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Abstract

Nerve growth factor (NGF) is a neurotrophin that has been implicated in pain signaling,

apoptosis, inflammation and proliferation. The resultant effects depend on interaction

with two different receptors; tyrosine kinase A (TrkA) and p75NTR. NGF increases in

synovial fluid from osteoarthritic joints, and monoclonal antibody therapy is trialed to

treat osteoarthritis (OA)‐related pain. Investigation of the complex and somewhat

contradictory signaling pathways of NGF is conducted in neural research, but has not

followed through to orthopaedic studies. The objectives of this study were to compare

the expression of NGF receptors and the downstream regulator BAX in synovial

membranes from joints in various stages of OA. The horse was used as a model.

Synovial membranes were harvested from five healthy horses postmortem and from

clinical cases with spontaneous OA undergoing arthroscopic surgery for lameness.

Four horses with synovitis without gross cartilage changes, four horses with synovitis

and cartilage damage, and four horses with synovitis and intracarpal fractures were

included. Samples were investigated by immunohistochemistry and results showed

that nuclear staining of TrkA, p75NTR and BAX increases in OA‐associated synovitis.

TrkA expression increased in early disease stages whereas increases in p75NTR were

most prominent in later disease stages with cartilage damage and fibrosis. Clinical

significance: Suppression of NGF may result in varied effects depending on different

stages of the osteoarthritic disease process.
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1 | INTRODUCTION

Nerve growth factor (NGF) is a neurotrophin that since its discovery

in the 50s1 has been implicated in a wide range of physiological

and pathological processes such as nerve development, growth and

survival, pain signaling and inflammation.2–4 The resultant effects of

NGF depend on receptor interaction with two different receptors;

tyrosine kinase A (TrkA) and pan‐neurotrophin receptor (p75NTR). NGF

is secreted in both a mature form (mNGF) and in a proform (proNGF),

although many studies do not specify what forms are studied. The

current understanding is that mNGF binds preferentially to TrkA, while

proNGF has been shown to have greater affinity for the p75NTR

receptor.5,6 TrkA binding promotes nerve growth and survival. p75NTR

binding to proNGF in the absence of TrkA can reduce nerve growth or
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induce apoptosis via activation of Bcl‐2‐Associated X protein (BAX).7–9

Both receptors impact on transmission of pain signals10 and NGF has

been shown to cause direct neuronal sensitization11 and nerve

sprouting,12 which could cause increased nociception.

Human patients with osteoarthritis (OA) of the knee have been

shown to have increasing synovial fluid concentrations of NGF with

increased disease severity,13 and serum NGF has been shown to be

higher in OA patients compared to healthy controls.14 Since OA is a

whole joint disease and not only defined by articular cartilage

pathology, the synovial membrane likely has an integral role in the

OA disease process.15,16 Synoviocytes have been shown to express

NGF and NGF receptors and the expression was increased after

stimulation with interleukin‐1 and tumor necrosis factor‐α, indicating

an influence of inflammation.14,17

The horse has been suggested as an animal model for studying

disease mechanisms in human OA.18,19 Horses have a genome structure

with substantial synteny with humans,20 develop OA spontaneously

without iatrogenic intervention and provide an approximation for

human OA in terms of cartilage thickness and morphology.18,21 The

possibility of harvesting cartilage and synovial membrane specimens and

chondrocytes from articular cartilage from euthanized horses immedi-

ately post mortem provides good access to material, both from healthy

and diseased joints. Moreover, the horse has been shown to have

increased concentrations of NGF in articular chondrocytes, synovial

membranes and synovial fluid of OA joints compared to healthy

joints,22,23 which is in agreement with findings in humans.13,24

Most published studies so far use commercial antibodies that are

directed at epitopes on the mature form of NGF, and these do not

distinguish between mature and proNGF. In addition to this, it has been

shown that proNGF function can change according to the relative

expression of TrkA and p75NTR7 and further investigation of receptor

expression is therefore important to increase understanding of the

effects of NGF. Several immunohistochemistry studies have examined

NGF receptor expression in rheumatoid arthritis,17,25,26 but information

on receptor expression in spontaneous OA including comparisons with a

healthy control group is, to the best of the authors' knowledge, lacking.

This study aimed to compare the expression of NGF receptors

and the downstream regulator BAX in synovial membranes from

healthy equine joints and from equine joints in various stages of

symptomatic OA determined by the morphological phenotype that

can be visualized by arthroscopic surgery.

