
ERK) divided by the optical density of the β-actin band. Controls in which the primary
antibody was not included showed no signal (data not shown). The TG was isolated from 10
animals per treatment group. The C1 region was not isolated from all animals as a result of
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technical difficulties thus the Vc–C1 was isolated from three animals per treatment group.
Previous studies showed pre-absorption of the Gabrα6 antibody with a Gabrα6 peptide
resulted in elimination of the Gabrα6 specific band (Puri et al., 2012).

TG collection, tissue processing and immunofluorescence
After removal of the TG, one ganglion was used for Western blot analysis (see above), three
ganglia were randomly chosen from each treatment group for sectioning and staining and
were placed in 5% paraformaldehyde fixative and later stored in a 25% sucrose solution.
Fixed TG were sagittally cut at a thickness of 24 μm on a cryostat. The sections were stored
in 25% sucrose until used. Immunohistochemistry was completed on floating sections by
first quenching 30 min with 0.3% hydrogen peroxide followed by three 20-min phosphate-
buffered saline (PBS) rinses and a 1-h blocking step (PBS, 5% normal goat serum, 0.3%
Triton X-100). Following three rinses in PBS, the sections were incubated overnight at 4 °C
with the primary antibodies in a solution of PBS, 1% bovine serum albumin (BSA) and
0.3% Triton X-100. The primary monoclonal antibodies included a mixture antineuronal
marker NeuN (1:1000, Millipore) and a rabbit polyclonal antibody against p-ERK (1:500,
Cell Signaling Technology). After the overnight incubation with primary antibodies the
slides were rinsed three times in PBS followed by a 2-h incubation step with fluorescently
tagged secondary antibodies (PBS, 1% BSA, 0.3% Triton X-100). The secondary antibodies
included a mixture of goat anti-rabbit 488 and a goat anti-mouse 633 from Invitrogen. After
incubation with the secondary antibodies the sections were rinsed again three times in PBS,
placed on slides and the sections were mounted with fluoromount-G medium (Southern
Biotech, Birmingham, AL, USA). Images were captured using a Nikon epifluorescent
microscope and a Photometrics CoolSnap K4 CCD camera (Roper Scientific, Inc, Duluth,
GA, USA). Nikon Imaging Software-Elements (Melville, NY) controlled the camera.
Controls in which the primary antibody was not included showed no signal (data not
shown).

Statistical analysis
Meal duration and body weight data were analyzed (ABstat software, V1.94 or Graph Pad
Prism version 5.0, Graph Pad, San Diego, CA, USA) by a three-way analysis of variance
(ANOVA) with the independent variables being the control siRNA or Gabrα6 siRNA
infusion, sham or ligature surgery and the day of treatment. The dependent variable was
meal duration or body weight. Further analysis of the dark meal duration was completed by
a three-way ANOVA using the dependent variable of meal duration and the independent
variable treatment (i.e., Ligature/control siRNA group, Ligature/Gabra6 siRNA) and days
(i.e., Lig +5/siRNA +2 and Lig +6/siRNA +3). Statistical significance was further analyzed
with a Duncan or Bonferroni post hoc test. Filament data were analyzed using the Mann–
Whitney U test. Western data were analyzed by a two-way ANOVA. The independent
variables included the control siRNA or Gabrα6 siRNA infusion and sham or ligature
surgery. The dependent variable was optical density ratio. Data with p < 0.05 were
considered significant. All values were presented as mean ± SEM (standard error of the
mean).

Results
Gabrα6 knock-down in the TG increased the nociceptive response

The dark phase meal duration (Fig. 1) significantly increased on days Lig +1, Lig +2, Lig
+3, Lig +4 Lig +5 and Lig +6 in both the Ligature/control siRNA group and the Ligature/
Gabrα6 siRNA-infused group when compared to their respective non-ligatured groups (see
Table 1 for days). At 24 h following TG infusion (i.e., Lig +4/siRNA +1) there was no
difference in dark meal duration between the Ligatured/Gabrα6 siRNA-infused group and
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the Ligatured/control siRNA-infused group (Fig. 1). However, at both 48 (Lig +5/siRNA
+2) and 72 h (Lig +6/siRNA +3) the dark meal duration of the Ligature/control siRNA-
infused group was significantly reduced compared to the Ligature/Gabrα6 siRNA-infused
group (Fig. 1).

