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Abstract

Cervical facet joint injury induces persistent pain and central sensitization. Preventing the

peripheral neuronal signals that initiate sensitization attenuates neuropathic pain. Yet, there is no

clear relationship between facet joint afferent activity, development of central sensitization, and

pain, which may be hindering effective treatments for this pain syndrome. This study investigates

how afferent activity from the injured cervical facet joint affects induction of behavioral

sensitivity and central sensitization. Intra-articular bupivacaine was administered to transiently

suppress afferent activity immediately or 4 days after facet injury. Mechanical hyperalgesia was

monitored after injury, and spinal neuronal hyperexcitability and spinal expression of proteins that

promote neuronal excitability were measured on day 7. Facet injury with saline vehicle treatment

induced significant mechanical hyperalgesia (p<0.027), dorsal horn neuronal hyperexcitability

(p<0.026), upregulation of pERK1/2, pNR1, mGluR5, GLAST, and GFAP, and downregulation of

GLT1 (p<0.032). However, intra-articular bupivacaine immediately after injury significantly

attenuated hyperalgesia (p<0.0001), neuronal hyperexcitability (p<0.004), and dysregulation of

excitatory signaling proteins (p<0.049). In contrast, intra-articular bupivacaine at day 4 had no

effect on these outcomes. Silencing afferent activity during the development of neuronal

hyperexcitability (4hr, 8hr, 1 day) attenuated hyperalgesia and neuronal hyperexcitability

(p<0.045) only for the treatment given 4 hours after injury. This study suggests that early afferent

activity from the injured facet induces development of spinal sensitization via spinal excitatory

glutamatergic signaling. Peripheral intervention blocking afferent activity is only effective over a

short period of time early after injury and before spinal modifications develop, and is independent

of modulating spinal glial activation.
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Introduction

Chronic pain from neck trauma or spinal pathology is a common clinical problem, with a

12-month prevalence of 30-50% in the general population [23]. The cervical facet joints are

at risk for injury during abnormal neck motions and have been implicated in up to 60% of

chronic pain cases [3,38,41]. Current treatments for facet joint-mediated pain include intra-

articular injection of analgesics or corticosteroids, medial nerve block, and radiofrequency

neurotomy of the nerve innervating the joint [2,31,39,42]. Although these treatments can

provide relief in some patients, it is often only temporary. It remains unclear whether the

effectiveness of local interventions for spinal joint pain depends on the timing of the

treatment relative to the onset of trauma and/or pain or the development of central changes

that mediate persistent pain.

Interrupting the neuronal signals that initiate central sensitization has been a focus of

therapeutic approaches to preemptively reduce postoperative pain [7,55,59] and alleviate

neuropathic pain following nerve injury [49,60]. For nerve injury, early intervention that

blocks discharges from the injured fibers is more effective at reducing or preventing

neuropathic pain than treatments initiated after central sensitization has already developed

[1,20,49-51,60]. Injury to the cervical facet joint and its capsule is primarily a ligamentous

injury but because the facet capsule is innervated there may also be neuropathic injury

[6,29,44,61]. In fact, capsule stretch in several animal models induces both transient

increases in firing of joint-innervating afferents similar to the injury discharge that

accompanies nerve injury [6,25,40] and also the later development of ectopic firing and

hyperexcitability in dorsal horn neurons [11,46]. Despite evidence of enhanced facet capsule

afferent activity and spinal plasticity after joint injury, the temporal relationship between

capsule afferent activity, the development of central sensitization, and pain after mechanical

facet joint injury has not been defined and would inform timing of effective treatments.

This study investigates the role of afferent activity from the facet joint in inducing

behavioral sensitivity and central sensitization in a rat model of facet capsule trauma. We

hypothesize that the afferent activity from the facet occurring early after joint injury is

critical for initiating central sensitization, and that quieting peripheral inputs from the joints

after it is established is ineffective at attenuating central sensitization. To test this, painful

facet capsule stretch was imposed in separate groups followed by intra-articular injection of

bupivacaine at two times after injury – prior to and after neuronal hypersensitivity is

established [11]. Behavioral sensitivity was measured for 7 days and then extracellular

potentials were recorded from dorsal horn neurons to assess neuronal excitability. Indicators

of glutamate signaling, the primary excitatory neurotransmitter in spinal nociceptive circuits,

and astrocytic activation were quantified in the spinal cord, since both contribute to the

spinal hyperexcitability associated with central sensitization [32,54]. Based on that work, a

separate study administered bupivacaine to quiet joint afferent activity at different times
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throughout the period when sensitization develops in order to determine the extent to which

the timing of afferent inputs modulates the transition to sustained pain.

Methods

All experimental procedures were approved by the University of Pennsylvania 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 [64]. Male

Holtzman rats (395±30g) were housed under USDA- and AAALAC-compliant conditions

with free access to food and water.