The hypothesis was that receptor expression would increase in

synovial membranes with morphological changes consistent with

synovitis, compared to synovial membranes harvested from healthy

joints. The hypothesis was also that receptor expression would vary

in different disease stages of OA and that BAX expression would

increase with increased p75NTR 27 in more advanced OA.

2 | METHODS

Sample collection was approved by the Ethical Committee on Animal

Experiments, Uppsala, Sweden (Dnr: 5.8.18‐02896/2018).

2.1 | Horses

Synovial membranes from healthy and OA carpal joints were

sampled for immunohistochemistry and owner consent was

obtained before sampling. Healthy joints were sampled from horses

euthanized for reasons unrelated to the musculoskeletal system.

Joints had macroscopically normal cartilage on post mortem

arthrotomy. Synovial membranes and full‐thickness cartilage

samples from the radial facet of the third carpal bone (C3) were

obtained within 1 h of euthanasia and placed in 10% neutral

buffered formalin for 2–4 days before paraffin embedding. Before

inclusion of healthy joints, cartilage samples were stained with

hematoxylin and eosin (H&E) and examined by light microscopy to

rule out changes consistent with early OA. Osteoarthritic carpal

joints were sampled from clinical cases during arthroscopic surgery.

Three groups of horses were included: horses with synovitis but no

gross cartilage changes, horses with synovitis and macroscopically

visible cartilage damage and horses with synovitis and intra‐carpal

fractures. Horses were grouped according to the clinical diagnosis

made by the attending surgeon.

2.2 | Synovial membrane grading

All synovial membranes were sectioned and stained with H&E. They

were evaluated for degree of cellular infiltration, vascularity, intimal

hyperplasia, subintimal edema and subintimal fibrosis. Grading of

these parameters was performed according to a previously published

method28 by a board certified veterinary pathologist (SE) blinded

to sample identity. The total score was used to divide specimens

into groups based on severity of synovitis; normal (score 0−4), mild to

moderate synovitis (score 5–9) and severe synovitis (score ≥10).

Fibrosis was selected as an additional way of evaluating chronicity

and three groups were identified; no or very slight fibrosis

(score 0–1), mild fibrosis (score 2) and moderate to marked fibrosis

(score 3–4).

2.3 | Immunohistochemistry

Slides (4 µm) were deparaffinized and rehydrated. Phosphate

buffered saline was used for all washes. After antigen retrieval in a

60°C water bath for 2 h, endogenous peroxidase activity was

quenched with 3% hydrogen peroxide for 5 min. Nonspecific binding

was blocked with Normal Goat Serum (X0907; Dako) for 30min.

Primary antibodies were diluted and added to the sections; TrkA:

1:1500 (polyclonal, LS‐C389392; Nordic BioSite), p75NTR: 1:2000

(polyclonal, ABIN1917233; Antibodies Online) and BAX: 1:800

(AF820; R&D systems). Rabbit IgG (X0903; Dako) was run in parallel

on all sections as a negative isotype control, using identical protein

concentrations as for the primary antibodies. The sections were

incubated at 4°C overnight, thereafter incubated with secondary

antibody (EnVision K4003; Dako) for 30min and stained with
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3,3′‐diaminobenzidine tetrahydrochloride (DAB) in organic solvent

for 2 or 6min, respectively, for TrkA and p75NTR/BAX. Nuclei

were counter‐stained with Mayer's hematoxylin. Finally, sections

were dehydrated and mounted. Equine spinal cord was used as a

positive control for TrkA and p75NTR, a lymph node with malignant

lymphoma was used as a positive control for BAX.29

All slides were stained simultaneously for each antibody, to

decrease batch‐to‐batch variation in staining outcomes.

For estimation of the amount of positive synoviocytes in

each sample, 100 cells in each of 10 randomly selected high

power fields (HPF, ×60 magnification) were evaluated for positive

intranuclear immunohistochemistry staining.30,31 When there

were not enough cells in one HPF to fill the quota, counting

was continued in an immediately adjacent field. Slides were coded

to decrease the risk of evaluator bias. In addition, to evaluate total

staining (cytoplasmic and nuclear), slides were analyzed with

ImageJ software (Fiji Downloads, ImageJ, National Institute

of health, Bethesda, MD). Ten HPF (×40 magnification) were

photographed from each slide.31 Images were colour deconvo-

luted to separate the DAB positive areas. The software set the

thresholds and the same settings were used for all images within

the same antibody staining. Relevant areas containing synovio-

cytes were manually annotated, avoiding areas of vessels or

subsynovial fibrous tissue. The mean percentage (%) stained area

was then calculated.

