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Differential expression of connexins in trigeminal ganglion
neurons and satellite glial cells in response to chronic or acute
joint inflammation
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Abstract

Trigeminal nerve activation in response to inflammatory stimuli has been shown to increase
neuron—glia communication via gap junctions in trigeminal ganglion. The goal of this study was to
identify changes in the expression of gap junction proteins, connexins (Cxs), in trigeminal ganglia
in response to acute or chronic joint inflammation. Although mRNA for Cxs 26, 36, 40 and 43
was detected under basal conditions, protein expression of only Cxs 26, 36 and 40 increased
following capsaicin or complete Freund’s adjuvant (CFA) injection into the temporomandibular
joint (TMJ). While Cx26 plaque formation between neurons and satellite glia was transiently
increased following capsaicin injections, Cx26 plaque formation between neurons and satellite glia
was sustained in response to CFA. Interestingly, levels of Cx36 and Cx40 were only elevated in
neurons following capsaicin or CFA injections, but the temporal response was similar to that
observed for Cx26. In contrast, Cx43 expression was not increased in neurons or satellite glial
cells in response to CFA or capsaicin. Thus, trigeminal ganglion neurons and satellite glia can
differentially regulate Cx expression in response to the type and duration of inflammatory stimuli,
which likely facilitates increased neuron—glia communication during acute and chronic
inflammation and pain in the TMJ.
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INTRODUCTION

The head and face represent some of the most common pain sites in the body (Sessle, 1987;
Lipton et al., 1993; Carlsson, 1995). These craniofacial symptoms can manifest as acute or
transient conditions such as toothaches and headaches, or can transform into more chronic
conditions such as temporomandibular joint (TMJ) disorder or trigeminal neuralgia. All of
these conditions are directly related to activation of the fifth cranial nerve or trigeminal
nerve. The trigeminal nerve is the largest and most complex of the 12 cranial nerves and is
comprised of three major divisions: the ophthalmic (V1), the maxillary (V2) and the
mandibular (V3) (Shankland, 2000). Activation of the mandibular division, which provides
sensory innervation to the TMJ and associated muscles of mastication, is implicated in the
underlying pathology of TMJ disorders. Based on a recent epidemiology study, it was
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reported that TMJ disorders affect >13 million people in the United States with an overall
prevalence of 4.6%, affecting 6.3% of women and 2.8% of men (Isong et al., 2008).

The cell bodies of the mandibular nerves, which when stimulated release neuropeptides that
promote peripheral inflammation and pain, are located in the trigeminal ganglion
(Shankland, 2000). The trigeminal ganglion is comprised primarily of sensory neurons and
two types of glial cells, satellite glial cells and Schwann cells (Hanani, 2005). Several
satellite glial cells are located in close association with the neuronal cell bodies in the
trigeminal ganglion and are thought to form distinct, functional units (Hanani, 2005). There
is increasing evidence to support an important role of glial cells in pathological states by
directly modulating the threshold of activation and excitability state of neurons, and thus
their function (Watkins and Maier, 2002; Hanani, 2005; Takeda et al., 2007). In addition,
interactions between neurons and glial cells have been shown to be involved in all stages of
inflammation and pain associated with several central nervous system (CNS) diseases
(Watkins et al., 2001a,b; Wieseler-Frank et al., 2004). Under both normal and pathological
conditions, communication between neurons and glia can occur by paracrine signaling as
well as through the formation of gap junctions (Haydon, 2001).

Gap junctions are specialized intercellular membrane channels that allow molecules <1 kDa
(i.e. secondary messengers, ions, sSiRNA and metabolic precursors) to pass directly from one
cell to another (Goldberg, 1999, 2002). Gap junctions are thought to be present in nearly all
mammalian cell types (Beyer et al., 1995; White, 1996). They are dynamic structures that
appear to be preprogrammed to be continuously biosynthesized and degraded in the cell, and
typically exhibit a short in vivo half-life between 1-5 h (Fallon and Goodenough, 1981;
Beardslee et al., 1998; Laird, 2006). Gap junctions are not thought to function as a single
unit, but rather, they cluster together to form tightly packed arrays known as gap junction
plaques that facilitate ionic and metabolic coupling between two cells. Importantly, evidence
suggests that gap junction channels may not open until they cluster into plaques on the cell
membranes (Bukauskas et al., 2000).

