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Abstract
The cervical facet joint and its capsule are a common source of neck pain from whiplash.
Mechanical hyperalgesia elicited by painful facet joint distraction is associated with spinal
neuronal hyperexcitability that can be induced by transmitter/receptor systems that potentiate the
synaptic activation of neurons. This study investigated the temporal response of a glutamate
receptor and transporters in the dorsal root ganglia (DRG) and spinal cord. Bilateral C6/C7 facet
joint distractions were imposed in the rat either to produce behavioral sensitivity or without
inducing any sensitivity. Neuronal metabotropic glutamate receptor-5 (mGluR5) and protein
kinase C-epsilon (PKCε) expression in the DRG and spinal cord were evaluated on days 1 and 7.
Spinal expression of a glutamate transporter, excitatory amino acid carrier 1 (EAAC1), was also
quantified at both time points. Painful distraction produced immediate behavioral hypersensitivity
that was sustained for 7 days. Increased expression of mGluR5 and PKCε in the DRG was not
evident until day 7 and only following painful distraction; this increase was observed in small-
diameter neurons. Only painful facet joint distraction produced a significant increase (p<0.001) in
neuronal mGluR5 over time, and this increase also was significantly elevated (p ≤ 0.05) over
responses in the other groups at day 7. However, there were no differences in spinal PKCε
expression on either day or between groups. Spinal EAAC1 expression was significantly increased
(p<0.03) only in the nonpainful groups on day 7. Results from this study suggest spinal
glutamatergic plasticity is selectively modulated in association with facet-mediated pain.
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1. Introduction
Whiplash-related injury produces persistent neck pain that affects nearly 20% of the general
population (Croft et al., 2001). One of the primary causes of chronic pain from whiplash is
over-stretching of the capsular ligament (Deng et al., 2000; Luan et al., 2000; Panjabi et al.,
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1998; Pearson et al., 2004; Sundararajan et al., 2004; Yoganandan et al., 1998, 2002). The
afferents that innervate the facet joint can be activated in response to mechanical stimulation
of the joint (Avramov et al., 1992; Cavanaugh et al., 1989; Khalsa et al., 1996; Pickar and
McLain, 1995). Electrophysiological studies demonstrate that tensile loading of the cervical
facet joint capsule induces activation in the dorsal rootlets innervating the joint and
sustained spinal neuronal hyperexcitability (Chen et al., 2006; Lu et al., 2005; Quinn et al.,
2010). Despite this evidence of immediate and long term neuronal activity, the mechanism
of how painful joint stretch activates neuronal nociceptive activity is still unknown.

Neuronal hyperexcitability in association with joint pain is initiated by transmitter/receptor
systems that modulate synaptic activity with glutamate as one of the key neurotransmitters
in the spinal cord (Hutchinson et al., 2011; Schaible et al., 2002; Valtschanoff et al., 1994).
Glutamate application increases neuronal excitation in a primate model of knee joint arthritis
(Dougherty et al., 1992). Additionally, glutamate in the superficial dorsal horn of the spinal
cord increases within 24 hours after the induction of painful arthritis (Dougherty et al., 1993;
Sluka and Westlund 1993). Although studies of joint pain collectively suggest a role for
glutamate in the development and persistence of mechanically initiated facet-mediated joint
pain, the temporal response of the spinal glutamatergic system, such as glutamate receptors
and transporters, has not been defined in joint or whiplash-related pain.

The metabotropic glutamate receptors (mGluRs) have been shown to induce sensitivity
when given intrathecally or by intraplantar administration (Bhave et al., 2001; Dogrul et al.,
2000; Hama, 2003; Karim et al., 2001). In particular, spinal mGluR5 administration
increases the excitability of primary afferents in a rat model of inflammatory pain (Pitcher et
al., 2007). Following activation of mGluR5, intracellular calcium release is believed to be
regulated by PKC (Jong et al., 2009; Xu et al., 2007). However, PKC-epsilon (PKCε) has
been implicated in several pathological pain states (Ahlgren and Levine, 1994; Amadesi et
al., 2006; Dina et al., 2000; Ferreira et al., 2005; Khasar et al., 1999; Souza et al., 2002).
Significant increases in the expression of both mGluR5 and PKCε have been observed in the
DRG at day 7 in a model of painful facet joint injury in the adolescent rat (Weisshaar et al.,
2010). Although these studies strongly suggest the contributions of mGluR5 and its
downstream effects to nociceptive transmission, it remains to be seen whether changes in
mGluR5 and PKCε in the DRG and spinal cord occur following painful facet joint injury.