In order to investigate the effect of afferent discharge following joint injury in the initiation

of central sensitization, rats underwent either a painful facet capsule injury or sham injury,

followed by intra-articular injection of bupivacaine or a saline vehicle. Bupivacaine

injections were made immediately after surgery (at day 0), to silence the immediate

signaling of the afferents at the time of their injury and signaling to the spinal cord, or at 4

days after injury, a time when spinal hyperexcitability has already developed but afferent

activity may still remain. Sensitization was assessed at day 7 by measuring mechanical

hyperalgesia, neuronal excitability in the spinal dorsal horn, and spinal protein expression of

glutamate receptors and transporters, as well as pERK and astrocytic activation, whose

dysregulation can promote neuronal hyperexcitability. Based on findings of reduced

neuronal firing and excitatory signaling in the spinal cord after immediate bupivacaine

treatment in the joint, and the fact that both hyperalgesia and dorsal horn neuronal

hyperexcitability have been shown to develop between 6 hours and 1 day after joint injury

[11], quieting joint afferent firing at any time before the onset of neuronal hyperexcitability

may attenuate sensitization. To test that hypothesis, separate groups of rats underwent intra-

articular bupivacaine injections at 4 hours, 8 hours, or 1 day after injury to determine if

blocking joint afferent activity at those time points during the development of spinal

sensitization reduces the mechanical hyperalgesia and dorsal horn neuronal hyperexcitability

that are induced by painful facet capsule injury.

Facet capsule injury with immediate or delayed intra-articular bupivacaine

Separate groups of rats received a bilateral intra-articular injection of bupivacaine either

immediately after injury (inj-BP0h; n=12) or delayed at 4 days after injury (inj-BPd4; n=12).

Similarly, separate groups of rats received control injections of the saline vehicle

immediately following either the injury (inj-VEH0h, n=13) or a sham surgery (sham-VEH0h,

n=12); as with the delayed bupivacaine treatment, groups also received saline vehicle at 4

days after injury (inj-VEHd4, n=11) or sham surgery (sham-VEHd4, n=12). Mechanical

hyperalgesia was assessed prior to and at days 1, 3, 5, and 7 after surgery, and compared to

baseline and between groups using a repeated-measures ANOVA with post-hoc Tukey's

HSD tests. On day 7, extracellular electrophysiological recordings were acquired from a

subset of rats that received intra-articular injections of bupivacaine (n=6 inj-BP0h, inj-BPd4)

or saline (n=6 sham-VEH0h, inj-VEHd4, sham-VEHd4; n=7 inj-VEH0h). Spinal cord tissue

was collected after electrophysiology testing for Western blot analysis; spinal cord samples

were collected from the remaining rats in each group to assess region-specific expression of
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mGluR5, pNR1, and GFAP by immunohistochemical analysis in particular. Evoked

neuronal firing and protein expression were compared between groups for each injection

time by ANOVA with a post-hoc Tukey's HSD test.

Facet joint capsule injury

The surgical methods used to impose painful facet joint injury have been previously

described [17,33,36]. Briefly, rats were anesthetized with isoflurane (4% induction, 2-3%

maintenance) and placed in a prone position. An incision was made along the posterior

midline of the back of the neck to expose and separate the paraspinal musculature. The

bilateral vertebral laminae and facet joints from C5 to T1 were exposed, soft tissue resected,

and the interspinous ligaments cut to enable attachment of the C6 and C7 vertebrae to a

custom loading device [17,33]. The C6 vertebrae was distracted 0.7mm rostrally while the

C7 vertebra was held fixed to stretch the facet capsules across the bilateral C6/C7 joints

[17]. Separate rats underwent surgical procedures for a sham injury with attachment to the

loading device but no joint distraction applied. Following surgery, incisions were closed

using 3-0 polyester suture and surgical staples, and rats were monitored during recovery in

room air.

Intra-articular bupivacaine injections

Intra-articular injections of 0.5% bupivacaine or 0.9% saline solution were given in a

volume of 10μL injected into the left and right facet joints using a 10μL microsyringe with a

33G beveled needle (Hamilton; Reno, NV). The microsyringe was held in the joint for at

least 30 seconds after injection before it was slowly removed in order to prevent fluid

leakage from the joint space. For those injections given immediately after injury at day 0,

intra-articular injections were administered following the injury or sham facet capsule

loading, prior to closing the surgical incisions. For the intra-articular injections made on day

4, rats were anesthetized with isoflurane (4% induction, 2-3% maintenance), the paraspinal

musculature was separated to re-expose the C6/C7 facet joints and injections performed as

described above. All incisions were closed using 3-0 polyester suture and surgical staples,

and rats were monitored during recovery in room air.

Assessment of mechanical hyperalgesia

Mechanical hyperalgesia was evaluated in all rats prior to and after injury and/or treatment,

using methods detailed previously [16,29]. A series of weighted von Frey filaments was

applied to the left and right forepaws in increasing weight (1.4, 2, 4, 6, 8, 10, 15, and 26g).