In filament tests the ligated groups displayed significantly greater sensitivity (a decrease
EF50) than the sham-operated rats (Fig. 2). TG Gabrα6 siRNA infusion significantly
enhanced the sensitivity of the ligatured rats compared to the control siRNA-infused
ligatured animals. The data are comparable to the meal duration finding.

Body weight after treatment
Body weight of the animals was not significantly affected by either ligature surgery or
siRNA infusion (Fig. 3).

Knock-down of Gabrα6 decreased GABAA receptor levels in the TG and Vc–C1

Gabrα6 expression was significantly decreased in the TG 72 h after infusion of the Gabra6
siRNA in both sham and ligatured rats (Fig. 4). We also quantitated expression of Gabra6 in
the Vc–C1 because primary afferents projecting from the TG can terminate in the Vc–C1
region (Marfurt, 1981; Jacquin et al., 1983; Pfaller and Arvidsson, 1988) and we aimed to
determine if any changes were occurring on the terminals of these primary afferents. In the
non-ligatured groups Gabrα6 levels in the Vc–C1 were not affected by Gabrα6 siRNA
infusions. On the other hand, ligation increased Gabrα6 levels, whereas infusion with
Gabrα6 siRNA returned Gabrα6 to a baseline level (Fig. 5).

α and β subunits are necessary for a functional GABAA receptor and the β subunit consists
of three isoforms Gabrβ1, β2 and β3 (Schofield et al., 1989; Ymer et al., 1989; Connolly et
al., 1996). By quantitating the amount of the three β subunits (Fig. 6) we expected to
determine changes in the total amount of GABAA receptor (Nusser et al., 1999). Thus,
GABAA receptor levels in the TG and Vc–C1 were determined by performing a Western
blot for the Gabrβ1, β2 and β3 subunits for each treatment group. While Gabra6 siRNA
infusion did not change TG Gabrβ1 (Fig. 6A) it did significantly decrease both Gabrβ2 and
Gabrβ3; the latter only in the ligatured group (Fig. 6C, E). In the Vc– C1 there was no
significant change in the levels of either Gabrβ1 F(1,9) = 0.10, n.s., p ≥ 0.75 or β2 F(1,9) =
0.07, p ≥ 0.79 or β3 F(1,9) = 1.70, p ≥ 0.22 to ligation or siRNA infusion.

Increased neuronal activity after knock-down of the Gabrα6 subunit
p-ERK is widely used as a marker for neuronal activation in both the TMJ and tooth pulp
models (Shimizu et al., 2006; Suzuki et al., 2007; Liverman et al., 2009). p-ERK was
observed in NeuN positive neurons of the TG (Fig. 7A, B). p-ERK expression significantly
increased in the TG of ligated rats as compared to the non-ligated group (Fig. 7C, D). p-
ERK expression was further significantly increased with a combination of ligature and
infusion with Gabrα6 siRNA (Fig. 7C, D).

In the Vc–C1 ligation significantly enhanced p-ERK expression but Gabrα6 siRNA infusion
had no further effect (Fig. 8).

Discussion
siRNA with Gabrα6 sequence was taken up by cells in the TG and reduced Gabrα6
expression within the TG (Puri et al., 2012). This Gabrα6 siRNA treatment also reduced
Gabrα6 expression in the Vc–C1 region after ligature. Note: primary afferents projecting
from the TG cells terminate in the Vc–C1 region (Marfurt, 1981; Jacquin et al., 1983; Pfaller
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and Arvidsson, 1988). A decrease in Gabrα6 expression within the cell bodies of the TG
should result in a decrease in Gabrα6 expression in the primary afferent terminals located in
the Vc–C1 region since GABAA receptor protein from the TG transports to the afferent
presynaptic terminals in the Vc–C1, as demonstrated by the fact that presynaptic terminals
contain functional GABAA receptors (Grudt and Henderson, 1998).