Since excessive extracellular glutamate levels can enhance synaptic transmission and
contribute to cell death, glutamate uptake by the excitatory amino acid transporters (EAATs)
is important in regulating the extracellular concentrations at synapses (Dingledine and
McBain, 1999; Rimaniol et al., 2001; Zhang et al., 2009). Of the five subtypes of membrane
glutamate transporters, only EAAT1-EAAT3 are found in the spinal cord (Chaudhry et al.,
1995; Kanai et al., 1993; Rothstein et al., 1996). EAAT3 (also known as excitatory amino
acid carrier 1 (EAAC1)), is expressed primarily on neurons (Ginsberg et al., 1995; He et al.,
2000). EAAC1 have been shown to be down-regulated in the spinal cord after painful
peripheral nerve injury (Sung et al., 2003; Wang et al., 2006). Despite evidence suggesting
the pathological function of this neuronal glutamate transporter after peripheral nerve injury,
their temporal contributions to facet-mediated pain are not known.

Our group has previously demonstrated that painful facet joint distraction mimicking
whiplash injury up-regulates spinal mGluR5 and decreases EAAC1 expression correlated
with the severity of injury and behavioral hypersensitivity (Dong and Winkelstein, 2010).
However, that work did not evaluate the effect of the joint loading itself or assess the
cellular glutamatergic response, including the temporal neuronal expression of the glutamate
receptor, PKCε, and glutamate transporters. The objective of this study is to investigate the
temporal response of the glutamatergic system in the DRG and spinal cord after joint
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distractions that separately do and do not produce pain. As such, dynamic facet capsule
stretch was applied using joint magnitudes known to and not to produce behavioral
hypersensitivity (Dong et al., 2008, 2011). Both mGluR5 and PKCε expression were
evaluated in nociceptive neurons of the DRG as well as in the spinal cord at early (day 1)
and later (day 7) time points. Given that glutamate transporters are responsible for
maintaining a basal level of glutamate in the synaptic cleft (Dingledine and McBain, 1999;
Vera-Portocarrero et al., 2002), EAAC1 was also quantified in the spinal dorsal horn at days
1 and 7 in the context of behavioral hypersensitivity.

2. Results
2.1. Injury Severity & Behavioral Outcomes

Both the joint distraction and capsule strain magnitudes describing the loading severity were
different in the painful and nonpainful conditions. The mean vertebral distraction for the
painful group (0.44±0.10 mm) was significantly greater (p<0.001) than the distraction for
the nonpainful group (0.17±0.06 mm) (Table 1). Similarly, the painful group (0.34±0.07
mm) also sustained a significantly higher (p<0.0001) average capsular distraction relative to
the nonpainful group (0.12±0.05 mm). The maximum tensile strain in the joint capsule after
painful distraction (18.16±11.59%) was significantly greater (p=0.03) than that strain after
the nonpainful distraction (9.08±6.17%). Further, the maximum principal strain that the
capsule underwent in the painful group (19.43±11.43%) was also significantly higher
(p=0.0006) than that for the nonpainful group (6.29±6.17%) (Table 1). There was no
difference in any of the mechanical injury metrics between each of the injury groups that
were used for tissue harvests at day 1 and those at day 7 for either type of distraction.

Mechanical hyperalgesia also exhibited graded responses after the different distraction
magnitudes. There was no significant difference in the baseline unoperated withdrawal
threshold measured for any of the groups (Figure 1). Response thresholds remained high for
sham at all time points and were not significantly different from their corresponding baseline
(unoperated) responses (Figure 1A). Overall, the response threshold patterns elicited in the
painful group were significantly lower (p<0.02) than both the nonpainful and sham
responses, corresponding to an increased behavioral sensitivity. In particular, the painful
group exhibited an immediate and significant (p<0.001) reduction in response threshold
compared to its baseline that persisted over the duration of the post-operative period (Figure
1A). The response thresholds for the nonpainful group were not significantly different from
sham or their baseline responses at any time, and were significantly (p<0.001) higher than
those for the painful group on all days (Figure 1A). Similarly, there was no difference in
paw withdrawal thresholds at baseline for the group of rats in which tissue was harvested at
day 1 (Figure 1B). Also, the response threshold for the painful group was significantly
decreased for both the nonpainful (p<0.002) and sham (p<0.001) at day 1 (Figure 1B).
Further, the paw withdrawal thresholds elicited by each of the 3 groups of rats for tissue
harvest at day 7 were not different from day 1.

2.2. mGluR5 & PKC in the DRG
Increased expression of mGluR5 in the DRG was specific only to the painful loading and
was not evident until day 7 (Figure 2). All groups (painful, nonpainful, sham) exhibited
comparable mGluR5 expression that was not different from normal un-operated level at day
1. In contrast, neuronal mGluR5 expression at day 7 after painful distraction was
significantly increased (p≤ 0.012) over nonpainful distraction and sham and normal controls
(Figure 2). The neuronal mGluR5 expression for all groups remained below 10% at day 1,
with the painful group increasing significantly (p<0.001) to 26±5% at day 7 and the
nonpainful and sham groups remaining at 13±3% and 12±2%, respectively (Figure 2I).
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Similarly, there was no significant difference in the expression of mGluR5 in the small- and
medium-sized neurons at day 1 in any of the groups. However, by day 7 there was a
significant increase (p=0.013) in the percentage of small neurons that was expressing
mGluR5 after painful distraction compared to sham; this was not the case in the medium-
diameter neurons (Figure 2J).

