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Neuronal hyperexcitability in the dorsal horn after painful facet joint injury
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a b s t r a c t
Excessive cervical facet capsular ligament stretch has been implicated as a cause of whiplash-associated
disorders following rear-end impacts, but the pathophysiological mechanisms that produce chronic pain
in these cases remain unclear. Using a rat model of C6–C7 cervical facet joint capsule stretch that produces sustained mechanical hyperalgesia, the presence of neuronal hyperexcitability was characterized
7 days after joint loading. Extracellular recordings of spinal dorsal horn neuronal activity between C6
and C8 (117 neurons) were obtained from anesthetized rats, with both painful and non-painful behavioral outcomes established by the magnitude of capsule stretch. The frequency of neuronal ﬁring during
noxious pinch (p < 0.0182) and von Frey ﬁlaments applications (4–26 g) to the forepaw was increased
(p < 0.0156) in the painful group compared to the non-painful and sham groups. In addition, the incidence and frequency of spontaneous and after discharge ﬁring were greater in the painful group
(p < 0.0307) relative to sham. The proportion of cells in the deep laminae that responded as wide dynamic
range neurons also was increased in the painful group relative to non-painful or sham groups
(p < 0.0348). These ﬁndings suggest that excessive facet capsule stretch, while not producing visible tearing, can produce functional plasticity of dorsal horn neuronal activity. The increase in neuronal ﬁring
across a range of stimulus magnitudes observed at day 7 post-injury provides the ﬁrst direct evidence
of neuronal modulation in the spinal cord following facet joint loading, and suggests that facet-mediated
chronic pain following whiplash injury is driven, at least in part, by central sensitization.
Ó 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction
The annual incidence of neck pain in the general population is
estimated at nearly 20% [11], and for many individuals, the symptoms can become chronic and debilitating [23]. The cervical facet
joint is a frequent source of neck pain in 54–60% of the chronic neck
pain cases originating from injury and idiopathic causes [3,34,37].
Cadaveric studies of facet joint kinematics during whiplash implicate excessive stretch of the cervical facet capsular ligament as a
cause of neck pain following whiplash [14,28,40,41,50,55,56]. However, despite clinical and biomechanical studies linking facet capsule
stretch to pain, the pathophysiological mechanisms by which facet
capsular ligament loading can produce sustained pain have yet to
be fully elucidated.
The cervical facet capsule is innervated by proprioceptive and
nociceptive primary afferents that encode the magnitude of load
transmitted through the structure [25,38,53]. Nerve ﬁbers in the
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facet capsule reactive for neuropeptides demonstrate the potential
for nociceptive signaling [4,16,25,27,54]. Application of substance
P to facet joints produces an excitatory effect on the mechanical
stimulation of proprioceptive and nociceptive afferents in that tissue [54]. In the rat, increased substance P expression in the dorsal
root ganglia is sustained at 7 days after facet joint stretch that also
produces mechanical hyperalgesia and allodynia [33]. In a caprine
model, both nociceptor ﬁring during cervical facet joint loading
and sustained afferent discharges after loading were produced in
the absence of rupture of the joint’s capsule [5,8,35,36]. These
models demonstrate that certain degrees of facet capsule stretch
can induce nociceptive ﬁring, alter neurotransmitter expression
in the peripheral nervous system, and produce persistent behavioral hypersensitivity. However, the mechanisms governing the
maintenance of pain after injury-related facet joint loading scenarios remain unclear.
Patients with chronic pain after whiplash injury report mechanical hyperalgesia and allodynia along the neck and upper extremities
[1,12,17,47], which suggests the development and maintenance of
the increased sensitivity of spinal neurons. Central sensitization
has been implicated as a driving mechanism responsible for many
chronic pain states [26,45,52]. Wide dynamic range neurons in the
dorsal horn may be capable of modulating central sensitization in

0304-3959/$36.00 Ó 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.pain.2010.07.034

