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ABSTRACT
Objectives A key clinical paradox in osteoarthritis
(OA), a prevalent age-related joint disorder characterised
by cartilage degeneration and debilitating pain, is that
the severity of joint pain does not strictly correlate with
radiographic and histological defects in joint tissues.
Here, we determined whether protein kinase Cδ (PKCδ),
a key mediator of cartilage degeneration, is critical to the
mechanism by which OA develops from an asymptomatic
joint-degenerative condition to a painful disease.
Methods OA was induced in 10-week-old PKCδ null
(PKCδ−/−) and wild-type mice by destabilisation of the
medial meniscus (DMM) followed by comprehensive
examination of the histology, molecular pathways and
knee-pain-related-behaviours in mice, and comparisons
with human biopsies.
Results In the DMM model, the loss of PKCδ expression
prevented cartilage degeneration but exacerbated OAassociated hyperalgesia. Cartilage preservation
corresponded with reduced levels of inﬂammatory
cytokines and of cartilage-degrading enzymes in the
joints of PKCδ-deﬁcient DMM mice. Hyperalgesia was
associated with stimulation of nerve growth factor (NGF)
by ﬁbroblast-like synovial cells and with increased
synovial angiogenesis. Results from tissue specimens of
patients with symptomatic OA strikingly resembled our
ﬁndings from the OA animal model. In PKCδ null mice,
increases in sensory neuron distribution in knee OA
synovium and activation of the NGF-tropomyosin receptor
kinase (TrkA) axis in innervating dorsal root ganglia were
highly correlated with knee OA hyperalgesia.
Conclusions Increased distribution of synovial sensory
neurons in the joints, and augmentation of NGF/TrkA
signalling, causes OA hyperalgesia independently of
cartilage preservation.

INTRODUCTION

To cite: Kc R, Li X,
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Pain, a key reason for patients with osteoarthritis
(OA) to seek medical assistance, diminishes quality
of life and complicates healthcare management. OA
is a common age-related degenerative joint disease
in which structural damage to articular cartilage is
a pathological hallmark. Pain perception in OA is
linked to disease-modiﬁed nociception, rather than
to cartilage destruction, because cartilage is normally not innervated.1 Inﬂammation of the synovial

lining (synovitis) and bone marrow lesions are
related to the severity of pain in OA.2 3 Yet, a fundamental clinical discrepancy remains—the degree
of cartilage degeneration from radiographic and
histological evidence does not correlate with perceived levels of pain sensation.4–6 Up to 40% of
patients with severe radiographic changes in knee
joints are symptom-free, indicating that joint pathology can be uncoupled from pain sensation.7 The
mechanism by which OA develops from an asymptomatic condition to a painful disease represents a
critical gap in our knowledge.
In this study, we explored possible mechanisms
by which OA develops from an asymptomatic condition to a painful disease. Using an experimental
OA model involving destabilisation of the medial
meniscus (the DMM model) in mice,8 9 we comprehensively analysed the pathological role of
protein kinase Cδ (PKCδ), a key mediator of cartilage degeneration.10–12 Our ﬁndings suggest that a
lack of PKCδ protects cartilage from the OA-like
pathological changes normally observed with
DMM. This striking resistance to OA in PKCδ null
mice clearly establishes that PKCδ signalling is
required for the development of OA pathology and
that the selective inhibition of PKCδ expression
may, therefore, prevent cartilage degeneration.
However, the absence of PKCδ exacerbated
OA-associated pain. This OA-related hyperalgesia
compelled us to characterise mechanisms by which
PKCδ-mediated signalling induces OA pain independently of cartilage degeneration. The emerging
molecular mechanism is that nerve growth factor
(NGF) expression and tropomyosin receptor kinase
(TrkA) expression by synovial ﬁbroblasts, which is
normally suppressed by PKCδ, is augmented during
OA progression and promotes sensory nerve outgrowth of innervating dorsal root ganglia (DRGs).

RESULTS
Loss of PKCδ protects mice from OA-like
cartilage degeneration, but causes hyperalgesia
Our previous studies demonstrated that PKCδ
is a rate-limiting kinase that activates cartilage
catabolic pathways in cultured human articular
chondrocytes.11–13 In the present study, we ﬁrst
examined histopathological changes in the knee
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joint following DMM surgery. Knee joints of PKCδ null mice
showed resistance to cartilage degeneration compared with wildtype (WT) mice during OA progression after DMM surgery, as
observed by histology (ﬁgure 1A), histopathology grading
(ﬁgure 1B), gross microscopy (ﬁgure 1C) and μCT (ﬁgure 1D).
Unexpectedly, behavioural pain tests indicated that PKCδ null
mice developed signiﬁcantly lower pain thresholds ( p<0.01)
compared with WT mice after OA induction (ﬁgure 1E).
Baseline pain tests showed no signiﬁcant difference between WT
and PKCδ null mice. This result suggests that development of
OA pain can occur independently of the degree of knee cartilage
degeneration. At 8 weeks post-DMM surgery, PKCδ null mice
clearly developed movement-evoked pain as reﬂected by reduced
spontaneous motor activity (ﬁgure 1F, G). Taken together, these
behavioural results establish that loss of PKCδ sensitises mice to
greater knee joint pain during OA development.

Increased density of peripheral nerves in OA synovium
correlates with increased joint pain sensation
We investigated whether sensory nerve sprouting, a form of
pathological neuroplasticity in the inﬂamed joints of geriatric
mice,15 is a pathological feature of OA that contributes to the
hyperalgesia. Peripheral nerve innervation was increased in the

ipsilateral knee joint synovium of WT mice at 8 weeks
post-DMM surgery, as shown by immunoﬂuorescence staining
with anti-PGP9.5 antibody. These PGP9.5-positive structures in
knee joint synovium were signiﬁcantly ( p<0.01) higher in PKCδ
null mice compared with WT mice (ﬁgure 2A, B).
We validated the ﬁndings of our animal studies by evaluating
human knee joint specimens. Joint tissues were obtained from
symptomatic OA subjects undergoing knee replacement surgery
because of severe knee joint pain, as well as from organ donors
with no history of joint disease or chronic knee joint pain.
Asymptomatic knee joint synovial specimens showed no signiﬁcant differences in neural ﬁbre distribution (PGP9.5+) among
the different grades of cartilage degeneration (ﬁgure 2C).
However, nerve ﬁbre innervation was markedly increased in
knee synovial specimens from patients with symptomatic OA
(ﬁgure 2D, E). These results show that the degree of OA pain
robustly correlates with increased peripheral nerve ﬁbres in
human knee joints.

