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Degenerative joint disease in man and dog 
The musculoskeletal system incorporates bones, cartilage, skeletal muscles and connective 
tissues. It provides form, stability, strength and protection while it enables movement. 
During life, the musculoskeletal system can be burdened with lack of exercise and physical 
overload, making it susceptible to wear-and-tear. Two of the most important 
musculoskeletal diseases are osteoarthritis (OA) of joints such as the knee and low back pain 
(LBP) due to intervertebral disc degeneration (IVDD). In the Netherlands alone, 1.25 billion 
people were affected by OA in 2016 1. Over 80% of the population will experience an 
episode of LBP at least once in their lives, half of which are young to middle-aged people 2. 
Globally, LBP ranks highest in terms of disability 3. Osteoarthritis and IVDD are complex and 
multifactorial diseases and can be influenced by several factors, such as (epi)-genetic 
modifications, sex, ethnicity and age, but can also be aggravated by obesity, metabolic 
syndrome, sedentary lifestyle and injuries 4-6. For example, the incidence of hand OA is 
expected to increase due to the use of smart-phones, tablets, keyboards and mice. 
Musculoskeletal diseases cost the European Union up to 2% of gross domestic product (GDP) 
annually. These costs are related to both direct health care costs and indirect losses due to 
reduced performance at work and work absence. Patients with chronic LBP are at higher risk 
of comorbidities such as depression, anxiety and sleep disorders 7. The burden of LBP and 
OA will continue to increase because of the global population growth, improved socio-
economic growth and the increase in risk factors such as ageing, obesity and urbanization 1, 3, 

5, 8-12.  

Osteoarthritis and IVDD show several similarities regarding disease aetiology, pathogenesis 
and symptoms and are also treated in a similar fashion 10, 13. Therefore, treatment strategies 
for these two disease entities could be developed in a joint manner and have been 
combined in this thesis.  

 

The (osteoarthritic) joint 
Joints facilitate smooth movement of articulating bones. Articular joints contain a joint cavity 
that separates the adjoining bones and is filled with synovial fluid (SF). Synovial fluid acts as 
a lubricant as the high concentration of hyaluronic acid make it highly viscous, and SF 
nourishes the joint. The synovial membrane, or synovium, lines the joint and consists of a 1-
3 thick cell layer surrounded by loose connective tissue. Two types of cells reside in the 
synovium: A-cells (macrophage-like cells) and B-cells (fibroblast-like cells that produce the SF 
components). The synovium is surrounded by a tougher fibrous joint capsule that attaches 
to the bone and offers structural support and attachment sites for ligaments 14. The articular 
surfaces of bone are covered with hyaline cartilage, an avascular and aneural tissue that 
mainly consist of a sparse population of chondrocytes that is responsible for generating and 
remodelling the extracellular matrix (ECM), mainly consisting of type II collagen, 
proteoglycans and water. Proteoglycans are composed of a long, non-polysulphated 
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glycosaminoglycan backbone (hyaluronan), connected to smaller negatively charged 
glycosaminoglycan side chains (GAGs). The negatively charged polysaccharide side chains 
attract cations and therefore water, resulting in a high osmotic swelling pressure. The high 
water content enables nutrients and oxygen to diffuse through the cartilage and makes the 
tissue particularly suitable for load bearing and shock absorption. The proteoglycans are 
interwoven with collagen type II fibres, that give the cartilage its high tensile and resilient 
strength.  

Osteoarthritis is the most common form of arthritis. Symptoms, diagnostic modalities and 
treatment options for OA are comparable in humans and dogs. Pain, swelling and stiffness of 
affected joints are the most reported symptoms of OA in humans 15. Osteoarthritis can occur 
in multiple synovial joints, the knee- and hip joint being most commonly affected 16, 17. OA 
can broadly be divided into primary and secondary OA. Primary OA is associated with risk 
factors such as increasing age and obesity, without an identifiable initiating cause, while 
secondary OA results from a pre-existing joint abnormality such as injury or a congenital 
disorder 5, 18. There is a strong individual variability in the rate of OA changes, which is 
dependent on the several risk factors 19.  

In canines, naturally occurring OA is highly prevalent as well, with 20% of adult dogs and 80% 
of geriatric dogs being affected 20. As in humans, knee- and hip joint are frequently affected. 
In the canine population, most cases of OA arise secondary to hip dysplasia, elbow dysplasia 
or cranial cruciate ligament degeneration 21. Cranial cruciate ligament rupture, with or 
without secondary meniscal injury, is highly prevalent in certain dog breeds. In most cases, it 
can be attributed to progressive degeneration, influenced by genetic, inflammatory, 
anatomic and environmental factors 22, 23. Spontaneous joint pathology as a result of anterior 
cruciate ligament damage, meniscal injury, osteochondrosis or trauma is comparable in 
people and pets. Similar risk factors for the development of OA, such as obesity, nutrition, 
injuries, age and genetic factors have been identified in the canine species 20, 24-28.  

Regardless of the species, OA is a disease of the whole joint, with changes occurring in 
cartilage, synovium and subchondral bone 20, 29. Osteoarthritis is characterized by 
degeneration of articular cartilage through fibrillation, fissures, ulceration and ultimately 
full-thickness loss of cartilage (Fig 1). Activation of matrix degrading enzymes such as matrix 
metalloproteases (MMP1, -3, 7, -13) and aggrecanases (ADAMTS4, -5) by pro-inflammatory 
mediators originating from both cells from the innate immune system and chondrocytes 
themselves, cause breakdown of the healthy cartilage 19, 30 (Fig. 2). Synovitis can arise after 
an initial insult to the joint and can also be triggered by inflammatory mediators and 
degradation products originating from the cartilage in early OA. Breakdown products of the 
ECM can activate toll-like receptors and the complement system, thereby initiating 
inflammation 29. Inferior SF quality and synovial inflammation can further aggravate OA 19. 
Initially, there is an increase in bone resorption (as a result of inflammatory cytokine 
expression), followed by increased bone remodelling, leading to bone marrow lesions, 
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subchondral bone sclerosis and peri-articular osteophytes 31, 32. Already in early OA, there is 
a clear interplay between cartilage, synovium and subchondral bone 32 with inflammation as 
one of the important mediators.  

 

Figure 1. Schematic overview of a healthy and osteoarthritic joint (left) with a histological close-up of 
the cartilage (right) showing characteristics of healthy (top) and degenerated cartilage (bottom). 

 
Pain in OA 
Acute pain can arise by stimulation of mechanoreceptors or can be triggered by 
inflammation 14. The major cytokines that are produced in association with tissue damage 
and OA (tumour necrosis factor α, interleukin 1β; TNF-α, IL-1β) are responsible for 
inflammatory signs, but can also exert a pain response by influencing Aδ or C-nerve fibers in 
peripheral nerves and the dorsal root ganglion (DRG). TNF-α and IL-1β can achieve direct 
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regulation of ion channels that generate nociceptor potentials, and can alter gene 
expression of DRG neurons, thereby contributing to the mechanisms that underlie chronic 
pain 33. They also mediate efferent effects of peripheral nerves to the central nervous 
system and can stimulate release of neuropeptides such as substance P, that mediate the 
release of nitric oxide (NO) and prostaglandin E2 (PGE2). The cyclooxygenase-2 (COX-2) 
mediated PGE2 has been implicated as major pain mediator in OA 34-38. In addition to 
sensitization of joint structures to pain, alterations of central nervous system pathways 
associated with chronic pain have been described in humans, complicating the treatment of 
chronic pain 14, but explaining the disparity between the degree of pain perception and the 
severity of OA changes 39. In addition, pain is a subjective condition that can be influenced by 
individual factors (age, gender, hormonal status, vitamin D deficiency, activity level, mood 
disturbances) and environmental factors (weather conditions) 40. Lastly, joint effusion, 
subchondral bone changes such as bone cysts and osteophytes (by causing periosteal 
activation and impingement of surrounding structures) can also contribute to joint pain and 
stiffness 14, 29, 39, 41.  

Current treatments 
Treatment for OA broadly consists of conservative management and surgery in amendable 
cases or patients refractory to conservative management. Surgery can delay OA progression 
in patients with congenital malformations such as hip dysplasia 19, 42 and anterior cruciate 
ligament disease 24, 43, 44, and can also be committed for palliation in end-stage OA (i.a. total 
joint replacement) 45, 46. For mild or intermittent complaints, an armamentarium of non-
surgical therapies is available 47-50. As pain is the main feature of OA, treatments are focused 
on pain relief, with a combination of pharmacological and non-pharmacological therapies 19. 
Non-steroidal anti-inflammatory drugs (NSAIDs) are the most commonly administered 
systemic drugs for human and veterinary patients, as they attenuate both pain and 
inflammation 49. Recently, an oral PGE2 receptor (prostaglandin E2 receptor 4; EP4 receptor) 
inhibitor was developed for humans and dogs 51, 52. Other analgesic drugs that are applied in 
OA, alone or combined with NSAIDs, are opioids or gamma-aminobutyric acid (GABA) 
agonists 53. Systemic or local corticosteroids (CS) are known to be effective against OA flare 
ups. Intra-articular CS injections, although effective, have a short duration of action, 
requiring frequent re-injections 54-56. There is some evidence that local or systemic use of 
omega-3 fatty acids, glucosamine and chondroitin sulphate and hyaluronic acid can exert 
beneficial effects on clinical symptoms and OA progression 48, 57. Although hyaluronic acid is 
postulated to lubricate the joint and decrease inflammatory and nociceptive pathways, 
clinical efficacy remains inconclusive 58. A healthy body weight, exercise and physical therapy 
can also positively influence OA symptoms 5, 27. It should be noted that current treatments 
are aimed at reduction of clinical symptoms and do not necessarily treat the underlying 
disease process 14.  
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Figure 2. Osteoarthritis and intervertebral disc degeneration are multifactorial diseases, associated 
with upregulation of pro-inflammatory mediators that lead to catabolic processes and the influx of 
inflammatory cells, blood vessels and nerve endings, eventually leading to pain. 

 

Intervertebral disc degeneration 
Between all adjacent vertebral bodies, except between the first and second vertebrae, there 
is an intervertebral disc (IVD). The IVD consists of an annulus fibrosus (AF), a nucleus 
pulposus (NP) and two cartilaginous end plates (EPs). The AF is made up out of concentric 
fibrous lamellae, running from one end plate to the subsequent endplate, thereby 
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constraining the NP 59. The fibres of the AF mainly consist of collagen type I, interconnected 
by elastic fibres. The transition zone lies between the AF and NP and consists of poorly 
organised collagen type I and II fibres and aggrecan. Sharpey fibres run from the AF to the 
vertebral bodies and EPs. Cartilaginous end plates border the vertebrae on both sides and 
provide the disc cells with oxygen and nutrition by diffusion, as the healthy disc is avascular 
60. Neural innervation is limited to the outermost layers of the AF 61. Gradually, from the 
peripheral layers of the AF to the NP, the cellular population and biochemistry changes from 
a fibroblast-cell like, collagen type I rich tissue to a collagen type II rich tissue populated with 
chondrocyte-like cells. The healthy NP is a mucoid, gel-like structure and consists of 
proteoglycans, collagen type II and 80-88% water. When the IVD is loaded, water molecules 
are pressed out of the NP, to be drawn back to the GAGs when the compressive loading has 
finished 62. Several MMPs and aggrecanases are being produced by the discs cells to remodel 
the IVD, maintaining a healthy disc. Tissue inhibitors of metalloproteases (TIMPs) can inhibit 
the production of these enzymes 4, 59, 61. Over time, IVD cells fail to maintain a normal ECM, 
as the quantity and quality of type II collagen and proteoglycans decline but there is an 
upregulation of degradative enzymes. This leads to a decreased capacity of the NP to attract 
water, altering the disc biomechanics. Although ageing is the main factor for degeneration, 
not all discs become painful. There are several risk factors contributing to the development 
or aggravation of disc degeneration and disc-related pain. From epidemiologic- and twin 
studies, it has been estimated that genetic factors account for 70% of susceptibility to 
lumbar IVDD 61, 63. Environmental factors such as lack of exercise, smoking, obesity, injuries, 
heavy weight lifting or occupational exposures such as vibration contribute as well 64.  

During IVDD, the water-retaining properties of the NP decline, with a concurrent decrease in 
shock-absorbing capacity and disc height. Fissures compromise the constraining function of 
the AF (Fig. 3). End plates are susceptible to damage when they are subjected to high tensile 
strains. Damaged EPs can lead to reactive bone marrow lesions that include proliferating 
blood vessels and nerves, which are susceptible to chemical sensitization and mechanical 
stimulation. Moreover, EP disruption may impede nutrient transport to the NP, thereby 
evoking inflammatory responses in the IVD and compromising biomechanics of the NP 60. 
Bone marrow abnormalities adjacent to painful discs are imperative evidence for the role of 
EPs in LBP 60, 65 ; they can be imaged on magnetic resonance imaging (MRI) and referred to as 
Modic changes (MC)66. Secondary end plate changes such as sclerosis can compromise 
nutrition of disc cells, thereby impairing disc health 60. 