Immunoreactivity for PKCε exhibited the same trend as mGluR5 expression in the DRG.
Neuronal PKCε expression in the DRG also was not changed from normal levels in the
nonpainful and sham groups at either time point (Figure 2). Further, neuronal PKCε
expression after painful distraction was comparable to the nonpainful, sham and normal
levels at day 1. The sham responses at days 1 and 7 exhibited similar levels of expression,
which were not different from normal. Only the painful distraction produced a significant
increase (p<0.001) in neuronal PKCε expression at day 7 compared to day 1(Figure 2K).
Moreover, at day 7 after painful loading, PKCε expression was more than doubled and was
significantly increased (p<0.001) over both of the other groups (Figure 2K). PKCε
expression in both small- and medium-sized neurons was not different for any group at day
1; yet, the percent of both the small- and medium-diameter neurons expressing PKCε was
elevated after painful distraction at day 7 (Figure 2L). However, this increase was only
significant (p<0.03) when compared to sham.

2.3. Spinal mGluR5, PKC & EAAC1
The expression of each of mGluR5 and PKCε in the spinal cord after painful, nonpainful,
and sham distraction displayed different trends relative to normal expression than those
observed in the DRG. Total mGluR5 expression at day 1 was not different from normal for
any of the groups, with no significant difference detected after the painful and nonpainful
distractions or the sham procedures (Figure 3I). Interestingly, the total expression of
mGluR5 for all groups at day 7 increased significantly (p≤ 0.001) compared to day 1 and
were all elevated over normal levels at day 7 (p≤ 0.001) (Figure 3). Neuronal mGluR5
expression was only changed at day 7 after painful distraction (Figure 3). While neuronal
mGluR5 expression at day 7 following nonpainful and sham procedures remained at normal
and day 1 levels, neuronal mGluR5 after painful distraction was significantly higher (p≤
0.05) than all groups at day 7 and exhibited a significant (p<0.001) four-fold increase from
expression levels induced by painful distraction at day 1 (Figure 3J).

Similarly, there was no difference between groups in the total expression of PKCε in the
spinal cord at either time point or relative to normal levels (Figure 4). Even though the
neuronal PKCε expression following both nonpainful and sham procedures was lower than
that of the painful distraction at day 1, this difference was not significant (Figure 4J). There
was a significant increase (p<0.001) in the neuronal PKCε expression induced in all groups
over time, but there was no difference between painful, nonpainful and sham at day 7
(Figure 4).

The neuronal glutamate transporter (EAAC1) in the spinal cord exhibited differential
changes between the different joint loading conditions and time points (Figure 5).
Specifically, EAAC1 expression at day 1 was not different between any groups (Figure 5).
Interestingly, at day 7, spinal EAAC1 expression was different between the painful and
nonpainful conditions (Figure 5). Although spinal EAAC1 expression did not change over
time for the painful group, it did increase significantly from 6.8±0.5% and 1.8±1.4% to
18.9±3.7% and 20.8±3.6% for the nonpainful (p=0.02) and sham (p=0.001) groups,
respectively (Figure 5). These increases were significant (p<0.03) compared to the EAAC1
expression at day 7 after a painful distraction.
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3. Discussion
These findings suggest that sustained behavioral hypersensitivity produced by a dynamic
facet joint distraction induces delayed modifications in the glutamatergic system in both the
DRG and spinal cord. In particular, increases in mGluR5 and PKCε expression in the DRG
were only evident at day 7 in response to joint loading that also produced pain (Figures 1
and 2), suggesting that the glutamate receptor and its second messenger may work
cooperatively to contribute to the maintenance, rather than the development, of behavioral
hypersensitivity. However, in the spinal cord, neuronal mGluR5 expression was only
elevated at day 7 after a painful distraction, despite similar increases in the total mGluR5
expression in all groups at that time point (Figure 3). This finding suggests that the changes
in spinal mGluR5 at day 7 may not be related to pain but to joint loading and manipulation
of the spinal tissues that was evident in all groups, and that specific nociceptive-specific
mechanisms are initiated prior to day 7 to selectively mediate the neuronal responses in the
spinal cord. Increases in mGluR5 can facilitate over-stimulation of glutamate by binding to
its receptors, leading to neuronal apoptosis (Caruso et al., 2004; Lea and Faden, 2003). The
lack of early modification in spinal mGluR5 expression at day 1 in this study in the presence
of behavioral hypersensitivity at that time point after the painful distraction (Figures 1 and
2) suggests that pain in this model is initiated by other pathways that may not involve
mGluR5. In addition to being a downstream messenger of mGluR5, PKC has also been
suggested to stimulate and sensitize nociceptors by increasing calcium influx and inhibiting
potassium currents (Alkon et al., 1986; Deriemer et al., 1985; Leng et al., 1996;
Schepelmann et al., 1993). However, spinal neuronal expression of PKCε was observed
after painful distraction only at day 7 and was evident in all groups regardless of the
presence or absence of pain (Figure 3). Taken together, these findings suggest that the onset
of behavioral hypersensitivity in this model is likely mediated by other regulatory factors in
the spinal cord. Indeed, facet-mediated pain has been shown to induce neuronal
hyperexcitability in the spinal cord as early as 1 day after painful distraction supporting such
a notion (Crosby and Winkelstein, 2011). However, the exact mechanisms by which
mGluR5 modifications are induced in this pain model are still unclear.