Each filament was applied five times before advancing to the next strongest filament. If a rat

responded to two consecutive filament weights by withdrawing, licking, or shaking the

forepaw, the lower of those filament weights was recorded as the paw withdrawal threshold,

with a maximum threshold of 26g. Testing was repeated in three rounds and the average of

all rounds was calculated for each rat, by averaging the left and right paw withdrawal

thresholds (mean±SD) [16,29].
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Spinal cord electrophysiology & analysis of dorsal horn neuronal excitability

On the day of extracellular electrophysiological recordings, rats were anesthetized with

sodium pentobarbital (45mg/kg, i.p.) and given supplementary doses (5-10mg/kg, i.p.), as

needed based on toe pinch reflexes. The C6/C7 spinal cord was exposed by a bilateral

laminectomy and dural resection, and the rat was immobilized on a stereotaxic frame using

ear bars and a vertebral clamp at T2 to stabilize the cervical spine (David Kopf Instruments;

Tujunga, CA). Core temperature was maintained at 35-37°C using a heating plate with a

rectal probe (Physitemp; Clifton, NJ), and the spinal cord was bathed in 37°C mineral oil to

prevent drying. Extracellular potentials were recorded using carbon fiber electrodes

(Carbostar 1, Kation Scientific; Minneapolis, MN). Potentials were amplified with a gain of

103 and conditioned using a bandpass filter between 0.3kHz and 3kHz (World Precision

Instruments; Sarasota, FL) and a 60Hz HumBug adaptive filter (Quest Scientific; North

Vancouver, BC). Signals were then digitally sampled at 25kHz (Micro1401, CED;

Cambridge, UK), and monitored with a speaker for audio feedback (A-M Systems;

Carlsborg, WA).

The electrode was lowered by a micropositioner (Narishige; Tokyo, Japan) in the spinal

dorsal horn by entering the pial surface of the C6 or C7 spinal cord. Neurons were selected

for recording if they were responsive to mechanical stimulation of the forepaw by brushing

with a cotton swab [9,46]. Once selected, a neuron was mechanically stimulated at the

forepaw with a series of non-noxious and noxious stimuli, including a 2-second baseline

period before each stimulus, 10 seconds of light brushing, five consecutive 1-second

stimulations at 1-second intervals with a series of von Frey filaments (1.4, 4, 10, and 26g),

and concluding with 10 seconds of noxious pinch by a 60g vascular clip [21,46]. Each

stimulus was separated by at least 30 seconds to prevent windup of mechanically sensitive

neurons. The von Frey filaments were chosen to represent the range of stimuli used to

evaluate mechanical hyperalgesia and their application was synchronized with the

electrophysiological recordings.

Individual potentials were sorted with Spike2 software (CED; Cambridge, UK) to ensure

that spikes from only one neuron were considered for each recording site. Evoked firing was

counted for a given stimulus (light brush, each von Frey filament, or noxious pinch) by

totaling the number of spikes during mechanical stimulation and subtracting spontaneous

firing as determined by the firing rate during the preceding baseline period [21]. Spike

counts for each stimulus were log-transformed due to a positive skew in the distributions of

the spike totals. Residuals were plotted after transformation to confirm a normal distribution.

Western blot analysis of spinal cord

Rats were transcardially perfused with 300mL of chilled phosphate-buffered saline (PBS).

The C6/C7 spinal cord tissue was collected and homogenized in lysis buffer (50mM Tris-

HCl, 1% Triton X-100, 150mM NaCl, 1mM EDTA, pH 8.0) with protease and phosphatase

inhibitors (Sigma-Aldrich Corp; St. Louis, MO). SDS-PAGE was performed by loading

spinal cord protein (50μg per well) on a polyacrylamide gel (Invitrogen; Carlsbad, CA) and

running for 75 minutes at 150V. Protein was transferred to a polyvinylidene difluoride

(PVDF) membrane using an iBlot (Invitrogen). Gels were cut into strips corresponding to

Crosby et al. Page 5

Pain. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



high molecular weight (75-250kDa) and low molecular weight proteins (25-75kDa).

Multiple high molecular weight or low molecular weight strips were transferred onto single

PVDF membranes to allow synchronous detection of numerous protein targets from the

same spinal cord samples and comparative analysis across multiple gels that were run

simultaneously [27]. Membranes were blocked for 1 hour in 5% dry-milk blocking reagent

in Tris-buffered saline (TBS).

The membranes were incubated overnight at 4°C with primary antibodies for the secondary

signaling molecule, ERK, as an indicator of neuronal activation (mouse, 1:2000; Cell

Signaling; Boston, MA), phosphorylated ERK (pERK; rabbit, 1:1000; Cell Signaling;

Boston, MA), the ionotropic glutamate receptor NMDA subunit, NR1 (rabbit, 1:1000;

Millipore; Billerica, MA) and its phosphorylated form (pNR1; rabbit, 1:667; Millipore;

Billerica, MA), the metabotropic glutamate receptor mGluR5 (rabbit, 1:1250; Millipore;

Billerica, MA), the astrocytic glutamate transporters GLAST (rabbit, 1:2000; Abcam;

Cambridge, MA) and GLT1 (rabbit, 1:500, Abcam; Cambridge, MA), glial fibrillary acidic

protein for activated astrocytes (GFAP; rabbit, 1:1000; Dako; Carpinteria, CA), or β-tubulin

as a loading control (mouse, 1:2000; Covance; Princeton, NJ). The PVDF membrane was

washed in TBS with 0.1% Tween, followed by 2 hour incubation at room temperature with

goat anti-rabbit 800 and goat anti-mouse 680 fluorescent secondary antibodies (1:10,000;

Li-Cor Biosciences; Lincoln, NE). Each membrane was imaged using an Odyssey Imaging

System (Li-Cor). The fluorescence intensity of each target protein band was analyzed using

the Odyssey 2.1 software and normalized to the corresponding -tubulin fluorescence to

control for the amount of protein loaded.

