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Abstract

The influence of estradiol (E2) treatment on temporomandibular joint (TMJ) nociceptive processing
in the caudal trigeminal sensory brain stem complex was assessed in ovariectomized female rats by
quantitative Fos-immunoreactivity (Fos-LI). After 2 days of daily injections of high (HE2) or low
(LE2) dose E2 rats were anesthetized and the small fiber excitant, mustard oil (MO, 0-20%), was
injected into the TMJ and after two hours later brains were processed for Fos-LI. TMJ-evoked Fos-
LI in laminae I-11 at the trigeminal subnucleus caudalis/upper cervical cord (Vc/Cy_») junction and
the dorsal paratrigeminal region (dPa5) was significantly greater in HE2 than LE2 rats, while Fos-
LI produced at the ventral trigeminal interpolaris/caudalis transition region (Vi/Vcy;) was similar.
E2 treatment also modified the influence of N-methyl-D-aspartate (NMDA) and amino-3-hydroxy-5-
methyl-4-isoxazoleproprionic acid (AMPA) receptor antagonists on TMJ-evoked Fos-LI. The
NMDA antagonist, MK-801, dose-dependently reduced the Fos-LI response at the VV¢/C1_» junction
in HE2 rats, while only high dose MK-801 was effective in LE2 rats. MK801 reduced equally the
Fos-LI response at the Vi/\/¢ transition in both groups, while only minor effects were seen at the
dPa5 region. The AMPA receptor antagonist, NBQX, reduced Fos-LI at the VV¢/Cq_p and Vi/Vcy
regions in HE2 rats, while only high dose NBQX was effective in LE2 rats. NBQX did not reduce
Fos-LI at the dPa5 region in either group. These results suggest that estrogen status plays a significant
role in TMJ nociceptive processing at the V¢/C4_, junction mediated, in part, through ionotropic
glutamate receptor-dependent mechanisms.

Keywords
pain; trigeminal subnucleus caudalis; NMDA receptor; AMPA receptor; mustard oil

Temporomandibular muscle/joint disorders (TMJD) include a heterogeneous group of
conditions that present with pain in the temporomandibular joint (TMJ) and muscles of
mastication. TMJD is more prevalent in women than men (Bush, 1993; Lipton, 1993;
LeResche, 1997; Huang et al., 2002) and although the basis for this sex difference is not certain,
systematic variation in pain severity over the menstrual cycle suggests a role for ovarian
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hormones (Suenaga et al., 2001; Isselee et al., 2002; LeResche et al., 2003; Landi et al.,
2005).

