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Abstract

Objectives—To document the nociceptive innervation of the normal and osteoarthritic murine
knee.

Methods—Knees were collected from naive male C57BL/6 Nay/1.8-tdTomato reporter mice aged
10, 26, and 52 weeks (n=5/group). Destabilization of the medial meniscus (DMM) or sham
surgeries (n=5/group) were performed in the right knee of 10-week old male Nay/1.8-tdTomato
mice, and knees were harvested 16 weeks later. Twenty 20-um frozen sections from a 400-pm
mid-joint region were collected for confocal microscopy. Integrated density of the tdTomato signal
was calculated using Image J by two independent observers blinded to the groups. Consecutive
sections were stained with hematoxylin & eosin. C57BL/6-Pirt-GCaMP3 mice (n=5/group) and
protein gene product 9.5 (PGP9.5) immunostaining of C57BL/6 wild type (WT) mice (n=5/group)
were used to confirm innervation patterns.

Results—In naive 10-week old mice, nociceptive innervation was most dense in bone marrow
cavities, lateral synovium and at the insertions of the cruciate ligaments. By age 26 weeks,
unoperated knees showed a marked decline in nociceptors in the lateral synovium and cruciate
ligament insertions. No further decline was observed by age 1 year. Sixteen weeks after DMM, the
medial compartment of OA knees exhibited striking changes in Nay/1.8+ innervation, including
increased innervation of the medial synovium and meniscus, and nociceptors in subchondral bone
channels. All results were confirmed through quantification, also in Pirt-GCaMP3 and PGP9.5-
immunostained WT mice.
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Conclusions—Nociceptive innervation of the mouse knee markedly declines by age 26 weeks,
before onset of spontaneous OA. Late-stage surgically induced OA is associated with striking
plasticity of joint afferents in the medial compartment of the knee.
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Osteoarthritis (OA) is the most common form of arthritis in the knee, affecting millions of
people worldwide (1). It is the most frequent cause of joint pain, and pain is one of the most
significant clinical problems in OA. Mechanisms of OA pain remain poorly understood, but
there is compelling clinical evidence to suggest that ongoing peripheral input from the
affected joint drives OA pain (2).

It is not known which structures in an osteoarthritic joint give rise to pain. OA was long
considered a disease of degenerating cartilage, and cartilage is aneural (3). In recent years,
concepts of OA pathogenesis have evolved to suggest that OA represents the failure of the
joint as an organ. Pathological changes in individual joint tissues, including cartilage,
subchondral bone, synovium, meniscus — and, crucially, the crosstalk between them -
contribute to disease progression and pain (4, 5). Within this “organ failure” concept,
involvement of the intra-articular sensory innervation remains a largely unanswered
question. Importantly, we do not know whether knee innervation associated with OA pain is
different from the normal knee. Therapeutic advances for OA pain must clearly be targeted
to the pathological situation.

In order to enhance our understanding of the role of sensory innervation in OA joint pain, we
need to elucidate the anatomical distribution of sensory neurons inside the joint. Currently,
detailed information on intra-articular sensory innervation is lacking, and this is true for
normal, healthy joints as well as joints affected by OA (reviewed in 6). Light and electron
microscopy studies have shown that many joint tissues are richly innervated by sensory
(80% nociceptors) and sympathetic nerves, including the capsule, ligaments, menisci,
periosteum and subchondral bone (3, 7-11). However, precise information on the anatomical
distribution of free nerve endings in the knee, and how this is affected by OA joint
remodeling is lacking.

Hence, we aimed to document the nociceptive innervation of the mouse knee using Nay/1.8-
tdTomato reporter mice (12), which express a bright red fluorescent tdTomato reporter in all
neurons that express the voltage-gated sodium channel, Nay,/1.8. This neuronal subset
comprises approximately 75% of dorsal root ganglion (DRG) sensory neurons, including
>90% of C-nociceptors, as well as a small fraction of A&-nociceptors and A afferents (13).
C-fibers can be subdivided in two distinct subsets, which innervate distinct peripheral
tissues, and subserve different functional modalities: peptidergic C-fibers, which secrete
neuropeptides, including calcitonin-gene related peptide (CGRP) and substance P, and non-
peptidergic C-fibers, which do not secrete these neuropeptides and are characterized though
binding of 1B4 (14). Shields et al. characterized the Nay,1.8-Cre-positive neuronal
population extensively and found that CGRP-positive neurons make up more than 50% of
Nay/1.8-Cre-positive neurons, while approximately half of the Nay,1.8-Cre-positive neurons
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bind IB4 (13). Therefore, in order to study the nociceptive innervation of the mouse knee,
we focused on the Nay1.8+ population. Using a molecular genetic strategy of crossing
Nay/1.8-Cre mice (15) with Ai9 (td-Tomato) mice (16) resulted in Nay,/1.8-Cre;Ai9 mice
(“Nay/1.8-tdTomato reporter mice”), in which Nay1.8-positive DRG neurons are labeled red
with td-Tomato reporter protein following Cre-dependent recombination. These mice enable
us to visualize Nay,1.8-positive neuronal cell bodies and their afferents as we have
previously validated in the DRG, the dorsal horn and the skin of these mice (17).