OA-induced hyperalgesia is associated with increased NGF/
TrkA signalling
The pronounced induction of peripheral nerve sprouting during
development of OA hyperalgesia led us to investigate

Figure 1 Genetic deletion of the protein kinase Cδ (PKCδ) gene in mice inhibits osteoarthritis (OA) pathogenesis but augments knee joint
OA-associated hypersensitivity to pain. OA was induced by destabilisation of the medial meniscus (DMM) in 10-week-old PKCδ−/− and age-matched
and gender-matched wild-type (WT) mice, followed by harvesting knee joints at 4 and 8 weeks post-DMM. Each knee shown is representative for a
group of mice (n=12). (A) Histological assessment for proteoglycan depletion by Safranin-O fast green staining (×20). Arrows indicate degeneration of
the articular cartilage surface. (B) Severity of articular cartilage degradation was graded using the Osteoarthritis Research Society International (OARSI)
scoring system.14 Values are mean±SD (compared between WT and PKCδ−/−: *p<0.05; **p<0.01). (C) India ink staining: the damaged articular
cartilage surface is clearly visible following DMM (arrows). (D) Architectural changes in subchondral bone analysed by μCT scanning. L, lateral; M,
medial. (E) Development of mechanical allodynia (von Frey ﬁlament testing) in the ipsilateral hindpaw, comparing PKCδ−/− with age-matched and
gender-matched WT mice following DMM. Values are mean±SD, p<0.01, F=12.8 (WT vs PKCδ−/−, each group: n=17). Sham groups (n=17 for each)
show similar values in both WT and PKCδ−/−. ns, not signiﬁcant. (F) Spontaneous rearing activity (vertical photobeam crossings), **p<0.01, and (G)
ambulation (horizontal photobeam crossings) are reduced in PKCδ−/− compared with WT after DMM, *p<0.05. Values are mean±SD.
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Figure 2 Increased number of peripheral nerve ﬁbres sprouting in osteoarthritis (OA) synovium correlates with increased joint pain sensation in OA. (A)
Representative immunoﬂuorescence images of staining for PGP9.5 (green) in knee joint synovium of PKCδ−/− and wild-type (WT) mice. (B) Quantitative
analyses of nerve ﬁbre sprouting. Following destabilisation of the medial meniscus (DMM) surgery, the density of PGP9.5 ﬁbres in PKCδ−/− mice exhibits
a signiﬁcant increase in synovial/capsular regions compared with WT (⌘⌘p<0.01; values are expressed as mean±SD; n=5/group). At 4 and 8 weeks after
DMM, PGP9.5 immunoreactivity in the synovia of PKCδ−/− mice showed increases compared with sham controls (## p<0.01; ###p<0.001), while the
DMM-operated WT mice did not. (C and D) Human knee joint synovial and capsular tissues from asymptomatic organ donors with no history of chronic
knee pain (G:0=normal; G:1/2=early OA; G:3/4=advanced OA) and surgically removed tissues from age-matched symptomatic OA subjects stained for
PGP9.5 to detect nerve ﬁbres sprouting. (E) Quantitative analyses showed no signiﬁcant changes in neural distribution (PGP9.5+), regardless of cartilage
degeneration stage (normal, early-OA or advanced-OA) in knee joint synovial specimens of age-matched asymptomatic organ donors. In contrast, a
striking increase in nerve ﬁbres (PGP9.5+) was detected in knee joint synovial specimens from symptomatic OA subjects compared with all groups of
asymptomatic organ donors (**p<0.01; each group: n=3–5). PGP9.5+ nerve ﬁbre density was calculated as the nerve ﬁbre area divided by the total
area examined (μm2/μm2). 40 ,6-diamidino-2-phenylindole (DAPI) stains nuclei blue. G=OA grade. All scale bars, 50 μm.

PKCδ-regulated axonal growth promoting factors that stimulate
neuronal sprouting. Deletion of PKCδ using siRNA in human
synovial cells selectively upregulated expression of NGF/TrkA,
brain-derived nerve growth factor and Substance P (tachykinin;
TAC1)—downstream targets of the NGF/TrkA axis16 17 (see
online supplementary ﬁgure S1A, B). Deletion of PKCδ in chondrocytes did not change the expression of any of these factors
(see online supplementary ﬁgure S1C, D). Corroborating the
results of these mechanistic studies, the genetic loss of PKCδ in
mice signiﬁcantly enhanced synovial expression levels of NGF/
TrkA during OA progression (4 and 8 weeks post-DMM) compared with WT mice (ﬁgure 3A–D). In articular chondrocytes,
the NGF level was modestly increased in advanced OA (8 weeks
post-DMM) in both WT and PKCδ null mice (see online
supplementary ﬁgure S2A, B). Abundant basal expression of
TrkA was also observed in chondrocytes, without signiﬁcant
changes during OA progression in both WT and PKCδ null mice
(see online supplementary ﬁgure S2C, D). We examined
whether stimulation of NGF expression in the painful OA knee
joint could result from immune cell inﬁltration (eg, macrophages). Immunoﬂuorescence staining showed increased
CD11b-positive cells at 4 and 8 weeks post-DMM in WT mice.
In contrast, CD11b-positive cells were signiﬁcantly diminished
in PKCδ null mice (see online supplementary ﬁgure S3).
We next assessed the activity of PKCδ in human joint synovium. Strikingly, the activity of PKCδ was signiﬁcantly decreased
in synovia of symptomatic patients (see online supplementary
ﬁgure S4). In contrast, the level of NGF was highly elevated at

joint synovia from patients with symptomatic OA, but not in
specimens from asymptomatic organ donors (ﬁgure 3E, F).
Expression levels of TrkA were moderately increased during OA
progression in the asymptomatic group (ﬁgure 3G, H). Similar
to NGF, TrkA levels were strongly increased in symptomatic OA
synovium compared with the asymptomatic group. In the synovium from patients with symptomatic OA, we found increased
co-localisation of NGF expression with peptidergic sensory
nerve ﬁbres (calcitonin gene-related peptide-positive), suggesting
active axonal growth activity in painful knee joints (see online
supplementary ﬁgure S5A). Double labelling for NGF and
CD68, a marker for immune cell inﬁltration (eg, macrophages),
revealed that markedly increased levels of NGF and moderately
increased levels of CD68 were evident in knee synovial tissues
from patients with symptomatic OA. Only a few NGF-positive
cells co-localised with CD68 (see online supplementary ﬁgure
S5B), suggesting that ﬁbroblast-like synovial cells are a dominant
source of NGF production in the OA knee joint.
In human chondrocytes, however, both NGF and TrkA were
abundantly expressed at all stages of cartilage degeneration.
NGF levels were low in normal cartilage from subjects with
early stages of OA, but increased in cartilage from subjects with
advanced stages of OA. There was no difference in NGF
expression between cartilage from symptomatic and asymptomatic individuals (see online supplementary ﬁgure S6A, B). The
expression of TrkA did not differ signiﬁcantly among different
pathological grades of cartilage (see online supplementary
ﬁgure S6C, D).
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Figure 3 Osteoarthritis (OA)-induced hyperalgesia is associated with increased nerve growth factor (NGF)/tropomyosin receptor kinase (TrkA) axis
signalling in knee synovium. (A) Representative immunoﬂuorescence staining for NGF (green) in the knee joint synovium of PKCδ−/− and wild-type
(WT) mice. n=5/group. (B) Quantitative analysis of NGF expression in the synovium. (C) Immunoﬂuorescence staining for TrkA (green) in knee joint
synovium of PKCδ−/− and WT mice. (D) Quantitative analysis of TrkA expression in synovium. For all quantitative analyses, values are mean±SD
(compared between WT sham and destabilisation of the medial meniscus (DMM): *p<0.05, **p<0.01; compared between PKCδ−/− mice sham and
DMM: #p<0.05, ##p<0.01, ###p<0.001; compared between WT and PKCδ−/: ⌘⌘p<0.01). (E) Representative immunoﬂuorescence images show
signiﬁcantly increased expression of NGF (green) in synovium of symptomatic OA subjects. Arrows indicate NGF-expressing nerve endings. n=6 per
group. (F) Quantitative analyses of NGF expression in human synovium. Values are mean±SD (compared between with G:0–4: ***p<0.001). (G)
Representative immunoﬂuorescence images of TrkA (red) expression in human synovium. Each group: n=6. (H) Quantitative analysis of TrkA
expression in human synovium. Values are presented as mean±SD (compared with G:0: *p<0.05, ***p<0.001; compared with G:3 and G:4:
##
p<0.01). 40 ,6-diamidino-2-phenylindole (DAPI) stains nuclei blue. G=OA grade. All scale bars, 50 μm. FI, ﬂuorescence intensity; a.u., arbitrary unit.