Expression of mGluR5 and PKCε in the DRG were similar over time (Figure 2), suggesting
that they may be modulated by the same initial stimulus. Since PKCε can regulate G-protein
coupled receptors, such as mGluR5 (Conn and Pin, 1997; Schoepp et al., 1999), there may
be a potential role of PKCε-dependent mGluR5 signaling in hyperalgesia following this
painful joint injury. In fact, PKCε activation is required for mGluR5-mediated development
of mechanical hypersensitivity in a rat model of chronic muscular hyperalgesia (Lee and Ro,
2007). The current study demonstrates that the modifications in mGluR5 and PKCε
expression in the DRG were exhibited in the small-diameter neurons (Figure 2), which is
consistent with a previous report of a significant increase in the number of small DRG
neurons that express mGluR5 and PKCε after painful joint injury in an adolescent model
(Weisshaar et al., 2010). In another study of painful spinal nerve ligation, mGluR5 was also
up-regulated in small-diameter nociceptive A-fibers in the DRG (Hudson et al., 2002).
Furthermore, mGluR5 activation on the central presynaptic terminals of nociceptive neurons
has been shown to induce mechanical hyperalgesia in rats (Kim et al., 2009). Conversely,
inhibition of PKCε attenuates glutamate release in isolated spinal cord preparations and
reduces formalin-induced nociception in vivo (Sweitzer et al., 2004). Also, application of an
mGluR5 antagonist can effectively reduce hyperalgesia in both inflammatory and
neuropathic pain (Fisher et al., 2002; Walker et al., 2001). Together with the current
findings, it is likely that both mGluR5 and PKCε enhance nociceptive transmission and
contribute to behavioral hypersensitivity after facet joint injury.
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In the spinal cord, neuronal mGluR5 expression was increased only at day 7 in the painful
case (Figure 3). This supports previous reports of a delayed onset increase between 1–8
weeks in rat rubrospinal neurons (Wang and Tseng, 2004). Because group I metabotropic
glutamate receptors can induce excitation and increase intracellular calcium levels, both of
which may be harmful to neuronal survival (Pin and Bockaert, 1995), the increased
expression of mGluR5 observed in this study in association with behavioral hypersensitivity
at day 7, further substantiates the role of mGluR5 in the maintenance of facet joint pain. The
sustained upregulation of mGluR5 in the spinal cord also has been shown to activate the
NMDA receptor via PKC dependent pathways (Byrnes et al., 2009; Karim et al., 2001; Mills
et al., 2001; Xu et al., 2007). However, since expression of PKCε was not modified at day 7
in the spinal cord in the current study (Figure 4), the specific mechanisms by which spinal
mGluR5 contributes to pain in this model still remain unclear. It is likely that this glutamate
receptor works cooperatively with other downstream messengers, such as calmodulin and
ERK to maintain behavioral sensitivity (Choi et al., 2011). Nonetheless, the selective
modification of neuronal mGluR5 in the spinal cord after a painful distraction suggests it to
have a potent association with mechanisms regulating facet pain. Future studies
investigating the ionotropic receptor in conjunction with spinal mGluR5 are necessary to
elucidate the temporal contributions of the mGluR5-triggered cascades leading to the
persistence of pain in this pain model.

In association with modulation of neuronal spinal mGluR5 at day 7 (Figure 3), this study
also demonstrates dysregulation of spinal EAAC1 expression at day 7 only after painful
facet joint distraction (Figure 5). Interestingly, in this case, the EAAC1 expression increased
at day 7 in the conditions that did not produce pain and remained unchanged in the painful
distraction case, suggesting that injury condition may suppress the normal expression of
EAAC1 in association with pain production. EAATs are thought to be rapidly upregulated in
the spinal cord in response to high concentrations of extracellular glutamate that can be due
to injury or perceived injury in the CNS (Liu et al., 1991; McAdoo et al., 1999; Vera-
Portocarrero et al., 2002). Chronic painful sciatic nerve constriction can induce elevated
EAAC1 expression for up to 4 days after the initial injury, but this elevation is also reversed
and even decreased by day 7 (Sung et al., 2003). Similarly, spinal EAAC1 expression has
also been shown to be down-regulated at day 7 after a painful peripheral nerve injury
(Shashidharan et al., 1997), indicating decreased transport of extracellular glutamate at day 7
post-injury. This notion is further supported by the fact that EAAC1 expression is
unchanged in primary astrocyte cultures despite lowered glutamate uptake, in response to
oxidative stress (Miralles et al., 2001). Taken together with the upregulation of spinal
mGluR5 that is observed at day 7 only in the painful case (Figure 3), it is possible that the
primary afferents from the facet joint that synapse in the spinal cord may be sensitized
through the activation of mGluR5 due to the lack of neuronal glutamate uptake by EAAC1,
contributing to the sustained sensitivity that is observed in this study (Figures 3 and 5). This
is consistent with previous findings suggesting that the cellular stress response is activated in
neurons that innervate the capsule following painful joint loading (Dong et al., 2008).
Although immunohistochemical data show that EAAC1 is localized to the superficial
laminae, it still remains to be seen whether the localization is specific to the nociceptive
afferents. Such information may help identify if neuronal glutamate transporters have a role
in abnormal firing of nociceptive afferents in the spinal cord following facet joint injury.