Several aspects of TMJD pain such as poor correlation with peripheral pathology (Ohrbach
and Dworkin, 1998) and widespread changes in sensory thresholds outside the jaw joint region
(Hollins et al. 1996; Maixner et al., 1998; Sarlani and Greenspan, 2005) suggest a significant
contribution by central neural mechanisms. The TMJ region is innervated by small diameter
sensory fibers (loi et al., 2006; Kido et al., 1995; Takeuchi and Toda, 2003) that project mainly
to the trigeminal subnucleus caudalis/upper cervical cord (Vc/Cq.) junction (Shigenaga et al.,
1986; Shigenaga et al., 1988). The Vc/C1., junction is a laminated region that shares many
features with the spinal dorsal horn such as a high density of nuclear estrogen receptors in
neurons in the superficial laminae (Amandusson et al., 1996; Bereiter et al., 2005). Laminae
I-11 of the Vc/C1.5 junction also express moderate to high levels of NMDA (Tallaksen-Greene
et al., 1992; Petralia et al., 1994; Bereiter and Bereiter, 2000) and AMPA glutamate receptor
subtypes (Petralia and Weinthold, 1992; Florenzano and De Luca, 1999). NMDA and AMPA
receptors mediate many aspects of nociceptive processing in the spinal dorsal horn leading to
central sensitization (Woolf and Salter, 2000; Ji et al., 2003) including after articular injury
(Neugebauer et al., 1993; Schaible and Grubb, 1993; Schaible et al., 2004). In the trigeminal
system, preemptive treatment in male rats with MK-801, an open channel NMDA antagonist,
greatly reduced the Fos-LI response to TMJ (Bereiter and Bereiter, 2000) or masseter muscle
inflammation (Ro et al., 2004) and inhibited jaw muscle responses to TMJ stimulation (Yu et
al., 1996); however, similar studies have not assessed the influence of glutamate receptor
antagonists on TMJ-evoked Fos-L1 in females and the influence of different levels of sex
steroids on glutamate receptor mediated modulation on medullary dorsal horn neural activity.
In forebrain and limbic regions, estrogen status significantly modifies synaptic plasticity,
largely through NMDA-dependent mechanisms (see McEwen, 2002). Although the magnitude
of TMJ-evoked Fos-LI at the V¢/Cq.5 junction was shown to depend on the stage of the estrous
cycle in intact female rats (Bereiter, 2001), it has not been determined if E2 replacement alone
was sufficient to mimic this effect in OvX females. The aims of this study were two-fold: to
determine if high and low doses of E2 replacement in OvX female rats differentially affected
the TMJ-evoked Fos-LI responses in the caudal trigeminal brainstem nuclear complex
(TBNC), including the V¢/C1_5 junction, and second, to determine if NMDA and AMPA
receptor-mediated modulation of the Fos-LI responses evoked by TMJ stimulation were
influenced by E2 replacement.

Experimental procedures

The experimental protocols were approved by the Institutional Animal Care and Use
Committee of the University of Minnesota and conformed to the established guidelines set by
The National Institute of Health guide for the care and use of laboratory animals (Publications
No. 99-158, revised 2002).

Animal preparation

Adult ovariectomized (OvX) female rats (225-300 g, Sprague-Dawley, Harlan, Indianapolis,
IN) were used within 1-3 weeks after surgery. OvX rats were given daily injections of low

(LE2, 2 ug) or high (HE2, 20 ng, sc) dose 17p-estradiol-3-benzoate (E2, Sigma, St. Louis, MO)
dissolved in 200 pl sesame oil for two days (2d) prior to the experiment. The timing and dosage
of the low and high dose E2 replacement regimens were chosen to mimic the cyclic nature and
magnitude of E2 plasma levels in diestrus and proestrus, respectively (Butcher et al., 1974).

Data were collected from OvX rats without prior knowledge of the hormone treatment. Plasma
E2 levels were not routinely measured in this study; however, in a previous study using a similar
dosing regimen we found that low E2 and high E2 treated OvX females had 20-30 and 250-
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300 pg/ml, respectively (Tashiro et al., 2007). The estrogen status of E2-treated OvX rats was
confirmed on the day of the experiment by the vaginal smear cytology taken by gentle lavage.
Vaginal smears from LE2 females had (> 80%) small nucleated leukocytes, while smears from
HE2 rats had mainly large nucleated epithelial cells plus variable numbers of cornified
epithelial cells.

Experimental Design

On the day of the experiment rats were anesthetized with pentobarbital sodium (65 mg/kg, i.p.)
and, after tracheotomy, respired artificially throughout the 2h post-stimulus period. Expiratory
CO, was monitored and maintained at 4-5%. Body temperature was maintained at 38°C with
a heating blanket. In the first series of experiments the effects of different levels of TMJ
stimulation were assessed by the injection of two concentrations of selective small fiber
excitant, mustard oil (MO, 2 or 20% allyl isothiocyanate in mineral oil, 25 pl) into the left joint.
Sudan black dye was added to the MO solution to aid in localizing the site of injection. Controls
received HE2 or LE2 treatment followed by no TMJ stimulation (NS group) or vehicle injection
into the TMJ (0% MO group). Sample sizes for the HE2 groups were: NS = 7; 0% MO = 4;
2% MO =4 and 20% MO = 6. Sample sizes for the LE2 groups were: NS = 6; 0% MO = 4;
2% MO =4 and 20% MO = 5.