PKCδ deletion inhibits production of inﬂammatory cytokines
and cartilage degrading enzymes
PKCδ expression is activated in human articular chondrocytes
by pro-inﬂammatory cytokines, such as tumour necrosis factor-α
(TNFα) or interleukin-1β (IL-1β), and by cartilage breakdown
products, such as ﬁbronectin fragments, to elicit stimulation of
catabolic enzymes.11 13 We explored the nature of this antiinﬂammatory effect in PKCδ null mice using whole joint extracts
collected at 4 and 8 weeks post-DMM and quantitative PCR
(qPCR). Expression of multiple inﬂammatory mediators and
cartilage degrading enzymes were strongly suppressed in PKCδ
null mice (see online supplementary table S1).
To identify the tissue source of inﬂammatory cytokine production, we examined expression levels of TNFα and IL-1β—
two representative pro-inﬂammatory cytokines in OA pathology.18 Expression levels of TNFα (ﬁgure 4A–C) and IL-1β
(ﬁgure 4D–F) were greatly increased in cartilage and synovium
of WT mice at 4 and 8 weeks post-DMM. Importantly, these
elevated levels were not evident in the joints of PKCδ null mice.
Consistent with the results from our murine OA model, expression levels of TNFα (ﬁgure 4G–I) were induced in both cartilage
and synovium during human knee OA progression. The levels
of TNFα showed a robust correlation with joint pathology, but
not with the level of pain.

Loss of PKCδ augments knee joint angiogenesis

Previously, our group19 and others20 21 demonstrated that
experimental OA in mice leads to pathological angiogenic features that mimic those seen in OA patients with chronic joint
pain. Induction of OA by DMM surgery resulted in progressive
2136

angiogenesis in joint synovium at 4 and 8 weeks post-DMM, as
reﬂected by increases in (i) the endothelium marker CD31
(ﬁgure 5A, B) and (ii) the potent angiogenic factor, vascular
endothelial growth factor (VEGF) (ﬁgure 5C, D). Compared
with WT mice, aggressive angiogenic activity developed in
PKCδ null mice with overt structural remodelling of the vasculature in the knee synovial joint after DMM surgery.
We investigated whether loss of PKCδ genes induces increases
in activating transcription factor-4 (ATF4) expression—a transcriptional factor that regulates angiogenesis.22 The ATF4 expression level was signiﬁcantly increased (p<0.05) in the joint
synovium during OA progression at (4 and 8 weeks post-DMM)
in PKCδ null mice (ﬁgure 5E, F). Moreover, we found that introduction of siRNA for PKCδ into either human endothelial or
synovial cells stimulated the expression of both ATF4 and VEGF
(ﬁgure 5G–J). There were no changes in the levels of ATF4 or
VEGF following introduction of siPKCδ into human articular
chondrocytes (see online supplementary ﬁgure S1E).

PKCδ deﬁciency increases stimulation of the NGF/TrkA axis
in DRG sensory neurons
The development of chronic OA pain is associated with neuronal plasticity that transmits pain signals that involve alterations
in gene expression in DRG sensory neurons.19 23 Upon induction of knee OA pain in mice at 4 and 8 weeks post-DMM, we
isolated ipsilateral L3–5 DRGs and did biochemical and molecular analyses. We found a striking suppression of PKCδ expression in the DRG neurons of WT mice during OA progression at
4 and 8 weeks post-DMM as assessed by qPCR (ﬁgure 6A) and
immunoﬂuorescence staining (ﬁgure 6B). In DRG neurons,
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Figure 4 Deletion of the protein kinase Cδ (PKCδ) gene in mice suppresses expression of inﬂammatory cytokines in the knee joint following
destabilisation of the medial meniscus (DMM) surgery. (A) Representative immunoﬂuorescence images of tumour necrosis factor-α (TNFα) (green)
expression in cartilage and synovium of PKCδ−/− and wild-type (WT) mice. Each group: n=5. (B and C) Quantitative analyses of TNFα expression in
cartilage and synovium. Values are mean±SD (compared between WT sham and DMM: **p<0.01; compared between PKCδ−/− mice sham and
DMM: #p<0.05; compared between WT and PKCδ−/−: ⌘p<0.05). 40 ,6-diamidino-2-phenylindole (DAPI) stains nuclei blue. (D) Representative
immunoﬂuorescence images of interleukin (IL)-1β expression (green) in cartilage and synovium of PKCδ−/− and WT mice. Each group: n=5. (E and F)
Quantitative analyses of IL-1β expression in cartilage and synovium. Values are mean±SD (compared between WT sham and DMM: **p<0.01;
compared between PKCδ−/− mice sham and DMM: #p<0.05; compared between WT and PKCδ−/−: ⌘p<0.05). (G) Immunohistochemical analyses of
TNFα in human cartilage and synovium. Positive cells stain brown, Nuclei are counterstained with haematoxylin (blue) (top row). DAPI stains nuclei
(blue) (bottom row). Each group: n=6. (H and I) Quantitative analyses of TNFα expression in human articular cartilage and synovium. Values are
mean±SD (compared with G:1: *p<0.05; **p<0.01). G=osteoarthritis (OA) grade. All scale bars, 50 μm.
expression levels of NGF and TrkA were greatly augmented in
PKCδ null mice compared with WT mice, as assessed by qPCR
(ﬁgure 6C, D) as well as by double immunoﬂuorescence staining
(ﬁgure 6E, F). NGF activates extracelluar signal regulated
kinase/mitogen activated protein kinase (ERK/MAPK) and sustained ERK activation plays a key role in centralisation and
maintenance of chronic pain.24 Our immunoﬂuorescence staining data show that ERK activation was increased under chronic
OA pain conditions in the DRG neurons of WT mice, and this
activation was clearly increased in PKCδ null mice during OA
progression (see online supplementary ﬁgure S7A–C).
We next determined whether OA-induced augmentation of
NGF levels in synovium leads to retrograde transport of NGF
to DRG neuron cell bodies from innervating nerve terminals in
the knee joint synovium. It is known that NGF is internalised as
an NGF-TrkA complex and is retrogradely transported from peripheral terminals to sensory cell bodies in the DRG, where it
activates transcription of a number of genes related to chronic
pain.25 26 Our immunoﬂuorescence results show signiﬁcant
retrograde transport of NGF-Biotin in the soma of L3–5 DRG
neurons in PKCδ null mice compared with WT mice
(ﬁgure 6G). Moreover, retrograde transport of NGF-Biotin was
substantially abolished in both PKCδ null and WT mice
intra-articularly injected with anti-NGF antibody. Behavioural
pain tests also showed signiﬁcantly reduced OA-induced pain in
PKCδ null mice injected with anti-NGF antibody compared with
a saline injection control group (ﬁgure 6H).