Gap junctions are composed of polytopic membrane proteins known as connexins (Cxs).
Currently the Cx family has 21 human members, ten of which have been identified in the
nervous system (Laird, 2006). Six Cxs from one cell oligomerize into hexamers that are
commonly referred to as either ‘connexons’ or “hemichannels’. Therefore, two adjacent
hemi-channels from opposing plasma membranes come together to form the gap junction
channel (Goodenough et al., 1996). In the nervous system, gap junction channels have been
shown to facilitate neuron—neuron, glia—glia and neuron—glia communication (Rouach et al.,
2002). Under normal neurological conditions, gap junction intercellular communication
(GJIC) helps to maintain a homeostatic environment by facilitating spatial buffering of
important cellular ions such as K*, Na* and Ca%* (Rose and Ransom, 1997; Mobbs et al.,
1998; Venance et al., 1998; Holthoff and Witte, 2000). Consequently, changes in the
expression of Cxs and, hence, disruption of the GJIC have been implicated in a number of
CNS pathologies including Alzheimer’s disease, Parkinson’s disease, epilepsy and cortical
spreading depression (Rouach et al., 2002).

OBJECTIVE

Data from recent studies have demonstrated that there is increased communication via gap
junctions between trigeminal ganglion neurons and the surrounding satellite glia in response
to acute inflammatory stimuli (Thalakoti et al., 2007; Damodaram et al., 2009) and between
glia in a neuropathic pain model (Vit et al., 2006, 2008; Ohara et al., 2008). The goal of this
study was to investigate temporal and spatial changes in Cx expression in both trigeminal
ganglion neurons and satellite glial cells in a chronic as well as acute model of TMJ
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inflammation. Initially, we used quantitative PCR (qPCR) to determine which Cx mRNA
are expressed in trigeminal ganglion under basal conditions. We then utilized
immunohistochemistry to investigate the spatial and temporal changes in the expression of
Cxs in neuronal and glial cells within trigeminal ganglia in response to a stimulus known to
cause either chronic or acute inflammation in the TMJ.

METHODS

Animal subjects

The animal studies were approved by the Institutional Animal Care and Use Committee at
Missouri State University in accordance with the guidelines established in the Animal
Welfare Act and National Institutes of Health. Every effort was made to minimize animal
suffering and to reduce the number of animals used in our study. Adult male Sprague—
Dawley rats (250-300 g) were housed in structurally sound, clean plastic cages on a 12-h
light/dark cycle and with unrestricted access to food and water for the duration of the
experiment.

Quantitative PCR

In initial experiments, trigeminal ganglia were removed from unstimulated control animals
(N =5) and total RNA isolated using the SV total RNA isolation system (Promega,
Madison, WI, USA) following the manufacturer’s instructions. The quality and quantity of
the RNA were assessed by spectrophotometry and electrophoresis in a formaldehyde-
agarose gel. The O.D.pg and O.D.pg Were determined for each RNA sample using a
Spectra Max Plus plate reader (Molecular Devices, Sunnyvale, CA, USA). An O.D.go/
0.D.pgq ratio of 1.7-2.1 was within an acceptable range. Following electrophoresis, RNA
samples were visualized using a Kodak Image Station and Kodak Molecular Imaging
Software (Rochester, NY, USA). Only RNA samples that had sharp 28 s and 18 s rRNA
bands with the 28 s rRNA appearing approximately twice as intense as the 18 s rRNA band
were used for further analysis. cDNA was generated from RNA samples (100 ng) using a
high capacity cDNA reverse transcriptase kit (Applied Biosystems, Foster City, CA, USA)
following the manufacturer’s protocol and a Mx3005P thermocycler (Stratagene, La Jolla,
CA, USA) programmed for 10 min at 25°C followed by 120 min at 37°C and 5 s at 85°C.
The resultant cDNA was stored at —20°C. The qPCR was based on the TagMan fluorogenic
detection system (Tagman®, PE Applied Biosystems, USA), using commercially available
fluorogenic oligonucleotide probes designed to hybridize to the specific target sequence of
Cxs 26 (Rn02376786_s1), 36 (Rn00439121_m1), 40 (Rn00570632_m1) and 43
(Rn01433957_m1) (Applied Biosystems). As a positive control, commercial primers
designed to amplify glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used
(Applied Biosystems). The thermocycler was programmed as follows: pre-denaturation at
95°C for 10 min followed by 40 cycles of denaturation for 15 s at 95°C and annealing/
extending for 1 min at 60°C. Following the annealing/extending cycle, the cycle threshold
values (C;) were determined by the Mx Pro software (Stratagene). The data are reported as
average C; value £ SEM as well as reported as AC; values normalized to GAPDH levels for
five independent experiments performed in duplicate.

