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Repeated High Rate Facet
Capsular Stretch at Strains That
are Below the Pain Threshold
Induces Pain and Spinal
Inflammation With Decreased
Ligament Strength in the Rat
Repeated loading of ligamentous tissues during repetitive occupational and physical
tasks even within physiological ranges of motion has been implicated in the development
of pain and joint instability. The pathophysiological mechanisms of pain after repetitive
joint loading are not understood. Within the cervical spine, excessive stretch of the facet
joint and its capsular ligament has been implicated in the development of pain. Although
a single facet joint distraction (FJD) at magnitudes simulating physiologic strains is
insufficient to induce pain, it is unknown whether repeated stretching of the facet joint
and ligament may produce pain. This study evaluated if repeated loading of the facet at
physiologic nonpainful strains alters the capsular ligament’s mechanical response and
induces pain. Male rats underwent either two subthreshold facet joint distractions
(STFJDs) or sham surgeries each separated by 2 days. Pain was measured before the
procedure and for 7 days; capsular mechanics were measured during each distraction
and under tension at tissue failure. Spinal glial activation was also assessed to probe
potential pathophysiologic mechanisms responsible for pain. Capsular displacement sig-
nificantly increased (p¼ 0.019) and capsular stiffness decreased (p¼ 0.008) during the
second distraction compared to the first. Pain was also induced after the second distrac-
tion and was sustained at day 7 (p< 0.048). Repeated loading weakened the capsular lig-
ament with lower vertebral displacement (p¼ 0.041) and peak force (p¼ 0.014) at tissue
rupture. Spinal glial activation was also induced after repeated loading. Together, these
mechanical, physiological, and neurological findings demonstrate that repeated loading
of the facet joint even within physiologic ranges of motion can be sufficient to induce
pain, spinal inflammation, and alter capsular mechanics similar to a more injurious load-
ing exposure. [DOI: 10.1115/1.4040023]
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Introduction

Loading to joints and their constituent tissues, particularly liga-
ments, during high demand repetitive activities like contact sports
and long-term occupational tasks can result in limited ranges of
motion, joint weakness, and even persistent pain [1,2]. Such inju-
ries due to repetitive loading of joint tissues and surrounding mus-
culature have been collectively termed repetitive strain injuries
[3] and have been reported to affect up to 40% of the adult popu-
lation [4]. Repetitive strain injuries are also attributed to several
musculoskeletal disorders including work-related stress syndrome
[5] and cumulative trauma disorder [6,7]. Although the loading
paradigms in many of these repetitive injuries are well within the
physiologic ranges of motion of the tissues, repetitive loading has
been hypothesized to induce cumulative microtraumas that over
time exceed the physiologic limit of the tissues [8]. For example,
repetitive loading of the inferior glenohumeral ligament during
physiologic motions has been reported to result in the gradual
stretching of the ligament that induces laxity and other structural
damage [1]. Although repeated loading at physiologic levels has
been attributed to joint instability and pain onset [1,2,8], the

biomechanical and pathological mechanisms that are responsible
for such modifications to joint tissues remain largely unstudied,
particularly in the context of pain.

Both the frequency of cyclic loading and the number of repeti-
tions have been reported to have effects on the accumulation of
tissue damage and pain following repeated loading within physio-
logic ranges [1]. Several studies examining repetitive loading of
lumbar supraspinous ligaments have hypothesized that exposure
to cyclic loading at rates and forces at the higher range of that tis-
sue’s physiologic limits without insufficient rest can result in
increased ligament creep and laxity that corresponds to tissue
damage [1,7,9,10]. Within the cervical spine, the facet capsular
ligaments (FCLs) can exceed their physiologic limits during high
acceleration spine loading [11–13]. For example, for isolated cer-
vical spines undergoing 8g acceleration, the C6/C7 facet capsular
ligament sustained strains that peaked at as high as 39.9626.3%
exceeding those strains during physiologic spine flexion/extension
(10.769.3%) [11]. A similarly high rate of loading to the facet
capsule, corresponding to 500%/s, at magnitudes comparable to
those during such an injurious acceleration have been found to
induce pain in the rat [14–19]. To date, the influence of strain rate
on injury risk has been contested, with sports-related injuries esti-
mated to occur at both lower (1%/s) [20,21] and higher (500%/s)
[22,23] strain rates. Further, studies of isolated human cervical
spine ligaments support the notion that the mechanical properties

1Corresponding author.
Manuscript received December 3, 2017; final manuscript received April 12, 2018;

published online May 24, 2018. Assoc. Editor: Spencer P. Lake.

Journal of Biomechanical Engineering AUGUST 2018, Vol. 140 / 081002-1Copyright VC 2018 by ASME

Downloaded From: http://biomechanical.asmedigitalcollection.asme.org/ on 08/01/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



of those ligamentous tissues exhibit strain-rate dependence [24].
Together, these reports suggest that loading at strain rates beyond
those sustained during physiologic scenarios may alter the tissue’s
mechanical response. In addition to high strain rate loading of the
facet capsule being sufficient to alter joint laxity and induce pain
[25], the rabbit anterior cruciate ligament has been shown to
exhibit ligament laxity and lowered stiffness after loading at a rate
of 100%/s [26]. Although these studies suggest that a higher load-
ing rate may be sufficient to alter the overall structure of a liga-
ment, it is not known whether that same effect is induced by
repeated high rate loading of the capsule at physiologic strains is
sufficient to alter the capsular ligament and/or induce pain.

Facet joint distraction (FJD) in the rat has been shown to induce
capsular injury and macrostructural damage and even pain, but
the extent of which is dependent on the magnitude of the facet
joint stretch [27–30]. The facet joint and its capsular ligament are
innervated by Ad and C-fiber afferent fibers that have been shown
to act as low-threshold mechanoreceptors during physiologic joint
motion and as active nociceptors at tissue strains greater than
25–47% [31–34]. Only a magnitude of capsular stretch above
5760.11% strain produces both ligament laxity [27,35] and acti-
vation of the afferent fibers [27,33,36] together with pain and spi-
nal inflammation [27,36]. Spinal inflammation, including the
activation of ionized calcium binding adaptor molecule 1 (Iba1)-
positive microglia and glial fibrillary acidic protein (GFAP)-posi-
tive astrocytes in the spinal cord, is involved in the development
of pain [27,37,38] and has been reported in association with facet
stretches imposing capsular strains of 27.9611.9% but not physio-
logic strains of 8.162.4% [14,27]. In addition to macrostructural
tissue strains, joint afferents have been shown to be activated in
response to microstructural changes in the local collagen organi-
zation, which surrounds them in the ligament [25,39–41].
Although exposure to a single facet stretch at physiologic strain
does not change the microstructure of the capsular ligament [40]
and is not sufficient to activate high-threshold nociceptive affer-
ents [34], it is possible that exposure of the facet capsule to
repeated loading could induce microstructural damage accumula-
tion that could alter the local environment of the joint afferents
and lower their threshold for activation. Whether repeated high-
rate facet joint loading at physiologic strains is sufficient to induce
pain has not been investigated.

The objective of this study was to determine if repetitive load-
ing of the facet capsular ligament at physiological strains is suffi-
cient to induce modifications in the biomechanical properties of
the capsular ligament, pain, and/or spinal inflammation. This
study utilized an established rodent model of FJD, which imposes
a facet capsular stretch to physiologic capsular strains (10%) that
has previously been characterized and found to be below the
threshold to elicit pain (subthreshold) [14,16]. A repeated loading
paradigm consisting of a subthreshold FJD (STFJD) or sham pro-
cedure performed first on day 0 and then again on day 2 was used
to simulate repetitive strain injuries of repeated physiologic
motions with insufficient recovery. The in vivo biomechanical
response of the capsular ligament was measured during each dis-
traction to quantify the severity of tissue loading and the effects of
a single nonpainful FJD on the ligament’s response during subse-
quent loading. Additionally, pain responses were measured using
mechanical hyperalgesia before the first distraction and for up to 7
days thereafter. At day 7, the isolated cervical facet joints under-
went tensile loading to failure in order to characterize their failure
properties after repeated exposure to loading in order to test the
hypothesis that repeated physiologic loading is sufficient to alter
the ligament’s mechanical response leading to joint instability.
Since increased spinal expression of the microglia marker Iba1
and the astrocyte marker GFAP are hallmarks of glial activity
related to pain onset and maintenance [27,37,38], spinal cord tis-
sue was also harvested at day 7 to quantify spinal glial activation
in order to begin to probe potential pathophysiological mecha-
nisms responsible for pain onset following repetitive facet capsu-
lar loading.

