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STRUCTURED ABSTRACT

Study Design—Immunohistochemistry labeled pre- and post-synaptic structural markers to
quantify excitatory and inhibitory synapses in the spinal superficial dorsal horn at 14 days after
painful facet joint injury in the rat.

Objective—The objective of this study was to investigate the relationship between pain and
synapse density in the spinal cord after facet injury.

Summary of Background Data—Neck pain is a major contributor to disability and often
becomes chronic. The cervical facet joints are susceptible to loading-induced painful injury,
initiating spinal central sensitization responses. Although excitatory synapse plasticity has been
reported in the superficial dorsal horn earfy after painful facet injury, whether excitatory and/or
inhibitory synapse density is altered at a time when pain is maintained is unknown.

Methods—Rats underwent either a painful C6/C7 facet joint distraction or sham surgery.
Mechanical hyperalgesia was measured and immunohistochemistry techniques for synapse
quantification were used to quantify excitatory and inhibitory synapse densities in the superficial
dorsal horn at day 14. Logarithmic correlation analyses evaluated whether the severity of facet
injury correlated with either behavioral or synaptic outcomes.

Results—Facet joint injury induces pain that is sustained until day 14 (p<0.001) and both
significantly greater excitatory synapse density (p=0.042) and lower inhibitory synapse density
(p=0.0029) in the superficial dorsal horn at day 14. Injury severity is significantly correlated with
pain at days 1 (p=0.0011) and 14 (p=0.0002), but only with inhibitory, not excitatory, synapse
density (p=0.0025) at day 14.
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Conclusions—This study demonstrates a role for structural plasticity in both excitatory and
inhibitory synapses in the maintenance of facet-mediated joint pain, and that altered inhibitory, but
not excitatory, synapse density correlates to the severity of painful joint injury. Understanding the
functional consequences of this spinal structural plasticity is critical to elucidate mechanisms of
chronic joint pain.

facet; joint; pain; injury; synaptogenesis; synapse; plasticity; central sensitization

INTRODUCTION

Neck pain is the fourth leading cause of years lived with disability worldwide [1] and
becomes chronic, with a 12-month prevalence of 30-50% [2]. The cervical facet joints are
common pain sources from trauma and with degeneration [2]. Cervical facet loading can
activate and injure the afferents innervating the facet capsular ligament, inducing pain [3-7].
In parallel, facet joint injury initiates a host of peripheral and spinal responses that are
characteristic of central sensitization, including increased afferent firing and spinal neuronal
hyperexcitability, increases in proteins promoting excitatory signaling, and spinal synaptic
structural plasticity [8-11]. The dynamic reorganization of pre-synaptic and post-synaptic
terminals in the spinal cord during synaptic plasticity contributes to altered synaptic function
during central sensitization [12,13] and is reported with chronic neuropathic pain [14-17].
Coincident with pain from nerve injury, the total number of dorsal horn synapses increases
by up to 86% [14,15,18], and the number of dorsal horn excitatory synapses nearly triples
[16,17]. Despite apparent links between synaptic structural plasticity, central sensitization,
and chronic neuropathic pain, little is known about whether spinal synapse numbers change
after a painful facet joint injury.

Modifications in both the excitatory and inhibitory synapse density and organization
contribute to the altered synaptic function and central sensitization that occur when pain is
maintained [11,13,19-25]. We have previously found that excitatory synaptogenesis plays a
role in pain early after a facet joint injury in the rat, with ~50% more excitatory synapses in
the superficial dorsal horn after a painful facet injury [11]. That increase in excitatory
synapses coincides with neuronal hyperexcitability and increased spontaneous firing in the
spinal cord [8,10]. While excitatory synaptogenesis characteristic of central sensitization is
evident, it is unknown if structural alterations in excitatory synapses persist. Further,
inhibitory synaptic changes, such as a loss of functional inhibitory interneurons in the dorsal
horn or death of inhibitory interneurons, also contribute to central sensitization in chronic
pain [13,19,26,27]. Indeed, structural changes in both inhibitory and excitatory synapses can
contribute to the host of neuronal sensitization responses that are evident in the dorsal horn
after painful facet injury [8,10,11]. Although excitatory synapse numbers have been
investigated in joint pain [11], whether or not facet joint injury alters inhibitory synapses is
unknown. Moreover, although changes in synapse structure have a role in chronic
neuropathic pain [14-18], whether the extent of changes in the density of excitatory and/or
inhibitory synapses at later times after painful injury relates to the injury severity has not
been investigated for any pathophysiology of pain.
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The objective of this study was to investigate the relationship between pain and synapse
numbers in the spinal cord after painful facet injury. Since painful facet injury alters
excitatory synapse numbers early after injury, we hypothesize that synaptic changes are also
present /ate after injury, when pain persists. We further hypothesize that a loss of inhibitory
synapses may contribute to pain persistence. We used a model of cervical facet joint injury
in the rat that produces pain within 1 day and lasting for nearly 4 weeks [28].
Immunolabeling of spinal dorsal horn tissue at day 14 was performed with bassoon, a pre-
synaptic structural marker, and one of the proteins homerl or gephyrin, to label post-
synaptic excitatory and inhibitory synapses, respectively; the co-localization of pre-and post-
synaptic markers was quantified [11,29]. Additional assessments were performed to evaluate
whether the synaptic structural changes, as well as pain, correlate with the degree of injury
severity.