Chronic and acute inflammation models

Rats were anesthetized by injecting 0.3 ml of a mixture of ketamine (45 mg/kg) and xylazine
(5 mg/kg) solution intra-peritonealy (i.p.). Rats were observed and assessed for effects of
anesthesia using a writhing reflex and tonicity of the tail (tail flick reflex). Bilateral
injections into the TMJ were performed using a 50 ul Hamilton syringe (Hamilton
Company, Reno, NV, USA) and a 2612 G needle (Becton Dickinson, Franklin Lakes, NJ,
USA). Young adult male rats were left untreated (control), injected bilaterally with 50 pl of
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complete Freund’s adjuvant (1:1 CFA/saline; Sigma-Aldrich, St. Louis, MO, USA), 25 ul of
capsaicin (10 uM in 100% DMSO; Sigma-Aldrich) or corresponding vehicle into each TMJ.
Prior to injection, a 1:1 CFA/physiological saline emulsion was formed by sonication (3x,
each for 3 s). For the chronic inflammation model, rats were sacrificed and ganglia collected
3, 5 or 7 days following bilateral CFA injections. For the acute inflammation model, animals
were sacrificed and ganglia collected 15 min, 30 min, 1, 2 or 24 h following capsaicin
stimulation.

Trigeminal tissue isolation and mounting

Trigeminal ganglia were removed from control rats as well as treated animals after CO»
asphyxiation. Ganglia were mounted in Neg-50 Frozen Section Medium (Richard Allan
Scientific, Kalamazoo, MI, USA), quickly frozen and stored at —25°C. Dorsal to ventral 20-
um serial longitudinal sections of the entire ganglion were prepared using a cryostat
(Microm HM 525, Richard Allan Scientific). On average, five individual ganglion sections,
which included one control and several experimental conditions, were mounted on
Superfrost Plus microscope slides (Fischer Scientific, Pittsburgh, PA, USA).

Immunohistochemistry

For immunohistochemical studies, 20-um cryostat sections of control and treated ganglia
were incubated in 4% paraformal-dehyde for 60 min to fix the tissue. The tissue was then
permeabilized with 0.3% triton X-100 in PBS for 60 min. Fixed and permeabilized tissues
were then incubated in PBS containing 5% donkey serum for 60 min to reduce non-specific
binding of antibodies. The tissue sections were incubated overnight at 4°C with rabbit
polyclonal antibodies directed against Cx26 (diluted 1:500 in PBS, Millipore, Billerica, MA,
USA), Cx40 (diluted 1:100 in PBS, Millipore), Kj, 4.1 (diluted 1:1000 in PBS, Alomone
Labs, Jerusalem, Israel) or goat polyclonal antibodies against Cx36 (diluted 1:100 in PBS,
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and Cx43 (diluted 1:100 in PBS,
Santa Cruz). Sections were then incubated for 1 h at room temperature in Rhodamine red X-
conjugated donkey anti-rabbit or anti-goat 1gG antibodies (diluted 1:100 in PBS, Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) to detect immuno-reactive proteins
at 555 nm using UV-fluorescence microscopy. Sections were mounted using Vectashield
medium (H-1200) containing 4',6-diamidino-2-phenylindole (DAPI; Vector Laboratories,
Burlingame, CA, USA) and viewed at wavelength 350 nm to identify neuronal and glial cell
nuclei. Images (40x, 100x and 400x) were collected using an Olympus DP70 camera
mounted on an Olympus BX41 fluorescent microscope.

Quantification of staining intensity

Each captured image was converted to grayscale prior to analysis. Only slides with similar
levels of background fluorescent intensities were used. A total of six images from each
experimental condition were used to determine the intensity level of Cx staining. Initially,
the average gray value was measured in three regions of interest in the mandibular or V3
region that contained clearly delineated bands of neurons and satellite glia. This average was
normalized to the average gray value in three regions of interest that contained only glial
Schwann cells and fibers, which was used as a background intensity level of staining since
no Cx staining was observed in these regions. The data are reported as a ratio of average
grayscale intensity of neurons and satellite glial cells versus Schwann cells £ SEM. Each
experimental condition was repeated in at least three independent experiments performed in
duplicate in which laboratory personnel were blinded to the experimental design.

Neuron Glia Biol. Author manuscript; available in PMC 2011 July 18.



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

1duasnuey Joyiny vd-HIN

GARRETT and DURHAM Page 5

Statistical analysis

RESULTS

Statistical analysis was performed using the parametric two-sample t-test. Differences were
considered statistically significant at P < 0.05. All statistical tests were performed using
Minitab Statistical Software, Release 14.

