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Abstract

Objective—Microgliosis, the activation of microglial cells, is thought to contribute to synaptic
transmission in the dorsal horn and thereby promote chronic pain. The primary aim of this study
was to document the temporal profile of dorsal horn microgliosis after destabilization of the
medial meniscus (DMM) in wild type (WT) and Adamts5 null mice. Since neuronal fractalkine
(CX3CL1) contributes to microgliosis, we assessed its release from dorsal root ganglia (DRG)
cultures after DMM.

Design—DMM or sham surgery was performed in the right knee of 10-week old male WT,
CX3CR1-GFP, or Adamts5null C57BL/6 mice. Hindpaw mechanical allodynia was monitored
using von Frey fibers. L4 dorsal horn microgliosis was assessed 4, 8 and 16 weeks after surgery,
based on the morphology of Ibal-immunoreactive microglia. DRG cells (L3-L5) were cultured
and supernatants collected for fractalkine ELISA.
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Results—In WT mice, numbers of activated microglia were increased 8 and 16 weeks, but not 4
weeks, after DMM but not sham surgery. DRG cultures showed increased basal fractalkine release
at 8 and 16 weeks. Aagamis5 null mice did not develop mechanical allodynia up to 16 weeks after
DMM. Accordingly, DRG cultures from these mice did not exhibit increased fractalkine release
and dorsal horn microgliosis did not occur.

Conclusion—DMM surgery leads to late stage dorsal horn microgliosis. The temporal
correlation with DRG fractalkine release suggests it may contribute to microgliosis. Reduced
microgliosis in Adamts5 null mice, which are protected from joint damage and associated
mechanical allodynia after DMM, suggests that microgliosis is associated with joint damage and
accompanying persistent pain.

INTRODUCTION

Chronic pain is the major symptom associated with osteoarthritis (OA), and its clinical
presentation is complex. Osteoarthritic joint pain has a strong mechanical component, and
can be triggered by specific activities such as climbing stairs. As the disease progresses, pain
can become more persistent and manifest at rest [1]. Ongoing peripheral input from the
affected joint appears to drive the pain, as evidenced by the observation that local joint pain
can be abolished by intra-articular anesthetics [2] and - in most cases - by total joint
replacement (reviewed in [3]). In the course of OA, nociceptors (specialized sensory neurons
that detect potentially harmful stimuli) innervating the affected joint can become sensitized
by locally generated products, such as nerve growth factor, inflammatory cytokines and
chemokines, prostaglandins [4, 5], and disease-associated molecular patterns (DAMPS) [6]
(“peripheral sensitization™). In addition, increased nociceptive input from the periphery
heightens activity and excitability in the spinal cord (“central sensitization”) [7]. Thus, OA
pain may be driven by abnormal excitability in pain pathways of both the peripheral and
central nervous systems (CNS). Indeed, clinical researchers are increasingly reporting signs
of sensitization, both peripheral and central, in OA patients. This includes decreased
pressure withdrawal thresholds and temporal summation at sites remote from the affected
joint [8-11].

Small animal models of OA in rats and mice increasingly incorporate pain related behaviors
as outcome measures (reviewed in [12]). The best-characterized model in terms of pain
behaviors uses intra-articular injection of the glycolysis inhibitor, mono-iodoacetate (MIA),
into the rat or mouse knee in order to kill articular chondrocytes. This causes severe cartilage
and subchondral bone damage, and pronounced inflammation [13, 14]. The aggressive joint
pathology is accompanied by pain behaviors (reviewed in [15], including mechanical
hypersensitivity, weightbearing deficits [13], and ongoing pain [16], all driven both by
peripheral and central mechanisms [16-18].

Surgically induced knee OA is also associated with mechanical allodynia, as has been
described in the rat medial meniscal tear model [19], after partial meniscectomy in the
mouse knee [20], and after destabilization of the medial meniscus (DMM) in the mouse [21-
23]. In the latter, mechanical allodynia in the ipsilateral hindpaw develops early after surgery
and is maintained for the 16-week follow-up period [21, 22]. Since mechanical allodynia is a
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behavioral indicator of sensitization, it is likely that central mechanisms contribute to its
development and/or maintenance. It has, however, never been demonstrated whether changes
in the spinal cord can be detected in surgical models of OA.