2.4 | Statistical analysis

Statistical analyses were performed using a commercial statistical

software program, JMP Pro 16.0 (JMP Nordics). Residuals were

confirmed to be normally distributed. The total synovitis score and

the percentage of stained nuclei or total area staining in the four

clinical groups were compared using analysis of variance and least

square means estimates. Total synovitis score or percentage of

positive staining was selected as the response variable with

clinical diagnosis selected as model effect. Tukey's test was used

for testing pairwise differences. In addition, fibrosis scores were

compared between clinical groups and total and nuclear staining

in groups based on total synovitis score or fibrosis score were

compared as described above. The same analysis was used to

investigate the impact of sex. Correlation between age and

positive staining was tested by bivariate analysis.

The results are presented as mean ± SD and significance level

was set at p < 0.05.

3 | RESULTS

3.1 | Horses

Sampled horses were 2–12 years old and four different breeds

were represented. Stallions, geldings and mares were sampled.

A total of 17 carpal joints were included in the study; five healthy,

four with synovitis and macroscopically normal articular cartilage,

four with synovitis and articular cartilage damage and four with

synovitis and intra‐articular fractures with associated articular

cartilage and subchondral bone damage. Three samples were

obtained from radiocarpal joints, and the rest were sampled from

intercarpal joints. All horses with synovitis were clinically lame at

the time of sampling. For demographic data, see Table S1.

3.2 | Synovial membrane grading

The healthy joints had lower total synovitis scores than the OA joints

(p < 0.01), but there were no statistical differences for mean total

synovitis score between the OA groups (p = 0.60). Fibrosis scores were

not significantly different between the synovitis groups (p = 0.16).

Total scores and fibrosis scores for the different groups are presented

in Figure 1. The complete synovitis scoring of the synovial membranes

is presented in Table S2.

3.3 | Immunohistochemistry

The % positive nuclear staining for TrkA was higher in horses with

synovitis only and in horses with synovitis and articular cartilage

changes, compared to healthy synovial membranes. The staining

in horses with intracarpal fractures was inconsistent with scarce

staining in some individuals and abundant staining in others

(Figures 2–4 and Figure S3).

The % positive nuclear staining for p75NTR was higher in horses

wit more advanced disease of the cartilage; the group with synovitis

and cartilage changes as well as the carpal fracture group had

significantly more abundant nuclear staining compared to the healthy

group (Figures 2 and 3 and Figure S3).

The % positive nuclear staining for BAX was higher in all

synovitis groups compared to healthy synovial membranes (Figures 2

and 3 and Figure S3).

There were no statistically significant differences in total TrkA,

p75NTR or BAX staining between OA groups (nuclear + cytoplasmic

area stain evaluated by ImageJ analysis).

When horses were grouped according to the histologic synovitis

scores instead of according to the clinical diagnosis, TrkA, p75NTR and

BAX nuclear staining was significantly increased in synovial mem-

branes with total synovitis scores >5 compared to those with scores

<5. When groups were based on fibrosis score only, nuclear TrkA

staining was increased in groups with scores ≥2, compared to the

group with scores 0–1. For p75NTR and BAX, nuclear staining was

only significantly increased in the group with the highest fibrosis

scores of 3–4 (Figure 5). There were no statistical differences in total

staining (nuclear + cytoplasmic area stain) between groups (data not

shown). There was no correlation between age and % staining and

there was no difference due to sex for any of the receptors (data not

shown).
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4 | DISCUSSION

This is the first study to show NGF receptor expression in equine

synovial membranes, and to show differences in receptor expression

in different stages of OA.

TrkA staining was increased in early OA disease stages

represented by synovitis without gross articular cartilage changes,

whereas p75NTR increases were most prominent in later stages

with articular cartilage damage and synovial fibrosis. These

results are in line with previous findings that expression of

inflammatory markers in synovial membranes differ between early

and late OA.32

Quantification of nuclear staining was utilized as a way of

indicating receptor activation33,34 and this was increased for TrkA in

early OA disease stages without macroscopic cartilage lesions. The

p75NTR receptor staining was only significantly increased in synovial

membranes from joints with macroscopic articular cartilage changes,

a later stage of OA.