Relative Cx mRNA levels detected using gPCR

Initially, to determine which Cxs might be expressed in the trigeminal ganglia under basal
conditions, total RNA was extracted from trigeminal ganglia obtained from untreated
control rats and used for analysis by g°PCR. Commercially available oligonucleotide probes
for Cxs 26, 36, 40 and 43 as well as GAPDH were used to determine mRNA levels. The
data are reported as cycle threshold value (C;), which represents the time at which
fluorescence intensity is greater than background fluorescence and as AC; values, which
represents the relative change when normalized to GAPDH levels. GAPDH was included in
each experimental gPCR and served as an abundant standard control value (C; = 20.5 +
0.92). Cx43 was found most abundantly in the control ganglia and had a C; value of 28.5 +
0.44 and a AC; value of 8.0 (Table 1). A similar C; value was found for Cx26, which had a
C; value of 28.8 = 1.19 and a AC; value of 8.3. The mRNA levels for the other Cxs were less
abundant than those for Cxs 43 and 26. For Cx40, the C; value was 32.5 = 0.38 with a AC;
value of 12.0, while for Cx36, the C; value was 32.6 = 0.54 with a AC; value of 12.1. These
data provide evidence that mRNA for several Cxs are expressed in trigeminal ganglion
obtained from unstimulated control animals.

Expression of Cxs: 26, 36 and 40 in trigeminal ganglion in response to CFA

Cx26

Based on the gPCR data, antibodies directed against the four Cxs were used to determine
their cellular expression in trigeminal ganglia obtained from untreated animals as well as
animals injected with agents known to cause chronic or acute joint inflammation. The
chronic inflammation model used in our studies is a well-established model for studying
signaling pathways involved in mediating inflammation and nociception in the TMJ (Suzuki
etal., 2007; Thut et al., 2007; Wang et al., 2008; Xu et al., 2008). To create a chronic
inflammatory state, 50 uL of a saline emulsion of CFA, which contains heat-killed
mycobacteria, was injected directly into each TMJ capsule. Animals were sacrificed 3, 5 and
7 days following CFA injections. To verify the exact location of the CFA injections into the
capsule and the amount of inflammation within the TMJ, the joint was routinely exposed
before the trigeminal ganglion was dissected. As expected, a large amount of pus was
observed in the CFA-injected TMJ capsule 3, 5 and 7 days after injection (data not shown).
However, no pus or other signs of inflammation were observed in the capsules of untreated
animals or 3, 5 or 7 days after injection of vehicle (data not shown).

Cx26 levels were determined in trigeminal ganglia by immunohistochemistry 3, 5 and 7
days after CFA injection. Each ganglion tissue section was costained with the fluorescent
dye DAPI, which stains nuclear DNA, to facilitate identification of neuronal cells (large
round nucleus) and satellite glial cells (smaller, elliptical nuclei). In ganglia obtained from
control, untreated animals, faint Cx26 staining was observed in the neuron-satellite glia
clusters (Fig. LA-C). In contrast, elevated levels of Cx26 were readily detected in both
neurons and the surrounding satellite glial cells in the V3 region of the ganglia at each time
point following CFA stimulation. The intensity of Cx26 immunostaining was significantly
increased (P < 0.01) at day 3 and the staining intensity remained significantly higher than
control levels on days 5 and 7. Similarly, the level of Cx26 was increased in neuron—satellite
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Cx36

Cx40

glia clusters located in the V2 and V1 regions of the ganglia in response to CFA at all three
time points when compared to control levels (data not shown). However, the intensity of
Cx26 staining in response to vehicle injections was similar to that observed for the untreated
animals (data not shown). As another control, some sections were incubated with only
secondary antibodies and immunohistochemistry performed on entire trigeminal ganglion
sections. No detectable staining was observed in neuronal or glial cells in the absence of the
Cx26 primary antibodies although the nuclei of these cells were clearly visible with DAPI
staining of the same sections (data not shown).

In untreated control ganglia, a low level of Cx36 was observed within the neuron—glia
clusters in the V3 region (Fig. 2). However, the level of Cx36 staining was significantly
increased 3, 5 and 7 days following CFA injection (P < 0.01) in the TMJ capsule when
compared to control levels. In contrast to the staining pattern observed for Cx26, Cx36
staining was observed primarily in neuronal cell bodies, but not satellite glial cells in
response to CFA. This pattern and increased level of Cx36 staining were also observed in
the V2 and V1 regions of the ganglia in response to CFA at all three time points when
compared to control levels (data not shown). No detectable staining was observed in
neuronal or glial cells in the absence of the Cx36 primary antibodies in ganglia from control
or CFA-injected animals (data not shown).