MATERIALS AND METHODS

All procedures were approved by our Institutional Animal Care and Use Committee and
carried out according to the guidelines of the Committee for Research and Ethical Issues of
the International Association for the Study of Pain [30]. Studies used male Holtzman rats
weighing 332-370g (Harlan Laboratories) under inhalation isoflurane anesthesia (4%
induction, 2-3% maintenance). Rats underwent either a bilateral C6/C7 facet joint injury
distraction to produce behavioral sensitivity (n=6) or a sham procedure (n=5), using
previously described methods [10,11,31]. A midline incision over the back of the neck
exposed the overlying paraspinal musculature that was separated to reveal the C4-T1
vertebrae. The C6 and C7 laminae were attached to a custom loading device using
microforceps. For the injury group, the C6/C7 bilateral facet joints were distracted to
0.70mm at 15mm/s by displacing the C6 vertebra rostrally while holding C7 fixed
[10,11,31]. A separate sham group underwent the same surgical procedures and
microforceps attachment but no distraction (Omm) was applied across the joint.

To quantify injury severity, bead markers were placed on the right C6/C7 facet capsular
ligament forming a grid for tracking ligament strains during distraction injury. A Phantom
v4.3 CCD camera (Vision Research) recorded bead motions at 500Hz during the joint
distraction. ProAnalyst software (Xcitex, Inc.) was used to digitize bead locations, and the
displacements relative to the unloaded reference configuration were calculated. The
ligament’s maximum principal strain (MPS) was computed using LS-DYNA (LSTC)
[11,31,32] for each rat as the metric of severity of the applied joint injury.

To measure pain responses, behavioral sensitivity was assessed by measuring mechanical
hyperalgesia in the forepaws of each rat prior to surgery (baseline) and at post-operative
days 1,3,5,7,10, and 14. A tester blinded to procedures measured the paw withdrawal
threshold (PWT) in the bilateral forepaws in response to stimulation with a series of von
Frey filaments (Stoelting) of increasing strength (1.4,2,4,6,8,10,15, and 26g) [8,10,11]. Each
filament was separately applied five times to each forepaw, and a positive response was
recorded if the rat exhibited licking, shaking, or withdrawing the forepaw in response to
stimulation. Once a positive response was recorded for two consecutive filaments, the lower
strength filament was taken as the PWT for that testing session. Three rounds of testing were
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completed on each day, separated by at least 10 minutes, and all rounds were averaged
across rats for both the left and right PWTs. The average withdrawal thresholds were
compared between injury and sham groups using a repeated-measures ANOVA with post-
hoc Tukey HSD tests. All statistical analyses were performed with a=0.05 using JMPPro11
(SAS Institute).