Ligation of the tendon alone did not alter Gabrα6 expression in the TG, similarly TMJ
inflammation does not significantly alter Gabrα6 expression in the TG (Puri et al., 2011,
2012). Ligation did increase Gabrα6 expression in the Vc–C1 region. This contrasts work
involving nerve ligation which reduced GABAA receptor expression in the dorsal root
ganglia (Fukuoka et al., 1998). On the other hand peripheral inflammation was shown to
increase expression of GABAA and GABAB receptors in the dorsal horn (Castro-Lopes et
al., 1992, 1994; McCarson and Enna, 1999). GABA binding in the dorsal horn also increases
in the presence of inflammation (Castro-Lopes et al., 1995), suggesting that changes in
GABAA receptors expression are different in TG and spinal cord and technique specific, i.e.,
nerve ligation versus inflammation. Thus the different methods for inducing the nociceptive
response could modulate Gabra6 expression differently and one must carefully evaluate the
method for inducing pain in determining the role of the GABAA receptor.

Gabrα6 knock-down increased nociceptive responses
Meal duration and von Frey measurements indicated greater sensitivity following Gabrα6
siRNA infusion of ligatured rats, reflecting involvement of Gabrα6 in nociception. Since the
meal duration of the non-ligatured Gabrα6 siRNA-infused group did not differ from the
non-ligatured control siRNA group it shows infused Gabrα6 siRNA by itself does not affect
meal duration, i.e., nociception. These data show TG Gabrα6 siRNA infusion increased the
nociceptive response of the ligatured animals. We recently demonstrated that there was an
association between Gabrα6 and inflammatory TMJ nociception (Puri et al., 2011, 2012) but
the current study expands the role of Gabrα6 as an important regulator of orofacial
nociception. The fact that body weight was not altered after ligation and siRNA infusion
supports the idea that the changes in feeding behavior (i.e., meal duration) were not the
result of loss of appetite due to illness after treatment (i.e., ligation or infusion). The results
here also show that ligature increased neuronal activity (i.e. p-ERK) in both the TG and Vc–
C1 region and a reduction in Gabrα6 expression further increased neuronal activity in the
TG. Since orofacial nociceptive responses are inhibited by GABAergic signaling (Cairns et
al., 1999; Viggiano et al., 2004) a decrease in GABAA receptors should result in a greater
nociceptive response (Almond et al., 1996; Viggiano et al., 2004). Consistent with this idea
is that neuronal activity in the medullary region increased after reducing Gabrα6 expression
in the TG of a rat with TMJ inflammation (Puri et al., 2012).

Gabrα6 knock-down reduced GABAA expression
GABAA receptor content was assayed by measuring the amount of Gabrβ1, Gabrβ2 and
Gabrβ3. Nusser et. al., demonstrated that by reducing Gabrα6 in the cerebellum GABAA
β2, β3 and γ2 subunits decreased by 50%, 20% and 40%, respectively resulting in half the
number of GABAA receptors (Nusser et al., 1999). It is possible that other α subunits, e.g.,
α1 and α5 subunits, found in all the TG neurons might compensate for depletion of the α6
subunits (Hayasaki et al., 2006), but previous work has shown that alternate subunits did not
rescue a Gabrα6 deletion (Jones et al., 1997). Thus, our observed reduction in Gabrβ2 and
Gabrβ3 after Gabrα6 siRNA infusion was interpreted as a decrease in GABAA receptor
content in the TG (Nusser et al., 1999). Our results also show a decrease in Gabrα6
expression in the Vc–C1 region, although we did not measure a change in Gabrβ1, Gabrβ2
or Gabrβ3 content within the Vc–C1. It is possible that Gabrβ expression did decrease in the
Vc–C1 but Western blots were simply not sensitive enough to detect a change since a