DISCUSSION
The mechanism by which OA develops from an asymptomatic
condition to a painful disease has been a critical gap in our
knowledge. The complementarity between our results from an
experimental OA animal model and our human subject ﬁndings
has signiﬁcant ramiﬁcations for resolving a long-standing clinical
discrepancy of the lack of correlation between histological
damage and the degree of joint pain. We now show that the
PKCδ is a key inhibitor of NGF/TrkA axis signalling and sensory
nerve sprouting in synovial tissues and DRGs, and thus alleviates OA hyperalgesia. This beneﬁcial function of PKCδ in reducing synovial innervation is diametrically opposed to the
inﬂammation-responsive catabolic function of PKCδ in articular
chondrocytes that mediates cartilage destruction. We postulate
that the degree of pain in OA is directly attributable to changes
in PKCδ signalling in sensory neurons rather than to joint pathology per se. Therefore, understanding the neural mechanisms
by which PKCδ controls neuronal signalling pathways in the
knee joint is important for the development of clinical treatments to negate pain-related symptoms in patients with OA.
Our study demonstrates that neurite outgrowth and the
NGF-TrkA axis are important drivers for OA hyperalgesia in
experimental OA in mice and symptomatic knee OA in humans,
independent of the degree of cartilage degeneration (see online
supplementary ﬁgure S8). A key ﬁnding of our work is that
PKCδ prevents synovial augmentation of sensory ﬁbres by
attenuating signalling through the suppression of the NGF/TrkA
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Figure 5 Augmented angiogenesis in knee joints of PKCδ−/− mice following destabilisation of the medial meniscus (DMM) surgery. (A and C)
Representative immunoﬂuorescence images show signiﬁcantly increased expression of both CD31 (green) (A) and vascular endothelial growth factor
(VEGF) (green) (C) expression in the knee joint synovium of PKCδ−/− mice after DMM compared with wild-type (WT) mice. Arrows indicate
vascularisation. Each group: n=5. (B and D) Quantitative analysis of CD31 and VEGF expression in synovium. Values are mean±SD (compared between
WT sham and DMM: *p<0.05; **p<0.01; compared between PKCδ−/− mice sham and DMM: ##p<0.01; compared between WT and PKCδ−/−:
⌘
p<0.05. (E) Representative immunoﬂuorescence images show increased ATF4 expression (green) in synovium of PKCδ−/− mice compared with WT
mice. Each group: n=5. (F) Quantitative analyses of activating transcription factor-4 (ATF4) expression in synovium. Values are mean±SD (compared
between WT sham and DMM: *p<0.05; compared between PKCδ−/− mice sham and DMM: #p<0.05; compared between WT and PKCδ−/−: ⌘p<0.05).
(G–J) qPCR analyses of ATF4 and VEGF genes in human ﬁbroblast-like synovial cells and mouse endothelial cells after knockdown of PKCδ expression by
siRNA. Values are mean±SD (compared with control: *p<0.05; **p<0.01). 40 ,6-diamidino-2-phenylindole (DAPI) stains nuclei blue. All scale bars, 50 μm.

axis in DRG neurons. Our results provide a mechanistic understanding of the ﬁndings of McNamee and colleagues,27 who elegantly demonstrated that induction of NGF expression in the
joint correlates with pain-related behavioural changes during
development of experimental OA.
The role of NGF in joint destruction is not clear. Our ﬁndings
suggest that the NGF/TrkA axis may have a distinct regulatory
role in chondrocytes and support cartilage homeostasis. First,
NGF and TrkA are abundantly expressed in normal and healthy
joint tissues, notably in chondrocytes and chondrocyte-like
meniscus cells (unpublished data), in both WT and PKCδ null
mice. Second, the NGF/TrkA axis is highly stimulated in the
synovium of PKCδ null mice, which are strongly resistant to cartilage degeneration. Our results strongly suggest that ﬁbroblastlike synovial cells, chondrocytes and meniscus cells, are primary
sources of NGF, and possibly other pro-inﬂammatory cytokines
and chemokines in OA joints. Our ﬁndings complement previous studies that indicate that NGF and chemokines are produced
by inﬂamed ﬁbroblast-like synovial cells and human OA chondrocytes.28–30 In addition, an increase in levels of NGF in
2138

human OA may promote angiogenesis and osteochondral vascularity.31 Based on these collective ﬁndings, it appears that
increased amounts of NGF detected in arthritic synovial ﬂuid32
could result from the cumulative levels of NGF secreted from
several distinct joint tissues. Despite the encouraging efﬁcacy of
pharmacological NGF blockade in the clinical treatment of OA
pain in patients,33 signiﬁcant adverse effects of such blockade
on joint integrity necessitate further studies on the biological
actions of NGF in joint pathology.
Angiogenesis promotes ingrowth of sensory neurons into peripheral knee joint tissues exposed to damage and can contribute
to persistent pain even after inﬂammation has subsided.34
Angiogenic features in experimental OA resemble those pathological changes seen in OA patients with chronic joint pain.19–21
We found signiﬁcantly increased angiogenic activity in PKCδ
null mice (compared with WT mice) during OA progression.
Hence, angiogenic events may be involved in OA-associated
pain sensation rather than solely in joint pathology. Although
NGF is increased in human OA and may promote angiogenesis
and osteochondral vascularity,35 we did not ﬁnd appreciable
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Figure 6 Increased expression of the nerve growth factor (NGF)/tropomyosin receptor kinase (TrkA) axis and retrograde transport of NGF in dorsal
root ganglia (DRG) following destabilisation of the medial meniscus (DMM) surgery. (A) Quantitative PCR (qPCR) analyses of ipsilateral L3–5 DRGs
of PKCδ−/− and wild-type (WT) mice at 4 and 8 weeks post-DMM. Values are mean±SD (compared with sham control, **p<0.01). (B) Double
immunoﬂuorescence staining of protein kinase Cδ (PKCδ) (green) and MAP2 (red) show dramatically reduced PKCδ immunoreactivity in the DRG
neurons of WT mice during osteoarthritis (OA) progression. Note that no PKCδ is detected in the DRGs of PKCδ−/− mice (lower row). PKCδ is only
expressed in small-sized and medium-sized afferent neurons in the DRG. Each group: n=5. (C and D) qPCR analysis of NGF (C) and TrkA (D)
expression levels in L3–5 DRGs. Values are mean±SD (compared with sham control: *p<0.05). Double immunoﬂuorescence staining of NGF (green)
(E) or TrkA (green) (F) and NeuN (red) in DRGs of PKCδ−/− and WT mice. Co-localisation of the two stains appears yellow. n=5 for each group. (G)
Representative immunoﬂuorescence images of retrograde transport of NGF-Biotin (green) from peripheral sensory neuronal terminals in knee joint to
the soma of L3–5 DRG neurons. NeuN (red) is a marker of neurons. Arrows indicate DRG neurons positive for NGF-Biotin. Anti-NGF antibody
administration abolished retrograde NGF-Biotin transport to L3–5 DRGs. 40 ,6-diamidino-2-phenylindole (DAPI) stains nuclei blue. Each group: n=5.
All scale bars, 100 μm. (H) von Frey ﬁlament testing in the ipsilateral hindpaw, comparing PKCδ−/− mice receiving twice a week anti-NGF-2.5S
antibody (30 μg in 5 μL saline) or saline (vehicle) till 8 weeks post-DMM surgery (this administration schedule is indicated by black arrows). PKCδ−/−
mice injected with anti-NGF antibody showed signiﬁcantly reduced pain compared with the saline control group from the third week of anti-NGF
antibody administration. Sham-operated mice with saline injections were used as controls. Values are mean±SD (compared between PKCδ−/− mice
with anti-NGF antibody and PKCδ−/− mice with saline: *p<0.01). For each group: n=10.

induction of subchondral neovascularisation at 4 and 8 weeks
post-DMM (unpublished data); yet, we note that an overt angiogenic event in joints at later stages (16 weeks post-DMM)
cannot be excluded.
NGF activates ERK/MAPK and sustained ERK activation
plays a key role in centralisation and maintenance of chronic
pain.24 Our results demonstrate that, during OA progression,
OA-induced pain diminishes PKCδ expression while it activates
ERK and the NGF/TrkA axis in innervating L3/L5 DRG
neurons of WT mice. This activation of ERK and NGF/TrkA
axes was strikingly augmented by the absence of PKCδ in our

null mice, suggesting that PKCδ signalling negatively regulates
the NGF/TrkA-ERK axis in sensory neurons; the lack of PKCδ
signalling in DRG neurons leads to overexpression of NGF and
TrkA. The resulting induction of NGF/TrkA signalling promotes
axonal outgrowth and increases sensory ﬁbres in the joint,
which demonstrates a very strong correlation between
NGF-ERK activation and OA-induced hyperalgesia during OA
progression.
In summary, we show that synovial sensory neurons in the
OA joint and the NGF/TrkA axis are mechanistically linked to
OA hyperalgesia. Thus, the inhibition of axonal outgrowth by
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targeting synovial levels of axonal outgrowth promoting factors,
particularly NGF and TrkA, may represent an effective strategy
for mitigating OA-associated pain.