To investigate the number of synapses in the spinal cord at day 14, spinal cord tissue was
immunolabeled for pre- and post-synaptic markers. Excitatory and inhibitory synapses were
distinguished by co-labeling for the pre-synaptic marker, bassoon, and either the excitatory
post-synaptic marker, homerl, or the inhibitory post-synaptic marker, gephyrin. To harvest
spinal cord tissue, rats were anesthetized at day 14 after behavioral testing with sodium
pentobarbital (65mg/kg, i.p.) and transcardially perfused with 250ml of PBS and 250ml of
4% paraformaldehyde (PFA). Spinal cord at C6 was harvested, post-fixed in 4% PFA
overnight, and cryopreserved in 30% sucrose in PBS for seven days at 4°C. Samples were
freeze-mounted in OCT medium (Fisher Scientific) and 6-8 axial cryosections (14um each)
from each rat were mounted on Superfrost Plus slides (Fisher Scientific). Samples were co-
labeled for bassoon (guinea pig, 1:1000, Synaptic Systems), with either homer1 (rabbit,
1:200, Synaptic Systems), or gephyrin (mouse, 1:500, Synaptic Systems). Sections were
blocked in 10% normal goat serum in PBS for 2 hours at room temperature and incubated
overnight at 4°C with the primary antibodies in 10% goat serum with 0.3% Triton-X PBS.
Sections were then incubated for 2 hours at room temperature with the appropriate
fluorescent secondary antibodies: goat anti-guinea pig Alexa488 for bassoon, goat anti-
rabbit Alexa568 for homerl, or goat anti-mouse Alexa546 for gephyrin (1:1000; Invitrogen).
After rinsing in PBS and deionized water, slides were air-dried and cover-slipped with
Fluorogel (EMS).

Excitatory and inhibitory synapses were counted using the co-localization of bassoon- and
homer1-positive immunolabeled puncta, or bassoon- and gephyrin-positive immunolabeled
puncta, respectively, using confocal imaging and synapse quantification methods [11,29]. To
ensure consistency in sampling, a stack of nine confocal images was acquired in the
superficial dorsal horn (laminae I-I1) of each section at 0.33um increments up to 3um depth
based on the cytoarchitecture of the dorsal horn using the 63X objective of a Zeiss LSM510
confocal microscope (1024x1024 pixels). The maximum intensity projection (MIP) of each
set of three sequential images (i.e. images 1-3, images 4-6, images 7-9) was identified
using a custom MATLAB program. Since the middle projection image (MIP from images 4—
6; corresponding to 1-2um depth) had the most consistent and robust immunolabeling, that
MIP was used to quantify synaptic puncta [11]. Co-localization of the pre- and post-synaptic
puncta was identified using the Puncta Analyzer in ImageJ (NIH) using previously published
methods [11,29]. Although each MIP corresponded to 0.02mm? of the superficial dorsal
horn, each image included regions without tissue. A customized MATLAB program
(VersionR2015a Mathworks) quantified the tissue area per image and co-localized excitatory
or inhibitory puncta were normalized to that tissue area for each image to calculate synapse
density (synapse number per tissue area). The total synapse density was calculated for each
rat by adding the excitatory synapse density and the inhibitory synapse density for that rat.
Synapse densities for each rat were also normalized to the average synapse density of the
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sham group, for excitatory, inhibitory, and total densities separately. Excitatory, inhibitory,
and total synapse densities were compared between groups using separate Student’s t-tests.

Logarithmic regression models were used to investigate whether synapse density at day 14
after facet injury is sensitive to the severity of the applied facet joint distraction, and if the
degree of mechanical hyperalgesia (PWT) at day 1 and day 14 is correlated with injury
severity. For these analyses, the mean MPS across the facet capsule was taken as the degree
of injury severity for each rat and as the independent variable in separate analyses with
inhibitory synapse density, excitatory synapse density, day 1 PWT, or day 14 PWT. Since
sham surgery does not impose any tissue strain, a MPS of 0% was used in the regression. As
such, separate logarithmic fits were applied and the corresponding coefficient of
determination (R2) for each correlation was calculated as a measure of goodness-of-fit. The
significance of each model fit was assessed using an F-test. All logarithmic correlation
analyses were performed using JMPPro11.

RESULTS

The average joint distraction applied to the injury group was 0.69+0.08mm, resulting in a
mean MPS across the capsule surface of 24.37+7.87%. Overall, facet joint injury induces
pain that is sustained until day 14 (p<0.001). Injury significantly decreases the PWT from
baseline on all days (p<0.0007), which is also lower than sham at each day except day 1
(p<0.037) (Figure 1). Sham procedures do not change PWT from baseline (Figure 1). There
is no difference in PWT between groups at baseline.