Materials and Methods

Study Approach. All procedures were approved by the Uni-
versity of Pennsylvania Institutional Animal Care and Use Com-
mittee and carried out according to the guidelines of the
Committee for Research and Ethical Issues of the International
Association for the Study of Pain [42]. Separate groups of rats
underwent repeated exposures, separated by 2 days (Fig. 1). One
group of rats (STFJDX2; n¼ 12) received a subthreshold FJD
(STFJD1) on day 0 and a second subthreshold FJD (STFJD2)
again on day 2 (Fig. 1(a)). In addition, surgical control groups
were included to account for the effects of exposing the facet cap-
sule for distraction. Following a similar paradigm to the repeated
subthreshold FJD exposures, rats (SHAMX2; n¼ 12) underwent
two separate sham surgeries on day 0 (SHAM1) and day 2
(SHAM2). Pain responses were quantified by measuring mechani-
cal hyperalgesia in the bilateral forepaws before the first STFJD1
or SHAM1 exposures (baseline; day 0), after those but before the
STFDJ2 or SHAM2 second exposures (days 1 and 2), and subse-
quently on postoperative days 3 and 7 (Fig. 1(a)). To quantify the
severity of the biomechanical insult to the capsular ligament dur-
ing each of the single subthreshold FJD (STFJD1) and second
subthreshold FJD (STFJD2), the vertebral and capsular displace-
ments, average and peak maximum principal strain, peak force,
and stiffness were determined for each FJD and separately com-
pared (Fig. 1(b)). At day 7, in a subset of rats from each group
(STFJDX2, SHAMX2; n¼ 6/group) the spinal column from the
C4 level to the T2 level was removed en bloc and underwent ten-
sile failure testing, with the same mechanical metrics measured
for the isolated right C6/C7 facet capsule as described for the
in vivo measurements (Fig. 1(d)). In the remaining subset of rats
(STFJDX2, SHAMX2; n¼ 6/group), spinal cord tissue from the
C6 level was harvested and labeled for Iba1 and GFAP to deter-
mine the extent of microglial and astrocytic activation following
repeated loading (Fig. 1(c)).

Repeated In Vivo Facet Joint Distraction and In Vivo
Biomechanical Analyzes. All surgical procedures were per-
formed using male Holtzman rats (Envigo, Indianapolis, IN)
weighing 350–425 g at the start of the study. Rats underwent
either a FJD of the C6/C7 facet joint with a magnitude (STFJD1)
that has been previously found to be nonpainful and having not
effects on the subsequent ligament structure or collagen organiza-
tion [25,40] or sham surgery (SHAM1) procedure on day 0 fol-
lowed by a second similar subthreshold FJD (STFJD2) or sham
(SHAM2) procedure on day 2. Surgical procedures were per-
formed as previously described [14,16,43,44]. Under inhalation
isoflurane anesthesia (4% for induction; 2.5% for maintenance),
the dorsal aspect of the cervical spine was cleared of all paraspinal
musculature to expose the bilateral C6/C7 laminae, spinous proc-
esses, and facet joints. To attach the cervical spine to the custom-
built loading device [14,17,19,43,44], the interspinous ligaments,
and ligamenta flava from C5-T1 were transected. To ensure
repeatability between the first and second distraction, the inter-
laminar distance of the C6/C7 joint was adjusted to 2.54 mm for
each rat upon being placed on the loading device, which corre-
sponds to the average interlaminar distance in na€ıve rats of this
size [25] and is the customary initial position used previously for
applying FJD [27,36]. The bilateral C6/C7 facet joints were dis-
tracted by holding the C7 vertebrae in place while translating the
C6 vertebrae rostrally by 0.2 mm at 500%/s [14,19,43–45]. Sham
rats underwent the same surgical procedures with attachment to
the loading device, but no joint distraction was applied. After
each surgery, incisions were closed using 3-0 polyester suture and
surgical stapes; rats were monitored during recovery in room air.

To quantify facet capsule deformation during facet joint distrac-
tion, fiducial markers were placed on the right C6/C7 laminae and
vertebrae before loading and tracked at 500 Hz during loading
using high-speed video recording (Phantom v4.3 CCD Camera,
Vision Research Inc., Wayne, NJ) during each distraction.
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Similarly, load and displacement data were simultaneously
recorded at 500 Hz using a load cell (WMC Series 5N, Interface
Inc., Scottsdale, AZ) and linear variable differential transformer
(S-DVRT-24, Microstrain Inc., Williston, VT). The centroid of
each fiducial marker was tracked and quantified using PROANALYST

software (3D Professional Edition 1.5.7.9, Xcitex Inc., Woburn,
MA). Vertebral displacement for each FJD was defined as the rel-
ative displacement of the centroid of the C6 and C7 vertebral
markers and the corresponding capsule displacement was defined
as the average resultant displacement of the fiducial markers from
the rostral edge of the capsule to the caudal edge [16,30,44]. Max-
imum principal strain (MPS) of the facet capsular ligament at
0.2 mm was calculated for each distraction, using the capsule
marker positions and displacements using LS-DYNA (Livermore
Software Technology Corp., Livermore, CA) as previously
described [27,30,46]. Both the average and maximum MPS across
the capsule were calculated for each FJD. The force data from the
load cells were used to generate force-capsule displacement
curves for each FJD and the maximum force was during each dis-
traction was calculated as the peak force [25]. Using those same
force-displacement curves, the facet capsular stiffness was defined
from the linear fit through that curve (Fig. 1), using a customary
script in MATLAB (Mathworks, Natick, MA) [25,35]. The vertebral
and capsular displacements, average and maximum MPS, peak
force and stiffness were separately compared between the STFJD1
and STFJD2 exposures for each rat using separate paired t-tests
for each outcome.

Assessment of Behavioral Sensitivity. Behavioral sensitivity
was measured by assessing mechanical hyperalgesia in the bilat-
eral forepaws for each rat using previously described methods
[44,47,48]. The withdrawal threshold to a mechanical stimulus to
the forepaw was quantified before surgery (baseline; day 0) and
on days 0, 1, 2, 3, and 7 for the STFJDX2 and SHAMX2 groups
(Fig. 1). On each day of behavioral assessment, rats were accli-
mated to the testing environment for 20 min prior to stimulation
with an ascending series of von Frey filaments (Stoelting, Wood
Dale, IL) from 0.6 g to 26 g [19,44,48]. Each forepaw was

stimulated with an individual filament five times before moving to
the next filament of a higher strength; the lower of two consecu-
tive filaments eliciting a positive withdrawal response of either
paw licking or lifting was taken as the threshold for the paw.
Thresholds were recorded in three separate testing rounds sepa-
rated by a 10-min recovery period between rounds. Withdrawal
thresholds from the bilateral paws were recorded and averaged on
each test day for each rat given since the procedures are imposed
to the bilateral C6/C7 facet joints. Differences in averaged with-
drawal thresholds between the first subthreshold FJD or sham pro-
cedure (STFJD1 or SHAM1) and the second subthreshold FJD or
sham procedure (STFJD2 or SHAM2) were compared using a
two-way repeated measures analysis of variance (group� day)
with Tukey’s honest significant difference test (JMP Prov15.0.2,
SAS Institute Inc., Cary, NC).