Our results showed an increased expression of BAX in all

synovitis groups, compared to healthy synovial membranes. NGF

binding to p75NTR without involvement of TrkA can activate the

c‐Jun N‐teminal kinase (JNK) pathway.9 JNK causes a conformational

change and polymerization of cytoplasmic BAX. These polymers form

pores in the mitochondrial membranes, leading to the release of

cytochrome C and subsequent activation of caspases, initiating

apoptosis.8 However, it was not the synoviocyte cytoplasm but the

nucleus that showed a marked increase in BAX staining in diseased

synovial membranes. The apoptotic effects of BAX have been shown

to vary in different cell types35 and regulatory functions of cell

growth and differentiation have been suggested for intranuclear

BAX.36

Immunohistochemistry provides a snapshot image of the

receptor expression in the synovial membranes. Although epitopes

are identified, it is not possible from the present study to discern

the activation of downstream signaling. Not only membrane bound

receptors, but also cleaved internal fragments can be biologically

active in the complex signaling systems. p75NTR can bind to several

neurotrophins (e.g., BDNF, NT‐3, and NT‐4) and interacts with a

multitude of coreceptors, creating varied downstream signaling

events (reviewed in37,38). TrkA is more specific for NGF and is

activated by phosphorylation of the cytoplasmic domain after

binding. The NGF‐bound TrkA is also internalized via endocytosis

and can be transported retrograde toward the soma in nerve cells

(reviewed in Marlin & Li39). This can promote several downstream

signaling pathways and TrkA receptor stimulation can increase cell

proliferation in synoviocytes.14 TrkA binding to NGF is enhanced by

the presence of p75NTR.40 It is possible that intranuclear staining of

p75NTR represents pathways with TrkA interaction, as well as with

other co‐receptors. The multiple possible pathways could be the

reason why differences were not detected between groups when

evaluated for total staining, as this will represent receptors in

various stages; nuclear (active signaling), cytoplasmic (active

signaling and/or endocytosed receptor fragments) and membrane

bound receptors (active signaling as well as unbound, inactive

receptors).

In immunohistochemistry, batch‐to‐batch variation in staining

intensity can vary considerably.41 As the TrkA and p75NTR receptor

expression has not previously been quantified in different stages of

OA, an effort was made to only compare within‐batch stainings for

a specific antibody. Due to this, the sample sizes are small and it is

possible that some differences in receptor expression between

healthy and inflamed synovial membranes were missed.

Receptor expression in different stages of OA warrants further

research and failure to acknowledge the complexity of NGF

receptor signaling may create problems in a future clinical setting.

F IGURE 1 Total synovitis score and fibrosis score for the healthy
and OA groups classified according to McIlwraith et al.28 Bars show
means ± SD. Mean total score for healthy joints was lower than
means for OA joints (p < 0.01) but the OA group means did not differ
from each other (p = 0.50). Mean fibrosis score was lower for healthy
joints than for OA joints (p < 0.001) but the OA group means did not
differ from each other (p = 0.16). OA, osteoarthritis
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Anti‐NGF antibody has shown promise as a novel treatment for

OA‐associated pain in patients refractory to traditional analgesic

treatments.42 In 2010, trials were temporarily halted due to adverse

events related to unexplained, rapidly progressing OA in some test

subjects. The risk of occurrence had a dose‐response relationship

and also seemed to be increased with concurrent NSAID treat-

ment.43 Phase III trials have since been resumed with measures

such as restricted concurrent NSAID use, close monitoring of OA

progression and use of lower treatment doses. Despite this, 1–3%

of the subjects in the treatment groups experienced rapidly

progressing OA in one phase III trial with long‐term follow‐up.42

The reason for this is still unclear and no drugs have so far (2022)