In the current study, we focused on microglial cells in the dorsal horn of the spinal cord,
because mounting evidence shows that activation of these cells contributes to the plasticity
of synaptic transmission that is associated with chronic pain states [24]. Therefore, the
primary aim of this study was to document the temporal profile of microglial activation in
the dorsal horn after DMM surgery. Additionally, we assessed fractalkine (FKN, CX3CL1)
release by dorsal root ganglia (DRG), because in neuropathic pain models it has been
demonstrated that FKN derived from the central terminals of DRG neurons contributes to
the activation of dorsal horn microglia, expressing the FKN receptor, CX3CR1 [25-28].
Finally, we explored the role of joint damage in establishing microgliosis, by assessing
microglial activation in Adamts5 null mice. Since Adamts5 null mice do not develop joint
damage or associated mechanical allodynia after DMM surgery [21, 29], we hypothesized
that these mice would not develop microgliosis or FKN release purely from the DMM
surgery itself.

MATERIALS AND METHODS

Animals

Surgery

All animal experiments were approved by the Institutional Animal Care and Use Committee
at Rush University Medical Center. Animals were housed with food and water ad /ibitum
and kept on 12-hour light cycles. We used a total of 107 C57BL/6 mice, including in house
wild-types (WT), Adamts5 null mice [21], and CX3CR1-GFP reporter mice [30]. We used
CX3CR1-GFP mice that were heterozygous for the GFP reporter gene.

DMM or sham surgery was performed in the right knee of 10-week old male mice, as
previously described [31]. Briefly, after medial parapatellar arthrotomy, the anterior fat pad
was dissected to expose the anterior medial meniscotibial ligament, which was severed. The
knee was flushed with saline and the incision closed. Sham surgery was identical to DMM
except that the medial meniscotibial ligament remained intact.

Mechanical allodynia

Mice were tested for sensitivity to von Frey monofilaments, using the up—down staircase
method of Dixon [32, 33]. The threshold force required to elicit withdrawal of the paw
(median 50% withdrawal) was determined twice on each hind paw (and averaged) on each
testing day, with sequential measurements separated by at least 5 min. Baseline thresholds
were assessed prior to surgery, and thresholds were assessed 4, 8, 12, and 16 weeks after
DMM.

DRG cell culture

Four, 8, or 16 weeks after DMM, ipsilateral and contralateral innervating DRG, L3-L5, were
collected and pooled from 4 mice. L3-L5 DRG collected from surgically naive mice older
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than 10 weeks or from sham mice 4 or 8 weeks after surgery were used as controls. Cells
were acutely isolated from DRG via collagenase 4 (1 mg/mL) and papain (30 U/mL,
Worthington Biochemical Corp, Lakewood, NJ) digestion. Cells were plated on poly-L-
lysine and laminin (20 pg/mL) coated glass coverslips within 6-well plate wells, and
cultured at 37°C with 5% CO», for four days in adult neurogenic medium: F12 with L-
glutamine, 0.5% FBS, 1x N2 (Life Technologies), penicillin and streptomycin (100 pg/ml
and 100 U/mL). Medium was changed on day 2, and supernatants collected on day 4 for
protein analysis. For cell culture experiments, a total of 48 C57BL/6 male mice were used (4
mice pooled per DRG culture in 2 independent experiments). Additionally, 6 Adamts5 null
mice (3 DMM and 3 surgically naive mice in 1 experiment). Each plot shows the result from
one independent experiment where each dot represents an individual culture well.

Analysis of basal fractalkine levels in DRG culture supernatants under naive, sham, and
DMM conditions

Cell culture supernatants were concentrated via 3-kDa molecular weight cut-off Millipore
Centrifugal Filters (Billerica, MA). Total protein levels were determined by bicinchoninic
acid (BCA) assay (Thermo Fisher Scientific, Inc., Rockford, IL). Levels of soluble
fractalkine (FKN) were measured via ELISA (R&D Systems Inc, Minneapolis, MN),
following manufacturer recommendations.