Fluorescent immunohistochemistry of spinal cord

Rats were transcardially perfused first with 250mL of chilled PBS, then 300mL of 4%

paraformaldehyde (PFA). The C6/C7 spinal cord was dissected out, post-fixed overnight in

4% PFA, and then submerged in 30% sucrose solution for 5-7 days for cryoprotection.

Spinal cords were embedded in OCT medium and frozen, and then 14μm cryosections were

mounted on Fisher Superfrost slides. Sections were blocked for 2 hours at room temperature

with 10% normal goat serum with 0.3% Triton-X, and then labeled overnight at 4°C with

primary antibodies for pNR1 (rabbit, 1:500; Abcam; Cambridge, MA), mGluR5 (rabbit,

1:1000; Millipore; Billerica, MA), or GFAP (mouse, 1:500; Millipore; Billerica, MA).

Slides were rinsed with PBS and labeled with goat anti-mouse Alexa 488 and goat anti-

rabbit Alexa 568 secondary antibodies, then coverslips were mounted with Fluorogel

medium (Electron Microscopy Sciences; Hatfield, PA). The spinal dorsal horns were imaged

at 200x using an Olympus BX51 microscope, and analyzed using densitometry techniques in

a customized MATLAB code to quantify the percentage of pNR1-, mGluR5-, or GFAP-

positive pixels in each image [16,30]. The percentage of positive pixels in the injury groups

with vehicle or bupivacaine treatment were normalized to sham values and compared by

one-way ANOVA with post-hoc Tukey's HSD test.

Facet capsule injury with intra-articular bupivacaine during spinal sensitization onset

The goal of the second study was to determine if and how blocking afferent activity at times

during the development of spinal sensitization affects the onset of hyperalgesia and spinal
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neuronal hyperexcitability. Intra-articular bupivacaine injections were used to temporarily

quiet facet joint afferent firing in separate groups with injections at additional times early

after the injury (4 hours, 8 hours, and 1 day), These times are all before the development of

hyperalgesia and neuronal hyperexcitability in the spinal cord [11]. Rats underwent facet

joint capsule injury as described above and received bilateral intra-articular doses of

bupivacaine at 4 hours (inj-BP4h; n=5), 8 hours (inj-BP8h; n=6), or 1 day (inj-BPd1; n=6)

later. Mechanical hyperalgesia was assessed prior to injury and at days 1 and 7 after injury;

responses were compared to pre-injury baseline responses by repeated-measures ANOVA

with post-hoc Tukey's HSD test. On day 7, electrophysiological recordings were made to

quantify dorsal horn neuronal activity as described above. Evoked neuronal firing was

compared between bupivacaine-treated groups by ANOVA with a post-hoc Tukey's HSD

test. Behavioral and electrophysiological data from the groups in the first study that received

intra-articualr bupivacaine immediately or 4 days after injury were included in these

statistical comparisons.

Results

Immediate, but not delayed, intra-articular bupivacaine attenuates mechanical
hyperalgesia

Facet capsule stretch with immediate saline vehicle treatment (inj-VEH0h) induces a

significant decrease from the baseline paw withdrawal threshold (PWT) (p<0.027) at all test

days after injury. PWT is not different from baseline on any day after the sham injury with

vehicle treatment (sham-VEH0h) (Fig. 1a). However, rats receiving intra-articular

bupivacaine immediately after facet injury (inj-BP0h) do not develop sensitivity at any day,

with paw withdrawal thresholds remaining at baseline levels (Fig. 1a). The overall effect of

treatment is also significant, with PWTs for the injVEH0h group being lower than those for

the sham-VEH0h (p<0.0001) and inj-BP0h groups (p<0.0001). The behavioral response

after either injury or sham with vehicle injection at day 4 is the same as when a vehicle

injection is given immediately. Specifically, the inj-VEHd4 group exhibits significant

decreases from baseline (p<0.003) on all days after injury and the paw withdrawal threshold

remains at baseline levels in the sham-VEHd4 group (Fig. 1b). Unlike the bupivacaine

treatment given at the time of injury (Fig. 1a), intra-articular bupivacaine given at 4 days

after injury (inj-BPd4) does not attenuate sensitivity, with significant decreases from the

baseline PWT at all testing days (p<0.001) (Fig. 1b). Furthermore, the PWTs are

significantly lower overall for both the inj-VEHd4 and inj-BPd4 groups relative to the sham-

VEHd4 group (p<0.0001).

Dorsal horn neuronal hyperexcitability is prevented by immediate bupivacaine injection

Neuronal activity in the dorsal horn was recorded from a total of 370 neurons (62±4 neurons

per group) at an average depth of 638±177μm below the pial surface. In general, at day 7,

neuronal activity increases after facet capsule injury in response to mechanical stimulation

of the forepaw, but is reduced by bupivacaine administered at the time of injury (Fig. 2).