Both excitatory and inhibitory synapses are identified in the C6 spinal cord of both groups at
day 14 (Figures 2 & 3). Normalized total synapse density in the superficial dorsal horn after
painful injury (0.58+0.07) decreases to nearly half of sham (1.00+0.24) levels (p=0.013),
with the number of total synapses/area in the superficial dorsal horn of injured rats
(1205£145) being significantly lower than that of shams (2085+£505). Yet, the number of
inhibitory synapses/area in the superficial dorsal horn (range of 895-2362) is an order of
magnitude larger than the number of excitatory synapses (range of 93-224) in that same
region. Relative to the density of synapses evident after a sham procedure, painful injury
induces both significantly greater excitatory synapse density (p=0.042) and significantly
lower inhibitory synapse density (p=0.0029) in the superficial dorsal horn (Figures 2 & 3).

Logarithmic regressions reveal significant relationships between capsular strain (i.e. injury
severity) and pain at early (day 1) and late (day 14) time points (Figure 4). Yet, both types of
synapses do not exhibit the same relationship with applied injury. MPS is significantly
correlated to inhibitory synapse density (p=0.0025, R2=0.70), with greater strain related to
lower inhibitory synapse density (Figure 4). Although this relationship with inhibitory
synapse density is significant, excitatory synapse density is not correlated to injury severity
(p=0.19, R?=0.18) (Figure 4). Not surprisingly, PWT at day 1 (p=0.0011, R2=0.71) and day
14 (p=0.0002, R2=0.80) are significantly related to the applied injury severity, with greater
MPS corresponding to lower PWT (more sensitivity) (Figure 4).
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DISCUSSION

Facet injury induces pain that is sustained for at least 14 days, when changes in both
excitatory and inhibitory synapse densities are evident in the dorsal horn (Figures 1-3).
Although the total synapse density decreases by nearly half after painful injury, similar to
the decrease in inhibitory synapse density (Figure 3), excitatory synapse density increases
(Figure 2). Either an increase in excitatory, or decrease in inhibitory, synapse density could
lead to increased spinal signaling [11,13,19-25]; only inhibitory synapse density is
significantly associated with the severity of the applied joint injury (Figure 4).

These spinal synaptic changes after painful facet injury are consistent with central
sensitization responses that maintain pain. The increase in excitatory synapse density
occurring at day 14 (1.36+0.11-fold; Figure 2) is similar to those increases reported after
painful nerve injury [16,17]. The greater excitatory synapse density at this later time after
painful facet injury is also consistent with the 1.56-fold increase in excitatory synapses at
day 7 after this same injury, concomitant with increased spinal neuron firing [8,10,11]. This
increase in excitatory synapses could reflect low-threshold Ap-fibers sprouting from the
deep laminae (111-V) into the superficial laminae [12,33-35]. AB-fiber sprouting can form
aberrant connections with the nociceptive As-fiber and C-fiber neurons in the superficial
laminae [22-25]. This structural reorganization activates up to 81% of the nociceptive-
specific neurons in laminae 11 by normally non-noxious stimuli after nerve injury [23].
However, the induction of fiber sprouting after painful facet injury was not measured here
and synapses were quantified using structural markers at only one time point. Nonetheless,
the increased excitatory synapse density after painful facet injury (Figure 2) is aligned with
the previously reported increases in excitatory post-synaptic currents in dorsal horn neurons
after painful peripheral nerve injury [22-25]. Electrophysiological studies are needed to
quantify the excitability of nociceptive-specific neurons at this late time after painful facet
injury.

The decrease in inhibitory synapse density that is observed late after facet injury (Figure 3)
may contribute to pain maintenance. Normally, densely distributed inhibitory interneurons in
the superficial dorsal horn release GABA and/or glycine to decrease excitatory signaling and
mediate inhibition in the spinal cord [19,36]. A loss of those inhibitory interneurons, and
their associated ability to modulate excitatory signaling, could potentiate excitatory
transmission [27]. In this study, inhibitory synapses were quantified using gephyrin (Figure
3), a post-synaptic protein known to interact with both GABA and glycine receptors [37].
Decreased gephryin labeling could, therefore, indicate a loss of those receptors or
degeneration of the inhibitory interneuron synapses that populate the superficial dorsal horn
[38]. Either inhibitory receptor loss or synapse degeneration would lead to disinhibition and
the presence of mechanical hyperalgesia (Figure 1). Indeed, spinal administration of either
GABA or glycine antagonists alone is sufficient to cause behavioral sensitivity [39-41].