We used these Nay/1.8-tdTomato reporter mice to describe the intra-articular nociceptive
innervation of the ageing mouse knee. Furthermore, we explored if changes occur in a model
of OA, induced by destabilization of the medial meniscus (DMM) in order to provide an
anatomical context for our understanding of OA-related pain.

MATERIALS AND METHODS

Animals

We used a total of n= 66 male mice. All animal procedures 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. Nay/1.8-
tdTomato C57BL/6 reporter mice were a gift from Dr. John Wood, University College
London, London, UK (13, 15). Pirt-GCaMP3 mice on a C57BL/6 background were
provided by Dr. Xinzhong Dong, Johns Hopkins University School of Medicine, Baltimore,
USA (18). Pirt-GCaMP3 mice express the fluorescent calcium indicator, GCaMP3, in ~90%
of all sensory DRG neurons, and not in other peripheral or central tissues, through the Pirt
promoter (18-20). Wild type (WT) C57BL/6 mice were inbred at Rush.

Destabilization of the medial meniscus (DMM)

Mice were randomized by litter to DMM or sham surgery. DMM or sham surgery was
performed in the right knee of 10-week-old male mice, as described (21, 22). For details, see
Suppl. Methods.

Mechanical allodynia

Mechanical allodynia in the ipsilateral hind paw was tested by a blinded observer who
evaluated sensitivity to von Frey monofilaments, using the up-down staircase method of
Dixon (23, 24), as described (22). Details are in Suppl. Methods.

DRG Histology

L4 lumbar DRG was harvested from a 10-week old mouse. Twelve-um thick cryosections
were cut throughout the DRG, and imaged using a laser-scanning confocal microscope
(Olympus 1X70).

Knee Histology

Mice were anesthetized by ketamine and xylazine and perfused transcardially with
phosphate buffered saline (PBS) followed by 4% paraformaldehyde in PBS (25). For studies
in naive Nay1.8-tdTomato mice, right knees were collected at age 10 weeks (n=6), 26 weeks

Osteoarthritis Cartilage. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Obeidat et al.

Page 4

(n=5), and 1 year (n=5). For experimental OA studies, knees were collected 16 weeks after
sham (n=5) or DMM (n=5) surgery. For Pirt-GCaMP3 mice, we collected right knees at 10
weeks (n=5), 26 weeks (n=5) and 1 year (n=3), as well as 16 weeks after DMM (n=5). WT
knees (used for PGP9.5 immunohistochemistry) were collected 10 weeks (n=5), 26 weeks
(n=5) and 16 weeks after DMM (n=5). A sample size of 5 for all groups was chosen based
on previous data and assuming a power of 0.8 to differentiate OA joint damage at 16 weeks
post DMM (meanzSD 13+5) from naive (1.2£1.3) and sham (0£0) controls. Assuming an
ANOVA method to compare 3 groups with a standard deviation of 5 for all groups, statistical
significance level a=0.05, power =0.8 we calculated that we would need 4 mice per group
using G*Power 3.1 for Mac. For sample preparation, see Suppl. Methods. Twenty-pum thick
coronal sections were cut throughout the whole joint using the cryostat as follows
(Supplemental Fig. 1): the first 400-um thick area comprises the anterior covering of the
knee joint and includes the patella and attached patellar tendon. The next fifty sections
(1000-um thick area) comprise the anterior region of the articular cavity (A in Supplemental
Fig. 1 marks the end of that area) and defined as the area where at least one of the meniscal
horns (medial, lateral or both) has a ligament attached to it. The mid-joint region comprises
the next twenty sections from an approximately 400-um thick region (area B in
Supplemental Fig. 1). The start of the mid-joint region was defined as the area where the
meniscal horn is devoid of any ligament attachments. We focused on sections from this
region for all histological and histopathological analyses in this study, because this is the
region where the majority of the cartilage damage develops in the DMM model (21). The
final region is the posterior region of the articular cavity (C in Supplemental Fig. 1 marks the
beginning of the posterior region). Sections from the mid-joint region were imaged using
either a laser-scanning confocal microscope (Olympus 1X70) or Nikon A1R Confocal Laser
Microscope. Consecutive sections were stained with hematoxylin (1x-Sigma HHS160) and
eosin (1%-Sigma E4382) (H&E), or toluidine blue (0.04% wi/v), using standard methods.
Images were then processed using Image J and Fluoview software (FV10-ASW 4.2 Viewer).
Adjustments were made to brightness and contrast to reflect true colors (25). All images
were treated exactly the same in terms of adjustments to brightness and contrast to minimize
bias. In addition, one knee from a 10-week old naive mouse and one knee from a mouse 16
weeks after DMM were imaged using a Nikon ALR Confocal Laser Microscope, which
provides high-quality confocal images at ultrahigh-speed, enhancing sensitivity and
minimizing autofluorescence.