METHODS
Animals
Male and female 10-week old PKCδ null mice and WT mice
with a C57BL/6 background were used for the animal
experiments.

Human tissues
Details of the human tissues are described in online
supplementary table S2.

Induction of OA in mice
OA was induced by DMM as we previously described.9 For additional details, see online supplementary methods.

6

Novozymes Biopharma US, Franklinton, North Carolina, USA
Alomone Labs Ltd, Jerusalem, Israel
8
Department of Internal Medicine (Section of Rheumatology), Rush University
Medical Center, Chicago, Illinois, USA
9
Department of Bioengineering, University of Illinois at Chicago, Illinois, USA
10
Jesse Brown Veterans Affairs Medical Center at Chicago, Illinois, USA
7

Acknowledgements The authors thank the Gift of Hope Organ Tissue Donor
Network as well as Drs Cs-Szabo, Chubinskaya and Margulis for making human
tissues available. They also extend their appreciation to the family members of the
tissue donors who made donations possible. The authors are grateful to Dr Keiichi
Nakayama for PKCδ null mice. They also thank Dr Hazel Lum for her generous gift
of human primary endothelial cells.
Contributors RK and XL contributed equally. RK performed experiments, analysed
data and wrote the manuscript. XL, JSK, ZL, JL and JLH performed experiments and
analysed data. DC, GX, BL, AJvW, MP, DAS, DB and EK analysed data. H-JI
designed experiments, analysed data and wrote the manuscript. All authors
reviewed the manuscript.
Funding This work was supported by an NIH NIAMS R01 grant (AR053220) to
HJI; an NIH NIAMS R01 grant (AR062136) to HJI; an R21 grant (AR067935) to
HJI; a VA BLD&R Merit Review Award to HJI and an Arthritis Foundation to HJI.

Animal behavioural tests

Competing interests None declared.

Animal behavioural tests were done as we previously
described.36 For additional details, see online supplementary
methods.

Patient consent Obtained.
Ethics approval Human Investigation Committee of Rush University Medical
Center.
Provenance and peer review Not commissioned; externally peer reviewed.

Histology, macroscopic imaging, immunohistochemistry and
histomorphometry
Histological and immunohistochemical analyses were performed
as we previously described.37 Gross knee-joint pathology and
mCT analyses were performed using standard procedures
described previously.19 For additional details, see online supplementary methods.

Open Access This is an Open Access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited and the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

REFERENCES
1

Human primary cell isolation, culture and siRNA transfection
Human primary cells were cultured and transiently transfected
with validated PKCδ siRNA as previously described.38 39 For
additional details, see online supplementary methods.

2

Reverse transcription and qPCR analyses

4

Reverse transcription and qPCR were performed using standard
procedures. For additional details, see online supplementary
methods.

PKCδ null and WT mice with DMM or sham surgery received
intra-articular injections of anti-NGF-2.5S antibody or
mNGF2.5S-Biotin for retrograde studies. For additional details,
see online supplementary methods.

Statistical analysis
Statistical signiﬁcance was determined by Student’s t test or analysis of variance for repeated measures, followed by step-down
Bonferroni’s multiple comparison post-test, as appropriate,
using SPSS V.17 software (IBM Corporation). p Values <0.05
were considered to be statistically signiﬁcant.

2140

5

6
7

Intra-articular anti-NGF-2.5S injection and retrograde
NGF-biotin transport

Author afﬁliations
1
Department of Biochemistry, Rush University Medical Center, Chicago, Illinois, USA
2
Department of Anesthesiology, Rush University Medical Center, Chicago, Illinois,
USA
3
Department of Biology and Shenzhen Key Laboratory of Cell Microenvironment,
South University of Science and Technology of China, Shenzhen, China
4
Department of Orthopedic Surgery, Rush University Medical Center, Chicago,
Illinois, USA
5
Departments of Orthopedic Surgery & Biochemistry & Molecular Biology, Mayo
Clinic, Rochester, Minnesota, USA

3

8

9

10

11

12

13

14

Konttinen YT, Kemppinen P, Segerberg M, et al. Peripheral and spinal neural
mechanisms in arthritis, with particular reference to treatment of inﬂammation and
pain. Arthritis Rheum 1994;37:965–82.
Daheshia M, Yao JQ. The bone marrow lesion in osteoarthritis. Rheumatol Int
2011;31:143–8.
Haywood L, McWilliams DF, Pearson CI, et al. Inﬂammation and angiogenesis in
osteoarthritis. Arthritis Rheum 2003;48:2173–7.
Dieppe PA, Lohmander LS. Pathogenesis and management of pain in osteoarthritis.
Lancet 2005;365:965–73.
Hannan MT, Felson DT, Pincus T. Analysis of the discordance between radiographic
changes and knee pain in osteoarthritis of the knee. J Rheumatol
2000;27:1513–17.
Kidd BL. Osteoarthritis and joint pain. Pain 2006;123:6–9.
Davis MA, Ettinger WH, Neuhaus JM, et al. Correlates of knee pain among US
adults with and without radiographic knee osteoarthritis. J Rheumatol
1992;19:1943–9.
Li X, Ellman MB, Kroin JS, et al. Species-speciﬁc biological effects of FGF-2 in
articular cartilage: implication for distinct roles within the FGF receptor family. J Cell
Biochem 2012;113:2532–42.
Glasson SS, Blanchet TJ, Morris EA. The surgical destabilization of the medial
meniscus (DMM) model of osteoarthritis in the 129/SvEv mouse. Osteoarthr Cartil
2007;15:1061–9.
Loeser RF, Forsyth CB, Samarel AM, et al. Fibronectin fragment activation of
proline-rich tyrosine kinase PYK2 mediates integrin signals regulating collagenase-3
expression by human chondrocytes through a protein kinase C-dependent pathway.
J Biol Chem 2003;278:24577–85.
Im HJ, Muddasani P, Natarajan V, et al. Basic ﬁbroblast growth factor stimulates
matrix metalloproteinase-13 via the molecular cross-talk between the
mitogen-activated protein kinases and protein kinase Cdelta pathways in human
adult articular chondrocytes. J Biol Chem 2007;282:11110–21.
Ellman MB, Kim JS, An HS, et al. The pathophysiologic role of the protein kinase
Cdelta pathway in the intervertebral discs of rabbits and mice: in vitro, ex vivo, and
in vivo studies. Arthritis Rheum 2012;64:1950–9.
Im HJ, Pacione C, Chubinskaya S, et al. Inhibitory effects of insulin-like growth
factor-1 and osteogenic protein-1 on ﬁbronectin fragment- and
interleukin-1beta-stimulated matrix metalloproteinase-13 expression in human
chondrocytes. J Biol Chem 2003;278:25386–94.
Glasson SS, Chambers MG, Van Den Berg WB, et al. The OARSI histopathology
initiative—recommendations for histological assessments of osteoarthritis in the
mouse. Osteoarthr Cartil 2010;18(Suppl 3):S17–23.