Degenerative spinal instability, defined as the inability of the spine to maintain its normal 
patterns of displacement, can be the result of altered disc mechanics and structural changes 
of the affected spinal unit 67, 68. In turn, this leads to load transfer to adjacent vertebral 
bodies and facet joints. During IVDD, the disc space progressively narrows, thereby 
permitting collapse of the AF and ligaments, leading to subluxation of vertebral bodies. 
Moreover, disc protrusion or herniation into the spinal canal can take place, resulting in pain 
or neurologic compromise due to compression of neural structures. Eventually, 
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restabilization occurs through fibrosis of joint capsules, remodelling of facet joints and 
vertebrae, and osteophyte formation. This leads to overall reduction of mobility and 
neuroforaminal and spinal stenosis, LBP and sciatica (radiating pain due to compression of 
nerve roots that form the sciatic or femoral nerve) 69, 70. 

 

 

Figure 3. Schematic overview of a healthy and degenerated intervertebral disc (left) with a 
histological close-up (right) of the nucleus pulposus (NP) showing notochordal cells of a healthy NP 
(top) and chondrocyte-like-cells in a degenerated extracellular matrix (ECM) (bottom).  

 

As in humans, back pain in dogs is also a common phenomenon 28. The reported lifetime 
prevalence of back pain in dogs was estimated to be at least 3% in an investigated 
population of dogs in Sweden but can be as high as 20% in certain breeds. Clinical IVD 
disease can be a reason for euthanasia. The mortality rate due to disc disease was calculated 
to be 34% 71. In the early 50s, it was as first described by Hansen that chondrodystrophy 
predisposes dogs to IVDD 72. Chondrodystrophic dog breeds such as the Dachshund, Basset 
Hound, Beagle and French Bulldog are characterised by disproportionally short, curved 
limbs. Acute herniation of NP material into the spinal canal (Hansen type I) occurs typically in 
these breed types at 3-7 years of age in the cranial cervical or thoracolumbar spine. Non-
chondrodystrophic dogs such as the German Shepherd, Dobermann, Labrador Retriever and 
Rottweiler often show slowly progressing IVD disease, mainly in the caudal cervical and 
lumbosacral regions. In these dogs, the AF can bulge into the spinal canal and cause chronic 
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neck or low back pain (Hansen type II) 73. On a histological level, chondroid metaplasia is 
present in the NPs of both breed types 74. 

Role of inflammation in IVDD 
Pro-inflammatory cytokines, produced by cells of the NP and AF, and by infiltrating 
inflammatory cells, have been associated with IVDD (Fig. 2) 75, 76. As in OA, IL-1β and TNF-α 
are the main driving factors 61, 76. They have been shown to upregulate levels of PGE2, 

chemokines and stimulate the expression of degradative enzymes, while suppressing the 
production of structural ECM components 76. PGE2 produced by NP cells from degenerated 
IVDs has been associated with reduced GAG synthesis and upregulation of catabolic 
enzymes. It enhances sensitivity to pain-inducing mediators such as bradykinin and is known 
to interact with macrophages 77.  

Low back pain 
Low back pain can originate from the disc itself (‘discogenic pain’) or from pathological 
changes in surrounding structures. Discogenic pain is accompanied by fissures in the AF, disc 
collapse and mechanical failure, with no significant modification of disc shape on imaging 
modalities. Discogenic origin of LBP accounts for approximately 40% of LBP cases, which is 
supported by the finding that local anaesthetics into the IVD eliminate LBP in these patients 
78. In a healthy IVD, GAGs inhibit neurovascular ingrowth 79, while in a degenerated IVD, de-
glycolated aggrecan is no longer capable of inhibiting ingrowth of blood vessels and nerve 
endings. Intruding free nerve endings originating from the DRG produce nociceptive 
mediators such as substance P and neuronal growth factor (NGF). Along with vascular 
ingrowth, influx of immune cells such as neutrophils, macrophages and T cells to the disc 
occur. Immune cells enhance the production of pro-inflammatory cytokines and nociceptive 
mediators by cells of the AF and NP. As in OA, these cytokines and nociceptive mediators can 
directly influence ion channels of nociceptive nerves and neurons in the DRG 61. It should be 
noted that even in the absence of immune cells, NP cells are capable of producing pro-
inflammatory and nociceptive mediators, contributing to discogenic pain 68, 77, 80.  

Degenerative disc disease can also lead to painful disc herniations, spinal canal stenosis, 
facet joint OA and compression of neural tissues, the latter leading to sciatica 81, 82. Damaged 
EPs can lead to bone marrow lesions, which in turn are associated with so-called 
vertebrogenic LBP. Degenerative spinal instability is considered a major cause of axial and 
radicular pain and is a frequent indication for surgery 68. With the rise of dynamic-positional 
MRI, spinal instability is increasingly recognised as an important factor in IVDD 67. 
Interestingly, LBP in younger patients is more likely to originate in the IVD, while in older 
patients, pain originates more often from pathologic changes in the facet joints or sacroiliac 
joint 78. In dogs, much less is known regarding the origination of LBP. Considering the 
similarities between man and dog, it is plausible that dogs can also suffer from both 
discogenic pain and pain caused by secondary changes in the lumbosacral region.  
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Current treatments 
Despite a considerable body of research that has already been performed, much is still to be 
elucidated regarding pathophysiology, diagnostic imaging and treatment of IVDD, which 
could be one of the reasons that a curative treatment is not yet available in clinical practice. 
Nowadays, therapy for IVDD is mostly aimed at reducing clinical symptoms and slowing 
down disease progression. Similar to therapies for OA, current treatments consist mainly of 
non-pharmacological and pharmacological modalities such as lifestyle modifications, physical 
therapy and/ or rest supplemented with systemic or epidural analgesics. For patients with 
advanced IVDD, surgical intervention can be considered. Disc arthroplasty and instrumented 
spinal fusion are mostly used to address pain and disability caused by IVDD in humans. 
Drawbacks of these methods are the high costs and invasiveness; they also alter spinal 
motion that could possibly lead to increased stiffness and adjacent segment pathology 56, 83, 

84. In dogs, standard of care surgical intervention for chronic LBP is dorsal laminectomy, 
which can be complemented with nuclectomy, foraminotomy and/ or facetectomy 28.  

 

Translational models to study degenerative joint diseases 
As the burden of degenerative joint diseases (DJD) will continue to increase, there is an 
urgent need for regenerative therapies. Both in vitro and in vivo models have been 
extensively used to study DJD like OA and IVD-related low back pain. Besides from 
contributing to the 3R concept to refine, reduce and replace the use of animals in science, in 
vitro assays can be more easily manipulated and used for high-throughput screening 85. The 
simplest models used are based on 2D monolayer cultures or 3D pellet cultures, employing 
one or multiple cell types (“co-culture”). Tissue explant cultures have been developed to 
more closely study cells in their natural ECM and more advanced models even make use of 
bioreactors culturing entire spinal units or joints, to not only apply cytokine stimulation, 
osmotic stress and physical injury, but also alterations in biomechanical loading 85, 86. These 
different ways of manipulating tissues allow improved understanding of development and 
progression of cartilaginous diseases and provide a way to study specific elements of DJD. It 
is also a manner to discover and evaluate novel treatment options, prior to testing in live 
animals. Ex vivo models lack the complexity present in whole organs or even organisms, and 
therefore safety studies employing animal models are still dictated by regulatory bodies 87. 

Overall, animal models rely on surgical or chemical induction of OA or IVDD, genomic 
intervention or strains that spontaneously develop OA, and involve both small and large 
animals 88-90. Advantages of experimentally induced models are a high uniformity and 
predictability. Moreover, the process of degeneration can be monitored from the start, 
which grants researchers the opportunity to investigate disease progression and treatment 
effect. Since DJD in human and canine patients is mostly diagnosed in an advanced state, this 
opportunity is often missed. Surgically induced models mostly resemble traumatic DJD, 
which frequently occurs in active human beings and dogs and could therefore provide a 
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suitable model. One has to bear in mind that induced tissue degeneration generally 
progresses much more rapid, due to the traumatic nature of the induction method 91. 
Furthermore, specifically in the case of OA, (experimental) animals will generally use the 
affected limb after trauma better than humans 92. Chemical models have less clinical 
relevance 87. 

Small (mice, rats, guinea pigs, rabbits) and large (goats, sheep, horses, dogs) animals are 
commonly used for OA research 88, 90, 92-94. Although small animal models can be very useful 
for screening purposes and to answer more fundamental research questions, large animal 
models are necessary as a translational step towards man in the development of novel 
treatments. Multiple OA models have been described in the past decades, mostly focusing 
on the tibiofemoral joint, with the anterior cruciate ligament (ACL) transection and the 
groove model used most commonly in several species such as the dog 93. Kuroki et al (2011) 
stated that the instability created by complete ACL transection is quite severe and if 
untreated it is associated with a degree of biomechanical dysfunction that may overrule the 
biological effects of treatments 95. Others show that the model can indeed be very useful 
when evaluating therapies that are aimed at slowing down the progression of OA 96-99. The 
groove model generates slowly progressing joint damage, with highly reproducible results 
100, 101. Since the induction procedure consists of a single event, without joint instability, the 
groove model might be more sensitive for monitoring the outcome of treatment, as possible 
beneficial treatment effects are not counteracted by the presence of instability for the first 
several weeks 102, 103. Impact loading 93, 104-106, valgus osteotomy 107, 108, and chemical 
induction have also been described as OA induction method in dogs. The impact loading 
model is designed to study changes after joint impact trauma and is also suitable for 
studying the effects of subchondral bone changes on cartilage. An advantage of this model is 
the fact that the joint cavity is not opened. 

There is a wide variety of animal models developed for IVDD research as well 86, 87, 109. There 
are, however, some important differences regarding the size and cell population of the disc, 
and anatomy and biomechanics of the spine between humans and the many animals 
deployed for the study of IVDD that should be kept in mind when translating results 
obtained from in vivo experiments. There are some mouse strains that develop IVDD as a 
result of specific knockouts, but the most models rely on a specific method to induce IVDD 
degeneration. IVDD can be induced by injection of chemical substances (e.g. chondroitinase 
ABC or chymopapain), direct injury of the disc or end plates through a stab incision or 
aspiration of the NP, or an alteration of spinal biomechanics (e.g. lumbar arthrodesis, facet 
joint resection). Results obtained in small animals such as rodents should be extrapolated 
with caution, as disc size differs markedly. Given the largely avascular nature of the disc and 
dependence on diffusion of oxygen and nutrient, this is of particular significance 110. In 
rodents, IVDs in the tail are often used, because of easy access. However, tail IVDs may have 
significantly different mechanical loading than the lumbar spine. Porcine, caprine and ovine 
models have also been described, as their disc and body size are more similar to humans 110. 
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The chondrodystrophic dog is a valuable spontaneous model for IVDD, as in these dogs the 
notochordal cells disappear early in life, comparable to the normal ageing process in people, 
and in contrast to most other experimental animals and comparable to the normal ageing 
process in people 110, 111. In addition, dogs are also very amendable to induction of IVDD 110. 
The larger disc size in dogs relative to rodents make intradiscal interventions more 
comparable and less technically challenging. Differences between the canine and human 
spinal unit exist with regard to thicker EPs in humans and the presence of a vertebral growth 
plate in growing individuals 111.  

The dog as a translational animal model 
The use of canines in translational research has several advantages. As a large body of 
research has been performed in canines, an abundance of data is available. For instance, the 
whole canine genome is sequenced 112. Dogs, as humans, undergo similar diagnostic 
procedures, such as CT and MRI, and treatments as humans, such as oral drug therapy, 
physical therapy, and surgery for DJD. The gastro-intestinal physiology of dogs is similar to 
that of humans, making them suitable for studying oral therapies. Moreover, dogs have lived 
in close proximity to humans for approximately 30.000 years. Dogs have thus been subjected 
to the same environmental influences and nutrition 113, 114 and also suffer from similar 
disorders such as obesity 115, endocrine diseases 116, spinal diseases 117 and OA 118. Even 
more so, the dog is the only animal model that is also clinically treated for OA and IVDD as a 
companion animal. As such, progress made within the biomedical field can also benefit the 
canine patient population. Altogether, this supports the notion that both experimental and 
client-owned dogs are highly appropriate to function as translational models for 
cartilaginous diseases.  

The study by Garner et al (2011) elegantly illustrates the use of both experimental and 
client-owned dogs in translational OA research 119. In the search of biomarkers for OA three 
different induction methods for canine OA were compared with SF samples from client-
owned dogs with healthy and OA joints. They found similar results in the induced OA models 
and the spontaneous OA subjects, which all possessed high sensitivity and specificity of 
biomarkers for the detection of OA. Cartilage integrity and proteoglycan turnover were 
found to be comparable in canine experimentally induced and human joint degeneration 120. 
Moreover, a canine knee instability model confirmed a similar response of cartilage from 
post-traumatic canine OA to post-traumatic and late-stage human OA on a mRNA expression 
level 121. These findings are challenged by Liu et al (2003), reporting striking differences 
between changes in proteoglycan content in dogs with induced and spontaneous OA. It 
appeared that none of the degradation products found in spontaneous canine or human OA, 
were found in knee joints that had undergone ACL transection 122. Considering that OA 
entails different phenotypes and clinical representations, determining the right match 
between modelling and the clinical entities is one of the challenges to be addressed.  
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The natural occurrence and the slow disease progression of spontaneous DJD, which 
resembles the course of DJD in humans, combined with comparable anatomy and the ease 
of application of similar diagnostic and therapeutic interventions make the companion dog a 
highly suitable model. The use of client-owned dogs with spontaneous disease has several 
other advantages: questionnaires completed by owners can be used as read out parameters, 
alongside with several diagnostic procedures and gait analysis. Long-term follow-up is 
possible in canine patients, which makes them highly appropriate to study OA progression 
and the effects of novel treatment. A large variety in ‘subjects’ and increasing costs can be 
viewed as objections against pet clinical trial for the translations of drugs in humans. This 
implies that relatively large clinical studies need to be conducted to assess treatment effect, 
with associated financial implications. 94. In the last decade, there has been an increase in 
clinical trials in pets, with the human population as an end goal 123, 124. Regardless of the 
success of translation towards humans, a successful clinical trial in pets could aid in novel 
veterinary therapies. This both benefits the veterinary patients, and their owners. 