In order to make sure that the tdTomato signal seen in Nay,/1.8-tdTomato sections does not
reflect autofluorescence, we imaged the right knees from three 10-week old male WT mice
using the confocal microscope (Olympus 1X70), using the same laser power as for the
Nay1.8-tdTomato mice. Images were processed with the same settings as their Nay/1.8
counterparts. Minimal signal was seen in these WT sections (Supplemental Fig. 2),
indicating that tissue autofluorescence is not impacting interpretation of the Nay,1.8-
tdTomato images.

Immunohistochemistry

Knees from WT mice (20-um frozen sections) were stained for the pan-neuronal marker,
protein gene product 9.5 (PGP9.5) (26-28). Detailed methods are described in Suppl.
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Methods. In order to show the overlap between Nay,1.8 tdTomato and PGP9.5 signal, 20-um
frozen knee sections from 10-week old naive Nay,/1.8 tdTomato mice (n=2) were
immunostained for PGP9.5, using the same staining protocol as for WT sections.

Histopathology of the knee

H&E stained sections, consecutive to the ones used for confocal imaging, were evaluated for
cartilage degeneration, based on modified Osteoarthritis Research Society International
recommendations (29). For details, please see Suppl. Methods.

Quantification of the Nay1.8-tdTomato signal

The Nay/1.8+ signal in the medial and lateral synovium and the cruciate ligaments was
quantified by calculating the integrated densities of these areas using Image J. Within the
mid-joint region, the section with maximal signal was chosen for each knee. Regions of
interest (ROI) were outlined for each section and quantified in Image J (Suppl. Fig. 3). On
the lateral side, a region including both the synovium and meniscus was outlined (Suppl.
Fig. 3a). For the cruciates, a region containing both the anterior and posterior cruciate
ligaments was outlined (Suppl. Fig. 3b). On the medial side, the junction of the inner and
outer meniscus was delineated. The outer and inner regions have a different histological
aspect and thus using the phase contrast images a line was drawn between these areas, and a
standardized area on the outer side of this line was outlined for knees from all groups. The
ROIs were saved and used to mark the same area on the corresponding Nay/1.8 images
(Suppl. Fig. 3c). Finally, an area of the medial synovium adjacent to the capsule was
outlined (Suppl. Fig. 3d).

Channels observed in the subchondral bone of the medial femoral condyles and tibial
plateaux that contained Nay/1.8+ nerves were quantified as follows: two mid-joint sections
(80 um apart) per knee were used to count Nay/1.8+ channels; counts were averaged for each
knee and compared with shams and age-matched naive mice.

Quantification procedures were similar for sections from Pirt-GCaMP3 mice and PGP9.5
immunostained WT mice. All quantifications were independently calculated by 2
independent observers (AO and REM), blinded to the groups. The intraclass correlation
(ICC) was > 0.91, indicating very good agreement between both assessors. Therefore, the
average scores of AO and REM quantifications are presented.