Rats receiving saline vehicle at either time after injury exhibit increases in evoked firing of

dorsal horn neurons relative to sham, with significant increases during light brush, and 4g,

10g, and 26g von Frey filament stimulation in the inj-VEH0h group (p<0.026) and increases
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during all stimuli in the inj-VEHd4 group (p<0.045) (Figs. 2b & 2c). However, immediate

bupivacaine treatment (inj-BP0h) significantly reduces the number of spikes evoked on day

7 by light brushing (p<0.0001), noxious pinch (p=0.004), and all of the different strength

von Frey filaments (p<0.0001) compared to the inj-VEH0h group (Fig. 2b). In fact,

immediate bupivacaine reduces neuronal firing levels below that of sham firing levels

during brush, pinch, and 1.4g von Frey filament stimulation (p<0.0007). Firing is also

increased after injury with a day 4 vehicle treatment (inj-VEHd4) during all stimuli

(p<0.045). In contrast to immediate bupivacaine treatment, bupivacaine given 4 days after

injury (inj-BPd4) does not alter neuronal firing from those responses of the matching vehicle

group (inj-VEHd4) at day 7 (Fig. 2c). In fact, evoked firing is increased in the inj-BPd4

group over sham in response to all mechanical stimuli (p<0.035) (Fig. 2c).

Excitatory signaling is modified by immediate bupivacaine injection

Several components of the glutamatergic system are increased in the spinal cord at day 7

after painful facet capsule injury and are attenuated with immediate bupivacaine

administration in the joint (Fig. 3). Phosphorylated ERK1/2 (p<0.012), pNR1 (p<0.029),

mGluR5 (p<0.026), and GLAST expression (p<0.023) all increase after injury, regardless of

whether vehicle treatment is given at the time of injury or at day 4 (Fig. 3). However,

immediate bupivacaine treatment prevents those increases in the expression of pERK1/2,

pNR1, mGluR5, and GLAST (Figs. 3a & 3b), with expression in the inj-BP0h group being

significantly different for each protein compared to that of the inj-VEH0h group (p<0.029),

and not different from sham levels (Figs. 3a & 3b). GLT1 expression significantly decreases

after injury with immediate (p=0.032) or day 4 (p=0.0001) vehicle injection. Immediate

bupivacaine also prevents the decrease in GLT1, with expression significantly higher than

the inj-VEH0h group (p=0.049) and not different from sham. Bupivacaine given at day 4

after injury does not prevent the increases in pERK1/2 (p=0.048), pNR1 (p=0.034), mGluR5

(p=0.0003), and GLAST (p=0.0006), or the decrease in GLT1 (p=0.0001), that are typically

evident over sham (Figs. 3c & 3d). Total ERK1/2 and NR1 protein levels are not different

from sham in any injury or treatment group. Immunolabeling localizes increases in pNR1

and mGluR5 after injury with immediate vehicle treatment (p≤0.046), and increases in

pNR1, mGluR5, and GFAP after injury with day 4 vehicle treatment (p≤0.003) to the dorsal

horn of the spinal cord (Fig. 4). However immediate bupivacaine treatment decreases

labeling of pNR1 and mGluR5 to sham levels (p<0.0001), but treatment at day 4 does not

change the injury-induced increases in pNR1 and mGluR5 (p≤0.0009) (Fig. 4). GFAP

labeling also remains elevated over sham when injury is followed by immediate (p<0.0001)

or day 4 (p=0.024) bupivacaine treatment (Fig. 4).

GFAP expression, unlike the other proteins quantified in this study that are involved in

excitatory signaling, is not attenuated by immediate bupivacaine treatment (Figs. 3a & 3b).

In fact, GFAP significantly increases over sham after facet capsule injury with immediate

vehicle injection (p=0.002), and is similarly increased even after immediate bupivacaine

treatment (p=0.006) (Fig. 3a). For vehicle treatment given at day 4, GFAP expression is

increased over sham (p=0.046), but is not different from sham levels with bupivacaine

treatment given at day 4 (Fig. 3c). The Western blot findings are supported by the

immunolabeling of GFAP in the dorsal horn (Fig. 4).
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Intra-articular bupivacaine within 8 hours after injury attenuates spinal sensitization

Bupivacaine treatment administered 4 hours after facet capsule injury prevents the

development of mechanical hyperalgesia. Paw withdrawal thresholds at day 1 and day 7 are

not different from baseline when rats receive intra-articular bupivacaine up to 4 hours after

injury (Fig. 5); this is consistent with the PWT responses of the group receiving bupivacaine

treatment immediately after injury in the first study (Figs. 1a & 5). However, paw

withdrawal thresholds decrease from baseline values on both day 1 (p<0.006) and day 7

(p<0.0002) if intra-articular bupivacaine is given at either 8 hours or 1 day after facet

capsule injury (Fig. 5). That finding is similar to the PWT pattern for the group (inj-BPd4)

with bupivacaine treatment at 4 days after injury (Figs. 1b & 5).

Evoked firing in dorsal horn neurons on day 7 exhibits the same general pattern as the

behavioral responses (Figs. 5 & 6), with attenuation of the number of spikes by intra-

articular bupivacaine injections that are given before 8 hours. Firing evoked by light brush is

significantly lower in the inj-BP0h (p<0.0001) and inj-BP4h (p<0.0001) groups than in the

groups receiving bupivacaine at later time points (inj-BP8h, inj-BPd1, inj-BPd4) (Fig. 6).