Kc R, et al. Ann Rheum Dis 2016;75:2133–2141. doi:10.1136/annrheumdis-2015-208444

Ann Rheum Dis: first published as 10.1136/annrheumdis-2015-208444 on 18 January 2016. Downloaded from http://ard.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

Basic and translational research

15

16
17

18

19
20
21

22

23

24

25

26

Jimenez-Andrade JM, Mantyh PW. Sensory and sympathetic nerve ﬁbers undergo
sprouting and neuroma formation in the painful arthritic joint of geriatric mice.
Arthritis Res Ther 2012;14:R101.
Lindsay RM, Harmar AJ. Nerve growth factor regulates expression of neuropeptide
genes in adult sensory neurons. Nature 1989;337:362–4.
Kojima M, Ikeuchi T, Hatanaka H. Role of nerve growth factor in the expression of
trkA mRNA in cultured embryonic rat basal forebrain cholinergic neurons. J Neurosci
Res 1995;42:775–83.
Goldring MB, Otero M, Tsuchimochi K, et al. Deﬁning the roles of inﬂammatory and
anabolic cytokines in cartilage metabolism. Ann Rheum Dis 2008;67(Suppl 3):
iii75–82.
Im HJ, Kim JS, Li X, et al. Alteration of sensory neurons and spinal response to an
experimental osteoarthritis pain model. Arthritis Rheum 2010;62:2995–3005.
Bonnet CS, Walsh DA. Osteoarthritis, angiogenesis and inﬂammation.
Rheumatology (Oxford) 2005;44:7–16.
Ashraf S, Mapp PI, Walsh DA. Contributions of angiogenesis to inﬂammation, joint
damage, and pain in a rat model of osteoarthritis. Arthritis Rheum
2011;63:2700–10.
Zhu K, Jiao H, Li S, et al. ATF4 promotes bone angiogenesis by increasing VEGF
expression and release in the bone environment. J Bone Miner Res
2013;28:1870–84.
Miller RE, Tran PB, Das R, et al. CCR2 chemokine receptor signaling
mediates pain in experimental osteoarthritis. Proc Natl Acad Sci USA
2012;109:20602–7.
Obata K, Yamanaka H, Dai Y, et al. Activation of extracellular signal-regulated
protein kinase in the dorsal root ganglion following inﬂammation near the nerve
cell body. Neuroscience 2004;126:1011–21.
Woolf CJ. Phenotypic modiﬁcation of primary sensory neurons: the role of nerve
growth factor in the production of persistent pain. Philos Trans R Soc Lond, B, Biol
Sci 1996;351:441–8.
Delcroix JD, Valletta JS, Wu C, et al. NGF signaling in sensory neurons:
evidence that early endosomes carry NGF retrograde signals. Neuron 2003;39:
69–84.

27

28

29

30
31

32
33
34
35
36
37

38

39

Kc R, et al. Ann Rheum Dis 2016;75:2133–2141. doi:10.1136/annrheumdis-2015-208444

McNamee KE, Burleigh A, Gompels LL, et al. Treatment of murine osteoarthritis
with TrkAd5 reveals a pivotal role for nerve growth factor in non-inﬂammatory joint
pain. Pain 2010;149:386–92.
Raychaudhuri SP, Raychaudhuri SK, Atkuri KR, et al. Nerve growth factor: A key
local regulator in the pathogenesis of inﬂammatory arthritis. Arthritis Rheum
2011;63:3243–52.
Iannone F, De Bari C, Dell’Accio F, et al. Increased expression of nerve growth
factor (NGF) and high afﬁnity NGF receptor ( p140 TrkA) in human osteoarthritic
chondrocytes. Rheumatology (Oxford) 2002;41:1413–18.
Stoppiello LA, Mapp PI, Wilson D, et al. Structural associations of symptomatic knee
osteoarthritis. Arthritis Rheumatol 2014;66:3018–27.
Walsh DA, McWilliams DF, Turley MJ, et al. Angiogenesis and nerve growth factor
at the osteochondral junction in rheumatoid arthritis and osteoarthritis.
Rheumatology (Oxford) 2010;49:1852–61.
Aloe L, Tuveri MA, Carcassi U, et al. Nerve growth factor in the synovial ﬂuid of
patients with chronic arthritis. Arthritis Rheum 1992;35:351–5.
Lane NE, Schnitzer TJ, Birbara CA, et al. Tanezumab for the treatment of pain from
osteoarthritis of the knee. N Engl J Med 2010;363:1521–31.
McDougall JJ. Arthritis and pain. Neurogenic origin of joint pain. Arthritis Res Ther
2006;8:220.
Nico B, Mangieri D, Benagiano V, et al. Nerve growth factor as an angiogenic
factor. Microvasc Res 2008;75:135–41.
Chaplan SR, Bach FW, Pogrel JW, et al. Quantitative assessment of tactile allodynia
in the rat paw. J Neurosci Methods 1994;53:55–63.
Kc R, Li X, Voigt RM, et al. Environmental disruption of circadian rhythm
predisposes mice to osteoarthritis-like changes in knee joint. J Cell Physiol
2015;230:2174–83.
Loeser RF, Chubinskaya S, Pacione C, et al. Basic ﬁbroblast growth factor inhibits
the anabolic activity of insulin-like growth factor 1 and osteogenic protein 1 in
adult human articular chondrocytes. Arthritis Rheum 2005;52:3910–7.
O’Donnell JJ III, Zhuge Y, Holian O, et al. Loss of p120 catenin upregulates
transcription of pro-inﬂammatory adhesion molecules in human endothelial cells.
Microvasc Res 2011;82:105–12.

2141

Ann Rheum Dis: first published as 10.1136/annrheumdis-2015-208444 on 18 January 2016. Downloaded from http://ard.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

Basic and translational research

SUPPLEMENTAL METHODS
Animals
Ten-week-old, male and female, PKC null (PKC-/-) and wild type (WT) mice with a C57BL/6
background were used for all animal experiments. Mice were housed and handled in accordance with
federal animal welfare guidelines and in compliance with the Public Health Service Policy on Humane Care
and Use of Laboratory Animals (2002) and the Guide for the Use and Care of Laboratory Animals (8 th
Edition). All animal protocols and practices were reviewed and approved in advance by the Rush University
Institutional Animal Care and Use Committee.

Human Tissue Acquisition
Adult human knee cartilage and synovia were obtained within 24 h of death from donors (age range:
40–65, mean 52) via the Gift of Hope Organ and Tissue Donor Network (Elmhurst, IL), with approval by the
local ethics committee and informed consent obtained from the families (ORA#: L03090306). Surgically
removed cartilage from OA patients (age range: 40-65) were obtained from the Orthopedic Tissue and
Implant Repository Study with consent from the patients. Prior to dissection, each specimen was graded for
overall degenerative changes based on the modified 5-point scale of Collins [1]. Details of the human
tissues are described in the Supplemental Table 1. Human tissues were handled strictly according to the
guidelines of the Human Investigation Committee of Rush University Medical Center.