Ò

K.P. Quinn et al. / PAIN 151 (2010) 414–421

many chronic pain states [9,10,18,21,22,44,46]. However, the role of
such spinal neurons in facet-mediated pain remains unclear owing
to a lack of investigations probing neuronal plasticity in the spinal
cord.
The goal of this study was to investigate the development of
neuronal hyperexcitability in the spinal cord of the rat after loading of the C6–C7 facet joints. Facet capsule stretch was applied
using separate magnitudes that do and do not produce behavioral
hypersensitivity in the neck and forepaw at day 7 [31,33] to assess
whether painful facet capsule stretch is associated with neuronal
hyperexcitability in the spinal cord. We hypothesized that spinal
dorsal horn neurons are more excitable in response to forepaw
stimulation 7 days after facet joint loading that induces mechanical
hyperalgesia. Extracellular voltage recordings were made in the
deep laminae of the dorsal horn at day 7, and the frequency of
baseline, evoked, and after discharge ﬁring was assessed to characterize the neuronal response to mechanical stimuli.
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verify that behavioral hypersensitivity in each group in the current
study were consistent with previous reports using the same vertebral displacement magnitudes [33]. Hyperalgesia was measured in
the forepaw using a modiﬁed Chaplan’s up/down method to quantify the threshold for tactile sensitivity to a von Frey stimulus
[7,24,31,33]. For both the left and right forepaw, the threshold to
elicit a withdrawal response was determined in three rounds of
testing. For each round, a series of ﬁlaments with logarithmically-increasing strengths (0.4, 0.6, 1.4, 2, 4, 6, 8, 15, 26 g) (Stoelting Co., Wood Dale, IL) was applied to the forepaw. Each
ﬁlament was applied ﬁve times before using a stronger ﬁlament,
and if two consecutive ﬁlament strengths elicited a response, the
lower of the two ﬁlament strengths was recorded as the threshold.
Any rat failing to respond to any ﬁlaments was assigned a threshold of 26 g for that round. The average threshold from the three
rounds was calculated for each forepaw of each rat on both the
baseline and electrophysiological testing days.
2.4. Electrophysiology

2. Methods
2.1. Animals
All experimental procedures were approved by the Institutional
Animal Care and Use Committee of the University of Pennsylvania
and followed the guidelines of the Committee for Research and
Ethical Issues of the International Association for the Study of Pain
[57]. Male Holtzman rats (356–460 g; Harlan Sprague–Dawley,
Indianapolis, IN) were housed under USDA- and AAALAC-compliant conditions with food and water available ad libitum.
2.2. Facet capsule stretch injury
Rats were anesthetized with isoﬂurane (4% for induction, 2.5%
for maintenance). A controlled bilateral displacement was applied
across the cervical C6–C7 facet joints using a custom loading device, as previously described [31]. Rats were placed in a prone position and the paraspinal musculature was carefully separated
from the spinous processes between C4 and T2. The laminae and
facet joints at the C6 and C7 levels were exposed and musculature
was cleared from the dorsal surface of the facet capsule. Microforceps were attached to the spinous processes of both C6 and C7.
Vertebral displacements were imposed by separating the microforceps to apply tensile deformation across the facet joint’s capsule;
the C6 microforceps translated rostrally while C7 remained stationary. Each rat underwent a single prescribed vertebral displacement at one of three magnitudes (n = 6 per group) to induce known
behavioral outcomes: 0.7 mm to induce sustained behavioral sensitivity (painful), 0.2 mm to stretch the capsule but not induce
behavioral sensitivity (non-painful), or 0 mm (sham) [33,43]. Previous work with this facet model has demonstrated no detectable
difference in the pain or inﬂammatory responses between naïve
rats and those having undergone a sham surgery [15,31–33]. The
magnitude of joint displacement that was actually applied was
measured by tracking markers placed on each lamina at C6 and
C7. The maximum relative distance measured between the centroids of those markers during applied vertebral displacements
was taken as the magnitude of each facet capsule stretch. Following surgery, the incisions were closed using 3–0 polyester suture
and surgical staples; rats were monitored as they recovered in
room air.
2.3. Behavioral testing
Mechanical hyperalgesia was assessed prior to facet capsule
stretch injury and on the day of electrophysiological testing to