The evoked neuronal response to noxious pinch is lower in the groups receiving bupivacaine

immediately (p<0.0001), 4 hours (p<0.002), or 4 days after injury (p<0.018) than in either of

the groups receiving intraarticular injections at either 8 hours or 1 day. Neuronal firing

evoked by all of the von Frey filaments is also significantly lower after bupivacaine

treatments either given immediately after injury (p<0.0001) or 4 hours later (p<0.045)

compared to the firing evoked in the groups receiving bupivacaine injection at later times: 8

hours, 1 day, or 4 days post-injury (Fig. 6). However, immediate bupivacaine does attenuate

firing significantly more than the 4 hour treatment at each von Frey filament strength

(p<0.0001). In addition, firing is significantly greater in the group receiving bupivacaine at 8

hours after injury compared to those groups with treatment at 1 day and 4 days after injury,

for isolated filament strengths. (Fig. 6b).

Discussion

Behavioral sensitivity and neuronal hyperexcitability after painful facet capsule injury are

induced within hours by afferent activity from the injured joint. The fast-acting anesthetic

bupivacaine, given intra-articularly immediately after painful facet joint injury, prevents the

development of behavioral sensitivity (Fig. 1) and also reduces neuronal hyperexcitability

and dysregulation of excitatory glutamate signaling in the dorsal horn at day 7 (Figs. 2-4).

The same is observed for intra-articular bupivacaine treatments given 4 hours after injury

but not for later times (Figs. 5 & 6). Collectively, these data are the first to our knowledge

utilizing peripheral joint injections in a controlled study in which the time after injury is

known, and support the notion that the timing of joint afferent fiber blocks with respect to

the development of spinal sensitization is critical for preventing the transition to persistent

pain.

Intra-articular bupivacaine given at the time of facet capsule injury prevents the onset of

mechanical hyperalgesia and neuronal hyperexcitability on day 7 (Figs. 1 & 2) suggesting

that afferent inputs from the joint immediately after capsule loading are critical to induce

sustained central sensitization. The painful joint injury used in this model induces joint
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capsular strains with the same magnitude as those strains that increase firing and

afterdischarge for up to 30 minutes in unmyelinated C-fibers that innervate the capsule

[6,33,40]. Stimulation of C-fibers induces sensitization of dorsal horn neurons that long

outlasts the initial stimulation [10,53]. Furthermore, both capsule transection that removes

any loading of the capsule and selective chemical ablation of spinal C-fiber populations

prior to facet capsule injury each prevent the development of hyperalgesia [57,58]. So, C-

fiber afferents in the facet likely play an important role in transducing mechanical loading of

that joint's capsule into nociceptive signals regulating spinal sensitization. Small-diameter,

peptidergic fibers have been identified in the rat cervical facet capsules indicating joint

innervation by C-fibers that may be blocked by bupivacaine after intra-articular injection

[24,29]; however, bupivacaine does not selectively affect C-fibers [19,52]. As such,

additional studies that selectively and reversibly block C-fiber activity from the facet joint

after injury are needed to determine if, and how, C-fiber firing after painful facet loading

directly contributes to central sensitization.

Early afferent activity from the facet joint potentiates excitatory signaling that may cause

neuronal hyperexcitability, as is evident in the attenuation of neuronal firing and glutamate

signaling on day 7 by bupivacaine at the time of injury (Figs. 2-4). Peripheral afferent firing

due to facet capsule loading may depolarize dorsal horn neurons sufficiently to remove the

voltage-dependent magnesium block on ionotropic NMDA glutamate receptors, allowing

rapid calcium influx that may induce numerous downstream effects leading to dorsal horn

hyperexcitability [14,26,32,43]. For example, calcium-dependent activation of the secondary

signaling molecule, PKC, [16,26] may increase NR1 phosphorylation in the dorsal horn after

facet injury (Figs. 3 & 4). Activation of NR1, together with increases in pERK1/2 and

mGluR5 (Figs. 3 & 4), can potentiate glutamate signaling and neuronal excitability

[5,8,26,32]. Furthermore, decreases in spinal GLT1 (Fig. 3), the primary transporter

responsible for synaptic glutamate clearance, may impair glutamate uptake, increasing

synaptic glutamate and excitatory signaling [12,47]. Although this study did not classify

phenotypes of the neurons from which recordings were made, the increased response to both

innocuous and noxious stimuli (Figs. 2 & 6) suggests that there is enhanced excitatory

signaling at the synapses between primary afferents and wide dynamic range neurons that

integrate both non-nociceptive and nociceptive signals [9]. Since bupivacaine was used at a

0.5% concentration in the current study, it is expected to have a duration of action of several

hours [18,28]. Unfortunately, the specific time between 4 and 8 hours when peripheral

intervention becomes ineffective is not determined here since each bupivacaine

administration likely blocks afferent activity for several hours. Nonetheless, silencing

afferent firing for a period of several hours before the development of spinal plasticity likely

returns dorsal horn neurons to resting membrane potential and allows NMDA receptors to

recover their magnesium block, slowing the influx of calcium and the resulting potentiation

of excitatory signaling [14].