Statistical Analysis

For each tissue and for each line of mice, the average scores of the two assessors were
assessed for normality using the Kolmogorov-Smirnov normality test and data were log-
transformed data if necessary (only the Nay,1.8-tdTomato ligament data were log
transformed). One-way ANOVA was used to compare the scores for a particular tissue
compartment for either Nay/1.8-tdTomato mice, Pirt-GCaMP3, or PGP9.5 immunostaining
in WT mice. If the one-way ANOVA was significant (p < 0.05), Tukey post-hoc tests were
performed. For Nay,/1.8-tdTomato post-hoc tests, please see Suppl. Methods.
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Nay1.8 distribution in the knees of 10-week and 26-week old mice

First, we validated that the Nay/1.8 signal was present in the L4 DRG. One example of a
confocal micrograph of an L4 DRG harvested from a Nay/1.8 tdTomato reporter mouse
showed that Nay,1.8-positive cell bodies are all small-to-medium sized, consistent with
nociceptors (Supplemental Fig. 4).

These mice were then used for analysis of knee innervation. Fig. 1a shows H&E staining of
a coronal section through the mid-joint of a 10-week old healthy knee. Consecutive sections
revealed areas of dense innervation by Nay/1.8+ nerves. These areas were, most notably, the
lateral synovium (Fig. 1b,c), the connective tissue layer (the epiligament) surrounding the
cruciate ligaments, and the insertion sites of the cruciate ligaments (Fig. 1d,e). Furthermore,
bone marrow cavities were also densely innervated (Fig. 1b, ¢ and detailed in Suppl. Fig. 5).
Imaging with a Nikon ALR Confocal microscope showed the dense innervation in the lateral
synovium at higher magnification (Fig. 2a,b). The synovium in the medial compartment
(including superficial and deep layers of the synovium) (Fig. 1f,g) and the collagenous
substance of the cruciate ligaments were less densely innervated (Fig. 1d,e). Articular
cartilage, lateral and medial meniscus showed no fluorescent signal.

Fig. 3 shows a representative 26-week old mouse knee. At this age, knees showed no signs
of OA (for n=5 mice, the cartilage degeneration score was 0.2+0.4 (mean+SD), concordant
with previous findings (22)) (Fig. 3a). Analysis of the Nay1.8+ signal revealed a sharp
decline in the innervation of the lateral synovium (Fig. 3b,c), as well as in the epiligament
and the insertions of the cruciate ligaments (Fig. 3d,e) compared to 10-week old knees.

We quantified the fluorescent signal of mid-knee coronal sections from 10-week old (n=6),
26-week old (n=5) and 1-year old (n=5) mice, and found remarkably reproducible patterns
within the different age-groups, confirming a marked decline in innervation of the lateral
synovium (Fig. 4a) and the cruciate ligaments (Fig. 4b), in 26-week old mice compared to
10-week old mice. No further decline was observed in the knees from 1-year old mice (Fig.
4a,b). The innervation in the medial synovium was low in all three age groups and there was
no difference in the fluorescence levels among these groups (Fig. 4c). For all comparisons,
the mean difference and 95% CI of the difference are reported in Supplemental Table 1.

Changes in Nay1.8 distribution 16 weeks after DMM

We performed DMM (n=5) or sham (n=5) surgery in 10-week old male Nay,/1.8-tdTomato
reporter mice. First, we wanted to make sure that these Nay/1.8-tdTomato reporter mice
behave similarly to WT mice after DMM, with respect to joint damage and presence of
mechanical allodynia. Indeed, we confirmed that, by 16 weeks after DMM, these mice had
OA joint damage (cartilage degeneration score after DMM=12.8 + 1.9, compared to
0.4+0.49 after sham surgery, mean+SD, p<0.0001), comparable to WT mice (22). Fig. 5
shows a representative knee 16 weeks after DMM. H&E staining revealed marked OA-like
changes in the medial compartment, including cartilage loss, subchondral bone sclerosis,
and osteophyte formation (Fig. 5a). Associated with OA joint damage, these mice also
showed mechanical allodynia levels similar to WT DMM mice (50% withdrawal thresholds
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in the hind paw: 0.032 + 0.008g (n=5) vs. naive base line: 0.565 + 0.054g (n=6), mean+SD
p<0.0001).