The use of animals in medical research is receiving increasing attention from the public. Dogs 
in particular are a sensitive subject, since the role of dogs in households has changed from 
working dog to a being part of the family. Trials in companion animals lead to a decrease in 
the use of laboratory animals. This is in line with the field of comparative medicine and the 
One Medicine Initiative concept in which interdisciplinary collaboration and communication 
between medical and veterinary health care is promoted to provide synergistic gains for 
both disciplines 125, 126. Irrespectively of the study setup and study subjects used, it is of the 
utmost importance to optimise the study design and perform a priori power analysis to 
carefully minimize the number of animals needed. Furthermore, animals should be checked 
regularly, and pet owners need to be instructed properly to ensure animal welfare is 
guaranteed. 

 

Novel therapeutic approaches for chronic degenerative joint diseases 
Owing to the increasing knowledge on pathophysiology of degenerative joint diseases and 
recent advancements in tissue engineering and regenerative medicine, various novel 
treatment strategies have been proposed. These strategies are based on local injection of 
drugs, cells, growth factors, nucleic acids, biomaterials or combinations of these techniques 
(extensively reviewed elsewhere 56, 58, 86, 127, 128). For end stage disease, biologic substances 
and tissue engineering can be used to optimise salvage techniques (Fig. 4). 
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Figure 4. Local delivery of drugs, biomaterials, cells or growth factors seem promising strategies for 
tissue regeneration and late stage repair of degenerative joint diseases. 

 

Cell-free approaches, such as nucleic-acid based viral or non-viral strategies to alter gene 
expression of resident cells have shown promising results in vitro, but their clinical use is 
complicated by technical and ethical issues 86, 127, 129. Therapies that have entered the clinic 
and are widely applied render inconclusive results. Platelet-rich-plasma (PRP), that contains 
a myriad or growth factors is applied widely as a treatment for OA even though clinical 
outcomes remain inconclusive to date 58, 127, possible due to high variations in processing, 
patient demographics and OA severity 130. Clinical trials are ongoing to evaluate clinical 
efficacy for PRP in IVDD 127. Autologous conditioned serum (ACS), that relies on high levels of 
anti-inflammatory factors, displays promising results in the treatment of knee OA as well 58, 

131. A pilot study showed promising effects of ACS in patients with single-level NP herniation 
after local injection, therefore the application of ACS in patients with IVDD should be further 
optimised 132 . 

Another, more straightforward and perhaps cost-effective disease-modifying method, is the 
local delivery of well-known drugs. Biomaterials could facilitate sustained release of drugs 
into the diseased tissues, and therefore ensure prolonged treatment effect. Morphine and 
bupivacaine have been applied intra-articular (IA) in OA joints, but the analgesic effect 
appeared short-lived 133. Moreover, bupivacaine showed chondrotoxic properties in vitro 134. 
Corticosteroids (CS) have been widely applied IA and epidural as analgesic therapy, but their 
use remains controversial. The main limitation of local CS therapy is the short-duration of 
action 56. Especially in older studies, destructive effects on cartilage were reported. From 
closer examination of these results it can be concluded that most of these chondrotoxic 
effects were associated with methylprednisolone 135, 136. On the contrary, for triamcinolone 
acetonide (TA), beneficial results were obtained 137, 138. Although systemic NSAIDs are 
recommended as first choice treatment against OA pain, not much is published on IA NSAID 
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administration. Intra-articular ketorolac, a NSAID, appeared safe and superior to morphine 
and bupivacaine in post-operative pain relief 139. Intra-articular ketorolac was as effective as 
TA in patients with hip OA during 6 month follow-up and a single IA injection of tenoxicam 
was superior to placebo and oral tenoxicam 140-142. 

In addition to pain relief, it has been suggested that anti-inflammatory drugs might also 
possess disease-modifying effects. Celecoxib, the first specific COX-2 inhibitor registered for 
musculoskeletal pain, is one of those. Preclinical studies confirm the inhibition of synovial 
hyperplasia and bone destruction, suggesting that celecoxib could potentially slow down 
progression of DJD 143, 144. The retardation of disease progression by oral celecoxib has to 
date not been demonstrated in clinical patients. This might in part be due to the fact that 
orally administered drugs might not be as effective as locally applied drugs. Local delivery 
not only ensures optimal drug exposure to the target tissue, it also avoids drug binding to 
plasma components and drug modifications that can influence efficacy 145. Even more so, 
local drug delivery facilitates high drug concentrations in the target tissue but decreases 
systemic side effects 146. Biomaterial-based drug delivery platforms that facilitate prolonged 
therapeutic local concentrations are a promising strategy to maximise the potentials of anti-
inflammatory drugs. 
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Outline and aims of this thesis 
The main aim of this thesis is to develop novel treatment strategies for 
osteoarthritis and intervertebral disc degeneration, in order to prevent or delay 
disease progression. In the event of severe disc degeneration, when both 
conservative and standard-of-care surgical treatment fail, this thesis explores the 
feasibility and effectivity of instrumented fusion of the affected spinal unit.  
To this end, anti-inflammatory drugs loaded in controlled release platforms are delivered via 
intra-articular or intradiscal injection directly into the degenerated joint or IVD tissue, in 
preclinical models as well as in phase I/II studies in veterinary patients. Furthermore, pedicle 
screw-rod fixation is investigated in twelve client-owned dogs suffering from low back pain 
due to intervertebral disc degeneration, as a treatment for end-stage IVD disease. 

 

Aim 1. Investigate the differences between CD and NCD dogs on joint level. 
Rationale: Chondrodystrophic dogs have disproportionally short limbs and a predisposition 
for IVD degeneration 73. Two retrogene insertions of the fibroblast growth factor 4 (FGF4) 
gene, leading to an over-activation of fibroblast growth factor receptor 3 (FGFR3), have been 
described that are held responsible for this phenotype 147, 148. Mutations that enhance FGFR3 
activity can also lead to achondroplasia in humans. Together with experimental studies, 
there are indications that chondrodystrophy may influence OA development. 

Approach: Full thickness cartilage chips and synovial tissues from CD and NCD dogs are 
cultured in the presence of a pro-inflammatory stimulus (TNF-α). In order to determine 
intrinsic differences and the response to an inflammatory environment, several biochemical 
and histological analyses of native cartilage tissue or cultured cartilage explants are 
performed. Moreover, in order to determine whether the detected differences also relate to 
a differential susceptibility in OA development, samples from CD and NCD cartilage obtained 
from healthy joints and joints in which OA was induced, are assessed in a meta-analysis. 
Cartilage degeneration and synovial inflammation on a histological level and GAG 
incorporation on a biochemical level are investigated (chapter 2).  

 

Aim 2. Evaluate the effects and optimal dosage of local application of controlled 
release of celecoxib in a pre-clinical knee OA model.  
Rationale: Osteoarthritis is a common musculoskeletal disease with considerable socio-
economic impact 1, 11. There is evidence that inflammatory components aggravate OA and 
the clinical symptoms. Local administration of controlled drug release systems loaded with 
anti-inflammatory drugs may offer a suitable treatment strategy for the long-term OA 
management 149-151. 
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Approach: The disease-modifying effects and optimal dose of celecoxib, locally delivered via 
a controlled release platform comprised of α-amino acid based polyesteramide 
microspheres (PEAMs), are evaluated. OA is induced in rats, 4 weeks prior to intra-articular 
(IA) injection of unloaded microspheres or microspheres loaded with celecoxib (chapter 3). 
Static weight bearing, micro-computed tomography, histology and immunohistochemistry 
are used to assess the effects of local delivery of a wide dose range of celecoxib-loaded 
PEAMs. 

 

Aim 3. Evaluate the effect of intra-articular celecoxib-loaded microspheres in 
canine patients suffering from OA.  
Rationale: Provided that the developed strategy in chapter 3 is safe, a first step towards 
translation will be undertaken. The clinical efficacy of celecoxib locally delivered by a 
controlled release system comprised of PEAMs is evaluated in client-owned dogs suffering 
from naturally occurring OA and compared to placebo-treatment with unloaded PEAMs. 

Approach: First, the release and bioactivity of celecoxib from PEAMs are investigated on 
canine chondrocytes for four weeks. Thereafter, thirty dogs with OA confirmed on clinical 
and radiographic evaluation are included in the prospective, randomized, controlled clinical 
trial. Twenty dogs receive celecoxib-loaded microspheres, ten dogs receive unloaded 
microspheres (placebo) based on conducted power analysis. Weight-bearing is assessed by 
visual lameness scoring, kinetic gait analysis, radiographs are scored for OA severity and 
osteophyte size prior and 2 months after treatment. The administration of analgesics, pain 
and pain-related behaviour are scored by the owner. Synovial fluid is analysed cytologically 
and biochemically (chapter 4). 

 

Aim 4. Evaluate the effect of local release of TA from microspheres in canine 
patients suffering from OA.  
Rationale: IA corticosteroid therapy is effective against OA flare ups, but available 
formulations are short-acting 58. PEAMs loaded with triamcinolone acetonide (TA) were able 
to attenuate joint inflammation for at least 70 days in a preclinical OA model 152. The safety 
and clinical efficacy of locally delivered TA-loaded PEAMs needs to be evaluated in phase I 
clinical study recruiting client-owned dogs suffering from naturally occurring severe OA. 

Approach: Dogs with OA, confirmed clinically and radiologically, are included in this 
prospective study. Weight-bearing is assessed by visual lameness scoring and kinetic gait 
analysis, radiographs are scored for OA severity and osteophyte size prior and 2 and 6 
months after treatment. The administration of pain and pain-related behaviour are scored 
by the owner. Synovial fluid is analysed cytologically and biochemically (chapter 5). 
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Aim 5. Investigate inflammatory profiles in canine IVD degeneration. 
Rationale: The clinical presentation of IVD disease in veterinary medicine is diverse. 
Chondrodystrophic and non-chondrodystrophic dogs present with clinical IVD disease with 
different clinical presentations, at different spinal locations and at different ages 73. It is 
known that low-grade inflammation is part of the disease process in IVD degeneration in 
man 75, 76. The latter remains to be confirmed in the canine species. 

Approach: In order to gain more insight in the natural history of IVD degeneration, and to 
select canine patients that will benefit most from sustained release of celecoxib, 
inflammatory mediators and matrix components are determined in IVDs that have been 
collected during surgical treatment from CD and NCD dogs with and without clinical signs 
(chapter 6).  

 

Aim 6. Assess the intradiscal application of a PCLA-PEG-PCLA hydrogel loaded 
with celecoxib for the treatment of back pain in canines. 
Rationale: Chronic low back pain is a common clinical problem in the human and canine 
population. Current pharmaceutical treatments often consist of oral anti-inflammatory drugs 
to alleviate pain 28, 153. Novel treatments for degenerative disc disease focus on local 
application of sustained released drug formulations 127. The aim of this study is to determine 
safety and feasibility of intradiscal application of a thermoresponsive poly(ε-caprolactone-
co-lactide)-b-poly(ethylene glycol)-b-poly(ε-caprolactone-colactide) PCLA-PEG-PCLA hydrogel 
gradually releasing celecoxib. 

Approach: Biocompatibility is evaluated after subcutaneous injection in mice, and safety of 
intradiscal injection of the hydrogel is evaluated in experimental dogs with early 
spontaneous IVD degeneration. Ten client-owned dogs with chronic low back pain related to 
IVD degeneration receive an intradiscal injection with the celecoxib-loaded hydrogel and are 
evaluated by MRI, force plate analysis and owner questionnaires for three months as a 
preliminary safety and efficacy study (chapter 7). 

 

Aim 7. Evaluate the controlled release of celecoxib from microspheres in a pre-
clinical canine IVD degeneration model and translation towards the clinic.  
Rationale: Provided that local delivery of the COX-2 inhibitor celecoxib, is effective in 
inhibiting pain and inflammation, further fine-tuning of the local delivery of celecoxib is 
indicated in order to provide for a safe treatment and effective long term effects. The PEA 
platform shown to provide prolonged and sustained drug delivery seems to be suitable for 
IVD-related back pain which is usually a chronic condition.  

 



General introduction, aims and outline | 25 
 

Approach: First, the controlled release and biologic potency of celecoxib-loaded PEAMs are 
investigated in vitro. Thereafter, safety and efficacy of injection of celecoxib-loaded 
microspheres are evaluated in vivo in a canine intervertebral disc degeneration model 
(chapter 8). MRI, CT and histology are used to assess IVD integrity. In addition, PGE2 levels 
and neuronal growth factor expression are determined to assess the effects on pain and 
inflammation. Finally, the clinical efficacy of celecoxib-loaded PEAMs is assessed in client-
owned dogs suffering from naturally occurring degenerative lumbosacral stenosis, compared 
to placebo-treatment with unloaded microspheres. Based on power analysis, twenty dogs 
should receive celecoxib-loaded microspheres, ten dogs should receive unloaded 
microspheres (placebo) via CT-guided intradiscal injection. Low back pain is assessed by 
clinical examination and kinetic gait analysis. MRI is repeated after three months, Pfirrmann 
degeneration score, disc height index and T2 mapping values are assessed before and after 
treatment. The administration of analgesics, pain and pain-related behaviour are scored by 
the owner (chapter 9). 