Induction of Osteoarthritis in Mice
OA was induced by a medial meniscal destabilization (DMM) as we previously described [2]. Briefly,
mice were anesthetized with 5% isoflurane (Abbott Laboratories) in oxygen and the left knee was shaved
and prepared for aseptic surgery. A medial para-patellar arthrotomy exposed the anterior medial
meniscotibial ligament, which was elevated with a microprobe and severed using curved dissecting forceps.
Complete disruption of the ligament was confirmed visually by manually displacing the medial meniscus
with fine forceps. The patella was repositioned, and the skin incision closed with 5-0 polypropylene sutures.
Sham surgery was performed on the left knee of a separate group of mice; it consisted of a skin incision
and medial capsulotomy only, followed by skin closure as described above.

Animal Behavioral Tests
The method of testing for mechanical allodynia (von Frey sensitivity) followed that of Chaplan and
colleagues [3]. To obtain consistent results, we allowed animals to adapt to the grid environment for 15
minutes. A calibrated set of von Frey filaments (Stoelting, Wood Dale, IL) was applied from below to the
plantar hind paw to determine the 50% force withdrawal threshold using an iterative method. For exploratory
locomotor activity, animals were tested in clear vivarium plastic cages (42×25×20 cm) surrounded by a cage
rack Photobeam Activity System (San Diego Instruments, San Diego, CA) in which beam interruptions are
automatically recorded. All behavioral tests were performed by an investigator blinded to the study groups
and to the identification of animals.

Histology, Immunohistochemistry and Histomorphometry
At 4 and 8 weeks post-DMM or post-sham surgery, animals were terminally anesthetized and
perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate buffered
saline (PBS, pH 7.4). Entire knee joints were then dissected for histology, macroscopic analyses, and µCT
imaging. Knee joints (n=10 per group) were serially sectioned in the sagittal plane, and 3-4 representative
mid-sagittal 7-μm-thick sections were selected and stained with Safranin-O for histological evaluation. OA
grade was determined using the OARSI scoring system [4]. The L3-5 DRGs were dissected and post-fixed
for 24 h at 4°C, then processed for paraffin embedding.
Human synovial tissues obtained within 24 h of death from donors were harvested immediately after
opening the knee joint capsule by an experienced technician. Synovial tissues obtained during arthroscopic
knee procedures were selected by the orthopedic surgeon. Synovial tissues adjacent to the medial
tibiofemoral compartment were selected for the immunohistological analyses because prior study showed
higher prevalence and severity of OA synovium in these sites [5]. Importantly, efforts were made to ensure
that all synovial tissues were selected from the same area. After harvesting, fat tissues from synovial
tissues were removed and immediately fixed in 4% paraformaldehyde. After dehydration in ethanol,
specimens were embedded in paraffin, taking care to orientate them so that whole thickness of the synovial
membrane can be obtained in the section. Serial transverse 7-μm-thick sections were cut and analyzed for
the immunohistological evaluation.

Primary antibodies used were ATF4, CD11b (Santa Cruz Biotechnology Inc, Santa Cruz, CA),
CD31, CD68, CGRP, NGF, TrkA, VEGF (Abcam, Cambridge, MA), IL-1β, TNFα (Novus Biologicals,
Littleton, CO), MAP2, NeuN, PKCphospho-PKC (Ser645) (Millipore, Billerica, MA), PGP 9.5 (Ultracone,
Cambrige, UK), pERK1/2 (Cell Signaling, Danvers, MA). Immunohistochemical staining was performed
using the standard avidin-biotin-peroxidase complex technique. Sections were then visualized using a
Vectastain Kit (Vector Laboratories, Burlingame, CA) followed by counterstaining with hematoxylin. For
immunofluorescence staining, an appropriate secondary antibody conjugated to a fluorescence probe was
added, incubated at room temperature for 1 hour, rinsed in PBS, and mounted in an anti-fading mounting
media (Vector Laboratories, Burlingame, CA). Results were obtained using an Olympus BX43 upright
microscope (Olympus Optical, Tokyo, Japan). Double immunofluorescence staining was performed by the
sequential addition of primary and secondary antibodies followed by incubation with appropriate secondary
antibodies coupled to Alexa-488 or Alexa-543 fluorochromes (Life Technologies, Carlsbad, CA).
To quantitatively assess changes in the density of nerve fibers sprouting and in neovascularization
in the mouse knee joint, images from five different sections per group were analyzed using Image J
software (NIH, Bethesda, MD). First, sections were observed at low power (X10) to identify areas with the
highest nerve fiber or capillary density in the synovium. Nerve sprouting and neovascularization were
consistently present in the synovium adjacent to the medial meniscus. Three images per section were
acquired within the medial synovium and analyzed for quantitative histomorphometric analyses. To ensure
consistency, for all different animal groups, the same regions were selected for the immunohistological
analyses. In order to reduce non-referred fluorescence signals, all specimen staining and image acquisition
were done in parallel for the entire set, with identical image acquisition settings and exposure times. PGP
9.5-positive nerve fibers and CD 31-positive blood vessels were calculated as the density of nerve fibers or
blood vessels area divided by the total area examined (μm2/μm2). For nerve fiber sprouting and
neovascularization quantitation, all sections were analyzed in three different selected areas of 75 μm × 50
μm. For fluorescence intensity (FI) measurement, values from mice or humans (5 different tissue slides per
group) were measured. Background intensity was subtracted, and the results are presented in arbitrary
units (a.u.). For histomorphometric analyses, the percent of positively stained cells for an average of 3 fields
in each slide were counted using Image J (NIH). Immunostained pictures obtained at 200X magnification

(n=5 per group), representing the medial femoral condyle and the tibial plateau of mice tissues, and medial
femoral condyle of human tissues, were used for histomorphometric analyses. For each immunostaining
experiment, a negative control without primary antibody was included. Two different blinded investigators
performed all histomorphometric analyses.

Macroscopic Imaging and μCT
Gross knee-joint pathology was evaluated by India ink application followed by surface photography
using a Nikon dissecting microscope (SMZ1000, X6) (Nikon Instruments Inc, Melville, NY). Abnormalities
were evaluated by two blinded observers. Structural alterations of articular cartilage surface and
subchondral bone architecture were evaluated by µCT scans using standard procedures we described
previously [6]. Scanning was conducted within a 10-mm region of the intact mouse knees at 10-µm
resolution (20-mm tube, high resolution at 55 kVP, 145 µA, 300 msec integration time) using a Scanco
Model 40 Desktop µCT (Scanco Medical, Basserdorf, Switzerland).

Human Primary Cell Isolation and Culture
Human articular cartilage cells and synovia were obtained through the Gift of Hope Organ and
Tissue Donor Network (Elmhurst, IL). As we previously described [7], human chondrocytes were released
by enzymatic digestion, and the cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 (1:1) containing 10% fetal bovine serum and antibiotics (complete media). For isolation of human
synovial fibroblasts, synovial tissues were finely minced and tissue suspensions were seeded in DMEM
media supplemented with 10% FBS. Human primary pulmonary artery endothelial cells were cultured as we
previously described [8].

Transient Transfection of siRNA
Human primary cells were transiently transfected with validated PKC siRNA (LifeTechnologies,
Carlsbad, CA) or mock (transfection reagents only) using either the Nucleofector™ kit (Lonza, Walkersville,
MD) or Lipofectamine 2000 system (Life Technologies, Carlsbad, CA) as described previously [9]. After 48
h, cells were harvested, and total RNA isolation was performed for further experimentation.

Whole Knee Joint RNA isolation
Total RNA was isolated from whole mouse knee joints. Soft tissues were cleared from knee
epiphyses and the knee joints were cut with a scalpel at standardized sites of the tibial and femoral heads.
The tissues (including synovium, bone and adjacent tissues) were then snap frozen in liquid nitrogen,
pulverized and total RNA was extracted from individual homogenized joints (a non-pooling strategy was
used) using Trizol reagent (Life Technologies, Carlsbad, CA), following the manufacturer’s instructions.