Ex Vivo Facet Failure Testing and Biomechanical Analyzes.
After behavioral testing on day 7, spinal columns were harvested
from a subset of rats (STFJDX2, SHAM2; n¼ 6/group) to
undergo ex vivo failure testing. Rats were given an overdose of
sodium pentobarbital (65 mg/kg) and transcardially perfused with
phosphate buffered saline. The spinal column from C4-T2 was
removed en bloc and stored at �20 �C. For mechanical testing,
frozen spinal columns were thawed, rehydrated in saline and
cleared of the paraspinal musculature surrounding the C6 and C7
laminae. Both the C6/C7 intervertebral disc and the left facet cap-
sular ligament were transected in order to isolate the right C6/C7
facet capsular ligament. Mechanical testing was performed using
the same custom facet joint loading device that was used for the
in vivo FJDs and has been used previously for facet failure testing
[16,25,35,49]. Fiducial markers were placed on the right C6/C7
capsular ligament and the interlaminar distance was adjusted to
2.54 mm to match the same interlaminar distance as used as the
reference position in the in vivo distractions and for the joint in
situ [25]. Each specimen underwent 60 cycles of preconditioning
from 0 to 0.2 mm of distraction at 500%/s. Following precondi-
tioning, specimens underwent tensile loading at 500%/s until
gross ligament failure occurred, as confirmed by visible rupture of

Fig. 1 (a) A STFJD1 or sham control (SHAM1) procedure was performed on day 0 and repeated 2 days later day 2 (STFJD2,
SHAM2). Behavioral sensitivity was measured on day 0 before procedures and on days 1, 2, 3, and 7. (b) For the FJD, micro-
forceps were affixed to the C6 and C7 vertebrae to distract the C6/C7 FCL. Markers on the FCL were used to measure the cap-
sule’s displacement, MPS, peak force, and stiffness during FJD. (c) In a separate set of rats, spinal columns were harvested
to measure mechanical properties under tensile failure of the right FCL; displacements, MPS, peak force, and stiffness were
measured in the right FCL at first failure and rupture. (d) On day 7 in the remaining subset of rats, spinal cord tissue was har-
vested for immunohistochemistry labeling for the glial markers Iba1 and GFAP.
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the capsule [16,25,35]. Vertebral displacement, capsular displace-
ment, average MPS, maximum MPS, peak force, and stiffness at
both the first occurrence of tissue failure and also at complete tis-
sue rupture were quantified for tensile loading to the right C6/C7
facet capsule using described for the in vivo mechanical analyzes
[14,19,43–45]. The first failure was defined as the first drop in
force of the force-displacement curve and rupture was defined as
the maximal drop in force after which there is no recovery of force
with increasing capsule displacement. Each of the metrics describ-
ing the mechanical properties of the isolated facet capsule were
separately compared between the STFJDX2 and SHAMX2 groups
at first failure and rupture using Student’s t-tests.

Spinal Cord Immunohistochemistry. After behavioral testing
on day 7, the spinal cords from the remaining rats were collected
to evaluate the extent of glial activation using immunohistochem-
istry. Rats were deeply anesthetized with an overdose of sodium
pentobarbital (65 mg/kg) and transcardially perfused with phos-
phate buffered saline and 4% paraformaldehyde. Following perfu-
sion, the C6 segment of the cervical spinal cord was harvested and
postfixed in 4% paraformaldehyde overnight, cryoprotected in
30% sucrose for 1 week at 4 �C and embedded in optimal cutting
temperature Medium (Sakura Finetek, Torrance, CA) for cryosec-
tioning. That fixed spinal cord tissue was sectioned axially at a 14
lm thickness and thaw-mounted directly onto slides. Spinal cord
tissue was also harvested from the C6 level of normal na€ıve rats
(n¼ 2) and included in tissue processing for comparison.

Spinal cord sections were fluorescently co-immunolabeled for
both Iba1 and GFAP to label positively microglia and astrocytes,
respectively. Slide-mounted tissue sections were blocked in 5% nor-
mal donkey serum (Vector Laboratories, Burlingame, CA) with
0.3% Triton X-100 (Bio-Rad Laboratories, Hercules, CA) for 1 h at
room temperature. Slides were then incubated overnight at 4 �C
with rabbit anti-Iba1 (1:1000; Wako USA, Richmond, VA) and
mouse anti-GFAP (1:500; Millipore, Billerica, MA), followed by a

2-h incubation at room temperature with donkey anti-rabbit 546 and
donkey anti-mouse 488 secondary antibodies (1:500; Invitrogen,
Waltham, MA). The superficial dorsal horns of 4–6 spinal cord sec-
tions from each rat were imaged at 20� using an Olympus 5� 51
microscope (Olympus, Center Valley, PA). Each of Iba1 and GFAP
expression was separately quantified in images that were uniformly
cropped to include the superficial laminae of the spinal dorsal horn
(750� 250 pixels) using a custom densitometry MATLAB script
(Mathworks, Natick, MA) as previously described [14,50]. In order
to quantify the extent of positive spinal Iba1 and GFAP expression,
a separate pixel intensity threshold was set to include each of posi-
tive Iba1 or GFAP labeling in the C6 tissue sections of na€ıve rats,
and kept constant for analyses in the STFJDX2 and SHAMX2
groups. The percentage of total pixels in each tissue section that was
above the respective threshold for positive labeling in na€ıve tissue
was taken as the percentage of positive pixels of that label
[14,27,43,44]. The percentage of positive pixels for each label was
averaged separately across tissue sections for each rat in each of the
STFJDX2 and SHAMX2 groups. The percentage of positive pixels
of Iba1 and GFAP was separately compared between groups using a
one-way analysis of variance with Tukey’s test.

Results

Although the vertebral displacement was not different between
STFJD1 and STFJD2, the capsular displacement was significantly
(p¼ 0.019) higher during the second distraction (STFJD2) com-
pared to the first (STFJD1) (Table 1). There were no significant
differences between the average MPS, maximum MPS, and peak
force between the first (STFJD1) and second (STFJD2) applica-
tions of distraction. However, the stiffness during the second
application of distraction (STFJD2) was significantly (p¼ 0.008)
lower at 6.6766.32 N/mm than during the first distraction
(STFJD1), which was 9.4867.2 N/mm. The withdrawal thresh-
olds or pain responses measured on the day after each STFJD

Table 1 Summary of in vivo FCL mechanics during the first and second FJD and pain responses (withdrawal threshold) on the fol-
lowing day (mean 6 S.D.)

Rat
#

Vertebral
displacement

(mm)

Capsule
displacement

(mm)

Average
MPS
(%)

Max
MPS
(%)

Peak
force
(N)

Stiffness
(N/mm)

Withdrawal
thresholds

(gf)

STFJD1 20 0.22 0.06 5.30 7.02 1.55 27.83 8.83
31 0.22 0.08 8.46 14.04 0.72 10.09 17.73
33 0.22 0.08 10.09 17.50 0.72 4.389 10.67
38 0.17 0.13 6.51 8.66 1.70 12.21 18.67
41 0.64 0.29 19.60 22.92 1.01 4.005 17.16
44 0.21 0.16 12.55 25.63 0.56 4.426 20.50
59 0.29 0.12 22.2 40.42 1.23 12.34 15.00
61 0.08 0.08 0.06 0.13 0.58 17.39 21.50
62 0.49 0.19 13.01 17.81 1.22 5.651 8.00
65 0.31 0.10 5.74 11.62 1.55 3.953 17.83
66 0.2 0.10 6.47 10.68 1.56 5.116 13.16
67 0.26 0.12 7.95 16.27 1.57 6.357 12.83

Average 6 S.D. 0.28 6 0.15 0.13 6 0.06 9.83 6 6.22 16.06 6 0.35 1.16 6 0.43 9.48 6 7.2 15.3 6 4.45

STFJD2 20 0.14 0.08 5.17 9.07 1.77 25.45 3.67
31 0.30 0.08 9.43 19.56 0.71 7.178 6.50
33 0.33 0.22 10.05 15.14 0.6 2.602 6.33
38 0.21 0.13 10.18 16.95 0.92 6.306 9.16
41 0.47 0.22 10.48 21.19 0.65 2.889 12.50
44 0.22 0.15 7.79 10.56 0.58 4.907 15.33
59 0.30 0.22 25.64 46.67 1.62 9.516 6.667
61 0.37 0.17 19.14 54.36 1.31 6.631 11.00
62 0.52 0.23 16.71 30.46 1.31 5.847 6.00
65 0.42 0.18 15.81 21.58 1.52 2.673 10.50
66 0.30 0.25 10.36 18.53 1.50 3.293 9.50
67 0.35 0.21 17.16 23.89 1.43 2.716 9.33

Average 6 S.D. 0.33 6 0.11 0.18 6 0.06 13.16 6 5.77 24.01 6 13.72 1.16 6 0.44 6.67 6 6.32 8.87 6 3.23
p-value 0.1394 *0.0194 0.1397 0.1208 0.9697 *0.0082 *0.0007

Note: Bold p-values (*) denote mechanical parameters with significant differences between STFJD1 and STFJD2.
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were also significantly different (p¼ 0.0007) between the STFJD1
and STFJD2 groups.