 

Aim 8: Assess long-term outcome of dogs with DLSS treated with PSRF.  
Rationale: Surgical management is the treatment of choice for dogs with refractory signs of 
DLSS 28. Although the safety and efficacy of pedicle screw-rod fixation (PSRF) for the 
treatment of DLSS in large breed dogs has been established, long-term results and 
evaluation of spinal fusion were not reported thus far 154. 

Approach: In chapter 10 we assess the long-term outcome of treatment in 12 dogs with 
severe degenerative lumbosacral stenosis. Indications are failure from a previous 
decompressive surgery, or as a last resort treatment. In these patients the rigid PSRF 
construct is used in a permanent way to provide stability and promote spinal fusion, thereby 
reducing low back pain.  

 

Conclusions, limitations and future perspectives of this thesis are discussed in chapter 11. 
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Abstract 
Osteoarthritis (OA) is a degenerative joint disease associated with chronic pain and disability 
in humans and companion animals. The canine species can be subdivided into non-
chondrodystrophic (NCD) and chondrodystrophic (CD) dogs, the latter having 
disproportionally short limbs due to disturbance in endochondral ossification of long bones. 
However, the effect of chondrodystrophy on cartilage is unknown and in experimental 
studies with dogs, breeds are seemingly employed randomly. The aim of this study was to 
determine if CD and NCD derived cartilage differs on a structural and biochemical level, and 
to explore the relation between the chondrodystrophy genotype and the development of 
OA. Cartilage explants from CD and NCD dogs were cultured for 21 days with and without a 
pro-inflammatory stimulus (TNF-α). Activation of canonical Wnt signalling was assessed in 
primary canine chondrocytes. Osteoarthritis and synovitis severity from a canine 
experimental OA model were compared between healthy and OA samples from CD and NCD 
dogs. Release of glycosaminoglycans, DNA content and COX-2 expression were higher in NCD 
cartilage explants. Healthy cartilage from NCD dogs displayed higher cartilage degeneration 
and synovitis scores, this difference was aggravated by the induction of OA. Dikkopf-3 gene 
expression was higher in NCD cartilage explants. No differences in other Wnt pathway read 
outs were found. To conclude, chondrodystrophy seems to render CD dogs less susceptible 
to the development of OA when compared to NCD dogs. These differences should be 
considered when choosing a canine model to study pathobiology and new treatment 
strategies of OA.  
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Introduction 
Osteoarthritis (OA), a degenerative joint disease, is one of the leading causes of chronic pain 
and disability and is accompanied by economic, social, and psychological burdens 1. 
Treatment remains symptomatic and current efforts within the scientific community focus 
on a better understanding of OA pathobiology in order to develop effective treatment 
strategies. To investigate OA pathogenesis and to evaluate novel therapies, numerous 
animal models have been utilized in the last decades. The similarities between human and 
canine joint anatomy and OA pathogenesis, together with the possibility to undergo 
diagnostic and therapeutic procedures similar to man, contribute to the fact that the dog has 
often been employed as a large animal model 2, 3. The dog not only serves as a model to 
human medicine but also functions as a model for its own species. Osteoarthritis causes 
clinical signs in over 20% of dogs older than one year of age and 80% of geriatric dogs 4. OA 
can occur in all dog breeds; large breeds are affected more frequently 5. In experimental 
studies with dogs, breeds are seemingly employed randomly, the majority being either 
purpose-bred hound type dogs or Beagles, which have a considerably different body 
conformation.  

In this respect, the domestic dog (Canis familiaris) is undoubtedly the most morphologically 
diverse mammalian species. One aspect of variation is leg length, also known as 
chondrodystrophy. This is defined by dysplastic, shortened long bones and is characteristic 
for breeds such as the Dachshund and Beagle. From a histological point of view, 
chondrodystrophic (CD) dogs show shortening of the long bones primarily by calcification of 
the growth plates early in development. Moreover, the growth plates of the long bones of 
CD dogs show disorganization of the proliferative zone and reduction in depth of the 
maturation zone in comparison to non-chondrodystrophic (NCD) dogs 6. Expressed fibroblast 
growth factor 4 (FGF4) retrogenes on CFA12 or CFA18 leading to over-activation of fibroblast 
growth factor receptor 3 (FGFR3), have been agreed on as the cause of chondrodystrophy in 
dogs 6, 7. In a similar fashion, several mutations causing enhanced FGFR3 activity can lead to 
achondroplasia in humans 8, 9. In mice FGFR3 overexpression led to disruption of growth 
plate architecture, and enhanced terminal chondrocyte differentiation, whereas inhibition of 
FGFR3 signalling leads to skeletal overgrowth and disruption of chondrocyte homeostasis 10. 
Interestingly, FGFR3 signalling also delayed subchondral bone sclerosis and OA progression 
in knee joints 11, 12, while deletion of FGFR3 induced OA-like defects in temporomandibular 
joints in adult mice 13. These findings indicate that chondrodystrophy is associated with a 
different cartilage (patho)physiology and that this may even have a protective effect against 
OA.  

FGFR3 signalling was found to activate canonical Wnt signalling in a rat chondrosarcoma cell 
line and mouse limb bud micromass cultures 14. Furthermore, studies in human and 
experimental animals also imply multiple roles for Wnt in OA. An increase in Wnt-related 
molecules has been found in osteoarthritic cartilage 15, 16, accompanied by an increase in 
Wnt antagonists such as members of the Dickkopf family 17. Both gain- and loss-of-function 
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of β-catenin in cartilage induced osteoarthritic changes in mice 18, 19 and the Wnt antagonist 
Dikkopf-1 (DKK1) displayed both destructive and protective effects on articular cartilage in 
experimental OA models 20, 21. Genetic studies in humans suggest that the canonical Wnt 
pathway participates in the pathogenesis of OA in at least a subset of patients 22, 23. It is 
therefore hypothesized that excessive activation of Wnt/β-catenin signalling enhances 
articular cartilage destruction. A basal level of Wnt/β-catenin signalling may nevertheless be 
required to promote regenerative potential of articular cartilage 17.  

Wnt signalling was shown to differ between CD and NCD dogs at least at the intervertebral 
disc level, concurring with a different clinical representation of disc disease 24. Hence the use 
of dogs as a model in OA, i.e. Beagles (CD) versus purpose-bred hound type dogs (NCD) may 
be obscured by an important confounder involved in OA susceptibility and progression. To 
our knowledge, articular joint pathobiology related to canonical Wnt signalling has not been 
described for the canine species. Therefore, considering the key role of dogs as an OA 
model, the aim of this study was to identify possible variations in cartilage and synovium 
homeostasis, and more specifically in the activation of canonical Wnt signalling pathway, 
between CD and NCD dogs. This was performed in an ex vivo explant culture model under 
basal conditions or in the presence of a pro-inflammatory stimulus to mimic the OA joint 
environment. The COX-2 inhibitor celecoxib was added to assess the response of CD and 
NCD cartilage to an anti-inflammatory drug. To transcribe this towards possible translational 
implications, historical histological sections of healthy and osteoarthritic cartilage and 
synovial tissues were compared between CD and NCD experimental dogs generated by 
standardized experimental protocols. 

 

Materials and methods 
Ex vivo explant culture of canine articular cartilage and synovial tissue 
Cartilage and synovial tissue from the weight-bearing surfaces of femorotibial joints of 
healthy NCD (Fig 1A; n=11) and CD (Fig 1B; n=10) donors were collected post-mortem 
complying with the 3Rs principles: all dogs had been euthanized as part of unrelated studies 
(approved by the Utrecht University Animal Ethics Committee, approval numbers 
#2016.II.529.002 and #2014.II.06.048). Of the CD dogs, there were 8 Beagles and two 
Beagle/Bedlington crosses with a median age of 48.5 months (range: 21-26 months), 4 males 
and 6 females. NCD donors were purpose-bred hound type dogs (n=11, median age 24 
months (range: 19-36 months, all female) (supplementary file 1). Within 1 h of death, the 
joint cavity was opened under aseptic conditions in order to collect the non-calcified 
cartilage layer and synovial tissue. The obtained tissue was collected in 50 mL tubes with 25 
mL hgDMEM+Glutamax (31966, Invitrogen) + 1% v/v Penicillin/Streptomycin (p/s, P11-010, 
PAA laboratories). After washing with hgDMEM+p/s, an overnight rest at 37 °C in a Petri dish 
(353803, Corning) with 25 mL hgDMEM+p/s was included.  
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After an overnight acclimatisation period, cartilage and synovium were cut into pieces with 
mean ± SD wet weights of 10.4 ± 4.9 mg per cartilage explant and 47.5 ± 28.6 mg per 
synovial explant. Two cartilage or synovial explants from each donor were cultured per well 
of a 24-wells plate (662160, Greiner Bio-one). To prevent adhesion the plates were coated 
with 1% agarose (V3121, Promega). Samples were cultured for 21 days in culture medium 
alone or in combination with 10 ng/mL of the pro-inflammatory mediator tumour necrosis 
factor α (TNF-α) to mimic the arthritic environment (210-TA, R&D Systems): hgDMEM, 1% 
v/v ITS+ premix (354352, Corning), 0.04 mg/mL L-Proline (P5607, Sigma), 1% v/v p/s, 0.05% 
v/v fungizone (15290-018, Invitrogen), 0.1 mM ascorbic acid 2-phosphate (A8960, Sigma), 
and 1 ng/mL bovine serum albumin (A9418, Sigma). To assess the response of CD and NCD 
joint tissue to an anti-inflammatory drug, celecoxib (10-6 M) was added. The medium was 
changed and collected on day 3, 7, 10, 14, 17 and 21 (Fig. 1) and stored at -20 °C until further 
use. Cartilage and synovial explants were collected at day 0, 7 and day 21 of culturing (n=3 
per donor per condition). The pooled explants per condition per donor were lyophilized to 
obtain dry weights of the explants. 

 

 
Figure 1. Typical example of an experimental non-chondrodystrophic dog (A; Hound-type dog) and a 
chondrodystrophic dog (B; Beagle). C. Setup of the cartilage and synovium explant culture. On day 7, 
samples for RNA isolation were collected. On day 0 and 21, samples for glycosaminoglycan (GAG) and 
DNA content, and histology were collected. The experiment was terminated after 21 days of 
culturing. Immunohistochemistry for collagen type I and II, COX-2 and β-catenin was performed on 
day 0 samples, to evaluate the tissues in their native state. OARSI and Krenn scores were performed 
on tissue explants on day 0 and after 21 days of culturing, to assess the severity of cartilage 
degeneration and synovitis, respectively. 
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Gene expression analysis 
Cartilage explants (n=2 per donor) were collected, snap frozen and stored at -80 °C after 
seven days of culturing. To assess cartilage homeostasis, gene expression levels of aggrecan 
(ACAN), collagen1α1 (COL1A1), collagen2α1 (COL2A1), a disintegrin and metalloproteinase 
with thrombospondin motifs 5 (ADAMTS5) and metalloproteinase 13 (MMP13) were 
measured. Inflammatory mediators (IL1β, IL6, PTGES1) and canonical Wnt signalling (AXIN2, 
CCND1, DKK3, FZD1, LRP5A and WIF1) were also assessed. A subset of donors were assayed 
for the FGF4 retrogene insertion on CFA12 and 18 using a PCR-based assay as described by 
Brown et al 6, with some minor modifications. Details on FGF4 genotyping and RT-qPCR 
methods and primers are provided in Supplementary File 2.  

Biochemistry 
Cartilage explants were digested overnight in 600 µL of papain digestion solution (papain 
buffer (200 mM H2NaPO4·2 H2O (21254, Boom BV), pH 6) , 10 mM EDTA (100944, Merck 
Millipore, pH 6.0), 10 mM Cysteine HCL (C7880, Sigma-Aldrich), and 10 mM papain (P3125, 
Sigma-Aldrich)). DNA content was measured according to the manufacturer’s instructions 
(Q32851; Invitrogen) and dimethylmethylene blue (DMMB) assay was performed to 
measure glycosaminoglycan (GAG) levels 25. Prostaglandin E2 (PGE2) levels were determined 
in culture medium by ELISA (514010, Cayman Chemical) following the manufacturer’s 
instructions and subsequently corrected for explant weight. Cumulative GAG and PGE2 

release were calculated over the 21 day culture period. 

Histology 
Cartilage and synovial explants were fixed in neutral buffered formalin (NBF 4%, 4286, 
Klinipath) for at least 24 hours. The samples were embedded in paraffin and 5 µm sections 
were stained with Safranin O/Fast Green staining on cartilage and Haematoxylin and Eosin 
(H&E) staining on synovial tissue. Tissue sections were blindly scored for OA severity 
according to an adapted protocol of the Osteoarthritis Research Society International 
(OARSI) scoring for the assessment for osteoarthritis for the dog (KH, AMB) 3. In this protocol 
the severity of cartilage, chondrocyte, and proteoglycan pathology were assessed. H&E 
stained sections were scored for the severity of synovitis in a blinded fashion by a scheme 
proposed by Krenn et al (KH, AT) 26. Immunohistochemistry for collagen type I and II 
(cartilage quality), β-catenin (canonical Wnt pathway) 27 and COX-2 (inflammation marker) 28 
was performed on explants collected on day 0 (supplementary file 3). Isotype controls, 
normal mouse IgG1 (3877; Santa Cruz Biotechnology) showed no specific staining. To 
quantify COX-2 and β-catenin immunopositivity, the percentage of positive cells over total 
amount of cells were calculated in ImageJ. Herein, cytoplasmic or nuclear staining for β-
catenin were scored separately.  