Reverse Transcription and Real-Time Polymerase Chain Reaction
Reverse transcription (RT) was carried out with 1 μg total RNA using the ThermoScript

TM

RT-PCR

system (Life Technologies, Carlsbad, CA) for first strand cDNA synthesis. For real-time PCR, cDNA was
amplified using the MyiQ Real-Time PCR Detection System (Bio-Rad, Hercules, CA). Relative mRNA
expression was determined using the

ΔΔ

CT method detailed by the manufacturer (Bio-Rad, Hercules, CA).

GAPDH was used for the internal control. The values represent the mean of 3-5 different donor samples in
three separate experiments. The primer sequences will be provided upon request.

Intra-articular Anti-NGF-2.5S injection and Retrograde NGF-Biotin transport
Ten-week old PKC null and WT mice underwent either DMM surgery or sham surgery in the left
knee joint. From the second week after DMM surgery, the animals received intra-articular (IA) injections of
30µg Anti-NGF-2.5S antibody (Sigma, St. Louis, MO) in 5 µL saline (n=10) or saline control (n=10), twice
weekly until 8 weeks post-DMM surgery. The sham group (n=10) also received twice a week IA injections of
saline for 8 weeks. Due to the shorter duration of action of the anti-NGF antibody in prior mouse studies
[10], bi-weekly IA anti-NGF injection was performed in our experimental protocol. For retrograde NGF
transport studies, mNGF2.5S-Biotin (1μg/knee joint) was administered IA in the left knee joint of DMM
surgery or sham surgery mice (n=4/per group) 3 days before the animals were euthanized. mNGF 2.5SBiotin was kindly provided by Alomone Labs (Jerusalem, Israel). Mice were terminally anesthetized and
perfused transcardially with 0.9 % saline followed by 4 % paraformaldehyde (PFA) in 0.1 M phosphate
buffered saline (PBS, pH 7.4). Lumbar dorsal root ganglions were obtained at 8 weeks post-DMM for NGF-

Biotin retrograde transport analysis. L3-5 DRGs were post-fixed for 24 h at 4°C and then processed for
paraffin embedding. Five-μm sections were incubated with 20μg/mL proteinase K for 10 min at 37°C followed
by several washes in PBS. Sections were then incubated in a 1:10 dilution of Streptavidin-Alexa Fluor 488
(Life Technologies, Carlsbad, CA) for 5 h at room temperature followed by NeuN double
immunofluorescence staining. Slides were mounted in antifading mounting media (Vector Laboratories,
Burlingame, CA) and examined using an Olympus BX43 upright microscope (Olympus Optical, Tokyo,
Japan).
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SUPPLEMENTARY FIGURES AND TABLES
Supplementary Figure S1

Supplementary figure S1. qPCR analyses in human fibroblast-like synovial cells and chondrocytes.
(A,B) mRNA levels were quantified by qPCR in human fibroblast-like synovial cells after transfection with
siRNA that targets PKC. The knockdown of PKC upregulates mRNA levels of NGF/TrkA and
BDNF/substance P (P <0.05). Values are presented as mean±SD. (C-E) Human chondrocytes were
transfected with siRNA that targets PKCδ. There were no changes in mRNA levels of NGF/TrkA (C),
Substance P/BDNF (D) and VEGF/ATF4 (E) after knockdown of PKC in human chondrocytes.

Supplementary Figure S2

Supplementary figure S2. NGF and TrkA expression in articular cartilage after DMM. Representative
immunofluorescence images of NGF (green) (a) and TrkA (b) expression in the articular cartilage of
PKC-/- and WT mice. DAPI stains nuclei (blue). C = Cartilage; SCB = Subchondral bone. Scale bars, 50
μm, n=5 each group. (c,d) Quantitative analyses of NGF and TrkA expression in cartilage. Values are
presented as mean ± SD (Compared between WT sham and DMM *, P <0.05; Compared between
PKC-/- mice sham and DMM #, P <0.05)

Supplementary Figure S3

Supplementary figure S3. Decreased macrophage infiltration in knee joint synovium of PKC-/- mice
after DMM. The ipsilateral knee joints of the sham and the DMM surgery groups were immunostained for
CD11b, a marker for macrophage activation, at 4 and 8 wks post-DMM. Representative fluorescence
images indicate progressively increased macrophage activation (green) in WT after DMM, compared to
PKC-/- mice. Arrows indicate CD11b+ cells. DAPI stains nuclei (blue). Scale bars, 50 μm, n=5 per group.

Supplementary Figure S4

Supplementary figure S4. Activity of PKC in human knee joint synovium. (A) Representative images
of phospho-PKCSer645) expression in human joint synovium. (B) Quantitative analysis of phosphoPKCSer645) expression in human synovium. Values are presented as mean±SD (Compared between
asymptomatic and symptomatic group: **, P <0.01. DAPI stains nuclei blue. G= OA Grade. Scale bars,
50m. FI=fluorescence intensity; a.u.=arbitrary unit.

Supplementary Figure S5

Supplementary figure S5. Expression of NGF in human knee joint synovium. (A) Double
immunofluorescence staining of NGF (green) and CGRP (red) in human knee joint synovium. Arrows
indicate co-localization of NGF with CGRP+ peptidergic sensory nerve fibers. (B) Double
immunofluorescence staining of NGF (green) and CD68 (red) in human knee joint synovium.
Arrowheads indicate few macrophages expressing NGF. Scale bars, 50 μm, n=6 per group. DAPI stains
nuclei (blue).

Supplementary Figure S6

Supplementary figure S6. Expression of NGF and TrkA in human adult articular cartilage. Human knee
joint cartilage tissues from asymptomatic organ donors (G:0-G:4) and age-matched symptomatic OA
patients (surgically removed tissues) were immunostained for NGF and TrkA. (A) Representative images
of NGF expression in human articular cartilage. (C) Expression of TrkA in human articular cartilage.
Positive cells stain brown. Nuclei are counterstained with hematoxylin (blue). Scale bars, 50 μm, n=6 per
group. (B,D) Histomorphometric analyses of NGF and TrkA expression in human articular cartilage.
Values are mean ± SD (Compared with Normal *, P <0.05).

Supplementary Figure S7

Supplementary figure S7. Increased ERK activation in DRG neurons of PKC-/- mice after DMM. (A-C)
Double immunofluorescence staining of NeuN (red) (A), and phospho-ERK (p-ERK, Thr202/Tyr204)
(green) (B), in DRGs of PKC-/- and WT mice. (C) White arrows indicate p-ERK co-localized DRG
neurons. Note that satellite cells (blue arrows) also express p-ERK during OA progression. (n=5 per
group). All scale bars, 100m.

Supplementary Figure S8

Supplementary figure S8. Schematic diagram of knee OA joint pain progression between
asymptomatic and symptomatic conditions. Normal knee joints contain few sensory neurons. In
asymptomatic OA, levels of inflammatory cytokines and chemokines and angiogenic factors, but not
NGF, are significantly increased in joint synovium. In the lack of afferent sensory neuronal fibers that can
sense the inflammatory signal by "nerve firing," the OA condition will be asymptomatic. Heavily
innervated synovial joints are seen in symptomatic OA joint tissues. The upregulated NGF within the
synovial joint can be transported retrogradely to DRG neurons through TrkA present on afferent sensory
nerve terminals; this, in turn further promotes axonal outgrowth. NGF activation of ERK/MAPK may play
a role in centralization of OA pain. (modified from www.depositphotos.com)