In a second series of experiments, the effects of systemic administration of NMDA and AMPA
receptor antagonism on Fos-LI evoked by TMJ stimulation were assessed. The open channel
NMDA receptor antagonist, MK-801 (0.02 or 2 mg/kg, ip), or the selective AMPA receptor
antagonist, NBQX (0.02 or 2 mg/kg, ip), or vehicle (saline, 0.1ml, ip) was administered
intraperitoneally (ip) 10 min prior to TMJ stimulation with 20% MO. Sample sizes for HE2
rats were: vehicle = 6; 0.02 mg/kg MK-801 = 7; 2 mg/kg MK-801 = 8; 0.02 mg/kg NBQX =
7; 2 mg/kg NBQX = 6. Sample sizes for LE2 rats were: vehicle = 5; 0.02 mg/kg MK-801 = 8;
2 mg/kg MK-801 = 8; 0.02 mg/kg NBQX = 6; 2 mg/kg NBQX = 6. Additional controls HE2
and LE2 rats received 2 mg/kg MK-801 or 2 mg/kg NBQX and no TMJ stimulus (n = 4 per
group).

Fos Immunocytochemistry

Animals survived two hours after TMJ stimulation and then were given a bolus injection of
pentobarbital (60 mg/kg, i.v.) and perfused through the heart with heparinized saline, followed
by 250 ml cold fixative (4 % paraformaldehyde, 0.1 M phosphate, pH 7.4). Rats that received
no TMJ stimulus (NS groups) also were anesthetized for two hours before perfusion. The lower
brainstem and upper cervical spinal cord segment was removed and postfixed for 1-3 h.
Transverse sections (50 pm) were cut on a vibratome and collected in cold 0.01 M phosphate
buffered saline (PBS). Sections were incubated in 5% normal donkey serum and 0.3% Triton
X-100 (60 min), followed by affinity-purified rabbit polyclonal anti-Fos antibody (Ab-5,
Millipore; 1: 15000, 40 h at 4°C), biotinylated donkey anti-rabbit antibody (Chemicon; 1: 300,
115 min) and avidin-biotin-peroxidase complex (VVector; 60 min). Fos-positive neuronal nuclei
were visualized by incubation in a nickel-cobalt diaminobenzidine solution activated by 0.01
% hydrogen peroxide. After rinsing in PBS, sections were mounted on slides, air-dried and
coverslipped with mounting medium. Under bright-field illumination, Fos-positive neuronal
nuclei appeared as homogenous gray-black elements with a well-defined border. Specific
staining was abolished by omission of primary antiserum.

Data Analysis

Brainstem sections were categorized according to rostrocaudal level at 500 pm intervals from
2 mm rostral to 7 mm caudal to the obex. The obex is a surface landmark defined by the caudal
end of the fourth ventricle approximately 500 um rostral to the most caudal tip of trigeminal

subnucleus interpolaris (see Yoshidaetal., 1991). Sixty to 70 sections per animal were counted
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at 100X magnification without prior knowledge of treatment. To facilitate statistical
comparisons across multiple treatments, the average number of Fos-positive neurons per
section was compared for the following brainstem regions as shown by the boxed areas in Fig.
1: dorsal paratrigeminal region (dPa5, +0.5 to —0.5 mm relative to the obex), located along the
dorsolateral edge of the main body of the trigeminal spinal nucleus and within the spinal
trigeminal tract; ventrolateral portion of the trigeminal subnucleus interpolaris/caudalis
transition (Vi/Vcy,, +0.5 to —1.0 mm; middle portion of V¢ (—2 to —4 mm); and the junction
region between Vc and the upper cervical spinal cord (Vc/Cq.p, —4.5 to —6.5 mm). At the mid
V¢ and Vc/Cy.; junction separate cells counts were made for superficial laminae (I-11), deeper
laminae (111-V) using established cytological landmarks (see Molander et al. 1989; Bereiter et
al. 2005, Fig. 1). Cell counts were compared across treatment groups and ipsilateral versus
contralateral to the TMJ injection of MO by two-way analysis of variance. Individual
comparisons were made by the Newman-Keuls test after analysis of variance (ANOVA). The
TMJ region was inspected after blunt dissection at the end of the experiment to confirm the
location of the MO stimulus.