Kramer and Bellinger Page 7

Neuroscience. Author manuscript; available in PMC 2014 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



majority of GABAA receptors in the sensory trigeminal nuclei are interneurons (Ginestal
and Matute, 1993; Avendano et al., 2005). Thus, the signal might have been obscured by the
unchanging levels of Gabrβ of these cells. More sensitive techniques for quantitation of
Gabrβ receptor subunits, such as receptor binding assays, could reveal potential reductions
in the amount of GABAA receptor after Gabrα6 knock-down.

Changes in Gabrα6 expression reduced GABAA receptor content and increased the
nociceptive response, but neurotransmitters such as serotonin and nitric oxide can alter
GABAA receptor expression and change the nociceptive response. Serotonin-norepinephrine
reuptake inhibitors have been shown to alter the nociceptive response in the ligatured rat
model used in this study (Guo et al., 2010). By altering orofacial responses through changes
in trigeminal activity (Oshima et al., 2006; Nakai K et al., 2010; Loyd et al., 2011; Choi et
al., 2012) and presynaptic GABA release (Schmitz et al., 1995; Koyama et al., 2002; Turner
et al., 2004), serotonin has the potential to alter GABA transmission after ligature. Reactive
oxygen species mediate pain in different animal models (Kim et al., 2004; Wang et al.,
2004; Schwartz et al., 2008) and can affect orofacial pain by altering neuronal activity in the
Vc (Viggiano et al., 2005, 2010). In a recent study reactive oxygen species (e.g. nitric oxide)
reduced GABA-mediated inhibition potentially through a reduction in presynaptic GABA
release (Yowtak et al., 2011) consistent with the idea that reactive oxygen species can alter
GABA transmission after ligature.

Role of TG GABAA on nociception
Primary afferents projecting from the TG potentially have a role in the increased nociceptive
response. Remember the TG afferents terminate in the Vc–C1 region (Marfurt, 1981;
Jacquin et al., 1983; Pfaller and Arvidsson, 1988) and have functional presynaptic GABAA
receptors (Grudt and Henderson, 1998). A decrease in GABAA content within these
afferents (i.e., at the Vc–C1) would reduce the inhibitory pathway dependent on GABAA.
GABAA-dependent tonic inhibition occurs within the substantia gelatinosa region of the Vc
(Han and Youn, 2008) a region where small-diameter unmyelinated C and thinly myelinated
Aδ primary afferent fibers conveying orofacial nociceptive information terminate (Lopez de
Armentia et al., 2000; Sessle, 2000). Tonic inhibitory currents are generated by GABAA
receptors in the Vc that include α4, α5 and α6 subunits (Neelands and Macdonald, 1999;
Farrant and Nusser, 2005; Mody, 2005). GABA binding to its receptor can induce chloride
channel opening and presynaptic inhibition (varez-Leefmans et al., 1988; Sung et al., 2000).
This presynaptic inhibition resulting from the chloride is dependent on active inward
pumping of Cl− ions potentially by the presence of the NKCC1 cotransporter or a lack of the
KCC2 cotransporter in the primary afferents (Toyoda et al., 2005; Price et al., 2006).

Conclusion
In conclusion, a reduction in the Gabrα6 subunit resulted in a greater nociceptive response
created by ligation of the tendon attachment of the anterior superficial part of male Sprague–
Dawley rat's masseter muscle. The increased nociceptive response as measured by meal
duration and von Frey filaments was accompanied by an increase in neural activity in the
TG and Vc–C1. We suggest that by inducing a reduction in Gabrα6 there were lower levels
of the inhibitory GABAA receptor in the TG cells as well as in the afferent terminals
projecting to the Vc–C1. The results suggest that the GABAA receptor comprised of the
Gabrα6 subunit was an important regulator of myofascial nociception.
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p-ERK phosphorylated extracellular signalregulated kinase