To determine the effects of facet capsule stretch on neuronal
excitability in the dorsal horn of the C6–C8 spinal cord, electrophysiological recordings were acquired on day 7 after facet joint
injury for both the painful and non-painful groups. Electrophysiological recordings were taken on day 6 for the sham group to provide a more liberal estimate of the physiological effects of surgery.
For surgical procedures, anesthesia was induced with isoﬂurane
(4% in O2, then 2.5% in O2 for maintenance), and the left lateral tail
vein was cannulated to administer ﬂuids over the course of the
experiment (1:1 mixture of lactated Ringer’s and 6% hetastarch
solutions; 4 ml/kg/h i.v.). The mid-cervical trachea was exposed
ventrally and cannulated to allow mechanical ventilation at
60–70 cycles/min with a 2.5–3.0 ml tidal volume (Harvard Small
Animal Ventilator Model 683; Harvard Apparatus; Holliston, MA),
and the end tidal concentration of CO2 was monitored continuously (Capnogard; Novametrix Medical Systems; Wallingford,
CT). The right femoral artery was also exposed and cannulated to
monitor arterial blood pressure (Model P122; Grass Telefactor;
West Warrick, RI). Following surgical instrumentation, the rat
was immobilized in a stereotaxic frame using ear bars and a vertebral clamp at T2. Core temperature was maintained between 36
and 37 °C using a heating plate with temperature controller and
isolated rectal probe (model TCAT-2DF; Physitemp Instruments,
Inc., Clifton, NJ). A thoracotomy was performed with a lateral intercostal approach to minimize respiratory-related spinal cord movement during extracellular recordings. The C6–C8 spinal cord was
then exposed via bilateral dorsal laminectomy, and the overlying
dura was resected. Rats were then converted to urethane anesthesia (1.2 g/kg i.v.) as isoﬂurane was slowly discontinued, and a 1:1
mixture of O2 and N2 (FIO2 0.50) was delivered via mechanical ventilation for the remainder of the experiment. After conversion to
urethane anesthesia, 1.5 h elapsed before neuronal recordings began. Anesthetic depth was continuously monitored and was maintained by urethane injection (0.12 g/kg i.v.) following any
withdrawal response or mean arterial blood pressure increase in
response to a hind paw pinch.
Extracellular voltage potentials were continuously recorded
using a 5–8 lm diameter carbon ﬁber electrode (Carbostar-3; Kation Scientiﬁc, Inc., Minneapolis, MN) and were ampliﬁed with a
gain of 3000 (ExAmp-20 KB; Kation Scientiﬁc, Inc., Minneapolis,
MN). The ampliﬁed signal was processed with a 60 Hz noise eliminator (Hum Bug; Quest Scientiﬁc; North Vancouver, BC), and then
digitized and stored at 25 kHz (MK1401/Spike 2, CED, Cambridge,
UK). Sensory neurons within the C7 dorsal horn (400–1000 lm below the pial surface) were identiﬁed using a light brush stroke applied to the plantar surface of the forepaw with a cotton swab.
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Search times were limited to 2.5 h for each side of the spinal cord,
and only the forepaw ipsilateral to the electrode was used to identify sensory neuronal activity. Once an evoked potential was identiﬁed, the forepaw location that evoked the maximum response
was marked, and a stimulation protocol was performed that included brushing, noxious pinch, and a series of non-noxious and
noxious von Frey ﬁlaments (Fig. 1). Extracellular recordings were
stored for the entire duration of this stimulation protocol. Speciﬁcally, 10 consecutive brush strokes were applied to the targeted
location on the forepaw with a cotton swab, and the location
was then pinched for 10 s using a vascular clip calibrated to apply
a 60 g force (World Precision Instruments, Inc., Sarasota, FL). This
vascular clip was selected because it did not produce any tissue
damage or leave any permanent redness to the application area.
Von Frey ﬁlaments were mounted to a load cell (5 N capacity;
SMT S-Type Model; Interface, Inc., Scottsdale, AZ) and the load cell
position was adjusted to apply the ﬁlaments to the identiﬁed location on the forepaw. Load cell voltages were recorded by the Spike
2 acquisition system to synchronize the mechanical stimulus
application with the extracellular recordings (Fig. 2). Four logarithmically-spaced ﬁlament strengths (1.4, 4, 10, 26 g) spanning the
range of ﬁlaments used for the behavioral assessment were applied
to the targeted forepaw site; ﬁve stimulations spaced approximately 1–2 s apart were applied with each of the four ﬁlament
strengths (Figs. 1 and 2). Approximately 60 s elapsed between
the brush and pinch stimuli, and the use of the different von Frey
ﬁlament magnitudes.