Neither a single subthreshold FJD (STFJD1) nor a sham proce-
dure (SHAM1) on day 0 altered the withdrawal threshold from
baseline on days 1 or 2 (Fig. 2). However, on day 2 after the sec-
ond application of the subthreshold FJD (STFJD2), the with-
drawal threshold was significantly lower compared to thresholds
at baseline (p< 0.035) and on days 1 and 2 (p< 0.001) (Fig. 2).
Those thresholds remained significantly (p< 0.048) lower than
baseline and days 1 and 2 through day 7. In addition, the average
withdrawal threshold after the second distraction (STFJD2) was
also significantly lower on both days 3 (p< 0.0001) and day 7

(p< 0.0001) than the threshold of rats that received a second
sham procedure (SHAM2) (Fig. 2). There were no differences
detected between the first (SHAM1) and second (SHAM2) control
procedures on any day tested.

The failure responses of both groups were largely similar at the
first occurrence of failure, and slightly different at gross tissue
rupture (Fig. 3). Visible tears in the capsule were evident in the
lateral aspect of the capsular ligament in 4 of the rats in the
STFJDX2 group and 5 in the SHAMX2 group. Similarly, com-
plete tissue rupture was evident predominantly in the lateral
aspect of the capsular ligament in 5 rats in each of the STFJDX2
and SHAMX2 groups. Both the vertebral and capsular displace-
ments were not different between groups at the first occurrence of
failure (Fig. 3). The same was true for the average MPS and maxi-
mum MPS, as well as stiffness at first failure (Fig. 3). However,
the peak force at the first failure for the STFJDX2 group
(0.9260.45 N) was significantly (p¼ 0.028) lower than that of the
SHAMX2 group (2.4461.16 N) (Fig. 3). The peak force at rup-
ture was also significantly (p¼ 0.014) decreased in the STFJDX2
group compared to the SHAMX2 group (Fig. 3). The vertebral
displacement at tissue rupture for the group undergoing repeated
subthreshold distractions was also significantly decreased
(p¼ 0.041) compared to a repeated sham exposure despite the
capsular displacement being unchanged (Fig. 3). Similar to first
failure, no differences were detected at rupture for the average
MPS, maximum MPS, and stiffness between the STFJDX2 and
SHAMX2 groups.

Repeated subthreshold facet distractions (STFJDX2) that
induce pain at day 7 (Fig. 4) also increased glial activation in the
spinal cord above those levels observed in the repeated sham sur-
gical group (SHAMX2) (Fig. 4). The increased expression of the
astrocytic marker, GFAP, and microglial marker, Iba1, were most
evident in the superficial dorsal horn of the spinal cord (Fig. 4).
GFAP expression was 35.163.3% greater in the STFJDX2 group
than expression levels in the SHAMX2 group (p¼ 0.007) and
56.564.4% times greater than normal expression (p¼ 0.0001)
(Fig. 4). Similarly, Iba1 expression was also significantly
increased after a repeated subthreshold FJD compared to levels

Fig. 2 After a single STFJD1, withdrawal thresholds were not
different from baseline for either day 1 or day 2. However, after
the second STFJD2, the threshold measured on day 3 was sig-
nificantly lower than baseline and days 1 and 2 (#p < 0.035) and
remained lower also at day 7, which was significantly different
than baseline, day 1 and day 2 (#p < 0.048). Although on days 0,
1, and 2 there was no difference between thresholds for the
STFJD1 and SHAM1 groups, thresholds after STFJD2 were sig-
nificantly lower than after a second sham procedure (SHAM2)
on both days 3 and 7 (*p < 0.001).

Fig. 3 At the first failure, only the peak force was significantly altered, with a significant reduction in peak force in the STFJDX2
group (*p 5 0.028) compared to the SHAMX2 group. There were no differences detected in any other biomechanical metric meas-
ured at first failure. At tissue rupture, the vertebral displacement was also significantly lower (*p 5 0.041) in the STFJDX2 group
compared to the SHAMX2 group; peak force remained significantly decreased at tissue rupture (*p 5 0.014) following repeated
STFJDs.
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after repeated sham exposures (p¼ 0.013) and in normal tissue
(p¼ 0.0004). In addition, the expression levels of GFAP and Iba1
in the SHAMX2 group were not significantly different from
normal levels.

Discussion

A high-rate subthreshold FJD at a magnitude of stretch that
ordinarily does not induce pain or any macrostructural changes to
the capsular ligament [25,27], when repeated with only 2 days rest
was sufficient to induce pain, spinal inflammation, and altered lig-
ament failure properties (Figs. 2–4). Further, it appears that even a
single subthreshold FJD at 500%/s alters the ligament’s response
to subsequent loading 2 days later by increasing the associated
joint displacements and exhibiting decreased stiffness (Table 1).
At day 7 after repeated joint loading, in the presence of pain (Fig.
2), there was also increased activation of spinal glia (Fig. 4).
Increased activation of astrocytic and microglial cells in the spinal
cord is a hallmark of the mechanisms of central sensitization that
are involved in pain maintenance [37,38] and has been reported
after a single exposure to an injurious and more severe loading of
the facet joint [27,50,51]. Repeated loading of the facet joint also
reduced the force at both first occurrence of tissue failure and at
complete ligament rupture (Fig. 3), suggesting that such repetitive
loading compromises the ligament’s mechanical properties and
response to subsequent loading. Together, these data suggest that
repeated high rate tissue loading even within physiologic ranges
of motion is sufficient to induce pain and may even be pathologi-
cally similar to a single more injurious insult.

The magnitude of facet stretch and associated capsular defor-
mation during loading has been shown to relate to the extent of
pain [16,31,36]. A single tensile stretch of the facet capsule at low
accelerations and at a strain sustained during physiological bend-
ing (around 6%) [11,15] has been shown to neither alter ligament
stiffness during loading nor induce laxity [25], suggesting it has
no effect on the ligament’s structure or function. In contrast, in
this study, a single subthreshold FJD at 500%/s did lower the
capsular ligament’s stiffness during a second FJD distraction
(Table 1), suggesting that the initial high-rate subthreshold stretch
modifies its biomechanical response to subsequent loading.