Immunofluorescence

Mice were anesthetized by ketamine and xylazine and perfused transcardially with PBS
followed by 4% paraformaldehyde in PBS [34]. The spinal column was dissected and post
fixed overnight in 4% paraformaldehyde followed by cryopreservation in 30% sucrose in
PBS. The post fixed spinal column was decalcified in 6% Trichloroacetic acid overnight,
followed by cryopreservation in 30% sucrose in PBS [35]. The spinal column was sectioned
into corresponding L3-L5 lumbar segments and each segment was embedded in OCT
compound, frozen on dry ice and cryosectioned into 20 pm sections [18]. Spinal cord
sections were then immunostained with an antibody against ionized calcium-binding adaptor
molecule-1 (Ibal) (Wako Chemicals USA, Richmond, VA), followed by a secondary
antibody, anti-rabbit conjugated AlexaFluor 488. For CX3CR1-GFP mice, spinal cord
sections were immunostained with anti-GFP antibody (Abcam, Cambridge, MA) and anti-
Ibal antibody, followed by the secondary antibodies, anti-chicken conjugated AlexaFluor
488 and anti-rabbit conjugated AlexaFluor 633. As a negative control, spinal cord sections
were immunostained with only the secondary antibodies. All images were captured using a
laser-scanning confocal microscope and exported to Adobe Photoshop CS5.1 (Adobe, San
Jose, CA). Adjustments were made to brightness and contrast to reflect true colors [34]. All
images were treated exactly the same in terms of adjustments to brightness and contrast to
minimize bias. For immunofluorescence experiments, a total of 38 male WT mice were used
for Ibal staining. Most of the mice within the group came from different litters. In addition,
a total of 8 CX3CR1-GFP heterozygous male mice (4 naive and 4 DMM), and 7 Adamts5
null mice (4 naive and 3 DMM) were used for spinal cord Ibal staining.
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Assessment of microglial activation

Microglial activation (“microgliosis™) was determined by examining morphology changes in
Ibal-immunoreactive (ir) cells, as described [36]. Ibal-ir cells were classified as surveyor
(or resting) microglia if their process length was more than double the soma diameter. They
were classified as effector (or activated) microglia if their process length was less than
double the soma diameter. In a pilot study, we observed that some microgliosis occurred at
levels L3-L5 (Supplemental Table 1A-C), but it was most robust at L4, (which is compatible
with the findings of Thakur et a/., in the rat MIA model) [36]. We therefore also focused on
this level for all subsequent experiments and used this level for quantification. In WT and
Adamts5null mice, activated Ibal-ir microglia were counted in 3 sections per mouse in both
ipsilateral and contralateral L4 dorsal horns. The average number of activated microglia for
the ipsilateral dorsal horn was comparable to those on the contralateral side and the sums of
the counts for both sides were then averaged for each individual mouse. Counts were
performed by an observer who was blinded to the experimental groups. In CX3CR1-GFP
mice, activated microglia were identified and counted based on GFP expression. In addition
to quantification of activated microglia, we also counted the number of resting microglia in
the same sections. The total number of microglia was obtained by summing the number of
activated and resting microglia.

Histopathology of the knee

Histopathology of the knee was evaluated based on a modified OARSI score [37] (Alison
Bendele, Bolder BioPath, Inc., Boulder, CO). Briefly, joints were fixed in 10% formalin for
48 h, and decalcified for 2 days in 10% formic acid. Knee joints were trimmed of extraneous
tissue, embedded in the frontal plane and sectioned. One 8-pm section was taken from each
joint at the approximate midpoint of the frontal plane and stained with Toluidine blue.
Scoring was performed by an evaluator who was blinded to the experimental groups.
Cartilage degeneration and osteophytes were scored using a previously described system
[38]. Briefly, cartilage degeneration was scored on the medial femoral condyle and tibial
plateau with 0 representing no damage and 30 the maximal score. Osteophytes were
measured in the medial compartment by ocular micrometer and scored on a scale of 0 to 3,
where 0 represents no osteophytes present.