Canonical Wnt signalling activity at the cellular level 
In order to determine canonical Wnt signalling activity at the cellular level, chondrocytes 
were isolated from healthy CD and NCD cartilage tissue and the level of Wnt activity was 
measured by a TCF-reporter assay (supplementary file 4).  
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Osteoarthritis and synovitis severity of canine joints with experimentally induced 
OA  
In order to explore differences in OA susceptibility between CD and NCD dogs, articular 
cartilage sections and synovial tissues were analysed from young adult dogs that were 
employed in previous experiments where OA was induced and followed up in a standardized 
manner (table 1). These studies were approved by the Utrecht University Animal Ethics 
Committee, approval numbers 01065, 02070707 and 99029. OA had been induced by 
applying standardized grooves on the lateral and medial femoral condyles with a 1.5 mm 
diameter Kirschner-wire 29, 30 (n=11 CD dogs; n=6 NCD dogs)31. Cartilage was collected 10 
weeks after OA induction as described previously 32. Cartilage sections (n=2 per region) 
collected from the medial and lateral tibia plateaus and medial and lateral femur condyles of 
healthy contralateral and OA joints were assessed histologically. Sections were assessed 
blinded for osteoarthritis and synovitis (AT) 29, 31, 33 and average values calculated for each 
joint 3. Furthermore, synovitis severity was scored in the synovial tissue collected from three 
locations in the joint (medial, middle and lateral infra-patellar) 26, 32. For biochemical analysis, 
the cartilage samples were assayed as described previously 34. Total cartilage GAG content 
(µg/mg wet weight), GAG synthesis, GAG release and retention of newly formed GAGs were 
determined and averaged for femoral condyles and tibial plateau for eight explants per 
donor per parameter 35. 

Statistical analysis 
Data were statistically analysed using R Studio v3.3.1. A normality check was performed 
using a bootstrapped Shapiro Wilks. Data that was not normally distributed, was subjected 
to the Kruskal Wallis and post-hoc Mann Whitney U test. Normally distributed data was 
subjected to the ANOVA and post-hoc tests (Benjamini & Hochberg) for multiple 
comparisons. Since multiple factors (donor, NCD-CD, treatment and day) could influence the 
outcome of the present results, a multivariate regression model, the COX proportional 
hazard model, was used, when necessary. For this purpose, donor and experiments as a 
random effect, and culture condition and breed as fixed effects, were tested for the 
goodness of fit. Then, the model that retrieved the lowest Akaike Information Criterion (AIC) 
values, assessed by a Likelihood Ratio Test under a Chi- square distribution, was chosen for 
the analysis of the corresponding data set. The effect size (ES) and ESs confident intervals (CI 
set at 95%) were also taken into consideration to evaluate the significances. Effect sizes (ES) 
were retrieved as Hedge’s g for parametric data (medium, 0.5-0.8; large, 0.8-1.2; very large, 
1.2-2; and huge, >2 36) and, for non-parametric data, Cliff’s delta was assessed 
(0.28<ES<0.43, medium; 0.43≤ES<0.7, large; ES≥0.7, very large 37). Differences were 
considered significant when p<0.05, or when 0.05<p-value <0.1 and ES was medium or 
larger.  
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Table 1. Overview of canine donors used for retrospective analysis of joint histology in 
experimental OA. CD, chondrodystrophic; NCD, non-chondrodystrophic; ACLT, anterior 
cruciate ligament transection.  

Type of 
model 

No of 
animals 

Period Breed Age 
(years) 

Body 
weight 

Sex Reference 

Groove & 
ACLT 

5 ACLT, 4 
groove 

10 weeks Labrador 
retriever (NCD) 

2.5 ± 1.2 21 - 26 kg Female 31 

Groove & 
ACLT 

7 ACLT, 6 
groove 

10 weeks Beagle (CD) 1.5 - 3 10-15 kg Female 29 

Groove 5 groove 10 weeks Beagle (CD) 2.4 ± 0.3 10-15 kg Female 33 
 

Results 
Native cartilage from CD dogs differed from NCD cartilage  
The FGF4 retrogene insertion on CFA12 was present in samples of all CD dogs, but not in 
NCD dogs. The FGF4 retrogene insertion on CFA18 was not present in any of the used donors 
(supplementary file 2). CD donors were significantly older and weighed significantly less than 
their NCD counterparts (p<0.001). Cartilage explants retrieved from healthy knee joints of 
NCD dogs showed a significantly higher OARSI score (Fig. 2A; p<0.001) than CD dogs (day 0). 
Protein expression of COX-2 was higher in NCD vs. CD cartilage at the same initial day (Fig. 
2C; p<0.001), in line with histological changes, but no differences were found in synovitis 
score and COX-2 immunopositivity in the synovium  (Fig. 2B, D; p>0.15). Total DNA was 
higher in NCD vs. CD cartilage (Fig 3A; p=0.028), suggesting higher cellularity. GAG/DNA and 
GAG/dry weight did not differ at day 0 (Fig. 3C,D; p>0.15). In both CD and NCD cartilage, 
collagen I protein expression was very low to absent, but abundant immunopositivity for 
collagen II was noted (supplementary file 3). 

Cartilage explants of CD dogs were better capable of GAG retention  
The DNA content remained significantly higher in NCD vs. CD cartilage after 21 days of 
culturing (Fig. 3A; p=0.007). During the entire culture period, GAG release was higher in NCD 
vs. CD cartilage (Fig. 3B; p<0.001). This led to a (borderline) significant lower GAG/dry weight 
and GAG/DNA in NCD cartilage at day 21 (Fig. 3C,D; p=0.065, small ES; p=0.007 respectively). 
PGE2 production tended to increase by TNF-α stimulation only in NCD cartilage (Fig. 2E; 
p=0.068, medium ES), and was only effectively suppressed in NCD cartilage by the celecoxib 
(p=0.032). Although COX-2 protein expression in the synovial tissue was increased in both CD 
and NCD cartilage after the 21-day culture period compared to day 0 (p<0.05), OARSI score, 
synovitis score and COX-2 expression in cartilage explants did not differ between CD and 
NCD tissue (Fig. 2A-D). In the same line, gene expression levels of matrix genes ACAN, 
COL1A1, COL2A1, ADAMTS5 and MMP13 were not significantly different between CD and 
NCD cartilage after one week of culture (supplementary file 2). Gene expression of FZD1, 
IL1β, IL6, LRP5, PTGES1 and WIF1 was undetectable. 
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Figure 2. Histological scoring and COX-2 immunohistochemistry of cartilage and synovium explants 
obtained from healthy experimental non-chondrodystrophic (NCD) and chondrodystrophic (CD) dogs. 
Top: the OARSI score of native explants was higher in NCD vs. CD cartilage (p<0.001) at day 0 (A), 
while no differences were found with regard to synovial inflammation (B). NCD cartilage contained 
significantly more cyclooxygenase 2 (COX-2) expressing cells (p<0.001) than CD cartilage explants at 
day 0 (C). Although the overall COX-2 expression increased during the 21-day culture period, no 
differences were found between CD and NCD synovial tissue (D). Total prostaglandin E2 (PGE2) levels 
only increased in NCD explants in the presence of a pro-inflammatory stimulus (TNF-α) and were 
significantly suppressed by celecoxib (E). Bottom: Representative examples of Safranin O / Fast 
Green (SafO/FG) stained cartilage, haematoxylin & Eosin stained synovial tissue (H&E), and cartilage 
and synovial sections stained for COX-2. All samples were obtained at day 0 representing the state of 
native tissue. Arrows indicate immunopositive cells. Data depicted as boxplots with mean and 5-95 
percentile. * p<0.05; *** p<0.001; a, medium effect size. 
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Figure 3. Biochemical analysis of cartilage explants derived from non-chondrodystrophic 
(NCD) and chondrodystrophic (CD) dogs. The DNA content (A) of NCD cartilage was higher at 
day 0 and 21 of culturing. The GAG release over the total culture period was higher in NCD 
cartilage (B). There was no difference in GAG/dry weight at day 0 and 21 (C), although 
GAG/DNA content was lower in NCD vs. CD cartilage after the 21 day culture period (D). Data 
depicted as boxplots with mean and 5-95 percentile. n=6 per condition. * p<0.05, ** p<0.01. 

 
Canonical Wnt signalling in healthy cartilage explants of CD and NCD dogs did not 
differ  
No significant differences were found in gene expression of downstream targets AXIN2 and 
CCND1 mRNA expression (Fig. 4A,B; p=0.17, p=0.16, respectively), although mRNA 
expression of the Wnt antagonist DDK3 was increased (p=0.01; Fig. 4C) in NCD cartilage 
compared to their CD counterparts. There were no differences in β-catenin 
immunopositivity in the nuclear and / or cytoplasmic regions (Fig. 4D, p>0.15). Considering 
the complex canonical Wnt signalling regulation, a TCF-reporter assay was performed to 
explore Wnt signalling in CD and NCD chondrocytes cultured either in basic conditions alone 
and in the presence of a pro-inflammatory OA-like stimulus. There was a slightly higher 
canonical Wnt signalling in CD vs. NCD articular cartilage cells in chondrogenic medium only 
in the presence of TNF-α (Fig. 4E; p=0.09, medium ES). There also was a higher canonical 
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Wnt activity measured by the TCF reporter assay in chondrocytes retrieved from healthy 
female CD donors, as compared to healthy male donors (supplementary file 4). 

Before and after experimental OA induction, joints of NCD dogs showed more 
severe histological cartilage degeneration and synovitis  
There was no difference in overall OA severity between the two induction models, i.e. 
craniate cruciate ligament transection versus the groove model (p=0.156, data not shown). 
Therefore, the results of both OA models, pertaining to OA joints and contralateral controls 
in which OA was not induced, were combined to test for differences in OA susceptibility 
between CD and NCD experimental dogs. The severity of OA, as indicated by the OARSI 
score, was significantly higher in NCD vs CD control joints (Fig. 5A; p=0.0027) and was also 
significantly higher in knee joints from NCD vs. CD dogs 10 weeks after OA induction (Fig. 5A; 
p=0.0018). In both CD and NCD dogs, OARSI scores were significantly higher in OA joints 
compared to healthy control joints (p=0.02; p<0.001 respectively), as expected. Synovial 
inflammation increased after OA induction in both CD and NCD dogs (Fig. 5B; p<0.001). 
Synovial inflammation was higher in NCD vs CD joints, both in joints with induced OA and in 
the contralateral healthy controls (Fig. 5B; p=0.007, p=0.003, respectively).  
 
 

 
Figure 4. Analysis of the canonical Wnt-signalling in cartilage of non-chondrodystrophic (NCD) and 
chondrodystrophic (CD) dogs. No differences were found in AXIN2 and cyclin-D1 (CCND1) mRNA 
expression (A,B), while dikkopf-3 (DKK3) mRNA expression was higher in NCD cartilage (C). B-catenin 
immunopositivity did not differ between NCD and CD donors (D). Wnt activity measured by the TCF 
reporter assay was slightly lower in NCD cartilage explants stimulated with TNF-α (E, medium ES). 
Data depicted as boxplots with mean and 5-95 percentile. * p<0.05. a, medium ES. 
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Figure 5. Top: OARSI scores (A) and synovial inflammation (Krenn) scores (B) were significantly higher 
in both healthy and OA cartilage of non-chondrodystrophic (NCD) dogs compared to 
chondrodystrophic (CD) cartilage. n=2 per location per donor. Glycosaminoglycan (GAG) content (C), 
changes in GAG synthesis rate (D), the percentage release of newly formed GAGs (E) and percentage 
total GAG release (F). n=10 per group. Data depicted as boxplots with mean and 5-95 percentile. * 
p<0.05, ** p<0.01, *** p<0.001, a medium effect size. Bottom: Representative examples of Safranin-
O / Fast Green (SafO + FG) stained cartilage sections from the medial femoral condyle and 
Haematoxylin & Eosin stained infrapatellar synovium sections (H&E) of NCD and CD joints 10 weeks 
after unilateral OA induction and the healthy contralateral control joint. NCD-derived cartilage shows 
more severe degenerative changes after OA induction: large cellular clusters (*) and fissures (arrow) 
are present. Synovial hyperplasia also seems more evident in NCD-derived synovial tissue after OA 
induction (arrowheads). 
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In freshly collected cartilage explants from these experimental studies a meta-analysis was 
conducted to determine GAG content and synthesis. The total GAG content (Fig. 5C) was 
higher in healthy and OA cartilage of CD vs NCD donors (p<0.01) and declined in both dog 
breeds after OA induction (p<0.001). The rate of GAG synthesis only increased in CD-derived 
OA cartilage (p<0.001) and was significantly higher than the rate of GAG synthesis in NCD OA 
cartilage (p=0.02). The release of newly formed GAGs, as a measure of retention of newly 
formed GAGs in the cartilage, significantly increased in both CD and NCD cartilage compared 
to healthy controls (p<0.001). The total GAG release also increased after OA induction in 
both dog breeds (p<0.001) and was higher in NCD OA cartilage than CD OA cartilage (p=0.15, 
medium ES).  