2.5. Data analysis
Recordings during the stimulation protocol of each neuron were
spike-sorted using Spike 2 software (CED; Cambridge, UK) to ensure that only the ﬁring of a single unit was measured from each
recording. The total number of spikes during the 10 light brush
strokes and number of spikes during the 10-s noxious pinch were
counted for each neuron. Neurons were classiﬁed as either a low
threshold mechanoreceptive (LTM) or a wide dynamic range
(WDR) neuron based on their response to the noxious pinch. Neurons were classiﬁed as WDR if ﬁring exceeded one action potential
during the period between the application and removal of the clip
(3–8 s into pinch application). A nociceptive-speciﬁc neuron classiﬁcation was not considered in this study because neurons were
identiﬁed based on an evoked response to light brushing and this
cell type is typically not found in the deep laminae of the dorsal
horn (400–1000 lm) in rats [18].
The number of spikes from the initial application of a von Frey
ﬁlament to 1-s after the removal of the ﬁlament was also counted
as evoked ﬁring for each neuron (Fig. 1). Baseline ﬁring prior to
stimulation with each von Frey ﬁlament was assessed by counting
the number of spikes during the 1-s immediately before the ﬁrst of
the ﬁve applications of a ﬁlament (Fig. 1). Each neuron was classiﬁed as spontaneously ﬁring or not based on whether baseline ﬁring
had occurred during the 1-s prior to the ﬁrst application of any of
the four von Frey ﬁlaments. After discharge following each von
Frey application was computed as the difference between the ﬁring

Fig. 1. Forepaw stimulation protocol. (a) Once a neuron was identiﬁed, the forepaw location that evoked maximal ﬁring was deﬁned. This location was most frequently found
at the distal end of digits 4 and 5. (b) Light brush, (c) noxious pinch, and (d–g) von Frey (vF) ﬁlament stimulation were applied to that forepaw location. Neurons were
classiﬁed as wide dynamic range (WDR) or low threshold mechanoreceptive (LTM) based on their response measured between 3 and 8 s during noxious pinch, as in (c).
Spontaneous ﬁring was characterized during the 1-s prior to von Frey stimulation in (d–g). Evoked ﬁring from each von Frey application in (d–g) was deﬁned by the response
during each stimulation and immediately after. After discharge following each von Frey application in (d–g) was deﬁned as the difference between ﬁring immediately after
stimulation (a) and spontaneous ﬁring (s).
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Fig. 2. Representative extracellular recordings during the application of a 26 g von Frey ﬁlament to the forepaw 7 days after facet joint loading. For each neuron, a series of
ﬁve stimulations was applied with each ﬁlament magnitude. Extracellular (EC) data were spike-sorted to isolate the response of single units. Superimposed traces of all single
unit activity counted in the histograms are provided. (a) Firing was evoked in sham rats during the initial application of the ﬁlament to the forepaw and upon its removal. (b)
Rats that underwent a targeted 0.2 mm vertebral displacement also responded to forepaw stimulation predominantly during the initial application of the ﬁlament and upon
its removal. (c) Neuronal ﬁring was more frequent throughout the entire application of the ﬁlament and after removal for rats that underwent a vertebral displacement
capable of producing a painful behavioral response.