Statistical analysis

For microglia analyses, non-parametric Mann-Whitney or Kruskal- Wallis tests were used as
appropriate. When Kruskal-Wallis tests were significant (p<0.05), post-hoc analysis was
performed using Dunn's multiple comparisons test. For analysis of protein content, Student’s
t-test or one-way analysis of variance (ANOVA) was used, as appropriate. When one-way
ANOVA results were significant (p<0.05), post-hoc analysis was performed using
Bonferroni’s multiple comparison test. For von Frey testing, one-way ANOVA with
Bonferroni post-tests was used to compare each time point to time 0. A p-value < 0.05 was
considered significant for all tests. All analyses were carried out using GraphPad Prism
version 6.00 for Windows (GraphPad Software, San Diego, CA). Results are presented as
mean + 95% CI.
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RESULTS

Time-course of microglial activation in the dorsal horn

Mechanical sensitivity to von Frey hairs in the ipsilateral hindpaw was monitored up to 16
weeks after DMM surgery and in age-matched naive controls. As previously reported, we
confirmed that the withdrawal threshold was unchanged in naive mice, while DMM mice
developed mechanical allodynia by week 4, which was maintained for the 16-week follow-
up period after surgery [6, 38] (data not shown). Four, 8, and 16 weeks after DMM or 8
weeks after sham surgery, we assessed the L4 level of the dorsal horn for Ibal
immunoreactivity, a marker for microglia, and assessed the number of Ibal-ir cells that had
an activated morphology (Fig. 1A). Four weeks after DMM, the number of activated
microglia was similar to naive and sham controls (Fig. 1B). In contrast, 8 weeks after DMM
surgery, there was a significant increase in the number of activated microglia compared to
sham controls. By 16 weeks after DMM, activated microglia were increased compared to
sham and age-matched naive controls. A representative image of the L4 dorsal horn 8 weeks
after DMM along with naive and sham age-matched controls is shown in Fig. 1C, in order to
illustrate this. Interestingly, we observed that microgliosis occurred both in the ipsilateral
and the contralateral dorsal horn (Fig. 1C), whereas DMM surgery and associated
mechanical allodynia are unilateral [21]. When we counted the total number of Ibal-ir cells
in the L4 dorsal horn, we detected a trend toward increased numbers of microglial cells in
naive mice with age (Supplemental Fig. 1). Overall, the effect of age was of greater
magnitude than the effect of treatment; thus, we observed no differences between naive,
sham, and DMM groups at any given time point.

Microglial activation in the dorsal horn of CX3CR1-GFP reporter mice

CX3CR1 is the G-protein coupled receptor for the chemokine CX3CL1/FKN. In the CNS,
CX3CR1 is expressed primarily on microglial cells [26, 27, 39]. To ascertain that this was
indeed the case, we performed DMM on CX3CR1-GFP reporter mice (n=5), and monitored
them for 16 weeks. CX3CR1-GFP reporter mice also developed mechanical allodynia
starting 4 weeks after DMM and maintained for the 16-week follow-up period
(Supplemental Fig. 2). After 16 weeks, the mice were sacrificed for knee histopathology and
for assessment of dorsal horn microgliosis. In terms of joint damage, we found no
statistically significant differences between WT and CX3CR1-GFP mice, with a medial
cartilage degeneration score of 10£5.95 in WT mice (n=4) vs. 9.8+5.85 in CX3CR1-GFP
mice (n=5), and an osteophyte score of 1.8+0.8 in WT vs. 1.4+1.1 in CX3CR1-GFP mice.
Ibal immunostaining of L4 spinal sections from CX3CR1-GFP reporter mice, either naive
or 16 weeks after DMM, revealed that the vast majority of GFP-expressing cells also
expressed Ibal, indicating that CX3CR1 is expressed mainly on microglia, as expected (Fig.
2A). When microglial activation was assessed in CX3CR1-GFP mice by counting GFP-
positive cells with an activated phenotype, we observed an increase in the number of
activated microglia 16 weeks after DMM compared to naive controls (Fig. 2B). Thus, we
confirmed that the number of activated microglia in CX3CR1-GFP mice (assessed by
counting GFP-positive cells with an activated morphology, Fig. 2B) was comparable to that
in WT mice 16 weeks after DMM (assessed by counting Ibal-ir cells with an activated
morphology, Fig. 1B).
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Time-course of soluble FKN release from DRG cultures

FKN, released from the central terminals of nociceptors, has been implicated in driving the
activation of dorsal horn microglia [26, 27]. Therefore, we assessed the basal FKN release
by DRG cultures prepared 4, 8, or 16 weeks after DMM or sham surgery and from naive
controls (Fig. 2C). The results indicated that 4 weeks after DMM, DRG cells released
similar levels of FKN compared to cultures from naive mice. In contrast, 8 weeks after
DMM, DRG cells released increased levels of FKN compared to cultures from naive or
sham-operated mice. Sixteen weeks after DMM, the level of FKN released from DRG
cultures was less than 8 weeks after DMM, but still higher than levels produced by DRG
cultures 8 weeks after sham surgery and naive mice.