 

Discussion 
To the authors’ knowledge, this is the first study reporting on intrinsic differences between 
cartilage and synovium of different dog breeds that are often employed in experimental OA 
models, i.e. with and without chondrodysplasia based on genetic background leading to 
aberrant FGFR3 activation. Humans suffering from chondrodysplasia due to increased FGFR3 
signalling often present with orthopaedic conditions, caused by bone and joint deformities, 
joint laxity, brittle bones and limb length inequality 38. These abnormalities predispose 
patients to degenerative joint diseases and spinal conditions, but they surprisingly exhibit a 
lower incidence of OA 39. In chondrodystrophic dogs, these bony deformities are seen as well 
40, and are also accompanied by lower conventional OA rates 41. These clinical observations 
match with the experimental results in the current study. Histological analysis of both 
untreated joints of young-adult dogs, and after standardized induction of OA, revealed more 
severe degenerative cartilage in NCD cartilage than in CD cartilage. 

At the biochemical level, similar differences were observed. CD-derived cartilage contained 
less DNA than NCD-derived cartilage, which is in line with the observation that gain-of-
function of FGFR3 caused decreased proliferation of chondrocytes 8, 9. The total GAG release 
into the culture medium from NCD cartilage was higher. This could indicate a higher 
capability of CD dogs in retaining GAGs inside the cartilage 42, but could also reflect a lower 
total GAG production because of activated FGFR3 signalling 8, 9. Indeed, after 21 days of 
culturing the total GAG production (content + release) was higher in NCD cartilage explants. 
The higher GAG content in cartilage for CD dogs than in NCD dogs could be one of the 
protective mechanisms against OA 43. Similar results were found in the GAG incorporation 
assay of cartilage explants collected from experiments on models of induced OA. While 
there was no significant difference in GAG synthesis, cartilage of CD donors contained more 
GAGs compared to NCD donors. Moreover, total GAG release from CD cartilage was lower 
than in NCD OA cartilage. Altogether, these observation indicate a differential cartilage 
physiology between CD and NCD dogs pointing towards protective effects of carrying a 
FGFR3 polymorphism at CFA12. 
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It has become increasingly clear that OA is a disease of the whole joint, with interplay 
between cartilage, synovial lining and subchondral bone. In this respect, the synovial tissue 
and cartilage can influence each other and the development and progression of OA, possible 
resulting in more severe OA in the case of NCD dogs. In line with this assumption, the 
present study also indicated a differential susceptibility for joint inflammation between CD 
and NCD donors: synovitis scores were indeed higher in synovial tissue from healthy NCD vs. 
CD joints in vivo and aggravated further after OA induction. In agreement with this 
observation, in vitro, NCD-derived cartilage explants showed increased COX-2 
immunopositivity and higher PGE2 levels in the presence of a pro-inflammatory stimulus 
than CD cartilage, the main drivers of joint inflammation and degeneration 44. Synovial 
inflammation affects in vitro cartilage metabolism by reducing GAG production 45. Moreover, 
it is widely known that synovial inflammation is low-grade in OA, but does play an important 
role 46. Synoviocytes become activated after an initial insult to the joint, after which synovial 
tissue drives the progression of cartilage loss and development of clinical signs, by producing 
inflammatory mediators, such as PGE2 and degrading enzymes 1. The tendency of NCD 
cartilage to show an aggravated response to degenerative or inflammatory stimuli, might 
predispose it to early OA.  

Based on the above, we explored whether there were differences in Wnt signalling, related 
to the underlying possible differences in FGFR3 signalling 14. In the current study, no 
significant differences were found in Wnt/β-catenin signalling based on IHC for β-catenin, 
qPCR for Wnt associated targets and Wnt activation on cartilage level, although NCD 
cartilage expressed higher DKK3 mRNA levels in culture. Several studies reported an 
upregulation of DKK3 and other DKKs in OA cartilage, and its upregulation has been 
associated with both OA progression and chondroprotection 21, 47-49. Members of the DKK 
gene family demonstrated both inhibitory and potentiating actions on the Wnt signalling 
pathway, indicating a tissue-dependent effect 17. Not much is known on how DKK3 impacts 
Wnt signalling in cartilage, but given our findings, it could be inhibitory. It would therefore 
be tempting to speculate that upregulation of DKK3 in NCD cartilage reflects early 
osteoarthritic changes, and might be an attempt to avert further progression of 
degeneration.  

There are a few limitations to his study. Mostly female donors were used for both the in 
vitro experiments and the analysis of joint pathology in experimentally induced OA. Gene 
expression and biochemical analyses did not differ between female and male donors, but 
there was a higher canonical Wnt activity measured by the TCF reporter assay in 
chondrocytes retrieved from healthy female CD donors, as compared to healthy male 
donors. This could be due to a type I error because of small sample size. Nevertheless, it is 
known that females have a higher incidence of OA, although old age, obesity and physical 
activity are suggested to influence this difference 1. Whether gender influences Wnt activity, 
is still to be determined. Moreover, due to the setup of the study, the median age of CD 
donors used for characterisation of joint tissues in healthy animals, was twice as high as NCD 
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donors. Notwithstanding, even though CD dogs were older, thus expecting a worse cartilage 
condition, their cartilage displayed less degenerative changes compatible with early OA than 
NCD donors, further supporting our findings.  

To conclude, in both healthy and OA cartilage there are physio-pathological differences 
between dog breeds, presumably caused by the genotypic changes associated with 
chondrodystrophy. NCD-derived cartilage seems to be more sensitive to pro-inflammatory 
stimuli than cartilage from CD dogs, possibly predisposing NCD dogs to the development of 
OA. These differences should be taken into account when considering an in vitro or in vivo 
canine model to study OA, in order to avoid confounding effects. Therefore, differences in 
cartilage homeostasis, and possibly other relevant signalling pathways influenced by the 
genetic background of dog breeds can have implications for the choice of dog type to 
investigate OA for both veterinary and human OA patients.  
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Supplementary file 1. Characteristics of the canine donors used in the in vitro 
cartilage explant experiment. 
Breed CD/NCD Age (months) Body weight (kg) Sex 
Beagle CD 45 10 Female 
Beagle CD 48 11 Female 
Beagle CD 26 10 Female 
Beagle CD 54 10 Male 
Beagle CD 62 10 Male 
Beagle CD 50 10 Male 
Beagle CD 48 10 Male 
Beagle CD 21 10 Female 
Beagle x Bedlington 
terrier 

CD 49 15 Female 

Beagle x Bedlington 
terrier 

CD 49 16 Female 

Hound type dog NCD 29 25 Female 
Hound type dog NCD 20 23 Female 
Hound type dog NCD 22 22 Female 
Hound type dog NCD 29 28 Female 
Hound type dog NCD 24 24 Female 
Hound type dog NCD 26 24 Female 
Hound type dog NCD 24 32 Female 
Hound type dog NCD 36 23 Female 
Hound type dog NCD 19 22 Female 
Hound type dog NCD 19 21 Female 
Hound type dog NCD 21 23 Female 
CD, Chondrodystrophic; NCD, non-chondrodystrophic. 
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Supplementary file 2. Description of the FGF4 genotyping PCR and PCR primers of 
the in vitro explant culture experiment. 
FGF4 genotyping PCR 
Four non-chondrodystrophic (NCD) donors and five chondrodystrophic (CD) dogs were 
assayed for the FGF4 insertion on CFA12 and CFA18 using a PCR-based assay as described by 
Brown et al 1, with some modifications to optimize for the available thermal cycler (C1000, 
Biorad) and PCR reagents. Genomic DNA was isolated from papain digested samples (Qiagen 
DNeasy Mini Kit, 69504). As a control four different breeds (Dachshund, Cane Corso, Beagle, 
Labrador) were assayed in each of the genotyping assays. 

 

Table 1. Gene-specific primer sequences with associated amplification temperatures. 

Gene Primer sequence 
(5’-‘3) 

Temp (°C) 

CFA12 Fw ACAGCTGGCATGGTCAGTTA 
I GTCCGTGCGGTGAAATAAAA 
Rv TGCTGTAGATTTTGAGGTGTCTT 

55 

CFA18 Fw TTGGGAATGTCAAACCACTG 
I GTCCGTGCGGTGAAATAAAA 
Rv GTTCCCTCCATTTCGGTTT 

55 

 

The CFA12 insert assay for each reaction consisted of 6.4μL milliQ water, 1.5μL 10x Buffer, 
0.6μL 50mM MgCl2, 0.3μL 10mM dNTP, 0.08μL of the external forward primer (100μM), 
0.11μL of the internal forward primer (100μM), 0.12μL of the reverse primer (100μM), 
0.15μL of PlatinumTaq DNA Polymerase (10966018, Invitrogen),3.75µL 4M Betaine, and 2μL 
of DNA. The CFA18 FGF4 insert assay consisted for each reaction of 6.4μl milliQ water, 1.5μL 
10x Buffer, 0.6μL 50mM MgCl2, 0.3μL 10 mM dNTP, 0.08μl of the external forward primer 
(100μM), 0.09μl of the internal forward primer (100μM), 0.14μL of the reverse primer 
(100μM), 0.15μL of PlatinumTaq DNA Polymerase (Invitrogen), 3.75µL 4M Betaine, and 2μL 
of DNA. PCR products were visualized on a 2% agarose gel. The same band sizes were 
observed as described by Brown et al 1 and 8 of the dogs were genotyped accordingly. These 
were for the CFA12 FGF4 insertion assay: a single band of 333bp when no insert was 
present, a single 654bp band for the homozygous mutant and both bands for the 
heterozygous animals. For the CFA18 FGF4 insertion assay: a single 388bp band when the 
insert was not present, a single 168bp band for the homozygous mutant and the presence of 
both bands indicated a heterozygous animal. 

  



Chondrodystrophy and OA in dogs | 55 
 

 

Figure 1. Gel electrophoreses on 2% agarose of the genotyping PCR for the presence of the FGF4 
retrogene on CFA12 (A) and CFA18 (B). The 100 bp DNA ladder (G2101, Promega) marked by M 
allows to estimate the product size, the 500bp band is indicated by the arrowhead. 

 

Table 2. Dog breeds and results of the genotyping PCR for the presence of the FGF4 
retrogene on CFA12 (A) and CFA18 (B). 

    CFA12 CFA18 
Lane CD/NCD Band Presence Band Presence 
1 NCD 333 - 388 - 
2 CD 654 + 388 - 
3 NCD 333 - 388 - 
4 CD 654 + 388 - 
5 CD 654 + 388 - 
6 CD 654 + 388 - 
7 CD * 654 + 168 + 
8 NCD # 333 - 388 - 
9 CD 654 + 388 - 
10 NCD 333 - 388 - 

CD, Chondrodystrophic; NCD, non-chondrodystrophic. * Positive (Dachshund) and # negative (Cane 
Corso) control sample. 
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Gene expression analysis of the in vitro explant culture 
The snap frozen samples were folded in tinfoil were crushed by use of a hammer, and snap 
freezing. Subsequently, the sample was collected in 600 µL of Lysis solution (17209, Exiqon) 
and RNA was isolated (300110, Exiqon) according to the manufacturer’s guidelines. DNA 
removal was safeguarded in this process by performing a DNAse on-column step (79254, 
Qiagen). cDNA was synthesized using the iScript™ cDNA Synthesis Kit (170-8891, Bio-Rad) 
according to the guidelines of the manufacturer. RT-qPCR was performed as described 
previously 50 with maximal RNA input. Briefly, RT-qPCR was performed using the iQT™ SYBR 
Green Supermix Kit (Bio-Rad) and the CFX384 Touch™ Real-Time PCR Detection System (Bio-
Rad, Veenendaal, the Netherlands). For determination of relative gene expression, the 
Normfirst (EΔΔCq) method was used. For every target gene, the mean n-fold changes in gene 
expression was calculated. Six stably expressed reference genes were chosen to normalize 
target gene expression. 

RT-qPCR primers of the in vitro explant culture 
Genes were selected based on their role in anabolic and catabolic cartilage metabolism, 
apoptosis, transforming growth factor beta (TGF-β) pathway, inflammation, osteoarthritis, 
and Wnt signalling pathway (Table 3).  
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Table 3. Gene-specific primer sequences with associated amplification temperatures. 