Although these data suggest that a single high-rate STFJD is suffi-
cient to alter the capsule’s biomechanical response to its subse-
quent loading, pain responses are only detected following STFJD2
(Table 1 and Fig. 2), suggesting that it may develop via the liga-
ment undergoing greater stretch and having a decreased stiffness
during STFJD2. Of note, the prior work reporting no changes was
an ex vivo test using an isolated facet joint that also calculated the
tangent stiffness at a rate (0.08 mm/s) 2–3 orders of magnitude
lower [25] than that used in this in vivo study (15 mm/s). Given
that viscoelastic tissues like ligaments have been shown to exhibit
strain rate-dependent stiffness responses [52] that are higher at
faster loading rates [53], it is possible that the altered stiffness
responses between that study and the current one is more reflec-
tive of the difference in rates between the two studies. It is also
possible that the time period between the two FJDs used here is
insufficient for recovery of the tissue, collagen, and/or neuronal
components in the joint to (re)equilibrate of a high-rate loading.
Since the second FJD was only 2 days after the initial exposure,
the ligament may not have sufficiently recovered, a scenario com-
monly experienced with repetitive strain injuries [1,8]. The sepa-
ration time between FJDs was chosen since it is enough time to
detect any measurable changes in pain responses after the first
exposure (Fig. 1); yet, it may not have been enough time for puta-
tive microtraumas in the ligament to recover, compromising the
capsular ligament’s response and leaving it vulnerable to damage
accumulation. Although capsular ligament damage was not
directly evaluated in this study, the altered mechanical responses
(Table 1 and Fig. 3) do provide proxy data for such speculation.
Although the individual in vivo mechanical responses during both
distractions suggest that the imposed vertebral displacements
were consistent (Table 1), variability in the individual capsular
mechanics between rats point to the need for additional examina-
tion of the ligament structure and also to more deeply investigate
the effects of the time between FJD exposures on the biomechani-
cal and painful responses.

As observed with repetitive strain injuries, repeated subthres-
hold loading of the facet joint did alter the failure properties of the
ligament (Fig. 3) and could suggest there is facet joint instability.
Since repeated exposure did lower both the vertebral displacement
and peak force at complete ligament rupture (Fig. 3), it is possible
that following repeated loading of the facet joint the ligament is
more vulnerable to mechanical injury. Although a single high-rate
subthreshold FJD has been previously shown not to induce any
pain for up to 7 days [16] or altered mechanical properties [25], a
single STFJD was not included in this study to provide a control
to compare mechanical properties following high-rate repeated
STFJDs. Despite this limitation, the force at failure after the
repeated high-rate physiological FJD (3.0360.6 N) was consistent
with that measured at failure of a ligament having undergone only
a single painful FJD (2.9660.69 N) [35], suggesting that the two
loading scenarios, both of which are also painful (Fig. 2)
[14,16,27], are comparable. Although, repeated dynamic loading
of the facet joint is presumed to impose joint instability and pain,
by altering the structure of the capsular ligament, the magnitude
and number of exposures that establish cumulative ligament
microtraumas are still unknown. Additional mechanical parame-
ters like yield properties of the capsular ligament were not meas-
ured in the current study. However, ex vivo measurement of the
yield point in the rat facet capsular ligament has been found to
correspond to capsular stretch that is sufficient to induce pain
[49]. Therefore, measuring additional mechanical parameters may
help provide insight into which pathobiomechanical changes are
responsible for pain onset during repeated loading of the facet
joint.

Although the onset of pain has been hypothesized to occur via
macrostructural changes in the joint that activate nociceptive
afferents in the capsular ligament [15,25,27,32,35,54], nociceptor
activation has been shown to be more relevantly influenced by the
local environment [41,55–57]. This study did not explicitly iden-
tify the effects of repeated subthreshold exposure on the

Fig. 4 At day 7, increased expression of both GFAP (green)
and Iba1 (red) was evident after repeated subthreshold loading
in the spinal cord dorsal horn (dashed line). GFAP significantly
increased in the superficial dorsal horn (white box) of the
STFJDX2 group over both the SHAMX2 (*p 5 0.007) and normal
(*p 5 0.0001) groups. Similarly, Iba1 expression significantly
increased in the superficial dorsal horn after repeated subthres-
hold loading over both the SHAMX2 (*p 5 0.013) and normal
(*p 5 0.0004) groups. Representative images indicate the great-
est GFAP and Iba1 labeling occurs in the superficial dorsal horn
of the STFJDX2 group.
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microstructure of the ligament. Stiffness of soft tissues has been
shown to be positively correlated with collagen fiber realignment
[58], suggesting that the decrease in stiffness (Table 1) may be
accompanied by collagen fiber disorganization. Disorganized col-
lagen fiber networks in aortic tissue have been shown to produce
inhomogeneous local strains [59], As such disorganized local fiber
networks in the ligament during a subthreshold loading (in this
case during the second FJD) could induce less homogenous strain
fields and higher local strains that would directly activate nocicep-
tive fibers in the ligament and could be a mechanism for pain gen-
eration. Since collagen realignment is evident in the facet capsule
after a single painful exposure but not a single subthreshold expo-
sure [25,40], changes in ligament microstructure may only be
induced after a repeated exposure. Despite excessive facet stretch
that induces pain initiating afferent activation and neuronal hyper-
excitability in electrophysiology studies [19,34], whether afferent
activation is induced by cumulative activation following repeated
exposure or if a single subthreshold FJD possibly lowers the acti-
vation threshold of joint nociceptors are open questions. Relating
the extent of collagen disorganization and local strains in the facet
capsular ligament to the degree of nociceptor activation would
elucidate the contribution of the ligament’s structural mechanics
to the development of pain during repeated loading.

In addition to inducing pain, repeated subthreshold loading also
increased spinal astrocytic and microglial activation that was con-
sistent with the patterns of glial activation in the spinal cord that
have been reported with a single painful FJD [27,36,50,51]. Since
spinal astrocytic activation is not evident after a single subthres-
hold FJD [36], the increased expression of the astrocyte marker
GFAP that was observed after a repeated subthreshold FJD may
be due to the cumulative effects of repeated loading. For example,
spinal glial activation has been observed with repeated whole
body vibration (WBV) to varying degrees [60,61]. Repeated
WBV separated by 7 days at a frequency of 8 Hz, but not 15 Hz,
produced pain for up to 14 days after the initial exposure and both
spinal astrocytic and microglial activation increased at that time
[61]. Although this study did implement two distractions, the cur-
rent study is limited in that it did not extend beyond two expo-
sures. As such, it is unknown if subsequent distractions would be
additive or have a more pronounced effect on the capsular
mechanics, pain, or inflammatory responses. Daily repeated WBV
for 7 days at 15 Hz was sufficient to induce sustained pain for 14
days [62], yet two separate WBV exposures at the same vibration
frequency did not induce pain [61], suggesting that the number of
exposures may contribute to the pain onset. Examining the effects
of frequency of exposures would provide insight into the patho-
biomechanical mechanisms responsible for pain development.
Nevertheless, several studies have suggested that astrocytic acti-
vation is necessary for trauma-induced facet-mediated pain
[27,36,51] and is a direct result of facet capsule stretch and activa-
tion of its nociceptive fibers [51]. Although a subthreshold FJD at
a quasi-static rate does not activate nociceptors [11,15,31,34,63],
the presence of pain and glial activation in the spinal cord (Figs. 2
and 4) do suggest that repeated subthreshold dynamic FJDs may
be sufficient to activate ligament afferents via cumulative factors.
Further, it has been shown in a caprine model of FJD that if the
tension in the capsular ligament is large enough (34.165.1%
strain), joint afferents can produce discharge even after the joint is
unloaded [31,33].

In summary, this is the first study to demonstrate that repeated
high-rate loading of the facet joint at exposures that are within
physiologic range and strains below those that elicit pain is suffi-
cient to induce pain and spinal inflammation similar to a single
more injurious facet loading exposure [14,19,27,43,50]. Although
the specific mechanisms responsible for pain are not identified
here, the altered mechanical properties of the capsular ligament
indicate it is weaker since it has reduced stiffness during the sec-
ond exposure and after the repeated exposures (Table 1 and
Fig. 3). This is a possible mechanism by which repetitive loading
may change the macrostructural and even microstructural

properties of the ligament, and can alter the environment and acti-
vation thresholds of the nociceptive fibers that innervate the cap-
sular ligament leading to pain development. These findings also
suggest that although high-rate loading at physiologic strains do
not produce pain or obvious macrostructural damage in the liga-
ment, that exposure does alter the ligament’s mechanical response
and possible lower its injury threshold to subsequent loading.

Funding Data

� National Institute of Arthritis and Musculoskeletal and Skin
Diseases (NIAMS) (AR056288).