Adamts5 null mice do not develop microgliosis after DMM surgery

Adamts5null mice are protected from joint pathology up to 6 months after DMM [29, 40].
We have previously reported that these mice are also protected from mechanical allodynia
up to 8 weeks after DMM surgery [21]. Here, we confirmed that Adamts5 null mice do not
develop mechanical allodynia, even up to 16 weeks after DMM (Fig. 3A). Hence, we
examined whether the molecular and cellular changes observed after DMM surgery in WT
mice are attenuated in Adamts5 null mice. DRG cultures from Adamts5null mice prepared
8 weeks after DMM did not release increased levels of soluble FKN compared to naive (Fig.
3B). Concordantly, 16 weeks after DMM, Adamts5 null mice showed no increase in
activated microglia compared to age-matched naive Adamis5null mice (Fig. 3C). These
results indicate that microglial activation is attenuated in the dorsal horn of Adamis5 null
mice compared to WT mice.

DISCUSSION

In this study, we have demonstrated that spinal microgliosis is a feature of late-stage
experimental OA after DMM surgery. Sensory nociceptive neurons are the essential
mediators of pain, but for the genesis of chronic pain, neuronal interactions with glial cells
are also crucially important [24, 41]. In particular, activated microglial cells have been
shown to promote chronic pain states through the production of pro-inflammatory cytokines,
chemokines, and extracellular proteases [41, 42]. Microglial cells are the resident
macrophages of the CNS and their activation has been extensively documented in rodent
models of neuropathic and inflammatory pain. For example, peripheral nerve injury (PNI)
causes microglial activation in the spinal cord [43], which contributes to pathogenesis of
neuropathic pain (reviewed in [44]). The extent and the temporal profile of microglial
activation varies among models [44], but typically microgliosis has a rapid onset: the first
signs can appear within 24 hours after PNI, when the somata of microglial cells become
hypertrophic and the thin processes withdraw [45]. At this time microglial cells are also seen
to proliferate [46]. Inflammation in peripheral tissues is also accompanied by microgliosis
that can occur acutely after intraplantar or intra-articular injection of complete Freund’s
adjuvant (CFA), which results in pain-related behavioral hypersensitivity and microgliosis
within hours [47, 48]. Only recently have researchers started to explore microglial activation
associated with experimental OA, using the MIA model. In a rat study, 2 mg MIA injected
into the knee resulted in secondary allodynia as early as day 3, and was maintained for the
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14-day follow-up period. Furthermore, microgliosis was present from day 3 through day 14,
peaking at day 7 [36]. In a mouse study, 1 mg MIA injected into the knee joint caused
secondary allodynia by day 3, and was maintained for 28 days. At both time points, the
number of dorsal horn Ibal-ir microglia was enhanced in MIA compared with saline
controls, although this increase reached statistical significance only at 28 days [18]. Thus, in
the MIA model, microgliosis developed quite rapidly but was most prominent in later stages,
indicating that it may contribute to the persistence of OA-related pain.

The rapidly progressive joint pathology after MIA injection [13, 14] may obscure the fine
temporal relationships between joint changes and pathological processes in the pain
pathway. In contrast, joint damage after DMM surgery progresses very slowly: during the
first 8 weeks, cartilage degeneration and osteophyte formation are mild to moderate, while
joint damage accelerates between weeks 8 and 16 [38, 49]. Concomitantly with progressive
joint damage, DMM mice develop progressive mechanical allodynia [21, 23], which appears
4 weeks after surgery and is maintained for 16 weeks, whereas sham surgery results in a
short-lived mechanical allodynia at 4 weeks [22]. Further, it has been shown that
weightbearing deficits [50] and locomotor changes indicative of pain [22, 50] do not appear
until after 8 weeks post DMM but not sham surgery. Therefore, the temporal profile of pain
related behaviors after DMM suggests that pain in this model develops in two stages: an
early stage, up to week 8, and a late stage between weeks 8 and 16 [22, 50]. Indeed, we have
previously reported that the 8-week time point may be crucial, with L3-L5 DRG cells
showing increased expression of the proalgesic chemokine, MCP-1, and its receptor, CCR2,
which provide a key signaling pathway for the persistence of pain after week 8 [22].