Gene Primer sequence 
(5’-‘3) 

Amplicon size 
(bp) 

Temp (°C) 

Reference genes 
GAPDH Fw TGTCCCCACCCCCAATGTATC 

Rv CTCCGATGCCTGCTTCACTACCTT 
100 58 

HNRPH Fw CTCACTATGATCCACCACG 
Rv TAGCCTCCATAACCTCCAC 

151 61 

RPL13 Fw GCCGGAAGGTTGTAGTCGT 
GGAGGAAGGCCAGGTAATTC 

87 61 

RPS19 Fw CCTTCCTCAAAAAGTCTGGG 
Rv GTTCTCATCGTAGGGAGCAAG 

95 61-63 

SRPR Fw GCTTCAGGATCTGGACTGC 
Rv GTTCCCTTGGTAGCACTGG 

81 61.5 

YWHAZ Fw CGAAGTTGCTGCTGGTGA 
Rv TTGCATTTCCTTTTTGCTGA 

94 58 

Target genes 
ACAN Fw GGACACTCCTTGCAATTTGAG 

Rv GTCATTCCACTCTCCCTTCTC 
110 61-62 

ADAMTS5 Fw CTACTGCACAGGGAAGAG 
Rv GAACCCATTCCACAAATGTC 

148 61 

AXIN2 Fw GGACAAATGCGTGGATACCT   
Rv TGCTTGGAGACAATGCTGTT 

128 60 

CCND1 Fw ACTACCTGGACCGCT 
Rv CGGATGGAGTTGTCA 

151 60 

COL1A1 Fw GTGTGTACAGAACGGCCTCA 
Rv TCGCAAATCACGTCATCG 

109 61 

COL2A1 Fw GCAGCAAGAGCAAGGAC 
Rv TTCTGAGAGCCCTCGGT 

150 60.5-65 

DKK3 Fw CATCCAGTCCAGTGCTCTCA 
Rv GGGCCAGGATTGTAAGTGAA 

140 58 

FZD1 Fw GGCGCAGGGCACCAAGAAG 
Rv GAGCGACAGAATCACCCACCAGA 

97 61.5 

IL1β Fw: TGCTGCCAAGACCTGAACCAC  
Rv: TCCAAAGCTACAATGACTGACACG  

115 68 

IL6 Fw: GAGCCCACCAGGAACGAAAGAGA  
Rv: CCGGGGTAGGGAAAGCAGTAGC  

123 65 

LRP5A Fw GCTCCATCCACGCCTGTAA    
Rv ACCATTGTCCTCCGCACAC      

137 61 

MMP13 Fw CTGAGGAAGACTTCCAGCTT 
Rv -TTGGACCACTTGAGAGTTCG 

250 65 

PTGES1 Fw CCAGTATTGCCGGAGTGACCAG 
Rv AAACGAAGCCCAGGAACAGGA 

97 68 

WIF1 Fw CCGAAATGGAGGCTTTTGTA 
Rv ATGCAGAACCCAGGAGTGAC 

135 61.5 

Reference genes: GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; HNRPH, heterogeneous 
nuclear ribonucleoprotein H1; RPL13, ribosomal protein L13; RPS19, ribosomal protein S19; SRPR, 
signal recognition particle receptor; YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein zeta. Target genes: ACAN, aggrecan; ADAMTS5, A disintegrin and 
metalloproteinase with thrombospondin motifs 5, AXIN2, Axis inhibition protein 2; CCND1, cyclin-D1; 
COL1A1, collagen type I; COL2A1, collagen type II; DDK3, dickkopf-3; FZD1, frizzled-1; IL1β, interleukin 
1β; IL6, interleukin 6; LRP5, low-density lipoprotein receptor-related protein 5; MMP13, matrix 
metalloproteinase 13; PTGES1, prostaglandin E synthase ; WIF1, Wnt inhibitory factor 1. 
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Figure 2. Gene expression analysis of cartilage explants derived from non-chondrodystrophic (NCD) 
and chondrodystrophic (CD) donors. There were no differences in mRNA expression of collagen 2α1 
(COL2A1, A), aggrecan (ACAN, B); a disintegrin and metalloproteinase with thrombospondin motifs 5, 
(ADAMTS5, C) and matrix metalloproteinase 13 (MMP13; D) measured at day 7 of the culture period. 
Data depicted as boxplots with mean and 5-95 percentile. N= 6 per condition.  
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Supplementary file 3. Immunohistochemistry of canine cartilage explant samples. 
 
Table 1. Details on immunohistochemistry protocols. 

Name Manu-
facturer 

Origin Antibody Ig 
fraction 

Antigen 
retrieval 

Block Dilution 
1st 
antibody 

Secondary 
antibody 

Collage
n I 

ab6308, 
Abcam 

Human 
recombinant 

Mouse Mab Pronase and 
HAse, 30 min 
@37°C each  

PBS/BSA 
5%  30 min 
@RT 

1:500 in 
PBS/BSA 
5% 

K4001, 
Dako 

Collage
n II 

ab21291, 
Abcam 

Human 
recombinant 

Mouse Mab Pronase and 
HAse, 30 min 
@37°C each 

PBS/BSA 
5%  30 min 
@RT 

1:2000 in 
PBS/BSA 
5% 

K4001, 
Dako 

COX-2 160112, 
Cayman 

Human 
recombinant 

Mouse Mab 
IgG1 

N/A TBS-BSA 
5%, 60 min 
@ RT 

1:50 in 
TBS-BSA 
5% 

K4001, 
Dako 

β-
catenin 

ab6302, 
Abcam 

Human 
recombinant 

Rabbit Pab 10 mM citrate 
(pH 6.0) 

PBS/BSA 
10% 30 
min @ RT 

1:000 in 
PBS/BSA 
1% 

K4002, 
Dako 

Mab: monoclonal antibody; Pab, polyclonal antibody; HAse: bovine hyaluronidase 4 450 IU/mg, 
adjusted to pH 5 with 0.1M HCl.; PBST: Phosphate buffered saline 0.1% Tween-20. RT, room 
temperature.  

 

Figure 1. Typical examples of positive staining on immunohistochemical cartilage sections for β-
catenin, collagen type 1 and collagen type 2. The arrow points to cytoplasmic immunopositivity, 
while the arrowhead illustrates nuclear immunopositivity for β-catenin. The left column shows 10x 
magnification, the right column 40x magnification. Left panel: CD, Chondrodystrophic; Right panel: 
NCD, non-chondrodystrophic. 
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Supplementary file 4. TCF-reporter assay. 
Cryopreserved P1 articular cartilage cells (ACs) of non-chondrodystrophic (NCD, n=8) and 
chondrodystrophic (CD, n=8) were expanded for three days under normoxic conditions in a 
T75 flask (658175 Cellstar®, Greiner Bio-one) in expansion medium, consisting of hgDMEM, 
10% FBS, 1% v/v p/s, 0.05% v/v fungizone, 0.1 mM ascorbic acid 2-phosphate, 10-9 M 
dexamethasone (D1756, Sigma), and 1 ng/mL basic fibroblast growth factor (PHP105, AbD 
Serotec). Monolayers of approximately 60.000 cells were seeded (n=2 per condition per 
donor) in a 24-wells primaria plate (353847, Corning) in expansion medium. After 24 hours, 
cells had reached a confluency of ~90% and were washed with 1 mL Hanks balanced salt 
solution (HBSS, 14025-050, Gibco® Life Technologies TM). Subsequently, 400 μL of hgDMEM 
was added. Wnt activation was measured using the dual-Glo Luciferace system (E2940, 
Promega). TOP (hgDMEM with 10 ng/mL TOP and 0.02 ng/mL β-actenine Renilla and FOP 
(hgDMEM with 10 ng/mL FOP and 0.02 ng/mL β-actenine Renilla) mixes, as well as the 
lipofectamine mixes (hgDMEM with 10 μL/mL Lipofectamine (11668-019, Lipofectamine® 
2000 transfection reagent, Invitrogen, Thermo Fisher Scientific), were prepared and 
incubated 5 minutes at room temperature (RT). The lipofectamine mix was added to either 
the TOP or the FOP mix in a 1:1 ratio, followed by an incubation of 20 minutes at room 
temperature. Thereafter, either one of the mixes (100 μL) was added to the ACs. Cells were 
then incubated for 5 hours at 37 °C and 5% CO2 under normoxic conditions. The transfection 
was halted by addition of 500 μL plain chondrogenic medium with 30% FBS. Cells only 
treated with plain chondrogenic medium served as a control (n=2). A proven Wnt activity 
active mammary gland tumour cell line (CMT5) served as a positive control (n=2 for TOP and 
n=2 for FOP). After additional incubation for 43 hours at 37 °C, 21% O2 and 5% CO2, cells 
were washed with 1 mL HBBS. Then, 100 μL passive lysis buffer solution (200 μL/mL passive 
lysis buffer, E1910, Promega) diluted in milli-Q was added and cells were incubated for 15 
minutes (37 °C and 5% CO2). Subsequently, cells were frozen (at -70 °C) for 30 minutes. After 
thawing, 100 μL of the lysated cell suspension was plated in a 96-wells plate with a V-shaped 
bottom (651191, Greiner Bio-One) and centrifuged for 15 minutes (1900 rpm). After 
centrifugation, 25 μL of the supernatant was transferred to a flat bottomed 96-wells plate 
(3600, Corning). Finally, 36 μL Luciferase assay substrate (E151A, Promega) and 36 μL Stop & 
Glo® substrate (E640A, Promega), dissolved 1:50 in Stop & Glo® buffer (E641A, Promega), 
were added and the TOP, FOP, and β-actenine Renilla activities were measured in a 
luminometer (LUMIstar Galaxy luminometer, BMG Labtech GmbH). The β-actenine Renilla 
construct served as an internal control, after which the TOP/FOP ratio was determined.  
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Figure 1. Canonical Wnt activity was measured by the TCF reporter assay. When only taking into 
account female donors, there is a substantially higher Wnt activity in CD chondrocytes than NCD 
chondrocytes in chondrogenic medium (Ctr, control) and in chondrogenic medium stimulated with 
10 ng/mL TNF-α (p=0.06 with very large effect size and p=0.01, respectively). CD, Chondrodystrophic; 
NCD, non-chondrodystrophic. * p<0.05; b, very large effect size. 
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Abstract 
Major hallmarks of osteoarthritis (OA) are cartilage degeneration, inflammation and 
osteophyte formation. COX-2 inhibitors counteract inflammation-related pain but their 
prolonged oral use entails the risk for side effects. Local and prolonged administration in 
biocompatible and biodegradable drug delivery biomaterials could offer an efficient and safe 
treatment for the long-term management of OA symptoms. Therefore, we evaluated the 
disease-modifying effects and the optimal dose of polyesteramide microspheres delivering 
the COX-2 inhibitor celecoxib in a rat OA model. Four weeks after OA induction by anterior 
cruciate ligament transection and partial medial meniscectomy, 8-week old female rats 
(n=6/ group) were injected intra-articular with celecoxib-loaded microspheres at three 
dosages (0.03, 0.23, or 0.39 mg). Unloaded microspheres served as control. During the 16-
week follow-up, static weight bearing and plasma celecoxib concentrations were monitored. 
Post-mortem, micro-computed tomography and knee joint histology determined 
progression of synovitis, osteophyte formation, subchondral bone changes, and cartilage 
integrity. Systemic celecoxib levels were below the detection limit 6 days upon delivery. 
Systemic and local adverse effects were absent. Local delivery of celecoxib reduced the 
formation of osteophytes, subchondral sclerosis, bone cysts and calcified loose bodies, and 
reduced synovial inflammation, while cartilage histology was unaffected. Even though the 
effects on pain could not be evaluated directly in the current model, our results suggest the 
application of celecoxib-loaded microspheres holds promise as novel, safe and effective 
treatment for inflammation and pain in OA.  
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Introduction 
Osteoarthritis (OA) is the most common form of arthritis in humans. It is estimated that 18% 
of women and 10% of men over the age of 60 years suffer from OA 1. With aging of the 
population and the increasing prevalence of obesity, the incidence of OA is rising 
concurrently 2. OA can result in joint pain, stiffness and functional limitations, negatively 
influencing quality of life 3. 

Pain in OA is related to several associated disease processes, of which cartilage 
degeneration, synovial inflammation and peri-articular bone reaction, including bone cysts 
and osteophyte formation play an important role 4, 5. Inflammation of the synovial lining 
results in the production of pro-inflammatory mediators and degradative enzymes, thereby 
mediating pain and facilitating further joint degeneration. These pro-inflammatory 
mediators are associated with the progression of OA pain 6 and disease 7. Moreover, 
subchondral bone changes are considered increasingly important in OA. Bone marrow 
lesions (BML) and subchondral bone cysts appear early in the disease process 8 and are 
visible as regions of hyperintense marrow signal in fluid-sensitive MRI image sequences 9. 
Both have been associated with joint pain 10 and disease progression 11, 12. Other peri-
articular bone changes include subchondral bone sclerosis and the formation of osteophytes 
5. Osteophytes may impair joint mobility and can cause pain by impinging surrounding 
structures 13. As such, OA is considered a disease of the whole joint and successful 
therapeutic strategies should involve disease-modifying drugs that exert effects at multiple 
levels 14.  

Oral nonsteroidal anti-inflammatory drugs (NSAIDs) are frequently used to inhibit pain and 
inflammation in OA 15, 16. It has been suggested that celecoxib, a selective COX-2 inhibitor 
and the first drug to be approved for oral administration in OA, has disease-modifying 
properties. Cyclo-oxygenase-2 (COX-2) expression is upregulated in OA joints, resulting in 
pro-inflammatory mediators, such as prostaglandin E2 (PGE2) 17. The latter is associated with 
inflammation of the synovium, cartilage degeneration and the sensitization to pain 18. 
Clinical studies have already proven that celecoxib is effective in relieving OA pain 19, 20. In 
vitro studies even suggested a protective effect of celecoxib on OA cartilage 21, 22. In line with 
this, cartilage of patients orally treated with celecoxib contained significantly more 
proteoglycans compared to cartilage of patients treated with the non-specific COX inhibitor 
indomethacin 22. Moreover, celecoxib was able to prevent synovial hyperplasia and bone 
destruction both in vitro and in vivo 23. A reduction in osteophytes was found when rats with 
surgically induced OA were treated with celecoxib orally 24.  