� U.S. Department of Defense (DOD) (W81XWH-10-2-0140).

References
[1] King, K., Davidson, B., Zhou, B. H., Lu, Y., and Solomonow, M., “High Mag-

nitude Cyclic Load Triggers Inflammatory Response in Lumbar Ligaments,”
Clin. Biomech., 24(10), pp. 792–798.

[2] Pollock, R. G., Wang, V. M., Bucchieri, J. S., Cohen, N. P., Huang, C. Y., Paw-
luk, R. J., Flatow, E. L., Bigliani, L. U., and Mow, V. C., 2000, “Effects of
Repetitive Subfailure Strains on the Mechanical Behavior of the Inferior Gleno-
humeral Ligament,” J. Shoulder Elbow Surg., 9(5), pp. 427–435.

[3] Yassi, A., 1997, “Repetitive Strain Injuries,” Lancet, 349(9056), pp. 943–947.
[4] Cole, D. C., Ibrahim, S., and Shannon, H. S., 2005, “Predictors of Work-

Related Repetitive Strain Injuries in a Population Cohort,” Am. J. Public
Health, 95(7), pp. 1233–1237.

[5] van Rijn, R. M., Huisstede, B. M., Koes, B. W., and Burdorf, A., 2010,
“Associations Between Work-Related Factors and Specific Disorders of the
Shoulder—A Systematic Review of the Literature,” Scand. J. Work Environ.
Health, 36(3), pp. 189–201.

[6] Le, P., Solomonow, M., Zhou, B.-H., Lu, Y., and Patel, V., “Cyclic Load Mag-
nitude is a Risk Factor for a Cumulative Lower Back Disorder,” J. Occup. Envi-
ron. Med., 49(4), pp. 375–387.

[7] Solomonow, M., Baratta, R. V., Zhou, B.-H., Burger, E., Zieske, A., and Geda-
lia, A., 2003, “Muscular Dysfunction Elicited by Creep of Lumbar Viscoelastic
Tissue,” J. Electromyogr. Kinesiol., 13(4), pp. 381–396.

[8] Sbriccoli, P., Yousuf, K., Kupershtein, I., Solomonow, M., Zhou, B.-H., Zhu,
P., and Lu, Y., 2004, “Static Load Repetition is a Risk Factor in the Develop-
ment of Lumbar Cumulative Musculoskeletal Disorder,” Spine (Phila. Pa.
1976), 29(23), pp. 2643–2653.

[9] Navar, D., Zhou, B.-H., Lu, Y., and Solomonow, M., 2006, “High-Repetition
Cyclic Loading is a Risk Factor for a Lumbar Disorder,” Muscle Nerve, 34(5),
pp. 614–622.

[10] Olson, M. W., Li, L., and Solomonow, M., 2009, “Interaction of Viscoelastic
Tissue Compliance With Lumbar Muscles During Passive Cyclic Flexion-
Extension,” J. Electromyogr. Kinesiol., 19(1), pp. 30–38.

[11] Pearson, A. M., Ivancic, P. C., Ito, S., and Panjabi, M. M., 2004, “Facet Joint
Kinematics and Injury Mechanisms During Simulated Whiplash,” Spine (Phila.
Pa. 1976), 29(4), pp. 390–397.

[12] Kaneoka, K., Ono, K., Inami, S., and Hayashi, K., 1999, “Motion Analysis of
Cervical Vertebrae During Whiplash Loading,” Spine (Phila. Pa. 1976), 24(8),
pp. 763–769; discussion 770.

[13] Stemper, B. D., Yoganandan, N., Gennarelli, T. A., and Pintar, F. A., 2005,
“Localized Cervical Facet Joint Kinematics Under Physiological and Whiplash
Loading,” J. Neurosurg. Spine, 3(6), pp. 471–476.

[14] Dong, L., Quindlen, J. C., Lipschutz, D. E., and Winkelstein, B. A., 2012,
“Whiplash-Like Facet Joint Loading Initiates Glutamatergic Responses in the
DRG and Spinal Cord Associated With Behavioral Hypersensitivity,” Brain
Res, 1461, pp. 51–63.

[15] Panjabi, M. M., Cholewicki, J., Nibu, K., Grauer, J., and Vahldiek, M., 1998,
“Capsular Ligament Stretches During In Vivo Whiplash Simulations,” J. Spinal
Disord., 11(3), pp. 227–232.

[16] Lee, K. E., and Winkelstein, B. A., 2009, “Joint Distraction Magnitude is Asso-
ciated With Different Behavioral Outcomes and Substance P Levels for Cervi-
cal Facet Joint Loading in the Rat,” J. Pain, 10(4), pp. 436–445.

[17] Kras, J. V., Dong, L., and Winkelstein, B. A., 2013, “The Prostaglandin E2
Receptor, EP2, is Upregulated in the Dorsal Root Ganglion After Painful Cervi-
cal Facet Joint Injury in the Rat,” Spine (Phila. Pa. 1976), 38(3), pp. 217–222.

[18] Dong, L., Crosby, N. D., and Winkelstein, B. A., 2013, “Gabapentin Alleviates
Facet-Mediated Pain in the Rat Through Reduced Neuronal Hyperexcitability
and Astrocytic Activation in the Spinal Cord,” J. Pain, 14(12), pp. 1564–1572.

[19] Crosby, N. D., Gilliland, T. M., and Winkelstein, B. A., 2014, “Early Afferent
Activity From the Facet Joint After Painful Trauma to Its Capsule Potentiates
Neuronal Excitability and Glutamate Signaling in the Spinal Cord,” Pain,
155(9), pp. 1878–1887.

[20] Bonner, T. J., Newell, N., Karunaratne, A., Pullen, A. D., Amis, A. A., Bull, A. M.
J., and Masouros, S. D., 2015, “Strain-Rate Sensitivity of the Lateral Collateral
Ligament of the Knee,” J. Mech. Behav. Biomed. Mater., 41, pp. 261–270.

[21] Malik-Hall, M., Dina, O. A., and Levine, J. D., 2005, “Primary Afferent Noci-
ceptor Mechanisms Mediating NGF-Induced Mechanical Hyperalgesia,” Eur. J.
Neurosci., 21(12), pp. 3387–3394.

Journal of Biomechanical Engineering AUGUST 2018, Vol. 140 / 081002-7

Downloaded From: http://biomechanical.asmedigitalcollection.asme.org/ on 08/01/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use

http://dx.doi.org/10.1016/j.clinbiomech.2009.07.011
http://dx.doi.org/10.1067/mse.2000.108388
http://dx.doi.org/10.1016/S0140-6736(96)07221-2
http://dx.doi.org/10.2105/AJPH.2004.048777
http://dx.doi.org/10.2105/AJPH.2004.048777
http://dx.doi.org/10.5271/sjweh.2895
http://dx.doi.org/10.5271/sjweh.2895
http://dx.doi.org/10.1097/JOM.0b013e318046eb0b
http://dx.doi.org/10.1097/JOM.0b013e318046eb0b
http://dx.doi.org/10.1016/S1050-6411(03)00045-2
http://dx.doi.org/10.1097/01.brs.0000146052.44581.5f
http://dx.doi.org/10.1097/01.brs.0000146052.44581.5f
http://dx.doi.org/10.1002/mus.20629
http://dx.doi.org/10.1016/j.jelekin.2007.06.011
http://dx.doi.org/10.1097/01.BRS.0000090836.50508.F7
http://dx.doi.org/10.1097/01.BRS.0000090836.50508.F7
http://dx.doi.org/10.1097/00007632-199904150-00006
http://dx.doi.org/10.3171/spi.2005.3.6.0471
http://dx.doi.org/10.1016/j.brainres.2012.04.026
http://dx.doi.org/10.1016/j.brainres.2012.04.026
http://dx.doi.org/10.1016/j.jpain.2008.11.009
http://dx.doi.org/10.1097/BRS.0b013e3182685ba1
http://dx.doi.org/10.1016/j.jpain.2013.07.016
http://dx.doi.org/10.1016/j.pain.2014.06.019
http://dx.doi.org/10.1016/j.jmbbm.2014.07.004
http://dx.doi.org/10.1111/j.1460-9568.2005.04173.x
http://dx.doi.org/10.1111/j.1460-9568.2005.04173.x


[22] Woo, S. L., Debski, R. E., Withrow, J. D., and Janaushek, M. A.,
“Biomechanics of Knee Ligaments Multiple Degrees of Freedom of Joint
Motion,” Am. J. Sports Med., 27(4), pp. 533–543.