Results from this study show that both mGluR5 and PKCε increase in the DRG after painful
distraction at day 7 and that neuronal mGluR5 and EAAC1 expression in the spinal cord
also increase at the same time point after painful joint injury (Figures 2, 3 and 5). In addition
to being a second messenger for mGluR5, activation of PKC can also increase the
mechanosensitivity of neurons through insertion of ion channels into the cell membrane (Di
Castro et al., 2006). The inhibition of PKCε also can directly reduce glutamate release in the
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spinal cord (Sweitzer et al., 2004). Therefore, it may be possible that neuronal excitability is
increased by these mechanisms. By including the nonpainful distraction case in the current
study, it is possible to distinguish those responses that are specifically related to painful
loading of this joint. For example, the findings in the DRG are consistent with those
previously reported in an adolescent facet pain model (Weisshaar et al., 2010), but now
provide context that the increased PKCε and mGluR5 noted in that work is indeed specific
to a painful condition and not simply a result of the mechanical manipulation of the joint. In
contrast, the spinal neuronal PKCε expression is not differentially modulated in any of the
injury conditions, suggesting it likely does not contribute to the maintenance of pain in this
model. The finding here that total mGluR5 expression in the spinal cord was not different
between any group at day 7 (Figure 3I) is not consistent with our previous study using this
same injury model (Dong and Winkelstein, 2010). However, in that work Western blot assay
was performed using the entire spinal cord which prevented the specific assessment of
responses localized to the superficial dorsal horn. Given that mGluR5 immunoreactivity has
been noted in the deeper laminae of the spinal cord and our model also exhibits activation of
neurons and glia in those spinal laminae (Alvarez et al., 2000; Lee et al., 2004a; Quinn et al.,
2010), it is possible that mGluR5 expression may be selectively increased in other regions of
the spinal cord that was not detected in the current study.

Collectively, these results suggest that the symptoms following painful distraction may not
be initiated by aspects of the glutamatergic system but may be sustained through them.
However, this study did not specifically probe glutamate levels in the spinal cord, and that
information is requisite to draw any direct conclusions about the contribution of glutamate to
neuronal hyperexcitability and pain that are observed after this painful facet joint distraction
(Crosby and Winkelstein, 2011; Quinn et al., 2010). Further, this study only investigated
two discrete time points after joint injury (day 1, day 7) and used C6 DRGs and C7 spinal
cord samples. Given that the protein levels for each of the molecules (mGluR5, PKCε,
EAAC1) probed in both the DRG and spinal cord all exhibit some modification over time
after either type of joint distraction (Figures 2–5), it is necessary to also investigate
additional time points between days 1 and 7 to fully capture the role of glutamatergic-
induced sensitization in facet-mediated pain. Further, additional assays of the upper and
lower segments of the spinal cord may provide a more complete picture of these relative
responses and the extent of their modifications.

Conclusions
This study finds modifications in the glutamatergic system throughout the nervous system
that exhibit temporal variability for whiplash-related facet joint injury that produces pain in
the adult rat. In particular, neuronal mGluR5 and PKCε in the DRG were unchanged at day
1, but both were significantly elevated after painful distraction at day 7 (Figure 2),
suggesting that they may have a role in the maintenance of mechanical hyperalgesia after
painful joint loading (Figure 1). This study further demonstrates a delayed increase in
neuronal mGluR5 expression in the spinal cord at day 7 only in the painful case, despite an
increase in total mGluR5 regardless of the presence or absence of pain (Figure 3). In
contrast, spinal EAAC1 was increased only in the nonpainful conditions (Figure 5). These
results suggest the possibility that spinal plasticity occurs via the glutamate receptor and
transporter regulatory systems after painful facet capsule distraction (Quinn et al., 2010),
since decreased glutamate transporter and increased mGluR5 may both over-stimulate
nociceptive neurons and decrease their thresholds to mechanical stimulation (Li and
Neugebauer, 2003). Future work utilizing specific inhibitors of these receptors and
transporters is necessary to fully understand the mechanisms of the glutamate receptor and
transporter to the induction and maintenance of pain. Nonetheless, this work suggests that
reversing abnormal neuronal sensitization by blocking mGluR5 and PKCε and enhancing
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EAAC1 expression could attenuate or abolish facet-mediated neck pain following whiplash-
like joint loading.