Effect of E2 treatment on Fos-LI produced by TMJ stimulation

The general pattern of Fos-LI produced in caudal portions of the TBNC after TMJ stimulation
was similar in LE2 and HEZ2 rats and agreed well with that seen in cycling female rats (Bereiter
2001). After unilateral intra-TMJ injection of 20% MO, Fos-L | appeared as a rostral cell group
at peri-obex levels and a caudal group at the spinomedullary junction ipsilateral to the stimulus,
whereas on the contralateral side Fos-LI was increased above controls only at peri-obex levels
(Fig 2). Only sparse Fos-LI was found in the TBNC rostral to the levels shown in Figs 1 and

2. Additional brainstem regions, mainly associated with control of autonomic function, such

as the nucleus tractus solitarii and the caudal ventrolateral medulla, displayed significant levels
of Fos-LI bilaterally (see Fig 1, upper panel); however, these areas were not quantified.

The Fos-LI produced at periobex levels included separate groups of cells in the Vi/Vcy,
transition and dPab regions. At the ipsilateral Vi/Vc,, transition, Fos-LI was increased after
vehicle injection alone (F = 8.26, df = 7,32, P < 0.001) in both LE2 and HEZ2 rats (Fig 3, upper
panel). Increasing concentrations of MO had only a modest effect on Fos-LI in HE2 rats and
caused no further increase in LE2 rats above vehicle injections. Fos-LI produced at the
contralateral Vi/V¢y, transition was similar after vehicle (HE2 =3 = 1; LE2 = 10 + 2 cells per
section) and 20% MO injections (HE2 =12 £ 4; LE2 =12 + 3 cells per section). At the ipsilateral
dPab region Fos-LI increased above vehicle-injected controls only in HE2 rats after injection
of 20% MO (F = 7.23, df = 7,32, P < 0.001, Fig 3, middle panel). Fos-LI produced in the
contralateral dPa5 was similar after vehicle (HE2 = 6 + 3; LE2 = 8 + 1 cells per section) and
20% MO injections (HE2 = 13 + 3; LE2 = 10 + 2 cells per section) in both groups.

The laminated portion of the TBNC, subnucleus V¢, extends from the periobex level caudally
to the cervical spinal cord. In general, Fos-LI was seen only in the superficial laminae at the
mid Vc and at the Vc/Cq_, junction regions. At the mid V¢ region Fos-LI found in laminae I-
Il averaged 5-7 cells per section ipsilateral to 20% MO injection and 2—4 cells per section
contralateral in HE2 and LE2 rats. Fos-LI found in deep laminae at the mid V¢ region averaged
less than 3 cells per section in HE2 and LE2 rats and was not different from vehicle-injected
controls (data not shown). TMJ-evoked Fos-LI in the mid V¢ region was not different across
treatment groups (F = 1.54, df = 7,32, P > 0.05). By contrast, Fos-LI produced in laminae I-I1
at the ipsilateral VV¢/Cq_» junction increased in proportion to the MO concentration and was
significantly different in HE2 than LE2 rats (F = 14.02, df = 7,32, P < 0.001). TMJ stimulation
did not affect Fos-LI in laminae I-11 contralateral to the injection (2-5 cells per section) or in
deeper laminae (2—4 cells per section) in HE2 or LE2 rats.
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Effect of MK-801 and NBQX on Fos-LI evoked by TMJ stimulation