siRNA small interfering RNA

TG trigeminal ganglia

TMJ temporomandibular joint

Vc–C1 trigeminal nucleus caudalis and upper cervical region
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Fig. 1.
Dark meal duration was lengthened after Gabrα6 knock-down in the trigeminal ganglia
suggesting an increase in the nociceptive response. Male rats were cannulated, placed in the
feeders (preday -3, preday -2 preday -1), the tendons were ligatured (Lig +1, Lig +2, Lig +3)
and 72 h later the trigeminal ganglion was infused with control siRNA or Gabrα6 siRNA
(Lig +4/siRNA +1, Lig +5/siRNA +2, Lig +6/siRNA +3). Dark meal duration was measured
for each treatment group. ANOVA and post hoc testing was completed with data from 10
animals per treatment group using the dependent variable of meal duration and the
independent variables of Sham, Ligature and control siRNA, Gabar6 siRNA and days, *p <
0.05. The letter “a” indicates that there was a significant main effect (p < 0.05) for treatment
(Ligature/control siRNA and Ligature/Gabra6 siRNA) and days (Lig +5/siRNA +2 and Lig
+6/siRNA +3). Values are the mean ± SEM.
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Fig. 2.
Filament testing of the ligatured region indicated nociceptive responses increased after
Gabrα6 knock-down in the trigeminal ganglia. Cannulated male rats were tested with von
Frey filaments over the tendon attachment of the anterior superficial portion of the masseter
muscle 14 and 7 days before ligature (preday -14, preday -7). Then a ligature was place on
the tendon of the masseter muscle and 72 h after surgery filament testing was performed
(Lig +3). After ligature testing siRNA was infused into the trigeminal ganglia and 72 h after
infusion filament testing was performed (Lig +6/siRNA +3). Data were analyzed using a
Mann–Whitney U test, *p < 0.05. Values are the mean ± SEM. Ten animals were in each
treatment group.
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Fig. 3.
Body Weight was not significantly affected by ligature or siRNA infusion. Body weight
measurements were taken before and after ligature surgery and siRNA infusion. See Fig. 1
for treatment groups. Values are the mean ± SEM. Ten animals were in each treatment
group.
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Fig. 4.
Gabrα6 expression was significantly reduced 72 h after infusion of Gabrα6 siRNA into the
TG. A Western blot was completed after isolating protein from the trigeminal ganglia.
Trigeminal ganglia were isolated 6 days after ligature surgery and 72 h after siRNA
infusion. Surgery included a sham operation or an operation where a ligature was placed on
the tendon attachment of the anterior superficial portion of the masseter muscle. Antibodies
used in the Western blot were against the Gabrα6 and β-actin protein, 15 μg of total protein
was loaded per lane. Histogram values were reported as a ratio of the optical density of the
Gabrα6 band divided by the optical density of the β-actin band. A two-way ANOVA and
post hoc testing was completed with data from 10 animals per treatment group, *p < 0.05.
Values are the mean ± SEM. The top right image is a Western blot probed with a Gabrα6
antibody and this same blot was stripped and probed with a β-actin antibody.
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Fig. 5.
Knock-down of Gabrα6 reduced Gabrα6 expression in trigeminal nucleus caudalis. Western
blots were completed using 15 μg of total protein per lane. Antibodies used in the Western
were against Gabrα6 and β-actin. Histogram values were reported as a ratio of the optical
density of the Gabrα6 band divided by the optical density of the β-actin band. A two-way
ANOVA was performed (independent variables were control siRNA/Gabrα6 siRNA and
sham/ligature) (dependent variable was the ratio of the OD), post hoc tests were completed
comparing each group, *p < 0.05. The caudalis tissue was isolated from only a subset of rats
thus, there were three animals included in each treatment group. Values are the mean ±
SEM.
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Fig. 6.
Knock-down of Gabrα6 resulted in a decrease in GABAA receptor β subunit expression in
the trigeminal ganglia. Histogram values for (A) Gabrβ1, (C) Gabrβ2 and (E) Gabrβ3 were
reported as a ratio of the optical density of the β subunit band divided by the optical density
of the β-actin band. The Western blots were completed using antibodies for the three β
subunits comprising the GABAA receptor, (B) Gabrβ1, (D) Gabrβ2 and (F) Gabrβ3. A two-
way ANOVA was performed (independent variables were control siRNA/Gabrα6 siRNA
and sham/ligature) (dependent variable was the ratio of the OD), post hoc tests were
completed comparing each group, *p < 0.05, 10 animals per group. Values are the mean ±
SEM.
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Fig. 7.
Neuronal activity, as measured by p-ERK, increased after knock-down of Gabrα6. Male
rats' trigeminal ganglia were infused with control siRNA or Gabrα6 siRNA 6 days after
ligature surgery and 72 h after siRNA infusion the rats were sacrificed and the trigeminal
ganglia were isolated. In panels A and B the trigeminal ganglia were stained for p-ERK
(green) and NeuN (red). Images are representative of rats in the no ligature groups. Scale bar
= 50 μm. (C, D) Western blots were completed using 15 μg of total protein per lane from
sham and ligatured rats that were infused with siRNA. Antibodies used in the Western blot
were p-ERK and β-actin. (C) Histogram values were reported as a ratio of the optical
density of the p-ERK band divided by the optical density of the β-actin band. A two-way
ANOVA was performed; independent variables were control siRNA/Gabrα6 siRNA and
sham/ligature. The dependent variable was the ratio of the OD. Post-hoc tests were
completed comparing each group, *p < 0.05, 10 animals per group. Values are the mean ±
SEM. (D) The top right image is a Western blot probed with a p-ERK antibody and this
same blot was stripped and probed with a β-actin antibody.
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Fig. 8.
Knock-down of Gabrα6 effect on trigeminal nucleus caudalis p-ERK expression. Western
blots were completed using 15 μg of total protein per lane isolated from the trigeminal
nucleus caudalis. Antibodies used in the Western were against p-ERK and β-actin.
Histogram values were reported as a ratio of the optical density of the p-ERK band divided
by the optical density of the β-actin band. The letter “a” indicates that there was a significant
main effect for ligature F(1,7) = 16.7, p < 0.01 as determined by a two-way ANOVA when
using the dependent variable of the p-ERK band divided by the optical density of the β-actin
band and the independent variables of ligature and siRNA treatment. The caudalis tissue was
isolated from only a subset of rats thus, there were three animals included in each treatment
group. Values are the mean ± SEM.