[23] Crowninshield, R. D., and Pope, M. H., 1976, “The Strength and Failure Char-
acteristics of Rat Medial Collateral Ligaments,” J. Trauma, 16(2), pp. 99–105.

[24] Mattucci, S. F. E., Moulton, J. A., Chandrashekar, N., and Cronin, D. S., 2012,
“Strain Rate Dependent Properties of Younger Human Cervical Spine Liga-
ments,” J. Mech. Behav. Biomed. Mater., 10, pp. 216–226.

[25] Quinn, K. P., Lee, K. E., Ahaghotu, C. C., and Winkelstein, B. A., 2007,
“Structural Changes in the Cervical Facet Capsular Ligament: Potential Contri-
butions to Pain Following Subfailure Loading,” Stapp Car Crash J., 51, pp.
169–187.

[26] Panjabi, M. M., May, P., Oxland, T. R., and Cholewicki, J., 1999, “Subfailure
Injury Affects the Relaxation Behavior of Rabbit ACL,” Clin. Biomech, 14(1),
pp. 24–31.

[27] Lee, K. E., Thinnes, J. H., Gokhin, D. S., and Winkelstein, B. A., 2004, “A Novel
Rodent Neck Pain Model of Facet-Mediated Behavioral Hypersensitivity: Impli-
cations for Persistent Pain and Whiplash Injury,” J. Neurosci. Methods, 137(2),
pp. 151–159.

[28] Ita, M. E., Zhang, S., Holsgrove, T. P., Kartha, S., and Winkelstein, B. A.,
2017, “The Physiological Basis of Cervical Facet-Mediated Persistent Pain:
Basic Science and Clinical Challenges,” J. Orthop. Sports Phys. Ther., 47(7),
pp. 450–461.

[29] Curatolo, M., Bogduk, N., Ivancic, P. C., McLean, S. A., Siegmund, G. P., and
Winkelstein, B. A., 2011, “The Role of Tissue Damage in Whiplash-Associated
Disorders,” Spine (Phila. Pa. 1976), 36(Suppl. 25), pp. S309–S315.

[30] Dong, L., and Winkelstein, B. A., 2010, “Simulated Whiplash Modulates
Expression of the Glutamatergic System in the Spinal Cord Suggesting Spinal
Plasticity is Associated With Painful Dynamic Cervical Facet Loading,” J. Neu-
rotrauma, 27(1), pp. 163–174.

[31] Lu, Y., Chen, C., Kallakuri, S., Patwardhan, A., and Cavanaugh, J. M., 2005,
“Neural Response of Cervical Facet Joint Capsule to Stretch: A Study of Whip-
lash Pain Mechanism,” Stapp Car Crash J., 49, pp. 49–65.

[32] Cavanaugh, J. M., Lu, Y., Chen, C., and Kallakuri, S., 2006, “Pain Generation in
Lumbar and Cervical Facet Joints,” J. Bone Jt. Surg. Am., 88(Suppl. 2), pp. 63–67.

[33] Chen, C., Lu, Y., Kallakuri, S., Patwardhan, A., and Cavanaugh, J. M., 2006,
“Distribution of a-Delta and C-Fiber Receptors in the Cervical Facet Joint Capsule
and Their Response to Stretch,” J. Bone Jt. Surg. Am., 88(8), pp. 1807–1816.

[34] Quinn, K. P., Dong, L., Golder, F. J., and Winkelstein, B. A., 2010, “Neuronal
Hyperexcitability in the Dorsal Horn After Painful Facet Joint Injury,” Pain,
151(2), pp. 414–421.

[35] Lee, K. E., Franklin, A. N., Davis, M. B., and Winkelstein, B. A., 2006,
“Tensile Cervical Facet Capsule Ligament Mechanics: Failure and Subfailure
Responses in the Rat,” J. Biomech., 39(7), pp. 1256–1264.

[36] Lee, K. E., Davis, M. B., and Winkelstein, B. A., 2008, “Capsular Ligament
Involvement in the Development of Mechanical Hyperalgesia After Facet Joint
Loading: Behavioral and Inflammatory Outcomes in a Rodent Model of Pain,”
J. Neurotrauma, 25(11), pp. 1383–1393.

[37] Winkelstein, B. A., and DeLeo, J. A., 2002, “Nerve Root Injury Severity Differ-
entially Modulates Spinal Glial Activation in a Rat Lumbar Radiculopathy
Model: Considerations for Persistent Pain,” Brain Res., 956(2), pp. 294–301.

[38] Ji, R.-R., Chamessian, A., and Zhang, Y.-Q., 2016, “Pain Regulation by Non-
Neuronal Cells and Inflammation,” Science, 354(6312), pp. 572–577.

[39] Quinn, K. P., and Winkelstein, B. A., 2009, “Vector Correlation Technique for
Pixel-Wise Detection of Collagen Fiber Realignment During Injurious Tensile
Loading,” J. Biomed. Opt., 14(5), p. 54010.

[40] Zhang, S., Cao, X., Stablow, A. M., Shenoy, V. B., and Winkelstein, B. A.,
2016, “Tissue Strain Reorganizes Collagen With a Switchlike Response That
Regulates Neuronal Extracellular Signal-Regulated Kinase Phosphorylation
In Vivo: Implications for Ligamentous Injury and Mechanotransduction,”
ASME J. Biomech. Eng., 138(2), p. 021013.

[41] Burgess, P. R., and Perl, E. R., 1967, “Myelinated Afferent Fibres Responding
Specifically to Noxious Stimulation of the Skin,” J. Physiol., 190(3), pp.
541–562.

[42] Zimmermann, M., 1983, “Ethical Guidelines for Investigations of Experimental
Pain in Conscious Animals,” Pain, 16(2), pp. 109–110.

[43] Crosby, N. D., Zaucke, F., Kras, J. V., Dong, L., Luo, Z. D., and Winkelstein,
B. A., 2015, “Thrombospondin-4 and Excitatory Synaptogenesis Promote Spi-
nal Sensitization After Painful Mechanical Joint Injury,” Exp. Neurol., 264, pp.
111–120.

[44] Dong, L., Guarino, B. B., Jordan-Sciutto, K. L., and Winkelstein, B. A., 2011,
“Activating Transcription Factor 4, a Mediator of the Integrated Stress
Response, is Increased in the Dorsal Root Ganglia Following Painful Facet
Joint Distraction,” Neuroscience, 193, pp. 377–386.

[45] Kras, J. V., Dong, L., and Winkelstein, B. A., 2014, “Increased Interleukin-1a
and Prostaglandin E2 Expression in the Spinal Cord at 1 Day After Painful
Facet Joint Injury: Evidence of Early Spinal Inflammation,” Spine (Phila. Pa.
1976), 39(3), pp. 207–212.

[46] Dong, L., Odeleye, A. O., Jordan-Sciutto, K. L., and Winkelstein, B. A., 2008,
“Painful Facet Joint Injury Induces Neuronal Stress Activation in the DRG:
Implications for Cellular Mechanisms of Pain,” Neurosci. Lett., 443(2), pp.
90–94.

[47] Chaplan, S. R., Bach, F. W., Pogrel, J. W., Chung, J. M., and Yaksh, T. L.,
1994, “Quantitative Assessment of Tactile Allodynia in the Rat Paw,” J. Neuro-
sci. Methods, 53(1), pp. 55–63.