In contrast to the robust effects of immediate bupivacaine injection, blocking afferent firing

8 hours or later after facet injury does not prevent mechanical hyperalgesia or neuronal

hyperexcitability (Figs. 1-6). This suggests that once central sensitization has developed

after joint injury it persists despite a transient absence of input from the joint. Despite being

ineffective (Figs. 1 & 3), bupivacaine at day 4 reduces spinal neuronal firing compared to
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both the 8 hour and 1 day treatment groups (Fig. 6). This partial attenuation of selected

components of neuronal hyperexcitability may be due to effects of the treatment that was

given only 3 days before the measurements, rather than the 6-7 days earlier for the other

groups. Studies observing extended post-treatment periods would better assess the

persistence of sensitization after bupivacaine treatment. However, mechanical hyperalgesia

(Fig. 1b), dorsal horn neuronal firing (Fig. 2c), and spinal expression of excitatory signaling

proteins (Fig. 3b) after bupivacaine treatment at day 4 all remain elevated over sham at day

7, suggesting that despite decreased neuronal excitability after bupivacaine treatment at day

4, delayed treatment does not attenuate sensitization.

The differential effects of early (0h, 4h) and delayed (8h, 1d, 4d) bupivacaine treatment after

facet injury (Figs. 5 & 6) suggest that there is a critical period lasting several hours after

injury during which afferent activity from the joint is necessary to initiate central

sensitization. Though, that timing identified in the rodent should not be taken as directly

translating to that in the human due to lifespan differences between species. That critical

period corresponds to the time before ectopic afferent activity develops, which occurs

between 6 and 24 hours after painful facet injury in the rat [11]. Central hypersensitivity

after whiplash injury is maintained in part by nociceptive input to the spinal cord [22]. Many

studies suggest that aberrant spontaneous activity is also important for the maintenance of

central sensitization, and treatments that suppress that spontaneous activity can reduce

sensitivity for time when the treatment is active, after which the ectopic discharge resumes

and restores sensitization [11,13,15,37,60]. The onset of spontaneous firing likely represents

a temporal threshold after which sensitization persists despite blockade of joint afferent

activity with nerve blocks or neurotomy [39,42]. The results of our study are consistent with

previous reports of pain attenuation by anesthetic treatment administered early after nerve

injury, before the onset of ectopic activity [1,36,51,60,63]. Xie et al. [60] found that local

nerve block reduces mechanical hypersensitivity when started immediately after nerve

injury and continued for 3-5 days, but not when started 10 days after injury. Although our

findings (Figs. 5 & 6) support a transition to centrally-mediated responses, after which

peripheral nerve block is ineffective, this study used a local, short-duration anesthetic block.

It remains unclear whether other clinically relevant joint interventions or nerve blocks with

longer durations of action could be more effective at reversing sensitization after it has

already developed. However, clinical studies and data from other models of persistent pain

do suggest that delayed treatment is not likely to permanently reverse pain regardless of

treatment mode or duration of action [1,42,48,51,60].

Despite early intra-articular bupivacaine reducing behavioral and neuronal hypersensitivity,

GFAP expression remains increased at day 7 after facet injury (Figs. 3 & 4), similar to

previously reported increases in GFAP in dorsal horn astrocytes after facet injury [33,56].

Once activated, astrocytes regulate and mediate neuronal signaling through release of

molecules including pro-inflammatory cytokines and glutamate [54]. It is possible that

different hallmarks of astrocyte activation, like hypertrophy of processes and vimentin

expression [45], or production of interleukin-1, that were not measured in this study, may

more directly correlate to pain [30,34,54]. Spinal glial activation also may be insufficient to

induce joint pain; spinal astrocytes and microglia have been reported to be in activated states

despite analgesic treatments that attenuate joint or neuropathic pain [62]. Facet joint loading
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does induce spinal inflammation as early as 1 day after injury [30,34], so astrocytic

activation observed even after attenuation of sensitization by early bupivacaine treatment

may result from inflammatory signals that are independent of spinal sensitization [4].

In summary, these findings suggest that silencing afferent activity from the facet joint early

after its injury is critical to block the spinal sensitization following painful facet capsule

injury. Local intervention at the facet joint to block afferent activity can prevent

sensitization, but only when initiated early after injury, before the development of spinal

sensitization and spontaneous firing in injured capsule-innervating fibers. Our study

indicates that it is crucial to consider the timing and type of local anesthetic joint injection

for blocking the development and/or maintenance of persistent sensitivity. Indeed, this study

suggests reasoning for why it is that such joint injections have varied and ineffective

outcomes clinically. Perhaps better treatment strategies could be developed to determine if

and when early interventions could be provided following traumatic joint injury to more

effectively manage, or prevent, chronic joint-mediated pain.
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Summary

Joint afferent activity induces central sensitization after facet injury that can be prevented

by transiently blocking afferent firing within a critical period early after injury.
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Figure 1.
Behavioral sensitivity after intra-articular bupivacaine given either at injury or 4 days later.