Kramer and Bellinger Page 21

Neuroscience. Author manuscript; available in PMC 2014 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kramer and Bellinger Page 22

Table 1

Timeline of experiments.

Days Experiment

Preday -30 Rats were purchased from Harlen Industries

Preday -27 Initial filament testing was performed

Preday -26 Cannulation of the trigeminal ganglia was completed

Preday -20 Cannulated rats were placed in the feeder units

Preday -14 Filament testing was performed

Preday -7 Filament testing was performed

Preday -3 Feeding data and body weight was analyzed

Preday -2 Feeding data and body weight was analyzed

Preday -1 Feeding data and body weight was analyzed

Lig +1 Ligature placed on the tendon on the morning of day ligature 1 and feeding data and body weight was analyzed

Lig +2 Feeding data and body weight was analyzed

Lig +3 Feeding data and body weight was analyzed and filament testing was performed

Lig +4/siRNA +1 siRNA infused into the trigeminal ganglia on the morning of day siRNA 1 and feeding data and body weight was analyzed

Lig +5/siRNA +2 Feeding data and body weight was analyzed

Lig +6/siRNA +3 Feeding data and body weight was analyzed and filament testing was performed

Sacrifice 72 h after siRNA infusion the animals were sacrificed and the trigeminal ganglia and trigeminal nucleus caudalis tissue
was isolated
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