Sixteen weeks after DMM, we observed no changes in Nay/1.8+ signal in the lateral
synovium (Fig. 5b,c) and the cruciate ligaments (Fig. 5d,e); quantification shown in
(Supplemental Fig. 6 a,b). In contrast, we detected a clear Nay,/1.8+ fluorescent signal in the
deep layers of the synovium of the medial compartment, while no change was observed in
the synovial lining layer (Fig. 5f,g, blue arrows; for higher magnification, see Fig. 6).
Quantification of the medial synovium revealed increased innervation 16 weeks after DMM,
compared to sham-operated mice or age-matched naive controls (Fig. 6b). Nay/1.8+
fluorescence was also observed in the outer region of the medial meniscus, close to the
junction of the outer and inner areas (Fig. 6a). Quantification of this signal showed increased
innervation after DMM, compared to shams and naive age-matched controls (Fig. 6¢)
(Suppl. Table 1). These changes were confirmed using a Nikon A1R confocal microscope,
which clearly showed the nerves on the medial side (Fig. 6d,e), and the signal within the
medial meniscus (Fig. 6d,f).

In addition to increased innervation of the medial synovium and meniscus, major changes
occurred in the Nay/1.8+ innervation of the subchondral bone in the medial compartment.
Most strikingly, we noted remodeling in the sclerotic subchondral bone, where Nay,1.8+
nociceptors were observed pointing toward calcified cartilage (Fig. 7a,b). Quantification of
the number of Nay,1.8+ subchondral bone channels in tibial plateaux and femoral condyles
from 26-week old naive mice, and 16 weeks after sham or DMM surgery (Fig. 7c) revealed a
marked increase in OA knees (Suppl. Table 1). The subchondral bone channels were also
observed using the Nikon A1R confocal microscope (Fig. 7d,e). Nay1.8 nociceptors were
also present in osteophytes (Suppl. Fig. 7).

Validation of the findings in Pirt-GCaMP3 mice and by PGP9.5 staining in WT mice

Since the current study is the first attempt to use Nay,1.8-tdTomato reporter mice to study
joint innervation, we sought to independently confirm innervation patterns using pan-
sensory neuronal markers. We analyzed knees of Pirt-GCaMP3 mice, where all DRG
neurons are labelled green, at ages 10 weeks (n=5), 26 weeks (n=5) and 1 year (n=3), as well
as 16 weeks after DMM (n=5). Ten-week old Pirt-GCaMP3 knees showed a similar
neuroanatomical distribution of nerves to 10-week old Nay/1.8-tdTomato mice
(Supplemental Fig. 8a—c). In addition, at 26 weeks, a clear decline was observed in the
GCaMP3 positive nerve fibers innervating the lateral synovium and cruciate ligaments
insertions (Suppl. Fig. 8d—f). We also analyzed Pirt-GCaMP3 knees 16 weeks after DMM
(n=5) and observed a similar pattern of innervation to Nay/1.8 tdTomato reporter mice:
GCaMP3+ fibers in channels in the subchondral bone of the medial compartment (Suppl.
Fig. 9a, magnified in b), increased innervation of the medial synovium (Suppl. Fig. 9a,
magnified in c¢), and GCaMP3+ signal in the medial meniscus (Suppl. Fig. 9¢).
Quantification of the signals from Pirt-GCaMP3 mice is shown in Fig. 8a (Suppl. Table 1).

As a final test of the observations we have made, we analyzed PGP9.5 immunostaining in
the knees of WT mice, 10-week old naive mice (n=5), 26-week old naive mice (n=5), and 16
weeks after DMM (n=5), again confirming the observations made in Nay/1.8-tdTomato mice
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(Supplemental Fig. 10 and Fig. 11). Quantifications are shown in Fig. 8b (Suppl. Table 1).
No primary antibody control images are shown in Suppl. Fig. 12.
Lastly, we immunostained knee sections from 2 naive 10-week old Nay/1.8-tdTomato mice
for PGP9.5, and showed that all Nay,/1.8 fibers stained positively for this pan-neuronal
marker, further strengthening the observations (Suppl. Fig. 13).
DISCUSSION