To the best of our knowledge, this is the first report of microglial changes in a surgical
model of OA. Interestingly, microgliosis started 8 weeks after DMM, and not sham, surgery
and was firmly established by week 16. Thus, the temporal correlation of microglial
activation in the dorsal horn to the pain behaviors exhibited 8 and 16 weeks after DMM
suggests that microgliosis may be involved in the maintenance of OA pain.

Furthermore, we found that mice lacking Adamts5, which are protected from joint damage
and mechanical allodynia after DMM [21, 29], did not display microgliosis. Absence of
microglial activation in these mice suggests that protecting the joint and preventing
peripheral sensitization can attenuate aspects of central sensitization and that OA joint
damage can trigger molecular and cellular changes in the nociceptive pathway. However, an
alternative explanation might be that ADAMTS-5 plays a direct role in the nervous system,
and it has indeed been shown that DRG neurons can express this enzyme [51, 52], although
information on a biological role of neuronal ADAMTS-5 in pain is not yet available.

It is noteworthy that the total numbers of Ibal-ir in the dorsal horn were not significantly
different between naive, sham, and DMM-operated WT mice at any time point, but we
found a trend for increased total numbers of Ibal-ir cells with age. This trend has also been
reported in other studies, where the total number of microglia has been shown to
significantly increase with age in various regions in the CNS, including the spinal cord [53].
The significance of increasing microglial number with age is currently unclear, although one
hypothesis suggests that it may be a compensatory mechanism to maintain overall function
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[54]. This observation underscores the need for including age-matched controls when
performing long term /n vivo studies such as here.

FKN is a unique chemokine in that it has been reported to be attached to the membranes of
DRG cell bodies [26, 55], primary afferent fibers [26], as well as spinal neurons [26, 28],
although expression of FKN in sensory neurons /n vivo has not been definitively
demonstrated. FKN must be cleaved from the membrane into a soluble fragment in order to
activate its receptor on spinal microglia [27]. Several proteases may be involved in FKN
cleavage, including cathepsin S, ADAM-10, and ADAM-17 [27]. In models of neuropathic
pain, it has been clearly demonstrated that FKN derived from the central terminals of DRG
neurons is critically involved in establishing chronic pain and is associated with the
activation of CX3CR1-expressing microglia in the spinal cord [25, 26, 28]. FKN can cause
microglia activation, as evidenced by elevated intracellular calcium, activation of mitogen
activated protein kinases, as well as activation of protein kinase B/Akt and actin
rearrangement [56-58]. A role for neuronal FKN in microglia activation has also been
demonstrated in models of acute peripheral inflammation. In a rat monoarthritis model,
intra-articular injection of CFA produced robust microglia activation and increased
expression of neuronal FKN in the spinal cord [48]. Here, the use of CX3CR1-GFP reporter
mice confirmed that the FKN receptor was expressed primarily on microglia. Hence, we
decided to evaluate release of FKN by cultured DRG neurons at several intervals after DMM
and found that FKN release was not increased 4 weeks after DMM, but was strongly
increased 8 weeks and to a lesser degree 16 weeks after DMM. The temporal correlation of
FKN release with microglial activation suggests that FKN may contribute to spinal
microglial activation in the dorsal horn in this model. This is further supported by the
observation that DRG cultures from Adamts5 null mice, which do not display microgliosis
16 weeks after DMM, did not secrete increased levels of soluble FKN.