The overall staining pattern observed for Cx40 expression in trigeminal ganglia was similar
to that seen for Cx36. Again, a low level of Cx40 was detected in neuron—satellite glia
clusters in the V3 region of the ganglia (Fig. 3). At each time point, 3, 5 and 7 days
following CFA injection, the intensity of Cx40 staining in neuronal cells was significantly
elevated (P < 0.01) compared to control levels. The intensity and staining pattern for Cx40
expression observed in the V2 and V1 regions of trigeminal ganglia in response to CFA
injections were similar to that observed in the V3 region (data not shown). No detectable
staining was observed in neuronal or glial cells in the absence of the Cx40 primary
antibodies in any of the ganglia from control or CFA animals (data not shown).

At a higher magnification, the cellular localization of the Cxs within a single functional unit,
which consists of a single neuronal cell body surrounded by many satellite glial cells, is
more readily discerned. As seen in Fig. 4, intense Cx26 staining was observed in the
periphery of a neuronal cell body and most surrounding satellite glial cells in ganglia 5 days
after CFA injection. In contrast, increased Cx36 and Cx40 expression was primarily
observed in trigeminal ganglion neuronal cell bodies. Interestingly, evidence of intense
peripheral staining in neurons and satellite glial cells was not seen with Cx36 or Cx40.
Rather, the expression of Cx36 and Cx40 appears to be increased in the cytosol of mostly
neuronal cells. To aid in the identification of satellite glial cells, some sections were
costained with antibodies directed against K, 4.1. Staining for K;; 4.1 was only observed in
the cytosol of satellite glial cells.

Cxs 26, 36 and 40 expression in trigeminal ganglia in response to capsaicin

To determine whether an acute inflammatory stimulus injected into the TMJ would result in
a different temporal or spatial response in the rat trigeminal ganglion, capsaicin was injected
bilaterally in the TMJ capsules. Levels of Cxs were determined by immunohistochemistry
15 min, 30 min, 1, 2 and 24 h after injection. While the level of expression for Cx26, Cx36
and Cx40 was low in the control tissues, the intensity of immunostaining for each of these
Cxs was significantly increased (P < 0.01) within 15 min after capsaicin injection and
remained significantly elevated 30, 60 and 120 min post-injection (Fig. 5). The cellular
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pattern of staining for each Cx was similar to that observed following CFA injections. For
example, increased Cx26 expression was seen in both neurons and satellite glial cells, and in
some instances was localized to regions between neuronal cell bodies and satellite glial
cells. In contrast, expression of Cx36 and Cx40 was primarily observed in neuronal cells. A
somewhat surprising finding was that the levels of Cx26, Cx36 and Cx40 all returned to
basal levels within 24 h following capsaicin injection. Thus, our results provide evidence
that Cxs are transiently upregulated in response to an acute inflammatory stimulus
(capsaicin) but are more stably expressed in response to a chronic inflammatory stimulus
(CFA).

Cx43 expression in response to CFA and capsaicin

It has previously been reported that Cx43 expression in trigeminal ganglia increases in a
neuropathic pain model (Vit et al., 2006, 2008; Ohara et al., 2008). However, it is not
known if Cx43 expression in trigeminal ganglia would be changed in response to either an
acute or chronic inflammatory stimulus. As seen in Fig. 6, Cx43 was expressed at barely
detectable levels in neurons and was expressed at slightly higher levels in satellite glial cells
in ganglia from control animals. However, the intensity and cellular pattern of Cx43 staining
did not change in response to CFA (day 3) or capsaicin (2 h) injection in the TMJ. This
finding is in stark contrast to the response seen following acute or chronic inflammation of
the TMJ. Taken together, it appears that regulation of Cx43 expression in trigeminal
ganglion neurons and satellite glial cells is dependent on the type of stimulus, inflammatory
versus neuropathic, that causes trigeminal neuron activation.

CONCLUSIONS

1. Under basal conditions, mMRNA for Cxs 26, 36, 40 and 43 were detected in
trigeminal ganglia.

2. Inresponse to chronic joint inflammation following CFA injection, a sustained
elevation in the level of Cx26 expression was observed in both neurons and satellite
glial cells.

3. The levels of Cx36 and Cx40 were also significantly elevated in a sustained manner
in response to CFA, but the increase was primarily observed in the neuronal cells
and, thus, may function as hemichannels.