The availability of Nay/1.8-tdTomato fluorescent reporter mice provided us with an
unprecedented opportunity to study the nociceptive innervation of the murine knee. The
Nay/1.8 voltage-dependent sodium channel is uniquely expressed by 75% percent of DRG
neurons, including the majority of nociceptors (13). One advantage of studying the mouse
knee is that it is small enough to be sectioned intact, thereby giving an overview of the entire
knee. In 10-week old mice, we found that Nay/1.8 neurons densely innervated bone marrow
cavities, which confirms reports in the literature that bone marrow is densely innervated by
both A6- and C-fiber sensory neurons (30). It receives the greatest total number of sensory
and sympathetic neurons when compared to mineralized bone and periosteum (31, 32).
Intra-articular innervation was most pronounced in the lateral synovium, the connective
tissue layer surrounding the cruciate ligaments, and their insertion sites. Nay1.8+
nociceptors were also visible at the margin of the outer edge of the lateral meniscus. The
medial synovium and the collagenous substance of the cruciate ligaments were less densely
innervated. Articular cartilage, medial meniscus and lateral meniscus did not show
innervation. These findings in 10-week old mice confirm the anatomical literature on knee
joint innervation, where it has been described that free nerve endings are found in all joint
tissues, including the fibrous capsule, fat, menisci, and ligaments, but not in articular
cartilage (3).

The most striking, and perhaps unexpected, finding was the sharp decline in Nay1.8+
neurons in the knees of 26-week old mice. It is known that both morphology and function of
the peripheral nervous system dramatically change with age. In several species, including
humans and mice, analysis of peripheral nerves such as the peroneal, sural, and tibial nerves
has revealed an age-dependent reduction in number and density of myelinated fibers, and a
loss of unmyelinated fibers (33). Furthermore, it has been reported that nerve fiber loss in
ageing mice involves unmyelinated fibers more markedly than myelinated fibers (34).

Information on the abundance of free nerve endings in peripheral tissues with age is limited.
In human skin, an age-related linear reduction of the sensory innervation of the epidermis of
the forearms and legs has been reported, commencing in adulthood (35). This is compatible
with reports of decreased sensitivity to mechanical stimuli in the elderly (36). There is even
less information on the abundance of free nerve endings in ageing joints. A study of human
menisci demonstrated a decrease of about 70% of free nerve endings in menisci from people
over 60 (37). Age-related changes in sensory innervation of the mouse knee have not yet
been reported. One group investigated the numbers of DRG cell bodies retrogradely labeled
with Fluorogold injected into the knee joint cavity, and found a loss of afferents from knee
joints, mostly during the first third of the lifespan of the mouse (38, 39). Over the lifespan of
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the mouse (2 years), DRG cell bodies innervating the knee declined about 57%, and this
occurred in two phases: a rapid loss over the first 8 months of life and a slower rate over the
remaining months (38).

These findings are in concordance with current observations demonstrating a marked decline
in sensory innervation of the murine knee between the ages of 10 and 26 weeks.
Remarkably, this loss of innervation occurs quite early on in the life of the mouse, with a
steep decline by age 26 weeks, and no further decline by 1 year. In contrast, there was no
change in Nay/1.8 signal in bone marrow cavities with age, confirming a recent report that
analyzed CGRP-positive neurons in bone marrow cavities of ageing mouse femora (40). It is
noteworthy that in the study by Salo et a/. (39), as in the current study, decline of sensory
innervation preceded onset of cartilage degeneration. Indeed, at 26 weeks, mice had no signs
of OA, as reported before (41). The biological significance of this is not clear at this time,
but it has been reported that crude de-afferentiation, for example through “DRG-ectomy” or
killing nerves with an intra-articular neurotoxin, can either initiate or accelerate OA-like
joint damage (39, 42). Therefore, it is possible that loss of sensory innervation renders the
joint vulnerable to damage and may be a pathogenic factor in age-related OA. Future work
will address this hypothesis.

It is interesting to discuss our findings in the context of a unique experiment by Dye et al.,
who gallantly attempted to map the conscious neurosensory characteristics of the human
knee by arthroscopic palpation of the knee of one of the authors, without intra-articular
anesthesia (43). They reported moderate or severe pain upon palpation of the anterolateral
synovium and anterior fat pad. The mid-region of the cruciate ligaments elicited only slight
discomfort, but pain increased markedly at their femoral and tibial insertion points.
Touching the capsular margins of the menisci elicited moderate pain, especially at the lateral
meniscus, while the inner meniscal rims were not painful. Therefore, this anecdotal study on
pain sensation in the human knee is concordant with our findings on nociceptors distribution
in the healthy mouse knee.