4. Experimental Procedures
4.1. Surgical Procedures

Male Holtzman rats weighing 375–450 grams were housed under USDA- and AAALAC-
compliant conditions with a 12–12 hour light-dark cycle and free access to food and water.
All experimental procedures were approved by the Institutional Animal Care and Use
Committee and carried out under the guidelines of the Committee for Research and Ethical
Issues of the International Association for the Study of Pain (Zimmermann, 1983).

Surgical procedures were performed under isoflurane inhalation anesthesia (4% for
induction, 2.5% for maintenance). Using previously described methods, rats were placed in
a prone position and a skin incision was made to expose and isolate the bilateral C6/C7 facet
joints (Lee et al., 2004b, 2008; Dong et al., 2008; Dong and Winkelstein, 2010). A
customized loading device was used to impose a controlled distraction across the bilateral
C6/C7 facet joints (Dong and Winkelstein, 2010). During joint distraction, the right facet
joint was imaged throughout the loading period using a high-speed camera (Vision
Research, Inc., Wayne, NJ; 50 pixels/mm resolution) attached to the surgical microscope.

Facet joint distraction was imposed at magnitudes of either 0.5 mm (painful, n=12) or 0.2
mm (nonpainful, n=12), since those distractions have been shown to separately produce and
not produce behavioral sensitivity, respectively (Dong et al., 2008, 2011; Dong and
Winkelstein 2010; Lee et al., 2004a; 2006). The C6 vertebra was translated rostrally at a rate
of 15 mm/s corresponding to an estimated tensile strain rate of 500%/sec across the facet
capsule, simulating the strain rate of capsule stretch in whiplash injury (Panjabi et al., 1998;
Stemper et al., 2005; Sundararajan et al., 2004; Yoganandan et al., 1998). The C6/C7 facet
joint was then unloaded at the same rate. Sham procedures were also performed using a
separate group of rats (sham, n=12), in which the bilateral C6/C7 facet joints and capsules
were exposed and attached to the microforceps of the loading device. After all surgical
procedures, the surgical space was rinsed with Betadine® (Purdue Pharma, Stamford, CT)
and the wound was closed using 3-0 polyester suture and surgical staples. Rats were allowed
to recover in room air and monitored throughout the postoperative period.

In order to quantify the severity of loading to the facet joint and capsular ligament,
polystyrene microspheres (Spherotech, Inc., Libertyville, IL; diameter=0.17±0.01mm) were
placed on the surfaces of the lamina of C6 and C7 vertebrae and the C6/C7 right facet
capsule to enable their motion tracking during joint distraction. Image tracking software
(Image J, Bethesda, MD) was used to locate the centroids of each marker during the
distraction. Vertebral distraction was defined as the relative displacement of the centroid of
the C6 marker to that of the C7 marker. The average capsular distraction was defined as the
average resultant displacement of the markers on the rostral edge of the capsule relative to
that on the caudal edge (Dong and Winkelstein, 2010; Lee et al., 2004b). In addition, the
maximum tensile strain in the direction of joint loading (rostral-caudal) and the peak
maximum principal strain were also calculated using the LS-DYNA software (Livermore
Software Technology Corp., Livermore, CA) (Dong and Winkelstein, 2010; Quinn et al.,
2007). To determine whether the two joint distractions imposed different kinematics for the
C6/C7 capsule, the tensile and maximum principal strains were separately compared
between painful and nonpainful groups, using a Student’s t-test. All statistical tests were
performed using SYSTAT (SYSTAT Software Inc., Richmond, CA), with significance at
p<0.05 for all tests.
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4.2. Behavioral Assessments
Behavioral sensitivity was assessed in each rat (n=12 each surgical group) by measuring
bilateral mechanical hyperalgesia in the forepaws, using a modified version of Chaplan’s up-
down method (Chaplan et al., 1994; Lee et al., 2008; Hubbard and Winkelstein, 2005).
Mechanical hyperalgesia was measured on postoperative days 1, 3, 5, and 7, using von Frey
filaments of logarithmically-increasing strengths from 0.6g to 26g (0.6, 1.4, 2, 4, 6, 8, 10,
15, 26g) (Stoelting Co., Wood Dale, IL). Rats were also assessed prior to surgery to provide
baseline measurements as a control, unoperated response for each rat. Each filament was
applied five times before moving on to the next higher filament with a stronger strength. The
response threshold was recorded as the first filament to elicit a positive response if the next
filament in the series also evoked a positive response. However, if the next filament failed to
elicit a positive response, testing was continued using successively larger filaments until two
consecutive filaments both elicited a positive response. A positive response was indicated by
emphatic lifting of the paw, often accompanied by licking. Each testing session consisted of
three rounds, separated by at least 10 minutes of a recovery period. Testing was performed
on each forepaw separately, and the average of all rounds in a session was taken as the
response threshold for each paw. The data from each of the right and left forepaws were
combined to an average for each rat. A repeated measures ANOVA, with post hoc
Bonferonni correction was used to compare temporal hyperalgesia between painful,
nonpainful, and sham groups.