4. The expression of Cx26, Cx36 and Cx40 was transiently increased in a similar
cellular pattern to that observed for CFA in response to acute TMJ inflammation
following capsaicin injection.

5. Cx43 expression was not increased in either trigeminal ganglion neurons or satellite
glial cells in response to acute or chronic inflammation of the TMJ.

DISCUSSION

In this study, chronic and acute inflammation of the TMJ was used to investigate changes in
the spatial and temporal expression of several Cxs in trigeminal ganglia when compared to
untreated control ganglia. In our initial studies, gPCR and immunohistochemistry were used
to determine which Cxs were expressed in trigeminal ganglion under basal conditions.
Detectable levels of mMRNA and protein for Cxs 26, 36, 40 and 43 were present in trigeminal
ganglia isolated from untreated animals. Our findings are similar to the reported cellular
expression of these particular Cxs in the CNS. For example, the expression of Cx26 has
been demonstrated in neurons and astrocytes, a type of glial cell found in association with
neuronal cells within the CNS (Venance et al., 2000; Nagy et al., 2001). In addition, Cx36
expression was reported to be restricted to CNS neurons (Condorelli, 1998; Rash, 2000),
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while Cx40 expression has previously been reported in neurons in the CNS under basal
conditions (Chang et al., 1999; Dermietzel et al., 2000). Our finding that Cx43 is expressed
in trigeminal ganglia is also in agreement with previous studies (Vit et al., 2006, 2008;
Ohara et al., 2008). However, to our knowledge, this is the first evidence of identification of
Cxs 26, 36 and 40 protein expression in trigeminal ganglion obtained from untreated
animals. Furthermore, this is the first study to demonstrate increased Cx expression in
neurons and satellite glial cells within the trigeminal ganglion under chronic and acute
inflammatory conditions of the TMJ.

A novel finding of our study was that the duration of Cx expression in trigeminal ganglion
neurons and satellite glial cells temporally correlated with the type of inflammatory stimulus
injected into the TMJ capsule. For example, when CFA, which is known to cause a strong
and long-lasting inflammatory response in the joint (Suzuki et al., 2007; Thut et al., 2007;
Wang et al., 2008; Xu et al., 2008), was injected into the TMJ, we observed a sustained
increase in the expression of Cx26 in neurons and satellite glial cells as well as sustained
Cx36 and Cx40 expression in neurons when compared to basal levels. These findings are
somewhat surprising since typically Cxs are reported to exhibit a short half-life in the range
of several hours (Laird, 2006). We are not aware of any study that has provided evidence of
stable Cx expression in the trigeminal ganglia or other neuronal tissue over several days. A
sustained increase in Cx26 expression in both neurons and satellite glial cells that result in
the formation of gap junction plaques may allow molecules such as CAMP, glutamate, as
well as K*, Na* and Ca2* ions to pass directly between these cells in the ganglia for a
prolonged period of time. Importantly, increased neuronal—glial cell signaling via gap
junctions has been documented in CNS inflammatory diseases and is considered an
important factor in the underlying pathology by increasing neuronal excitability (Nakase and
Naus, 2004). Thus, it is likely that increased neuron—satellite glia gap junction
communication may lead to increased neuronal excitability and a lower activation threshold.
Similarly, given that Cx36 and Cx40 expression was increased primarily in neurons and the
fact that these Cx are known to form hemichannels (Schock et al., 2008; Toma et al., 2008),
their increased expression in response to inflammatory stimuli could result in enhanced
autocrine and paracrine signaling within the ganglion that is likely to increase the
excitability state of the neurons and satellite glial cells. In support of this notion,
hemichannels have been found to act through paracrine signaling by releasing molecules
such as ATP, NAD+, glutamate and prostaglandins, which can modulate neuronal and glial
cell activity (Goodenough et al., 1996; Bruzzone, 2001; Bennett, 2003; Ebihara, 2003; Ye,
2003; Cheriann et al., 2005).