Pretreatment with the NMDA receptor antagonist, MK-801, caused a dose-dependent decrease
in the number of Fos-LI neurons in animals that received MO injections into the TMJ at the
ipsilateral Vi/Vcy, transition region in HE2 and LE2 rats (F = 8.28, df = 5,37, P < 0.001, Fig
4, upper panel). At the ipsilateral dPa5 region, high dose MK-801 reduced TMJ-evoked Fos-
LI response in HE2, but not in LE2 rats (F = 3.30, df =5, 37, P < 0.025, Fig 4, middle panel).
Low dose MK-801 was sufficient to cause maximum reduction of MO-evoked Fos-L1 in
laminae I-11 at the VVc/Cy., junction in HE2 rats, whereas LE2 rats displayed a significant
increase after low dose MK-801 and only minor reductions even after high dose compared to
naive LE2 rat (F = 8.10, df =5, 37, P < 0.001, Fig 4, lower panel). HE2 and LE2 rats given
high dose MK-801 alone and no TMJ stimulus displayed a pattern of Fos-LI in the TBNC
similar to that of NS controls (data not shown). MK-801 did not affect the Fos-LI response in
these areas contralateral to MO injection significantly compared to vehicle group (data not
shown).

As seen in Fig 4, pretreatment with low dose AMPA receptor antagonist, NBQX, caused
maximum decreases in MO injection into TMJ-evoked Fos-L1I at the ipsilateral Vi/Vcy
transition (F = 12.19, df = 5,30, P < 0.001) and in laminae I-11 at the VVc/C4_, junction region
in HE2 rats, while only high dose NBQX was effective in LE2 rats (F =5.27, df = 5,30, P <
0.005). NBQX caused a small overall reduction in Fos-LI produced at the dPa5 region in HE2
and LE2 rats (F = 3.14, df = 5,30, P < 0.05); however, there were no significant group
differences. In LE2 rats, low dose of NBQX showed a small, but not significant increase in
Fos-LIinthe dPa5 region. HE2 and LE2 rats given high dose NBQX alone and no TMJ stimulus
displayed a pattern of Fos-LI in the TBNC similar to that of NS controls (data not shown).
NBQX did not affect the Fos-LI response in these areas contralateral to MO injection
significantly compared to vehicle group (data not shown).

Discussion

The main findings of this study revealed that the TMJ-evoked Fos-LI responses in the
superficial laminae at the VV¢/Cq_o junction and dPa5 regions were significantly enhanced in
an E2-dependent manner, while Fos-LI produced in other regions of the caudal TBNC was not
affected by estrogen status. Secondly, the effectiveness of both NMDA and AMPA receptor
antagonists to reduce TMJ-evoked Fos-LI at the Vc/C4., junction was greater under high E2
than low E2 conditions. These results supported the hypothesis that a change in estrogen status
alone was sufficient to modify the processing of noxious sensory input from the TMJ by
neurons in superficial laminae at the VV¢/Cy_, junction by acting, in part, through ionotropic
glutamatergic mechanisms.