Next, in order to analyze which structures in the osteoarthritic joint may contribute to pain,
we studied changes in nociceptive innervation 16 weeks after DMM, at which time mice
have severe OA and associated mechanical allodynia. We observed striking changes in
sensory innervation after DMM, particularly in the medial compartment of the knee, where
OA joint damage occurs. These changes included increased innervation in the medial
synovium, and the appearance of nociceptors in channel-like structures present in the
subchondral bone. Nociceptors were also observed within the medial meniscus, close to the
junction of outer and inner regions, and in osteophytes.

The literature on structural changes in knee innervation in OA is scant, but compatible with
the current murine findings. In human OA knees, vascular penetration and nerve growth
have been described in osteophytes (44), in subchondral bone (45), and in the meniscus (46).
In the human meniscus, CGRP+ nerves (/.e., peptidergic C-fibers) have been described in
the outer regions of the medial meniscus, in association with small arterioles (46).
Furthermore, vascular channels that breach the tidemark between subchondral bone and
articular cartilage may contain sympathetic and sensory nerves (44, 47). These channels
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have also been described in animal models of OA, for example after rat meniscectomy,
where it has been proposed they may represent a source of pain (48).

Reports on innervation of the synovium in OA joints are very limited and in contrast to our
current findings. Two studies have examined murine knee innervation in the collagenase-
induced model, and found either a transient (49) or permanent (50) decrease in sensory
innervation in the synovium, particularly peptidergic fibers. In the rat monoiodoacetate
(MIA) model, two studies examined the number of DRG neurons retrogradely labeled from
the knee, and both found a significant reduction (51, 52), but it is not clear if this was part of
OA pathology or a neurotoxic effect of MIA (53). In human OA knees, inflamed synovium
exhibited a significant decrease of CGRP+ and TH+ nerve density close to the synovial
lining layer, whereas deeper layers were less affected (26). In contrast, we report an increase
of nociceptors in the deeper layers of the medial synovium. It is possible that we cannot
detect changes in the lining layer, because 16 weeks after DMM surgery, synovial
inflammation is very limited (54), and since we detected very little innervation in the medial
synovial lining layer to begin with, it is difficult to demonstrate a further decrease. While
nerve sprouting has to our knowledge not yet been reported in experimental OA models, it
has been shown that injection of complete Freund’s adjuvant into the murine knee resulted
in neuronal sprouting in the synovium (55, 56). It will be key to identify the factors that
mediate this neuronal growth. One potential candidate is the neurotrophin, Nerve Growth
Factor (NGF), which can promote nociceptor sprouting (57). Ongoing clinical trials with
neutralizing antibodies against NGF are showing great promise for the treatment of OA pain
(58).

The observations reported in this study are purely descriptive, but we propose they will
greatly aid in building a coherent approach to the study of the nature of OA joint pain. Our
findings in the DMM maodel illustrate that extensive remodeling of the intra-articular
nociceptive innervation of the knee is very much part of the OA disease process, and occurs
in different joint tissues. An important question is how the changes we have observed relate
to OA pain? Using /n vivo Ca*-imaging, we have previously demonstrated that OA is
associated with the functional recruitment of a group of joint afferents (20). It is likely that
these represent “silent nociceptors” recruited under these circumstances. Characterizing
these neurons is clearly of interest for understanding of the anatomical basis for OA pain.
Understanding of the genesis of OA joint pain must be based on the innervation of the
arthritic joint rather than the normal pattern of innervation. An important question is whether
any of the plastic changes in knee innervation observed in OA, for example the neurons
present in the subchondral bone channels, correspond to newly functionally recruited
nociceptors. If this is the case, they would provide a defined target for therapeutic
intervention in OA pain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Representative histological images of the right knee joint of a 10-week-old Nay/1.8-

tdTomato mouse. (a) H&E staining. Scale bar = 500 um; (b,e,g) Confocal images of Nay/1.8-
tdTomato expressing afferent nerve fibers within the lateral, middle, and medial parts of the
knee joint, respectively. In (b), the blue arrow indicates dense innervation within the lateral
synovium and the white arrow indicates dense innervation in the bone marrow. In (g), the
blue arrows indicate dense innervation in the connective tissue surrounding the cruciate
ligaments and at the insertion sites, while the white arrow indicates the substance of cruciate
ligament; (c,d,f) Overlays of the Nay/1.8-tdTomato images with phase-contrast to show the
general structures of the joint; (b-g) Scale bar = 100 pm.
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Figure 2.
Nikon A1R confocal images showing the lateral side of a 10-week old Nay/1.8-tdTomato