In contrast to the sustained increase in Cx expression observed in response to CFA, injection
of capsaicin caused a transient elevation in Cxs 26, 36 and 40 levels. Capsaicin binds to the
transient receptor potential vanilloid subfamily member 1 (TRPV1) receptor (Caterina et al.,
1997), which are expressed by neurons found in all regions of the trigeminal ganglion
(Thalakoti et al., 2007). Binding to the TRPV1 receptor causes excitation of sensory
neuronal C fibers that are involved in pain transmission. As shown in our study, the
capsaicin-mediated increase in Cx expression was observed within 15 min and remained
elevated for at least 2 h post-injection, but returned to basal levels within 24 h. Despite the
temporal differences in response to CFA and capsaicin injections observed in our study, it is
interesting that the cellular changes within the ganglia were quite similar. We found that
Cx26 expression was markedly increased in both neurons and satellite glial cells in response
to capsaicin. It is likely that the formation of Cx26 gap junction plaques is responsible for
the increased dye coupling that we previously reported between trigeminal ganglion neurons
and satellite glial cells in response to capsaicin injection into the TMJ (Thalakoti et al.,
2007). In contrast to Cx26, increased Cx36 and Cx40 expression was primarily localized to
neuronal cell bodies as seen following CFA injections. Thus, it appears that while spatial
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changes in response to either chronic or acute inflammatory stimuli are similar within
trigeminal ganglia, temporal changes are dependent on the duration and type of
inflammatory stimulus. Although not known, differential regulation of Cx expression may
have important implications in the underlying pathology of acute versus chronic TMJ
inflammation and pain.

We have provided evidence that peripheral stimulation of trigeminal neurons in response to
CFA or capsaicin injection into the TMJ capsule results in increased expression of Cx26 in
neurons and satellite glial cells and increased expression of Cx36 and Cx40 in trigeminal
neurons. Based on previous studies (Thalakoti et al., 2007; Damodaram et al., 2009), the
changes in Cx expression seen in our study likely facilitate direct communication of neurons
and satellite glial cells via gap junctions and possibly enhanced autocrine and paracrine
signaling in the ganglion that contributes to increased neuronal and glial excitability. Of
relevance to TMJ pathology, an increase in neuronal excitability is characteristic of both
peripheral sensitization, which occurs in response to an acute inflammatory stimulus, and
priming, which is thought to be involved in long-term changes in the excitability state of
sensory nociceptive neurons (Hucho and Levine, 2007). Peripheral sensitization, which can
last from minutes to hours, is characterized by increased neuronal excitability and a
lowering of the threshold stimulus for increasing gene expression, ion channel activities and
release of inflammatory molecules (Dodick and Silberstein, 2006). More recently, a primed
state of nociceptors has been described that is characterized by changes in nociceptors that
significantly lower the concentrations of inflammatory mediators required to elicit a
heightened state of pain (hyperalgesia) that can persist for several weeks (Hucho and
Levine, 2007). Given the importance of glial cells in regulation of neuronal excitability and
activation thresholds (Watkins and Maier, 2002; Hanani, 2005; Takeda et al., 2007), it is
likely that the transient increased Cx expression observed in response to capsaicin
contributes to peripheral sensitization, while the more stable expression of Cxs in response
to CFA is involved in the generation and/or maintenance of the primed state. Furthermore, it
is possible that the sustained increase in Cx expression may play a role in the transition from
acute episodic pain in the TMJ to a more chronic pain state.

Cx43 is the most ubiquitous Cx protein and is found in most mammalian tissues (Saez et al.,
2003). Although Cx43 mRNA was detected in trigeminal ganglia from untreated animals
and a low level of Cx43 immunoreactivity was detected in satellite glial cells as previously
reported (Vit et al., 2006; Ohara et al., 2008), we did not observe increased Cx43 expression
in response to CFA or capsaicin injection into the TMJ. The lack of effect of inflammatory
stimuli on Cx43 expression in the trigeminal ganglion was somewhat surprising since Cx43
expression was shown to increase in trigeminal ganglion satellite glia in response to
trigeminal nerve injury (Vit et al., 2006; Ohara et al., 2008). Thus, it appears changes in Cx
expression within the trigeminal ganglion are dependent on whether the trigeminal nerve
was injured (neuropathic) or on whether a peripheral inflammatory stimulus causes acute or
chronic excitation of trigeminal nerves. This difference in the underlying pathologies is
likely to have important therapeutic implications.

In summary, we have provided the first evidence of increased expression of Cxs within
trigeminal ganglion neurons and satellite glial cells following TMJ injection of CFA or
capsaicin, agents known to promote joint inflammation and pain (Carleson et al., 1997;
Spears et al., 1998; Suzuki et al., 2007; Thut et al., 2007; Wang et al., 2008; Xu et al.,
2008). While increased Cx26 expression was observed in both neurons and satellite glia and,
thus, may form gap junctions, increased expression of Cx36 and Cx40 was primarily
localized to only neuronal cells where they may function in the formation of hemichannels.
Furthermore, we found that while Cx26, Cx36 and Cx40 expression was transiently
increased in response to capsaicin, their level of cellular expression was sustained for at least
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7 days after injection of CFA. In conclusion, we propose that increased neuron—glia
communication within trigeminal ganglia mediated by Cxs is involved in regulating the
response to acute or chronic stimulation of trigeminal neurons and, thus, plays an important
role in TMJ pathology.
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CON 3 day CFA 5 day CFA 7 day CFA
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Cx26 24102 4703 3703 35027