Female sex hormone status is a recognized risk factor in TMJD (Huang et al., 2002; Slade et
al., 2007); however, the basis for this relationship remains uncertain. The actions of estrogens
on neural tissues are complex and likely involve multiple mechanisms (McEwen, 2001;
Ronnekleiv and Kelly, 2005). The classical estrogen receptor exists as two subtypes, ERa and
ERB, and is expressed in sensory ganglia (Bereiter et al., 2005; Sohrajbi et al., 1994), dorsal
horn (Amandusson et al., 1996; Bereiter et al., 2005; Papka et al., 2001) and supraspinal brain
regions associated with pain modulation (Merchenthaler et al., 2004; Shughrue et al., 2001).
In the TBNC, ERa-positive neurons were found in abundance in laminae I-11 of V¢ with only
sparse staining in other laminae and subnuclei, while ERB-positive neurons were more evenly
distributed throughout the TBNC (Amandusson et al., 1996; Bereiter et al., 2005). Previously,
we reported that the Fos-L I response in the laminae I-11 at the Vc/C4_, junction was proportional
to the intensity of the TMJ stimulus and varied systematically over different phases of the
estrous cycle in female rats (Bereiter, 2001). This suggested that the cyclic variation in E2, as
occurs during the estrous cycle, was a significant factor in TMJ nociceptive processing at the
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V¢/Cy., junction region. This hypothesis was further supported by neurophysiological studies
in which the encoding properties of TMJ-responsive neurons in laminae I-11 at the V¢/C1.»
junction were shown to vary over the estrous cycle in intact females (Okamoto et al., 2003)
and to differ under HE2 and LE2 conditions in OvX female rats, whereas TMJ units in deep
laminae were not affected by E2 treatment (Tashiro et al., 2007). This suggested that regions
of the TBNC that displayed differential responses under high and low E2 conditions were more
likely to occur in regions that also displayed a high density of ERa-positive neurons. Thus, the
greatest effect of E2 treatment on TMJ-evoked Fos-LI was seen in laminae I-11 at the Vc¢/
C1.2 junction, whereas the Fos-LI responses at the Vi/\/ ¢, transition in HE2 and LE2 rats were
similar, a region where ER-positive neurons were sparse (Bereiter et al., 2005). An exception
to this relationship was the dPa5 region, where few ERa-positive neurons were seen, yet TMJ-
evoked Fos-LI was significantly greater in HE2 than LE2 rats. The dPa5 region receives
significant direct afferent input from visceral afferents as well as trigeminal nerves and is
thought to be important for sensory-autonomic integration (Saxon and Hopkins, 1998; Caous
et al., 2001). These data do not, however, exclude the possibility that E2 acted on peripheral
tissues or modified the properties of trigeminal ganglion (TG) cells. ER-LI is expressed in
several non-neuronal cell types within the TMJ region (Yamada et al., 2003) and in a significant
percentage of TG neurons (Bereiter et al., 2005), including those that innervate the TMJ region
(Flake et al., 2005). Several studies have reported that chronic E2 treatment enhanced the
responsiveness of TG neurons in vitro (Flake et al., 2005; Diogenes et al., 2006) and in vivo
(Dong et al., 2007) in female rodents.