4.3. Immunuhistochemistry of DRG and Spinal Cord
DRGs at the C6 level were harvested after behavioral testing on day 1 (n=6 each surgery
group) and on day 7 (n=6 each surgery group) to assess the temporal neuronal mGluR5 and
PKCε expression. Matched DRGs were also harvested from naïve un-operated rats (n=2),
and were included in all analyses as controls. On the day of tissue harvest, rats were
anesthetized with sodium pentobarbital (65 mg/kg) and transcardially perfused with 250 ml
of PBS followed by 250 ml of 4% paraformaldehyde. DRG samples were then post-fixed in
4% paraformaldehyde for 1 hour at room temperature and transferred to 50% ethanol
overnight, dehydrated in a graded ethanol series, and embedded in paraffin. Transverse
sections (16 μm, 3–6 per rat) were collected at 160 μm through each DRG. Sections were
mounted onto APES-coated slides, deparaffinized and rehydrated. Antigen retrieval was
performed by incubating the slides in the target retrieval solution (Dako, Carpinteria, CA)
for 30 minutes in a 95ºC water bath. Sections were then blocked in 5% goat serum (Vector;
Burlingame, CA) containing 0.03% triton X-100 for 2 hours at room temperature, followed
by overnight incubation in either rabbit anti-mGluR5 (1:1000; Millipore, Billerica, MA) or
rabbit anti-PKCe (1:1000; Santa Cruz Biotechnology; Santa Cruz, CA). Each antibody was
also co-labeled with a neuronal marker, mouse anti-MAP2 (1:200; Covance; Emeryville,
CA), at 4ºC. The next day, slides were washed three times with PBS and treated with Alexa-
Fluor 488 goat anti-rabbit and Alexa-Fluor 546 goat anti-mouse secondary antibodies
(1:1000; Invitrogen, Carlsbad, CA) for 2 hours. Slides were washed thoroughly three times
with PBS, quick-rinsed with diH20, and cover-slipped using Fluoro-Gel (EMS; Hatfield,
PA).

Each DRG section was imaged at 40X magnification on a Carl Zeiss LSM 510 microscope
(Carl Zeiss LLC, Thornwood, NY) equipped with Argon, HeNe and Coherent Chameleon
fs-pulsed NIR lasers. Two images were taken in each section such that each image had a
similar number (~10) and size (small- and medium-diameter) of neurons to ensure unbiased
sampling. Neuronal expression of mGluR5 and PKCε in the DRG was quantified using two
methods. In the first method, densitometry was performed to quantify the amount of co-
localization of mGluR5 or PKCε immunoreactivity with neurons, normalized by the total
area of neurons (Akay et al., 2011; Dong et al., 2008). Co-localization was taken as the
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location of double-positive signals for either mGluR5 or PKCε together with MAP2, where
positive signals were defined as pixel intensities that were higher than background activity
in normal naïve tissue (Rothman and Winkelstein, 2007, 2010; Hubbard and Winkelstein,
2008). While this densitometry method provides a measurement of how much mGluR5 and
PKCε is expressed within neurons, it does not differentiate changes specific to small- and/or
medium-diameter neurons, which are nociceptive and mechanoreceptive, respectively. A
second approach evaluated the percent of small- and medium-sized neurons that were
mGluR5- and PKCε-immunoreactive by counting the number of each neuron type in each
section from each DRG sample (Weisshaar et al., 2010). In each image, all neurons were
measured for diameter by taking an average of the length and width of the cell. Only
neurons with a visible nucleus were included; an average of 10±4 neurons was included for
each image. Specifically, neurons were classified as small- (4–20 μm) and medium- (22–40
μm) sized based on their measured diameter (Weisshaar et al., 2010). A neuron was
determined to be positively-labeled for mGluR5 or PKCε by comparing the amount of
fluorescence to the levels of background and in control tissues. The percentage of small- and
medium-sized neurons that was also mGluR5- and PKCε-immunoreactive was then
quantified. The amount of neuronal expression and the percent of positive mGluR5 and
PKCε expression in small- and medium-diameter neurons were separately compared
between groups by one-way ANOVA. A two-way ANOVA was also used to test for
differences in each protein over time.

Spinal cord tissue was also collected at the C7 cervical level at days 1 (n=6 each surgery
group) and 7 (n=6 each surgery group) to evaluate the temporal expression of mGluR5, its
second messenger (PKCε), and the neuronal transporter EAAC1 in the dorsal horn in
context of joint loading severity. After transcardiac perfusion, tissue was post-fixed for 15–
18 hours followed by cryopreservation in 30% sucrose/PBS and stored for 3 days at 4ºC.
Spinal cord tissue was then freeze-mounted with Histoprep (Fisher Diagnostic; Fair Lawn,
NJ). Thin cryosections (16 μm, 6 sections per rat) were mounted onto APES-slides for
staining. Slides were incubated in primary antibodies to mGluR5 (1:1000; Millipore;
Billerica, MA) or PKCε (1:1000; Santa Cruz Biotechnology; Santa Cruz, CA), and co-
labeled with MAP2 (1:200; Covance; Emeryville, CA); slides were also incubated with
EAAC1 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4ºC. Secondary
incubation was performed using goat anti-rabbit Alexa 488 and goat anti-mouse Alexa 546
(1:500 each; Invitrogen; Carlsbad, CA) before cover-slipping using Fluoro-Gel (EMS;
Hatfield, PA).