rate recorded during the 1-s after the stimulus and the baseline
ﬁring rate recorded during the 1-s prior to the ﬁrst von Frey application with that ﬁlament (Fig. 1).
Statistical analyses were performed using JMP 8 (SAS Institute
Inc., Cary, NC). Differences in the amount of vertebral displacement
between the painful and non-painful groups were measured using
an unpaired Student’s t-test. Changes in behavioral sensitivity from
baseline to the day of electrophysiological testing were assessed
for each group using a paired t-test. Electrophysiological data were
log-transformed due to a positive skew, and a normal distribution
was veriﬁed after the transformation by plotting the residuals from
the statistical models. To test for differences in the ﬁring responses
to light brush and noxious pinch between the painful, non-painful,
and sham groups, mixed-effect ANOVAs were used with neurons
nested within rats, and rats nested within groups. Post-hoc Tukey
HSD tests evaluated differences between the three individual
groups. A mixed-effect ANOVA with the same levels of nesting
was used to analyze differences between groups, von Frey stimulation magnitudes, the order of stimulus application, and their interactions. This mixed-effect ANOVA structure was also used to
evaluate after discharge following von Frey stimuli. The number
of neurons that were spontaneously ﬁring during any of the baseline recordings was compared between groups through Pearson’s
chi-square tests to evaluate whether spontaneous ﬁring differed
among injury groups. Differences in the proportion of WDR and
LTM neurons between injury groups were also assessed though
Pearson’s chi-square tests. All statistical tests were performed with
a = 0.05 and all values are expressed as means ± S.E.

3. Results
The mean vertebral displacement imposed in the painful group
was 0.684 ± 0.009 mm, and was signiﬁcantly greater (p < 0.0001)
than the mean displacement applied in the non-painful group
(0.229 ± 0.006 mm). The threshold for paw withdrawal in the

mechanical hyperalgesia testing was not signiﬁcantly different
between the left and right side for any of the groups, so the withdrawal threshold was computed as the average of both sides for
each rat. The withdrawal threshold did not change signiﬁcantly
in the sham group between baseline values (19.75 ± 1.46 g) and
day 6 (19.58 ± 1.69 g) or in the non-painful group between baseline
(15.72 ± 1.150 g) and day 7 (16.33 ± 1.77 g) (Fig. 3). However, there
was a signiﬁcant decrease (p = 0.004) in the withdrawal threshold
measured at day 7 (9.3 ± 4.7 g) in the painful injury group compared to its baseline values (16.19 ± 1.45 g) (Fig. 3).
A total of 117 neurons were identiﬁed at an average depth of
638 ± 14.56 lm. For 34 neurons, light brushing of one of the pads
on the forepaw produced the most robust ﬁring response, while ﬁring from the remaining 83 neurons was most robust in response to
stimulation of one of the digits of the forepaw (Fig. 1). Light brushing produced signiﬁcantly more ﬁring (p = 0.038) in the painful
group (94 ± 22 spikes/10 strokes) relative to sham (53 ± 5 spikes/
10 strokes), but the non-painful group (56 ± 5 spikes/10 strokes)
was not signiﬁcantly different from either the painful or sham
group (Fig. 3). Noxious pinch to the forepaw evoked signiﬁcantly
more ﬁring (p < 0.0182) in the painful group (137 ± 29 spikes/
10 s) than compared to either the non-painful (51 ± 8 spikes/10 s)
or sham (39 ± 5spikes/10 s) groups (Fig. 3). In the painful group,
69% of neurons were classiﬁed as wide dynamic range neurons,
which was signiﬁcantly higher than that found in non-painful
(44% WDR; p = 0.0348) or sham (43% WDR; p = 0.0251) rats.
Average evoked ﬁring was signiﬁcantly different between each
of the von Frey stimulus magnitudes (p < 0.0001) (Fig. 4). Using
each von Frey ﬁlament magnitude, ﬁring among the ﬁve applications was also signiﬁcantly different (p < 0.0001), with the ﬁrst
application producing signiﬁcantly more ﬁring than the subsequent four applications (p < 0.0001), and the second application
producing signiﬁcantly more ﬁring than the fourth and ﬁfth applications (Fig. 5). A signiﬁcant interaction was also found between
the magnitude of the von Frey stimulus applied to the forepaw
and the order of application (p < 0.0001). Firing during the ﬁrst
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Fig. 3. Neuronal hyperexcitability in the dorsal horn are produced at day 7 following facet joint loading that produces mechanical hyperalgesia. (a) The withdrawal threshold
was signiﬁcantly lower (*p = 0.004) at day 7 in the painful group compared to the corresponding baseline values. (b) Neuronal excitability was signiﬁcantly greater
(*p < 0.038) in the painful group compared to sham for brush, pinch, and 26 g von Frey stimuli; the painful group was also signiﬁcantly greater (p < 0.0182) than the nonpainful group for pinch and von Frey stimulation.