Fig. 1. Expression of Cx26 in trigeminal ganglion neurons and satellite glia is increased in
response to CFA

(A) Images (400x) of a representative area in the V3 region of ganglia obtained from control
animals (CON) as well as 3, 5 and 7 days after CFA injection in the TMJ capsule are shown.
(B) The same tissue sections seen in panel A were costained with the nuclear dye DAPI. (C)
A merged image of panels A and B is shown. (D) The average relative staining levels for
Cx26 are reported. The normalized values, which are the ratio of the staining intensity of
neuron and satellite glial cells to the intensity of Schwann cells (non-staining regions) in six
independent fields, are reported as the average staining intensity + SEM (n = 3 independent
experiments).
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Fig. 2. Expression of Cx36 in trigeminal ganglion neurons is increased in response to CFA

(A) Images (400x%) of a representative area in the V3 region of ganglia obtained from control
animals (CON) as well as 3, 5 and 7 days after CFA injection in the TMJ capsule are shown.
(B) The same tissue sections shown in panel A were costained with the nuclear dye DAPI.
(C) A merged image of panels A and B is shown. (D) The average relative staining levels
for Cx36 are reported. The normalized values are reported as the average staining intensity +
SEM (n = 3).
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Fig. 3. Expression of Cx40 in trigeminal ganglion neurons is increased in response to CFA

(A) Images (400x) of a representative area in the V3 region of ganglia obtained from control
animals (CON) as well as 3, 5 and 7 days after CFA injection in the TMJ capsule are shown.
(B) The same tissue sections seen in panel A were costained with the nuclear dye DAPI. (C)
A merged image of panels A and B is shown. (D) The average relative staining levels for
Cx40 are reported. The normalized values are reported as the average staining intensity +
SEM (n =3).
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Fig. 4. Localization of Cxs26, 36 and 40 within a functional unit in trigeminal ganglion 5 days
after CFA injection in the TMJ capsule

A typical functional unit contains a neuronal cell body (nucleus identified by an X)
surrounded by satellite glial cells (nuclei identified by arrows) is shown in each image. (A)
Staining for Cx26 is shown in the left panel, while staining of the same image is shown in
the middle panel and a merged image shown in the right panel. Increased Cx26 expression
in both neurons and satellite glial cells is seen. In contrast, Cx36 expression is localized
primarily to neuronal cell bodies in trigeminal ganglion in response to CFA (B). Similar to
Cx36, the expression of Cx40 is primarily localized to neuronal cell bodies (C). Some
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sections were incubated with antibodies against the satellite glial cell marker K;, 4.1 and
costained with DAPI (D).
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Fig. 5. Expression of Cxs26, 36 and 40 in trigeminal ganglion is transiently increased in response
to capsaicin (CAP)
Images (400x) of a representative area in the V3 region of ganglia are shown. Staining for
Cx26 (A), Cx36 (B) and Cx40 (C) from ganglia obtained from control animals (CON) as
well 15 min, 1, 2 and 24 h following CAP injection into TMJ capsule are shown. (D) The
average relative staining levels for Cx26, Cx36 and Cx40 are reported. The normalized

values are reported as the average staining intensity + SEM (n = 3).
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Fig. 6. Expression of Cx43 in trigeminal ganglion is not increased in response to CFA or
capsaicin

(A) Images (400x) of Cx43 expression in a representative area in the V'3 region of ganglia
obtained from control animals (CON) as well as 3 days after CFA injection or 2 h after
capsaicin (CAP) injection in the TMJ capsule are shown. (B) The same tissue sections
shown in panel A were costained with the nuclear dye DAPI. (C) A merged image of panels
A and B is shown.
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Relative connexin mRNA levels detected under basal conditions using quantitative PCR. Average cycle

Table 1

Page 20

threshold (Ct) values = SEM for Cxs 26, 36, 40 and 43 normalized to levels of GAPDH are reported AC;.

Avg. Civalue  AC
Cx26 28.8+1.19 8.3
Cx36 32.6 +0.54 12.1
Cx40 325+0.38 12.0
Cx43 285+0.44 8.0
GAPDH 20.5+0.92 —
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