Mechanically-induced facet injury increases spinal neuronal evoked-firing and behavioral
sensitivity very soon after injury, both of which depend on the severity of the injury
[8,11,31]. The severity of facet injury (i.e. strain) correlates with both the extent of
behavioral sensitivity and inhibitory synapse density evident at day 14 (Figure 4), suggesting
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that both structural changes are induced by the same mechanical injury. Indeed, in previous
work with this model facet capsular strains between 20-30% consistently induce behavioral
sensitivity [11,42]. In contrast, the relationship between excitatory synapse density and
injury severity does not follow pain behavior (Figure 4), suggesting that the plasticity of
spinal inhibitory connections may be more sensitive to injurious strain than excitatory
connections. Furthermore, a loss of functional inhibitory synapses, may itself drive central
sensitization [13,19]. Taken together with results of the current study, it is possible that
disinhibition via the decrease in inhibitory synapses is primarily responsible for pain
maintenance after joint injury.

Altered synapse densities in this study were examined in the spinal cord at the level (C6) of
the imposed facet injury and only at one time point. Although the number of synapses in the
spinal dorsal horn have been shown to vary across spinal levels in the lumbar spine after a
sciatic nerve injury, with increases only at L5 but not at its adjacent levels [14,15], the
responses in the cervical region and for joint-mediated pain have not been explicitly
examined to date. Certainly, a full spatiotemporal map of synaptic plasticity following joint
injury would provide more insight about the extent to which synapse density changes after
joint injury; however, the practicality of synapse examination at more frequent time points is
not technically pragmatic and may unnecessarily use animals to produce negative findings.
For example, since synaptic plasticity in the central nervous system is not established until
3-5 days after a peripheral nerve injury [43], examining time points before that time when
new synapses develop may not be adequately long to allow for synaptic plasticity. Of note,
excitatory synapses are increased at day 7 in this same injury model [11]. Since the time
course for synaptic density changes in joint pain is not known, it is possible that they may
occur along a different time period than those after nerve injury.

Overall, this study provides the first evidence of structural synaptic plasticity in facet-
mediated joint pain persistence and demonstrates that the plasticity of inhibitory, but not
excitatory, synapses is correlated to the severity of painful injury. Interestingly, although
mechanically-induced joint injury increases excitatory and decreases inhibitory synapse
density in parallel with pain, only inhibitory synapses correlate to injury severity with pain.
Given the complex role of synaptic structural plasticity, injury, and pain development,
understanding the functional consequences of both inhibitory and excitatory synapses in
pain maintenance is critical to understanding joint pain.
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Figurel.
The paw withdrawal threshold (PWT) significantly decreases after a C6/C7 facet joint

distraction injury (n=6 rats) but is unchanged from baseline (day 0) for sham (n=5 rats).
PWT is significantly lower than baseline on all days of testing (*p<0.0007) and lower than
PWTs for sham (#p<0.037) on all days except day 1.
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Figure2.
Immunofluorescent labeling and quantification of excitatory synapse density in the

superficial dorsal horn of the C6 spinal cord at day 14. The excitatory synapse density in the
superficial dorsal horn of the spinal cord is significantly greater after painful facet injury
than after sham (*p=0.042). Groups are shown as fold-change over sham+SEM. Arrows
point to excitatory synapses that are identified by the co-localization (yellow) of bassoon
(green) and homer1 (red). The scale bars represent 10um and apply to all images.
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Figure 3.
Immunofluorescent labeling and quantification of inhibitory synapse density in the

superficial dorsal horn of the C6 spinal cord at day 14. The inhibitory synapse density in the
superficial dorsal horn of the spinal cord is significantly lower after painful facet injury than
after sham (*p=0.0029). Inhibitory synapses are counted as the co-localization (yellow) of
bassoon (green) and gephyrin (red) positively-labeled puncta and are indicated in the
representative images of the superficial dorsal horn. Group changes are shown relative to
sham+SEM; the scale bars represent 10um and apply to all images.
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Correlations between the mean maximum principal strain (MPS) and the inhibitory and
excitatory synapse density at day 14, as well as the paw withdrawal threshold (PWT) at each
of day 1 and 14. The logarithmic regression fit with inhibitory synapse density at day 14
(p=0.0025), PWT at day 1 (p=0.0011), and PWT at day 14 (p=0.0002) are all significant.
The coefficient of determination (R2) for those correlations shows a very good goodness of
fit. Yet, excitatory synapse density at day 14 is not significantly correlated with MPS
(p=0.19) and has a low R2.
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