[48] Kras, J. V., Kartha, S., and Winkelstein, B. A., 2015, “Intra-Articular Nerve
Growth Factor Regulates Development, but Not Maintenance, of Injury-
Induced Facet Joint Pain and Spinal Neuronal Hypersensitivity,” Osteoarthritis
Cartilage, 23(11), pp. 1999–2008.

[49] Quinn, K. P., and Winkelstein, B. A., 2007, “Cervical Facet Capsular Ligament
Yield Defines the Threshold for Injury and Persistent Joint-Mediated Neck
Pain,” J. Biomech., 40(10), pp. 2299–2306.

[50] Dong, L., Smith, J. R., and Winkelstein, B. A., 2013, “Ketorolac Reduces Spi-
nal Astrocytic Activation and PAR1 Expression Associated With Attenuation
of Pain After Facet Joint Injury,” J. Neurotrauma, 30(10), pp. 818–825.

[51] Winkelstein, B. A., and Santos, D. G., 2008, “An Intact Facet Capsular
Ligament Modulates Behavioral Sensitivity and Spinal Glial Activation Pro-
duced by Cervical Facet Joint Tension,” Spine (Phila. Pa. 1976), 33(8), pp.
856–862.

[52] Zhang, G., 2005, “Evaluating the Viscoelastic Properties of Biological Tissues
in a New Way,” J. Musculoskeletal Neuronal Interact., 5(1), pp. 85–90.

[53] Mattei, G., Tirella, A., Gallone, G., and Ahluwalia, A., 2014, “Viscoelastic
Characterisation of Pig Liver in Unconfined Compression,” J. Biomech.,
47(11), pp. 2641–2646.

[54] Winkelstein, B. A., Nightingale, R. W., Richardson, W. J., and Myers, B. S.,
2000, “The Cervical Facet Capsule and Its Role in Whiplash Injury: A Biome-
chanical Investigation,” Spine (Phila. Pa. 1976), 25(10), pp. 1238–1246.

[55] Ban, E., Zhang, S., Zarei, V., Barocas, V. H., Winkelstein, B. A., and Picu, C.
R., 2017, “Collagen Organization in Facet Capsular Ligaments Varies With
Spinal Region and With Ligament Deformation,” ASME J. Biomech. Eng.,
139(7), p. 071009.

[56] Zarei, V., Zhang, S., Winkelstein, B. A., and Barocas, V. H., 2017, “Tissue
Loading and Microstructure Regulate the Deformation of Embedded Nerve
Fibres: Predictions From Single-Scale and Multiscale Simulations,” J. R. Soc.
Interface, 14(135), p. 20170326.

[57] Quindlen, J. C., Lai, V. K., and Barocas, V. H., 2015, “Multiscale Mechanical
Model of the Pacinian Corpuscle Shows Depth and Anisotropy Contribute to
the Receptor’s Characteristic Response to Indentation,” PLOS Comput. Biol.,
11(9), p. e1004370.

[58] Lake, S. P., Miller, K. S., Elliott, D. M., and Soslowsky, L. J., 2009, “Effect of
Fiber Distribution and Realignment on the Nonlinear and Inhomogeneous
Mechanical Properties of Human Supraspinatus Tendon Under Longitudinal
Tensile Loading,” J. Orthop. Res., 27(12), pp. 1596–1602.

[59] Sugita, S., and Matsumoto, T., 2013, “Heterogeneity of Deformation of Aortic
Wall at the Microscopic Level: Contribution of Heterogeneous Distribution of
Collagen Fibers in the Wall,” Biomed. Mater. Eng., 23(6), pp. 447–461.

[60] Zeeman, M. E., Kartha, S., and Winkelstein, B. A., 2016, “Whole-Body Vibra-
tion Induces Pain and Lumbar Spinal Inflammation Responses in the Rat That
Vary With the Vibration Profile,” J. Orthop. Res., 34(8), pp. 1439–1446.

[61] Zeeman, M. E., Kartha, S., Jaumard, N. V., Baig, H. A., Stablow, A. M., Lee,
J., Guarino, B. B., and Winkelstein, B. A., 2015, “Whole-Body Vibration at
Thoracic Resonance Induces Sustained Pain and Widespread Cervical Neuroin-
flammation in the Rat,” Clin. Orthop. Relat. Res., 473(9), pp. 2936–2947.

[62] Baig, H. A., Guarino, B. B., Lipschutz, D., and Winkelstein, B. A., 2013,
“Whole Body Vibration Induces Forepaw and Hind Paw Behavioral Sensitivity
in the Rat,” J. Orthop. Res., 31(11), pp. 1739–1744.

[63] Azar, N. R., Kallakuri, S., Chen, C., Lu, Y., and Cavanaugh, J. M., 2009,
“Strain and Load Thresholds for Cervical Muscle Recruitment in Response to
Quasi-Static Tensile Stretch of the Caprine C5-C6 Facet Joint Capsule,” J. Elec-
tromyogr. Kinesiol., 19(6), pp. e387–e394.

081002-8 / Vol. 140, AUGUST 2018 Transactions of the ASME

Downloaded From: http://biomechanical.asmedigitalcollection.asme.org/ on 08/01/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use

http://dx.doi.org/10.1177/03635465990270042301
http://dx.doi.org/10.1097/00005373-197602000-00004
http://dx.doi.org/10.1016/j.jmbbm.2012.02.004
http://dx.doi.org/10.1016/S0268-0033(98)00046-1
http://dx.doi.org/10.1016/j.jneumeth.2004.02.021
http://dx.doi.org/10.2519/jospt.2017.7255
http://dx.doi.org/10.1097/BRS.0b013e318238842a
http://dx.doi.org/10.1089/neu.2009.0999
http://dx.doi.org/10.1089/neu.2009.0999
http://dx.doi.org/10.2106/JBJS.E.01411
http://dx.doi.org/10.2106/JBJS.E.00880
http://dx.doi.org/10.1016/j.pain.2010.07.034
http://dx.doi.org/10.1016/j.jbiomech.2005.03.018
http://dx.doi.org/10.1089/neu.2008.0700
http://dx.doi.org/10.1016/S0006-8993(02)03560-6
http://dx.doi.org/10.1126/science.aaf8924
http://dx.doi.org/10.1117/1.3227037
http://dx.doi.org/10.1115/1.4031975
http://dx.doi.org/10.1113/jphysiol.1967.sp008227
http://dx.doi.org/10.1016/0304-3959(83)90201-4
http://dx.doi.org/10.1016/j.expneurol.2014.11.015
http://dx.doi.org/10.1016/j.neuroscience.2011.07.059
http://dx.doi.org/10.1097/BRS.0000000000000107
http://dx.doi.org/10.1097/BRS.0000000000000107
http://dx.doi.org/10.1016/j.neulet.2008.07.059
http://dx.doi.org/10.1016/0165-0270(94)90144-9
http://dx.doi.org/10.1016/0165-0270(94)90144-9
http://dx.doi.org/10.1016/j.joca.2015.06.012
http://dx.doi.org/10.1016/j.joca.2015.06.012
http://dx.doi.org/10.1016/j.jbiomech.2006.10.015
http://dx.doi.org/10.1089/neu.2012.2600
http://dx.doi.org/10.1097/BRS.0b013e31816b4710
http://dx.doi.org/10.1016/j.jbiomech.2014.05.017
http://dx.doi.org/10.1097/00007632-200005150-00007
http://dx.doi.org/10.1115/1.4036019
http://dx.doi.org/10.1098/rsif.2017.0326
http://dx.doi.org/10.1098/rsif.2017.0326
http://dx.doi.org/10.1371/journal.pcbi.1004370
http://dx.doi.org/10.1002/jor.20938
http://dx.doi.org/10.3233/BME-130771
http://dx.doi.org/10.1002/jor.23243
http://dx.doi.org/10.1007/s11999-015-4315-9
http://dx.doi.org/10.1002/jor.2243
http://dx.doi.org/10.1016/j.jelekin.2009.01.002
http://dx.doi.org/10.1016/j.jelekin.2009.01.002

	aff1
	l
	1
	1
	T1
	2
	3
	4
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	60
	61
	62
	63