been approved for clinical use. If the relative TrkA/p75NTR receptor

expression in different stages of OA varies, or if individual

differences in receptor expression occur, the effect of inhibiting

NGF could also be varied. Anti‐NGF therapy in a state of TrkA

receptor dominance could inhibit signaling of growth and repair,

while it could inhibit apoptosis in the presence of abundant p75NTR

receptor expression, as has been shown in other cell types.2

Performing the study on clinical, client‐owned cases had the

disadvantage that it was not possible to fully control for factors

such as prior treatment or level of training, and microscopic

evaluation of articular cartilage was not possible. Using client‐

owned horses instead of experimental animals also limited the

information on disease duration. It is very common for owners and

trainers to be unaware of mild lameness in horses44 and as this

F IGURE 2 TrkA: Quantification of nuclear
staining of TrkA. Staining is increased in the
groups with synovitis (61% ± 12) and
synovitis + articular cartilage changes (57% ± 8)
compared to healthy (1% ± 1). p75NTR:
Quantification of nuclear staining of p75NTR.
Staining is increased in the synovitis + articular
cartilage changes group (58% ± 7) and in the
intracarpal fracture group (48% ± 21) compared to
healthy (12% ± 14). BAX: Quantification of
nuclear staining of BAX. Staining is increased in all
synovitis groups (49% ± 9 for synovitis only,
52% ± 6 for synovitis and articular cartilage
changes and 34% ± 18 for intracarpal fractures)
compared to healthy (9% ± 8). There were no
statistical differences in mean nuclear staining
between different synovitis groups for either
receptor. Bars indicate SD from mean. Asterisks
indicate statistically significant difference from
healthy; *p < 0.05, **p < 0.01, ***p < 0.001. BAX,
Bcl‐2‐Associated X protein; p75NTR, pan‐
neurotrophin receptor; TrkA, tyrosine kinase A
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could create information bias, collection of data on disease

duration was not attempted. For six horses a full treatment history

could not be obtained hence it is possible that some of these

individuals had received intra‐articular treatments some weeks

before surgery. However, all OA horses were lame at the time of

sampling, and synovial membrane histology confirmed the

presence of synovitis. The carpal fracture group had a high degree

of intranuclear p75NTR, but total p75NTR stain was inconsistent

(Figure S3). This could be due to individual variation or to the fact

that the p75NTR receptor has many different ligands that it may

respond to, making expression less relatable to NGF dynamics

only. However, intranuclear TrkA staining also varied markedly in

this group as demonstrated in Figure 4. It is possible that, although

the carpal fracture group shared a common phenotype and all

had evidence of synovitis, the pathogenesis and disease duration

for the fractures could be different. Horses were of different

breeds and two of the horses in the carpal fracture group were

used for racing whereas the two Warmbloods would have been

intended for lighter work such as pleasure riding. Some horses

could have had progressive OA with secondary fractures, whereas

some could have been traumatic fractures caused by excessive

forces during exercise.45 The groups were considered too small

F IGURE 3 Expression of TrkA, p75NTR and BAX in synovial membranes from a healthy horse, a horse with synovitis without visible articular
cartilage changes, and a horse with synovitis + visible articular cartilage changes. Isotype controls are selected from the TrkA staining but are
representative of isotypes from all experiments (×40, scale bar: 50 µm).BAX, Bcl‐2‐Associated X protein; p75NTR, pan‐neurotrophin
receptor;TrkA, tyrosine kinase A

F IGURE 4 Expression of TrkA in synovial membranes from two horses with intracarpal fractures representing different nuclear staining
patterns. (A) Synoviocytes with abundant intranuclear staining (arrows) and cytoplasmic staining only (arrowhead). (B) Synoviocytes with
cytoplasmic staining only. In both (A) and (B) there is a marked extracellular matrix staining (asterisks). Total synovitis score for the two horses
were 9 (left) and 8 (right) (×40, scale bar: 50 µm). BAX, Bcl‐2‐Associated X protein; p75NTR, pan‐neurotrophin receptor;TrkA, tyrosine kinase A
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to provide conclusive data on the impact of breed on receptor

expression.

There are substantial advantages of using clinical cases as

supposed to creating adjuvant inflammation for the study of receptor

expression when aiming to make inferences to human OA. Creating

adjuvant inflammation will produce an acute inflammatory process in

a previously healthy joint. This may cause different pathological

processes than those represented in naturally occurring OA disease.

The same applies to models of traumatic OA, where acute destabiliza-

tion and/or joint surface incongruity in a previously healthy joint is not

equal to spontaneous and often slowly progressing disease involving all

joint structures. Innate immunity is involved in disease progression in

OA and the systemic inflammatory processes of chronic OA46 is not

present in OA models using healthy research animals. The clinical

cases in the present study represent naturally occurring OA disease in

varied stages and include individual variation. Also, no animals were

subjected to any procedures for the sole purpose of research, in line

with the 3Rs.

In summary, the results of this study show that the NGF receptor

and BAX expression in equine synovial membranes is increased in

synovitis, and that there may be disease stage‐related differences in

the relative receptor expression. This study provides information

that can be used for planning of study protocols and sample size

calculations for further research on TrkA and p75NTR expression and

signaling pathways in human OA.
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