application of the 26 g von Frey ﬁlament was signiﬁcantly greater
than all other combinations of stimulus magnitude and order of
application (p < 0.0001) (Fig. 5).
Overall, neuronal ﬁring in response to von Frey stimuli was signiﬁcantly higher (p < 0.001) in the painful group than either the
non-painful or sham group (Figs. 3–5). The 26 g ﬁlament evoked
an average of 101 ± 13 spikes over the ﬁve applications in the painful group, and this was signiﬁcantly greater (p < 0.004) than the
number of spikes produced during the ﬁve applications of the ﬁlament in either the non-painful (46 ± 5 spikes) or sham (45 ± 6
spikes) groups (Figs. 2 and 3). Firing was also signiﬁcantly higher
in the painful group compared to non-painful and sham groups
for the 10 g (p < 0.0156) and 4 g (p < 0.005) ﬁlaments (Fig. 4), but
no signiﬁcant differences in ﬁring were found between groups
for stimulation with the 1.4 g ﬁlament.
The overall average spontaneous ﬁring rate prior to von Frey
ﬁlament stimulation was 0.068 ± 0.3132 spikes/s, and ﬁring only
occurred in 21 of the 117 neurons. The number of neurons sponta-

Fig. 4. Evoked neuronal ﬁring increases with increasing von Frey stimulus
magnitude. The number of evoked spikes in the painful group was signiﬁcantly
greater than the non-painful and sham groups at 4, 10, and 26 g (*p < 0.0156).

neously ﬁring in the painful group (11 of 32) was signiﬁcantly
greater (p = 0.0042) than expected when compared to the sham
group (3 of 40), but not the non-painful group (7 of 45). After discharge rates, measured by the difference in ﬁring immediately following forepaw stimulation relative to the spontaneous rate, were
signiﬁcantly greater (p = 0.0307) overall in the painful group compared to sham; yet, this was not signiﬁcantly greater than that in
the non-painful group. The average after discharge rate following
a 26 g stimulus (1.37 ± 0.44 spikes/s increase over spontaneous
discharge rates) was signiﬁcantly greater (p < 0.0002) than the