(a) Paw withdrawal threshold (PWT) decreases from baseline on all days (*p<0.027) after

injury with immediate intra-articular saline (inj-VEH0h), but PWT after bupivacaine

treatment at the time of injury (inj-BP0h) is not different from baseline on all days, as is

observed with sham (sham-VEH0h). (b) In contrast, intra-articular bupivacaine given at 4

days after injury (inj-BPd4) has no effect on PWT, with decreased PWT compared to

baseline on all days (*p<0.003), similar to the injury with a saline vehicle injection (inj-

VEHd4) (^p<0.0001).
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Figure 2.
Extracellular spike activity in the spinal dorsal horn 7 days after facet capsule injury. (a)
Traces indicate the filament application, raw extracellular voltage recording, and neuron

identification and spike counts. Neuronal firing was sorted and spikes were counted during a

baseline period and mechanical stimulation of the forepaw; a representative response to five

applications of a 26g von Frey filament 7 days after facet capsule injury is shown. (b) Firing

increases after injury (inj-VEH0h) over sham (sham-VEH0h) during light brush, 4g, 10g, and

26g von Frey filament stimulation (*p<0.026). Immediate bupivacaine attenuates firing in

response to all stimuli after injury (#p≤0.004). Bupivacaine treatment (inj-BP0h) also

reduces activity below that of sham for brush, pinch, and the 1.4g von Frey filament

(^p<0.0007). (c) During all stimuli, for injections at day 4, neuronal firing is increased over

sham (sham-VEHd4) after injury with either vehicle injection (inj-VEHd4) (*p<0.045) and

after bupivacaine injection (inj-BPd4) (^p<0.035).
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Figure 3.
Western blot of spinal cord at day 7. (a,b) Facet capsule injury (inj-VEH0h) increases

pERK1/2, pNR1, mGluR5, GLAST and GFAP, and decreases expression of GLT1

(*p≤0.032). Immediate bupivacaine treatment (inj-BP0h) prevents such increases, with

significantly lower expression (#p<0.029) of pERK1/2, pNR1, mGluR5, and GLAST than

inj-VEH0h and no differences from sham (sham-VEH0h). Immediate bupivacaine also

prevents the decrease in GLT1 expression that is evident after injury (##p=0.049). However,

GFAP expression remains significantly elevated over sham (*) and is not different from the

inj-VEH0h group. (c,d) Injury with vehicle treatment at day 4 (inj-VEHd4) induces the same

changes relative to sham as does injury with vehicle treatment at the time of injury (inj-

VEH0h) (*p≤0.046). However, pERK1/2, pNR1, mGluR5, GLT1, and GLAST remain at

injury levels with bupivacaine treatment at day 4 (inj-BPd4), and are significantly elevated

over sham (^p≤0.048). Total ERK1/2 and NR1 expression is unchanged in all groups.
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Figure 4.
Immunolabeling of phosphorylated NR1 (pNR1), mGluR5, and GFAP in the spinal dorsal

horn at day 7. Representative images are shown for (a-d) pNR1 (red) and (e-h) mGluR5

(red) and GFAP (green) after injury, sham, and injury with immediate or day 4 bupivacaine

treatment. (i) The percentage of pNR1- and mGluR5-positive pixels normalized to sham

levels increases in the dorsal horn after injury with immediate vehicle treatment (inj-VEH0h)

(*p 0.046). Immediate bupivacaine treatment (inj-BP0h) prevents those increases in both

mGluR5 and pNR1 (#p<0.0001), although GFAP remains increased (^p<0.0001). (j) The

normalized percentages of pNR1-, mGluR5-, and GFAP-positive pixels increase after injury

with day 4 vehicle treatment, relative to sham levels (*p≤0.003). However, bupivacaine

administered 4 days after injury (inj-BPd4) does not prevent the increases in pNR1,

mGluR5, and GFAP (^p≤0.024). Scale bar=100μm.
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Figure 5.
Bupivacaine administered immediately (0h) or 4 hours (4h) after facet capsule injury

prevents any change from baseline paw withdrawal threshold (PWT) at day 1 and day 7 after

injury. However, when bupivacaine treatment is given at 8 hours (8h), 1 day (d1), or 4 days

(d4) after injury the PWT is significantly decreased from baseline levels on day 1

(*p<0.006) and day 7 (#p<0.0002).

Crosby et al. Page 21

Pain. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
Evoked spike activity in the dorsal horn on day 7 after facet capsule injury varies with

timing of intra-articular bupivacaine. (a) Neuronal firing evoked by light brush is

significantly higher when bupivacaine is administered at time later than 4 hours after injury

than when it is given immediately (inj-BP0h) (*p<0.0001) or at 4 hours (inj-BP4h)

(#p<0.0001). Firing during a noxious pinch is increased in the inj-BP8h and inj-BPd1 groups

compared to the inj-BP0h (*p<0.0001), inj-BP4h (#p<0.002), and inj-BPd4 (^p<0.018)

groups. (b) Similarly, firing evoked by stimulation by all of the magnitudes of von Frey

filaments is significantly greater when bupivacaine is administered 8 hours (inj-BP8h), 1 day

(inj-BPd1), or 4 days after injury (inj-BPd4) than when it is given immediately (inj-BP0h)
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(*p<0.0001) or at 4 hours (inj-BP4h) (#p<0.045). Firing is also greater after treatment given

at 4 hours (inj-BP4h) than it is when given at the time of injury (inj-BP0h) for all von Frey

filament stimuli (*p<0.0001). There is also significantly more evoked firing in the inj-BP8h

group than the inj-BPd1 group for stimulation by the 1.4g and 26g filaments (†p<0.0003)

and the inj-BPd4 group for the 4g, 10g, and 26 filaments (^p<0.0001).
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