It is well established that NMDA and non-NMDA glutamate receptors are critically involved
in nociceptive processing (see Woolf and Salter, 2000; Bleakman et al., 2006). Although
considerable evidence indicates that E2 treatment has both short- and long-term effects on
neural function elsewhere in the brain involving NMDA and AMPA receptor pathways (see
Smith, 1994; Cyr et al., 2001; McEwen, 2002; Liu et al., 2008), the relationship between
estrogen status and ionotropic glutamate receptors in nociception has been less well defined.
The present study found that NMDA and AMPA receptor antagonists markedly inhibited TMJ-
evoked Fos-LI in laminae I-11 at the Vc¢/C4. junction in HE2 rats after only low doses of
MK-801 or NBQX. By contrast, even high dose MK-801 did not reduce Fos-LI in LE2 rats
and high dose NBQX caused only small reductions. At the Vi/V¢,, transition HE2 and LE2
rats displayed similar reductions in TMJ-evoked Fos-LI after MK-801, whereas NBQX was
more effective in HE2 than LE2 rats. The superficial laminae of the medullary and spinal dorsal
horns express high densities of NMDA (Petralia et al., 1994; Bereiter and Bereiter, 2000; Nagy
et al., 2004b) and AMPA receptors (Florenzano and De Luca, 1999; Tang et al., 2001; Nagy
et al., 2004a). Since a high percentage of glutamatergic synapses in spinal dorsal horn (Nagy
et al., 2004b), other brainstem regions (Tse et al., 2008) and limbic brain areas co-express
NMDA and AMPA receptors (Takumi et al., 1999), it was predicted that Fos-LI evoked within
a given TBNC region should be similarly responsive to NMDA and AMPA receptor
antagonism. This appeared to be the case in the present study when considering data within
each E2 treatment group. For example, TMJ-evoked Fos-LI was markedly inhibited by low
dose MK-801 or NBQX at the VV¢/C1_, junction and Vi/Vc,, transition regions in HE2 rats,
whereas neither drug was effective in reducing Fos-LI at the dPa5 region. The finding that
NMDA and AMPA receptor blockade had similar effects on TMJ-evoked Fos-LI for a given
TBNC region within each E2 treatment group agreed well with previous studies in male rats
in which Fos-LI evoked by ocular surface (Bereiter and Bereiter, 1996) or intracisternal
chemical stimulation (Mitsikostas et al., 1998; Mitsikostas et al., 1999) was reduced similarly
by NMDA or non-NMDA antagonists. However, in spinal dorsal horn it has been reported that
NMDA and non-NMDA antagonists differentially reduced Fos-LI after cutaneous or muscle
inflammation, respectively, in male rats (Hu and Zhao, 2001). The basis for this discrepancy
is not certain but may be due to differences in the neurochemical organization of trigeminal
versus spinal nociceptive systems or methodological aspects such as drug choice or dose or
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animal preparation. The present results also revealed possible sex differences in the response
to NMDA antagonism. Pretreatment with MK-801 caused a marked reduction in TMJ-evoked
Fos-LI at the Vi/V¢,; transition in HE2 and LE2 females, whereas similar doses of MK-801
in males failed to reduce Fos-LI evoked by TMJ (Bereiter and Bereiter, 2000) or masseter
muscle stimulation with 20% MO (Ro et al., 2004). The function of the Vi/Vcy, transition in
TMJ nociceptive processing remains uncertain since TMJ-evoked Fos-L1 was not proportional
to stimulus intensity and most anatomical studies report no direct primary afferent input to this
region from deep cranial facial tissues supplied by the mandibular branch of the trigeminal
nerve (Shigenaga et al., 1988; Dessem et al., 2007; however, see Wang et al., 2006). TMJ-
evoked Fos-LI at the Vi/Vcy, transition may originate from intersubnuclear relays in the Vc/
C1.2 junction, since blockade of the Vc/C4.5 junction completely prevented increases in
glutamate release at the Vi/Vc,, transition as seen by microdialysis (Bereiter et al., 2002). As
discussed previously (Mengetal., 1997; Bereiter, 2001), the Vi/Vcy, transition may be involved
in the recruitment of endogenous pain controls from supraspinal brain regions. The Vi/Vcy,
transition is unique among other TBNC regions and has a dense projection to thalamic nucleus
submedius (Yoshida et al., 1991). It will be important to determine if sensory encoding of deep
craniofacial inputs by neurons at the Vi/Vc,, transition is similar in males and females, since
one theory to explain the higher prevalence of TMJD in women proposes a deficiency in the
ability to recruit endogenous pain controls (Kashima et al., 1999; Bragdon et al., 2002).

The mechanisms for E2 modulation of glutamate receptor involvement in TMJ nociception are
not certain and could involve peripheral as well as central neural mechanisms. In the periphery,
TG neurons express multiple subtypes for NMDA and non-NMDA receptors (Dong et al.,
2007; Lee and Ro, 2007). E2 treatment may have affected glutamate binding in the TG or
TBNC by increasing receptor protein levels or binding affinity as occurs in other brain areas
(see Cyretal., 2001; McEwen et al., 2001). E2 may have affected the availability of glutamate
by increasing glutamate transporter activity in neurons or glia (Mitrovic et al., 1999; Pawlak
et al., 2005). Recently, we reported that glutamate transporter activity at the V¢/Cy_, junction
was significantly greater in HE2 compared to LE2 females or males (Bereiter and Benetti,
2006). E2 treatment has been reported to increase the expression of several proteins such as
PSD95 that are critical for glutamatergic synaptic function in other brain regions (d’ Anglemont
de Tassigny et al., 2007; Liu et al., 2008); however, it is not known if similar effects occur in
the dorsal horn. Since many articular afferents can be classified as “silent