Fig. 5. The average number of spikes evoked during von Frey ﬁlament stimulation
of the forepaw increases with respect to the ﬁlament strength and depends on the
order of application. A signiﬁcant interaction effect was found between the von Frey
magnitude and the ordinal rank of the stimulus application (p < 0.0001); at greater
ﬁlament magnitudes, ﬁring was greater in response to the ﬁrst application of the
ﬁlament relative to the subsequent applications at that magnitude.
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non-painful (0.44 ± 0.20 spikes/s increase) or sham (0.31 ± 0.14
spikes/s increase) groups (Fig. 6). Signiﬁcant group-magnitude
(p = 0.0013) and group-magnitude-application order (p = 0.0290)
interactions were found for after discharge ﬁring. These interactions were attributable to the signiﬁcantly higher after discharge
rates in the painful group after a 26 g stimulus compared to all
other combinations of groups and magnitudes (p > 0.0006)
(Fig. 6). Furthermore, after discharge in the painful group after a
26 g stimulus was signiﬁcantly lower for the ﬁrst application compared to the second and third (p > 0.0029).
4. Discussion
This is the ﬁrst study to identify changes in neuron ﬁring in the
central nervous system at any time (immediately or at a later time
point) after mechanically-induced facet joint injury. Seven days
after a sub-failure C6–C7 facet joint capsule stretch, mechanical
stimulation of the forepaw evoked an exaggerated ﬁring response
across a range of mechanical stimuli compared to responses in rats
with a less-severe capsule stretch magnitude (Figs. 2–4). Additionally, neurons 7 days after painful joint loading were more likely to
spontaneously ﬁre than neurons in rats having undergone sham
procedures. Noxious von Frey stimulation (26 g) produced a significantly higher after discharge ﬁring rate in the painful group relative to non-painful or sham groups (Fig. 6). These ﬁndings suggest
that facet capsule stretch of a sufﬁcient magnitude to induce
mechanical hypersensitivity will also sensitize dorsal horn neurons
and cause increases in ﬁring to non-noxious and noxious forepaw
stimulation (Figs. 3 and 4), which may drive the mechanical allodynia [15,32] and hyperalgesia [31,33] (Fig. 3) observed in this
model and also reported in patients with whiplash-associated disorders [1,12,49].
This study provides the ﬁrst direct evidence of the modulation
of secondary somatosensory neurons following a facet capsule
stretch. Previous work in a caprine model demonstrated that primary afferent ﬁring may be altered during, and immediately after,
certain magnitudes of capsule stretch [5,8,36]. The nociceptor ﬁring and mechanoreceptor after discharge in response to the initial
mechanical injury in that study may provide evidence of a sufﬁcient input to initiate the changes in the ﬁring response of spinal
neurons that were measured seven days after injury in the current
study. Increased levels of substance P mRNA [33] and increased

