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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 OA-
associated 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
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 nor-
mally 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 fun-
damental clinical discrepancy remains—the degree
of cartilage degeneration from radiographic and
histological evidence does not correlate with per-
ceived levels of pain sensation.4–6 Up to 40% of
patients with severe radiographic changes in knee
joints are symptom-free, indicating that joint path-
ology can be uncoupled from pain sensation.7 The
mechanism by which OA develops from an asymp-
tomatic 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 con-
dition to a painful disease. Using an experimental
OA model involving destabilisation of the medial
meniscus (the DMM model) in mice,8 9 we com-
prehensively analysed the pathological role of
protein kinase Cδ (PKCδ), a key mediator of cartil-
age 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 inde-
pendently 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 out-
growth 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 wild-
type (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 signifi-
cant 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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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 chon-
drocytes 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) com-
pared 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 WTand 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, macro-
phages). 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 syno-
vium. 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 syno-
vium 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 asymptom-
atic 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).

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.
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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 anti-
inflammatory 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 pro-
duction, we examined expression levels of TNFα and IL-1β—
two representative pro-inflammatory cytokines in OA path-
ology.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, expres-
sion 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 fea-
tures that mimic those seen in OA patients with chronic joint
pain. Induction of OA by DMM surgery resulted in progressive

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 vascula-
ture 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 tran-
scriptional factor that regulates angiogenesis.22 The ATF4 expres-
sion 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 intro-
duction 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 neur-
onal plasticity that transmits pain signals that involve alterations
in gene expression in DRG sensory neurons.19 23 Upon induc-
tion of knee OA pain in mice at 4 and 8 weeks post-DMM, we
isolated ipsilateral L3–5 DRGs and did biochemical and molecu-
lar analyses. We found a striking suppression of PKCδ expres-
sion 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,

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.
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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 sus-
tained ERK activation plays a key role in centralisation and
maintenance of chronic pain.24 Our immunofluorescence stain-
ing 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 per-
ipheral 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 allevi-
ates OA hyperalgesia. This beneficial function of PKCδ in redu-
cing 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 path-
ology 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 treat-
ments 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

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.
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axis in DRG neurons. Our results provide a mechanistic under-
standing of the findings of McNamee and colleagues,27 who ele-
gantly 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 car-
tilage degeneration. Our results strongly suggest that fibroblast-
like 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 previ-
ous studies that indicate that NGF and chemokines are produced
by inflamed fibroblast-like synovial cells and human OA chon-
drocytes.28–30 In addition, an increase in levels of NGF in

human OA may promote angiogenesis and osteochondral vascu-
larity.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 per-
ipheral 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 patho-
logical 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

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.
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induction of subchondral neovascularisation at 4 and 8 weeks
post-DMM (unpublished data); yet, we note that an overt angio-
genic 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

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.
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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
OAwas induced by DMM as we previously described.9 For add-
itional details, see online supplementary methods.

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

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 supple-
mentary methods.

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.

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

Intra-articular anti-NGF-2.5S injection and retrograde
NGF-biotin transport
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 ana-
lysis 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.
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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 (8th 

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)/F-

12 (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 ΔΔCT 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 2.5S-

Biotin 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 phospho-

PKCSer645) 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) 
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