The current study extends our previous report on the biphasic nature of pain-related
behaviors in association with progressive experimental OA after DMM [22]. As in other
chronic pain models, we observed an interesting correlation between the development of
microglial activation and pain behavior. It should be noted, however, that our observations
on microglial activation or measurements of FKN release do not demonstrate that these
changes actually cause the observed pain related behaviors. Although such changes support
many current ideas on the mechanisms by which chronic pain is produced, it is not clear
which aspects of pain behavior they explain. For example, we observed that changes in
microglial activation occur bilaterally. There is a growing body of evidence that unilateral
models that are associated with unilateral allodynia (either inflammatory/arthritis models
such as the zymosan model or A injection of MIA, or nerve injury models) provoke
bilateral changes in the nervous system, both in the DRG (macrophage infiltration,
molecular changes) and in the CNS (microgliosis, molecular changes) [55, 59, 60]. This
phenomenon is not at all well understood, and it suggests that peripheral injury may lead to
more generalized neuroinflammatory changes in the peripheral and central nervous system.
It is potentially important to be aware of this phenomenon in the context of OA, although its
significance is at this time not clear. Further, it should be considered that activated microglia
can also exert a protective effect on chronic pain [61]. Therefore, understanding the
biological significance of the observed microgliosis in this experimental model of OA and
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associated pain-related behaviors will require in depth characterization of the activated
microglia as well as interventional studies to modulate microglia.

While these are clear limitations of the study, we do think that our observations contribute
novel insights into the development of OA-associated pain and may pave the way for more
mechanistic studies to explore the role of central sensitization in chronic OA pain. We
propose that careful longitudinal dissection/analysis of pain pathways will contribute to our
understanding of how pain signals propagate from the periphery to the central nervous
system in OA, and allow for differential testing of targeted intervention in early vs. late stage
OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

A) Representative image of the L4 dorsal horn demonstrating morphological differences
between resting (arrow) and activated (arrow head) microglia; B) Numbers of activated
microglia were counted in the ipsilateral and contralateral L4 dorsal horn of C57BL/6 DMM
mice 4, 8 and 16 weeks after surgery along with age-matched naive and sham controls. Each
dot represents the average count of 3 sections per mouse. mean + 95%ClI; C) Representative
images of Ibal immunostaining in ipsilateral and contralateral L4 dorsal horns from
C57BL/6 DMM mice 8 weeks after surgery along with naive and sham age-matched
controls. Scale bar = 50 pm.

Osteoarthritfs Cartilage. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tran et al.

Page 15

A GFP Iba1
x
.
©
: ok
+
)
=
©
=
x
3
©
b,
+
=
=
[m)
B C p<0.0001
=y p =0.0286 £ 1504 p<00001
o 161 — B p<0.0001
D 14 L %100_ p<0.0001 _p=0.0039
8 12+ y ° p=0.0032 yy¥
- A - a=00011
S 10 — ™ p=0.0011 i %
T 8 2 I=
‘§ 6+ é 0 =
T 41 ° g
< 2 S .50 : ;
0 T T * & > @"b‘ K. D x\b
Naive +16wk DMM +16wk ¥ &S S & &

Fig 2.

A) Representative images of GFP and Ibal immunostaining in ipsilateral L4 dorsal horns
from age-matched CX3CR1-GFP*/~ mice, naive or 16 weeks after DMM surgery. Arrows
indicate resting microglia and arrowheads indicate activated microglia. The merged image
shows co-localization of GFP and Ibal. Scale bar = 50 um; B) Numbers of activated
microglia (based on GFP immunostaining) were counted in the ipsilateral and contralateral
L4 dorsal horn 16 weeks after DMM and in naive control CX3CR1-GFP*/~ mice. Each dot
represents the mean count of 3 sections for one mouse; C) Four, eight, or sixteen weeks after
surgery, DRG cells were cultured from WT C57BL/6 naive, sham, or DMM mice, and
supernatants were analyzed for fractalkine protein. Mean + 95%CI. Dots represent
individual culture wells. Plot shows the result of one out of two independent experiments.
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Fig 3.
A)gMechanicaI allodynia was assessed in the ipsilateral hind paw of Adamis5 null mice
(n=5) through 16 weeks after DMM surgery. No statistical differences from time 0 were
detected; B) DRG cells were cultured from Adamts5 null mice, naive or 8 weeks after
DMM, and supernatants were analyzed for fractalkine protein. Dots represent individual
culture wells. p=0.09; C) Numbers of activated microglia were counted in the ipsilateral and
contralateral L4 dorsal horn 16 weeks after DMM and in naive control Adamis5 null mice.
Each dot represents the mean count of 3 sections for one mouse. mean + 95%CI.
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