Fig. 6. After discharge rates increase after painful facet injury in response to von
Frey ﬁlament stimulation of the forepaw. After discharge was measured as the
increase in ﬁring rate above spontaneous baseline ﬁring rates. The after discharge
rate was signiﬁcantly higher after 26 g ﬁlament stimulation in the painful group
compared to non-painful and sham groups (*p < 0.0006).
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expression of metabotropic glutamate receptor 5 [15] in the spinal
cord at day 7 following similar degrees of facet capsule stretch also
provide evidence of sustained, facet-mediated cellular changes in
the spinal cord. Although those ﬁndings strongly suggest neuronal
plasticity they were not able to localize those spinal changes to the
dorsal horn nor were they able to identify the cellular source of
those modiﬁcations. The characterization of neuronal hyperexcitability in the current study in response to graded vertebral displacements suggests that dorsal horn neuron plasticity may be
related to the previous evidence of transcriptional changes in the
spinal cord.
The underlying mechanism that drives chronic pain in whiplash
is poorly understood due to the frequent absence of any evidence
of injury to spinal tissues or other structures [42]. Given that anesthetic facet joint blocks can provide short-term relief of chronic
neck pain for about 50% of patients [2,3,34], it is likely that peripheral neuron ﬁring is a requisite for pain in these cases. The current
study suggests that when facet joint loading is sufﬁcient to induce
persistent hypersensitivity, the wide dynamic range neurons in the
dorsal horn respond to 4 g von Frey stimulation of the forepaw as
though it were a more noxious 10 g ﬁlament stimulation (Fig. 4).
Future work is needed to establish whether non-noxious proprioceptive information from the facet joints and other spinal structures may be misinterpreted as nociceptive under certain neck
motions. Although neck musculature and other connective tissues
were disrupted during the surgical approaches used in all groups in
this study, recent advances in electrophysiological techniques
using minimally invasive surgery may enable direct measurements
of the effect of proprioceptive afferent signaling in the neck and facet joints in this model [30,51]. Furthermore, a less-invasive surgical technique is needed for future work to better characterize the
acute and long-term effects of the surgical procedures used in this
model of facet joint loading.
The signiﬁcant increase in the number of wide dynamic range
neurons classiﬁed in the painful group (69% of neurons;
p > 0.0348) in this study suggests that a phenotypic shift in the response of the neuronal population in the deep laminae of the dorsal horn may play a key role in modulating chronic pain after facet
joint injury. The classiﬁcation of neurons following sham procedures in this study (43% WDR and 57% LTM) is similar to the proportion of WDR cells reported in electrophysiological studies of
neuron properties in dorsal horn of rat and sheep [13,18,22] and
supports the classiﬁcation methodology used in our approach.
The increase in the number of WDR neurons identiﬁed in the deep
laminae following facet capsule stretch in the painful group in our
study is similar to the phenotypic shift identiﬁed in the dorsal horn
following spinal cord hemisection [18]. An increased responsiveness of dorsal horn neurons to noxious stimuli has also been
reported in models of joint inﬂammation [29], peripheral neuropathy [39], peripheral burn injury [6], and spinal cord injury
[18–20]. The shift in the dorsal horn neuron population towards
a wide dynamic range response, and the hyperexcitability of these
neurons across a range of mechanical stimuli (Figs. 3 and 4) suggests that facet capsule stretch that produces persistent pain
symptoms may result from central sensitization brought on by sustained changes to peripheral neurons and/or wide dynamic range
neuron plasticity in the spinal cord.
Hypersensitivity is frequently observed along the back of the
shoulder and neck in whiplash patients [1,12,48] and has also been
reported in this rat model of facet capsule stretch [31,33]. Although
the design of the current study provides a direct comparison to
mechanical hyperalgesia assessments using similar forepaw stimulation protocols, its scope did not encompass all regions along
the C6–C8 dermatomes that may be sensitized following whiplash-like facet joint injury conditions. Additionally, this study did
not characterize differences in the size of the receptor ﬁeld of
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neurons. However, it should be noted that unlike other studies of
neuronal hypersensitivity, the site of injury in this study (facet
joints) was not directly related to the stimulation region, and by
identifying neuronal hyperexcitability in the forepaw, this study
suggests widespread secondary hyperalgesia. The order of the
brush, pinch, and ﬁlament stimuli used in this study was based
on previous electrophysiological studies of dorsal horn hypersensitivity [6,18–20] and does not account for an effect noxious pinch
may have on the ﬁring evoked by von Frey ﬁlament stimulation.
However, immediately after noxious pinch, the ﬁve applications
of the 1.4 g von Frey ﬁlament did not exhibit any dependence on
the order of application (Fig. 5), suggesting that the 60 g pinch
magnitude did not produce a signiﬁcant effect on spinal neuron ﬁring. Dorsal horn neurons were identiﬁed based on an evoked response to light brush, but spontaneous discharges were also
identiﬁed in 18% of these mechanosensitive neurons. However,
the average spontaneous discharge rate (0.068 ± 0.3132 spikes/s)
was substantially lower than the ﬁring frequencies observed during evoked responses (Figs. 2–4). This study characterized the neuronal response to forepaw stimulation at a single time point
(7 days) after a capsule stretch that produced hypersensitivity.
The development of neuronal plasticity and the long-term effects
remain unknown; however, behavioral hypersensitivity in our
model of facet capsule stretch has been shown to persist for up
to 42 days after initial injury [43].
These electrophysiological ﬁndings support the hypothesis that
chronic pain following whiplash may be driven in part by central
sensitization. Certainly, additional studies are needed to elucidate
the biochemical or anatomical changes that produce neuronal
hyperexcitability and a change in the phenotypic response of neurons to noxious stimuli in this study of the deep laminae of the dorsal horn. Nonetheless, this study provides the ﬁrst direct evidence
of spinal neuron plasticity in the lower cervical spinal cord at a
non-acute time point after facet capsule stretch. This work provides a foundation to continue to understand the neuronal mechanisms driving the maintenance of chronic pain and the relationship
between mechanical tissue loading and pain in the neck for whiplash injury.
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