nociceptors” (Schaible and Grubb, 1993; Michaelis et al., 1996), while in the dorsal horn so-
called “silent synapses” exhibit mainly NMDA receptor-mediated current (Kerchner et al.,
1999), the net effect of high E2 conditions may be to unmask silent TMJ afferents by lowering
sensory thresholds or disinhibition of primary afferent synaptic contacts in the TBNC. Direct
action of E2 at the first synapse may explain why the greatest differences in TMJ-evoked Fos-
LI between HE2 and LE2 groups were seen at \V¢/C4.o junction.
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Abbreviations

AMPA

amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid
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Fos-L1
Fos-immunoreactivity
MO
allyl isothiocyanate
NMDA
N-methyl-D-aspartate
TBNC
trigeminal brainstem nuclear complex
T™J
temporomandibular joint
TMJID
temporomandibular joint disorder
VC/C1_2
trigeminal subnucleus caudalis/upper cervical cord
VilVcey
ventral trigeminal interpolaris/caudalis transition region
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Vve/Ci2

Figure 1.

Camera lucida drawings indicating the pattern of Fos-LI produced in the lower brainstem after
acute TMJ stimulation by 20% mustard oil (MO) in a HE2-treated female rat. Left side is
ipsilateral to the TMJ stimulus and boxes indicate regions that were quantified bilaterally for
Fos-LI. Approximate rostrocaudal levels caudal to obex: upper panel, 0.5 mm; middle panel,
3.0 mm; lower panel, 5 mm. Abbreviations: dPa5, dorsal paratrigeminal region; V¢, trigeminal
subnucleus caudalis; Vi/Vcy,, ventrolateral portion of trigeminal subnucleus interpolaris/
caudalis transition region; Vc/C._o, spinomedullary junction region. Each dot = 1 Fos-positive
neuron. Calibration = 0.5 mm.
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Figure 2.

Mean number of Fos-positive neurons produced within the caudal TBNC and upper cervical
dorsal horn after injection of mustard oil (20% solution, 25 pl) into the TMJ region expressed
as a function of the distance from the obex in HE2 and LE2 rats. a =P < 0.05, b =P < 0.01
HEZ2 versus LE2. Abbreviations: C1, first cervical segment; C2, second cervical segment; V¢,
trigeminal subnucleus caudalis; Vi, trigeminal subnucleus interpolaris.
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Effect of different concentrations of MO on the average number of Fos-positive neurons

1duasnuey Joyiny vd-HIN

produced in the ipsilateral TBNC in HE2 and LEZ2 rats after TMJ stimulation. Upper panel, Vi/
V¢, transition region; middle panel, dorsal Pa5 region; lower panel, VVc/Cy_, junction region.
Abbreviations and symbols: NS = no stimulus controls; *P < 0.05, **P < 0.01, versus 0% MO
group; b =P < 0.01 HE2 versus LE2.
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Figure 4.

Effect of pretreatment with MK-801 and NBQX on the average humber of Fos-positive neurons
produced Vi/Vc,; transition region (upper panel), dPa5 region (middle panel) and laminae I-
Il at the V¢/Cq_y, junction region (lower panel) after 20% MO stimulation. Abbreviations and
symbols: 0 = vehicle+20% MO; *P < 0.05, **P < 0.01, versus vehicle+20% MO; b = P < 0.01
HE2 versus LE2.
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