The spinal cord samples were imaged at 10X as described above. Images were cropped to
include the superficial dorsal horn (900 × 300 pixels) (Mense and Prabhakar, 1986; Todd,
2002). Total expression for each marker was measured as the percentage of pixels above the
expression levels detected in the normal un-operated spinal cord tissues (Abbadie et al.,
1996; Rothman and Winkelstein, 2007, 2010; Lee et al., 2004a). Neuronal mGluR5 and
PKCε expression were each calculated by quantifying the amount of positive staining that
co-localized with MAP2, using the same methods as described above. Expression of
mGluR5, PKCε, and EAAC1 between groups (painful, nonpainful, sham, normal) was
compared using a one-way ANOVA with Bonferroni post-hoc test for each protein
separately for each day of assessment. Separate two-way ANOVAs were also used to
compare the differences for each protein over time.
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Highlights

• Painful facet joint loading elevates mGluR5 and PKCε expression in DRG
neurons.

• Increases in mGluR5 and PKCε at day 7 are localized to small neurons in the
DRG.

• Spinal neuronal mGluR5 increases at day 7 after facet joint distraction.

• Spinal PKCε is not modulated after a painful joint injury.

• Spinal EAAC1 is increased only the joint injury conditions that are not
associated with joint pain.
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Fig. 1. Forepaw mechanical hyperalgesia as measured by the average threshold response to von
Frey filament stimulation
(A) Painful distraction significantly reduced thresholds below those of nonpainful (*p<0.02)
and sham (†p<0.001) for all post-surgical testing days. (B) In separate groups of rats,
mechanical hyperalgesia was significantly reduced at day 1 after painful distraction
compared to both nonpainful (*p<0.002) and sham (†p<0.001) controls. Data shown are
average with the standard error of the mean.
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Fig. 2. Neuronal expression of mGluR5 and PKCε in the DRG
Representative images from day 7 showing the colocalization of (A–D) mGluR5 (green) or
(E–H) PKCε (green) with neurons (MAP2; red) in the DRG. (I) Quantification of mGluR5
expression after painful distraction (P) was significantly elevated (*p≤ 0.012) above
nonpainful (NP), sham and normal groups at day 7, and was significantly increased
(#p<0.001) over day 1 levels. (J) The percentage of small-diameter neurons expressing
mGluR5 after painful distraction was significantly increased (*p=0.013) over sham at day 7.
(K) Similarly, neuronal expression of PKCε was significantly increased (*p<0.001) only
after the painful distraction at day 7; (L) this elevation was specific to both small- and
medium-diameter neurons and was only significant (p<0.03) when comparing painful to
sham. The dashed line indicates the normal levels in (I,K).
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Fig. 3. Spinal mGluR5 expression in the dorsal horn
Representative images of mGluR5 (green) and neurons (MAP2; red) in the spinal dorsal
horn at (A–C) day 1 and (D–F) day 7 after joint distraction. A higher magnification image
shows the co-localization of mGluR5 and MAP2 in (H). Scale bar is 100 μm in (G) (applies
to A–F), and 20 μm in (H). Quantification of (I) total and (J) neuronal mGluR5 expression
shows no differences between groups at day 1. (J) Neuronal mGluR5 expression was
significantly increased (*p≤ 0.05) after painful distraction over nonpainful and sham at day
7. The pound sign (#) indicates a significant (p<0.001) increase at day 7 compared to day 1
as indicated for a group. The dashed line indicates the normal levels in (I,J).
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Fig. 4. Spinal PKCε expression after distractions
Representative images of PKCε (green) co-labeled with MAP2 (red) in the spinal dorsal
horn at (A–C) day 1 and (D–F) day 7. A close-up image showing the co-localization of
PKCε and MAP2 is shown in (H). Scale bar is 100 μm in (G) (applies to A–F) and 20 μm
in (H). (I) There was no difference in total PKCε expression between any group or
compared to normal. (J) Neuronal PKCε expression in all groups was significantly elevated
(#p<0.001) above their corresponding levels at day 1 and normal levels; there was no
difference between any groups at day 7. The dashed line in (I,J) indicates the normal
expression levels.
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Fig. 5. Spinal EAAC1 expression
Representative images of EAAC1 expression in the spinal cord at day 7 are shown. EAAC1
was unchanged after painful distraction at both days 1 and 7. Yet, EAAC1 expression after
nonpainful and sham was significantly increased at day 7 compared to day 1 (#p≤ 0.02) and
both groups exhibited greater expression than in the painful group (*p<0.03). The dashed
line indicates the normal level.
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