mice. (a) Confocal image shows the Nay,1.8+ fibers within the lateral synovium. Magnified
image of these fibers is shown in (b). Scale bar = 50 pum.
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Figure 3.
Representative histological images of the right knee joint of a 26-week-old Nay/1.8-

tdTomato mouse. (a) H&E staining. Scale bar = 500 um; (b,e,g) Confocal images of Nay/1.8-
tdTomato expressing afferent nerve fibers within the lateral, middle, and medial parts of the
knee joint, respectively; (c,d,f) Overlays of the Nay1.8-tdTomato images with phase-contrast
to show the general structures of the joint; (b-g) Scale bar = 100 um.
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Figure 4.

Quantification of Nay/1.8-tdTomato signal in knees from 10-week (n=6), 26-week (n=5) and
1-year old mice (n=5), in (a) the lateral synovium and meniscus; (b) the cruciate ligaments,
and (c) the medial synovium. *** p < 0.001. mean + 95% CI.
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Medial

Figure5.
Representative histological images of the right knee joint 16 weeks after DMM surgery. (a)

H&E image showing cartilage degradation and subchondral bone sclerosis in the medial
compartment. The black arrow indicates an osteophyte. Scale bar = 500 um; (b,e,g)
Confocal images of Nay/1.8-tdTomato expressing afferent nerve fibers within the lateral,
middle, and medial parts of the knee joint, respectively. In (g) and (f), note the channels
containing Nay,1.8+ neurons in the medial tibial plateau and femoral condyle (within the
white box). Blue arrows in (g) shows the Nay1.8-tdTomato expressing afferents in the
medial synovium; (c,d,f) Overlays of the Nay,1.8-tdTomato images with phase-contrast to
show the general structures of the joint; (b-g) Scale bar = 100 um.
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Figure6.
(a) Confocal image showing Nay/1.8-tdTomato expressing afferent nerve fibers in the medial

synovium in the DMM knee (yellow outline next to the star). Nay/1.8 signal was also
observed in the outer region of the medial meniscus of DMM knees, close to the junction of
outer (OR) and inner region (IR) (yellow box). The star indicates the capsule; (b,c)
Quantification of Nay/1.8 tdTomato signal in knees from 26-week old naive mice, and mice
16 weeks after sham or DMM surgery (n=5/group), in (b) the medial synovium and (c) the
medial meniscus; *** p < 0.001. Scale bar = 100 pm. (d-f) Nikon A1R confocal images
showing similar features: (d) shows Nay,/1.8+ fibers in the medial synovium (blue arrows, e
shows that area magnified) and the Nay/1.8 positive signal inside the medial meniscus
(shown in the yellow box, f shows magnified image of the signal). Scale bar = 50 pm. mean
+95% Cl.
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Figure?.
(a) Confocal image of a right knee joint 16 weeks after DMM surgery shows subchondral

bone channels in the medial tibial plateau, with nerves in the subchondral bone pointing
toward the calcified cartilage (white inset); (b) Magnified image, with the arrows pointing at
Nay/1.8+ neurons; (c) Quantification of Nay,1.8 tdTomato positive channels in the
subchondral bone of tibial plateaux and femoral condyles from 26-week old naive mice, and
16 weeks after sham or DMM surgery (n=5/group). *** p < 0.001. mean £ 95% CI. (a-b)
Scale bar = 100 um. (d) Nikon A1R confocal image shows Nay/1.8 expressing nerve fibers
within a subchondral bone channel; (e) shows a magnified image of these fibers; this image
also shows the punctate Nay/1.8 signal inside the bone marrow cavities. Scale bar = 50 um.
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(a) Quantification of GCaMP3 signal in knees from 10-week old naive Pirt-GCaMP3 mice
(n=5), 26-week old naive mice (n=5), 1-year old naive mice (n=3), and from mice 16 weeks
after DMM surgery (n=5) in the lateral synovium and meniscus, the cruciate ligaments and
medial synovium; (b) Quantification of PGP9.5 signal in WT knees from n=5 mice for each
different group (10-week old, 26-week old naive mice and 16 weeks after DMM surgery) in
the lateral synovium and meniscus, the cruciate ligaments and medial synovium. *** p <

0.001. mean + 95%CI
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