Although COX-2 inhibition is effective in attenuating the symptoms of OA, longitudinal 
clinical studies associated oral COX-2 inhibitors at a higher oral dose with increased 
cardiovascular risk 25. To overcome these issues, local biomaterial-based delivery of 
celecoxib can be a suitable treatment alternative, by providing prolonged drug exposure 26. 
Local drug delivery not only prevents systemic side effects, it also ensures optimal exposure 
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in the joint cavity and avoids drug binding to systemic molecules and drug modifications that 
can limit efficacy when the drug is administered systemically 27.  

To facilitate local delivery and sustained local exposure to drugs, biomaterial carriers can be 
used. Although a few in vivo studies have investigated intra-articular (IA) delivery systems of 
celecoxib in both healthy 28 and OA joints 29, the optimal dose range of celecoxib remains 
unknown. Polyesteramide (PEA) microspheres are very suitable for local sustained drug 
delivery, given their favorable mechanical and thermal properties and extended drug release 
profiles 30, 31. The local safety of IA injection of celecoxib-loaded PEA microspheres (PEAMs) 
has previously been confirmed in healthy and OA rat knee joints 12 weeks after injection 32. 
There, degradation of PEAMs was shown to be faster in OA compared to healthy joints, 
suggesting celecoxib-loaded PEAMs as a potent drug delivery system with autoregulatory 
behavior 32. However, no therapeutic effects were noted, which may have been due to the 
dosage used. Therefore, the aim of this study was to assess the safety and efficacy of PEA 
microspheres loaded with a wide dose range of celecoxib in vivo in osteoarthritic rat joints, 
starting with twice the dosage used in the aforementioned study. By increasing the loading 
dose of celecoxib, we expect more pronounced tissue modulating effects on OA progression. 

 

Materials and methods 
Synthesis of the polyesteramide copolymer 
The biomaterial in this study is a biodegradable poly(ester amide) (PEA) based on α-amino 
acids, aliphatic dicarboxylic acids and aliphatic α-ω diols. The selected PEA comprises three 
types of building blocks randomly distributed along the polymer chain. The polymer was 
synthesized according to a procedure reported previously 33. Briefly, the polymer was 
prepared via solution polycondensation of di-p-toluenesulfonic acid salts of bis-(α-amino 
acid) α,ω- diol diesters, lysine benzyl ester and di-N-hydroxysuccinimide sebacate in 
anhydrous DMSO. The use of pre-activated acid in the reaction allows polymerization at low 
temperature (65 °C) affording side-product free polycondensates and predictable 
degradation products. The polymer was isolated from the reaction mixture in two 
precipitation steps.  

Polymer characterization 
1H NMR spectra were obtained on a Bruker Avance 500 MHz Ultrashield NMR; samples were 
recorded in DMSO d6. Molecular weight and molecular weight distributions of PEA were 
determined by GPC equipped with RI detector. Samples were dissolved in THF at a 
concentration of approximately 5 mg/mL and were run at a flow rate of 1 mL/min at 50 °C. 
The molecular weights were calibrated to a narrow polystyrene standard calibration curve, 
using Waters Empower software.  
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Figure 1. A. Setup of in vitro release of celecoxib (CXB). Absolute (B) and cumulative (C) celecoxib 
(CXB) release from PEA microspheres (PEAMs) in plain culture medium: after 28 days, 40% was 
released. N=2 per time point. (D) CXB release in plasma after intra-articular injection in osteoarthritic 
rat knee joints with three different loadings as indicated. N=6 per group. Plasma CXB concentrations 
were significantly different (p<0.001) between groups at all timepoints, except for T=144h. Data 
depicted as average ±SD. 

 

Synthesis and characterization of (celecoxib-loaded) microspheres 
Polyester amide polymer is dissolved in dichloromethane. To generate celecoxib (CXB) 
loaded PEA microspheres (PEAMs), the drug was added. After homogenization, the solution 
is sonicated in a water bath for 3 minutes. The PEA-CXB solution is then emulsified in 20ml of 
water phase (PVA 1 wt%, NaCl 2.5 wt%) by the use of an ultraturrax, stirring at 8000rpm for 
3 minutes. After emulsification, particles are hardened overnight under air flow. Before 
washing, particles are cooled with an ice-bath for 1 hour and washed with Tween 80. Excess 
of surfactant is removed by centrifugation. Before freeze-drying to remove residual solvent, 
particles are suspended in Tween 80 in order to reach the right concentration of particles 
per volume. 15 and 70 mg/ml are aimed for CXB loaded- and unloaded PEAMs. Once dried, 
the particles are weighted in individual HPLC vials to the approximate amount of 15 or 70 mg 
respectively and γ-sterilized on dry ice. 

Particle characteristics are described in Table 2. To measure celecoxib release in vitro, 
celecoxib-loaded PEAMs were dispersed in culture medium (hgDMEM+Glutamax, 1966; 
Invitrogen) and placed in Transwell® baskets (pore size 0.4 µm, polycarbonate membrane, 
3413; Corning Life Sciences). Two concentrations, of celecoxib-loaded PEAMs were utilized: 
10-7 M and 10-4 M corresponding to 1.33 µg CXB/mL and 1.33 mg CXB/mL. Medium was 
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changed twice a week, aliquots (700 μL) were obtained at day 4, 7, 11, 14, 18, 21, 25, and 28 
and stored at -20 °C (Fig. 1A). For celecoxib measurements, medium samples were 
lyophilized for 3 hours and dissolved in 50 µL buffer (180719; Neogen Corporation) overnight 
at 4 °C prior to analysis. Celecoxib release from the PEAMs was measured by ELISA (180719; 
Neogen Corporation) following manufacturer’s instructions. 

Animal study  
Study setup 
This study was approved by the ethics committee for laboratory animal use (protocol 
#2014.III.10.086). Female, 8-week-old Sprague Dawley rats (Charles River laboratories, The 
Netherlands) were allowed to acclimatize for 7 days and housed in groups (3 to 4 rats) in 
polycarbonate cages with wire tops, wood chip bedding, and access to ad libitum food and 
tap water.  

OA was induced unilaterally through anterior cruciate ligament transection (ACLT) and 
partial medial meniscectomy (pMMx) in the left knee of 24 rats 34. Details on group size 
calculations are described in supplementary file 1. Completeness of ACLT was confirmed 
intra-operatively by a positive drawer sign. Pain management included 4 mg/kg carprofen 
and 0.03 mg/kg buprenorphine subcutaneously prior to surgery, buprenorphine was 
continued b.i.d. for three days. Animals were monitored daily for signs of discomfort and 
were weighed weekly. Four weeks later, rats were randomly divided into four groups with 
six rats per group (Table 1). On two consecutive days (day 0 and day 1), rats received IA 
injection with unloaded PEAMs (OA control) or PEAMs loaded with 0.015 mg/25 µL (low 
dose; LD), 0.115 mg/25 µL (medium dose; MD) or 0.195 mg/25 µL (high dose, HD) celecoxib. 
On day 0, 100 μL blood was collected five times every 2 hours (starting from directly prior to 
injection) to monitor systemic release of celecoxib. On day 1-7, blood was collected once 
daily (starting from 24 hours after injection) and thereafter once weekly until termination of 
the study. After sixteen weeks, rats were euthanized with CO2.  

Longitudinal measurements in vivo  
EDTA-plasma was collected in capillary blood collection tubes (T-MQK Capiject, Terumo 
Medical Corporation) and stored at -80 °C until further use. Celecoxib was measured in 
plasma samples diluted 1:5 with buffer by ELISA (Neogen). A calibration curve ranging from 
0.4 to 100 ng/mL celecoxib (C-1502, LC Laboratories) was measured in spiked EDTA-plasma 
of healthy rats from unrelated experiments.  

Hind limb weight distribution as an index of pain was obtained with an incapacitance tester 
(Linton Instrumentation) before and 3 weeks after OA induction, and weekly after IA 
injections, as described previously 35. The average of 5 measurements was used to calculate 
the weight on the affected limb as a percentage of total weight distributed by both hind 
limbs (Fig. 3A). 
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Table 1. Overview of experimental groups and microsphere loading.  

Gro
up 

Treatment Total dosage 
(mg/kg) 

Particle 
concentration in  
formulation 
[mg/ml] 

Loading 
drug [wt%] 

Total drug 
injected 
[mg] 

Mean 
particle size 
[μm] 

Span 

1 Unloaded N/A 70 N/A N/A 33.4 1.47 
2 LD-CXB 0.13 15 4.1% 0.03 36.6 1.47 
3 MD-CXB 0.99 70 6.5% 0.23 35.7 1.62 
4 HD-CXB 1.67 70 11.2% 0.39 36.9 1.51 

LD, low dose; MD, middle dose; HD, high dose; CXB, celecoxib; N/A, not applicable. 

 

Post-mortem analysis 
Directly post-mortem, micro-computed tomography (µ-CT) scans were acquired with a 
Quantum FX µ-CT Imaging System (Perkin Elmer, USA) to assess subchondral bone. Scans 
with an isotropic voxel size of 15 µm, at a voltage of 90 kV, a current of 180 μA and a field of 
view of 42 mm were created. Subchondral plate thickness, volume and porosity were 
measured in the cortical bone of the medial and lateral tibial plateau in coronal scans as 
previously described by De Visser et al 36. With the use of ImageJ software, the regions of 
interest (ROI) were selected. Bone was segmented from the µ-CT datasets with a local 
threshold algorithm (Bernsen, radius 5) from the coronal sections. Regions of interests were 
manually drawn for a total of 90 slides, starting in the caudal side of the knee joint from the 
point where the medial and lateral compartments of the tibial epiphysis unite, onwards to 
the cranial side of the knee joint. ROIs were manually drawn in the subchondral bone of the 
lateral and medial compartments of the tibia plateau, resulting in data on mean subchondral 
plate thickness (mm) and subchondral bone volume fraction (BV/TV) representing the ratio 
of trabecular bone volume (BV, in mm3) to endocortical tissue volume (TV, in mm3), the 
mean trabecular bone thickness (mm) and trabecular bone volume fraction (BV/TV). The 
average distance (mm) between individual trabeculae (“spacing”) was also recorded. In 
addition to subchondral bone changes, all knee joints were also assessed for the presence of 
subchondral bone sclerosis, osteophytes, subchondral bone cysts (SBCs) and loose bodies 
according to the method of Panahifar 24. Briefly, SBCs were defined as round structures with 
no trabeculae, recognizable from black structures on µ-CT. Their presence was scored in the 
sagittal plane in the tibia, primarily on coronal plane, with grade 0 indicating absence of SBCs 
and grade I presence of SBCs. Loose bodies in the synovial capsule based on their number 
where 0 = none, 1 = 1 loose body, 2 = 2 loose bodies and 3 = 3 or more loose bodies. 
Subchondral sclerosis was evaluated at both medial and lateral sides in the femur and tibia 
in the sagittal plane based on a three scale score (a maximum score of six for each bone). 
Sclerosis was defined as a solid mineralized region with no distinct trabecular structure. The 
depth of sclerosis was measured on sagittal CT sections, from the articular surface along the 
diaphysis and the maximum value was reported. Baseline data were analysed and depth of 
up to 0.3 mm was considered normal thickness of subchondral bone plate. Osteophytes 
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were scored separately for femur, tibia and patella at four regions. The maximum depth of 
osteophyte perpendicular to bone was measured and scored in a two scale score (maximum 
of eight for each bone). Depth of less than 0.2 mm was considered ambiguous and scored 0. 
The reference plane for scoring femur and tibia was axial and for the patella, coronal. The 
diameter of SBCs was also measured in ImageJ (version 1.50e). All treated knees per 
treatment group were used for analyses by a blinded observer, together with six randomly 
selected non-treated control knees, leading to six knees per group. A blinded observer (AT) 
analyzed all µ-CT scans of the knees together. 

Co-morbidities were explored with the aid of several parameters, including body weight 
reflecting well-being of the experimental animal during the study and post-mortem 
examination of the rats. Internal organs were assessed macroscopically and histologically to 
rule out systemic effects or co-morbidities, by blinded observers (RT, MK). Histopathologic 
analysis was performed according to standard protocols and tissue samples were fixed in 4% 
buffered formalin, embedded in paraffin and cut at 4 µm before routine staining with 
hematoxylin and eosin (H&E). Bacteriological testing was performed when there was 
macroscopic and cytological evidence of bacterial infection. Both necropsy and histological 
assessment were performed by operators blinded to the treatment administered. All organs 
were reviewed by RT and MK and the degree of hepatic vacuolisation was subsequently 
scored using the grading scheme proposed by Hardisty and Eustis (1990). Briefly, grades 1 
(mild) to 5 (severe) based on the number of fields affected out of the fourteen randomly 
chosen high-powered fields that were viewed. Cytoplasmic vacuolisation was identified as 
being lacey (glycogen) or micro- or macro-vacuolar (fat).  

All hind limbs were dissected and fixed in 4% v/v formalin for 7 days at RT. The histological 
preparations and analysis were performed according to the OARSI guidelines and scored on 
coronal 5 μm thick sections of EDTA-decalcified knee joints at 100 μm intervals 34. Cartilage 
quality was assessed focusing on the following OARSI components: cartilage matrix loss 
width, cartilage degeneration, cartilage degeneration width, osteophytes, synovial 
inflammation and calcified cartilage, subchondral bone damage and growth plate thickness. 
To detect macrophages, CD68 immunohistochemistry (IHC) was performed (supplementary 
file 2). Collagen X IHC was performed to visualize hypertrophic differentiation of 
chondrocytes. The growth plate served as an internal positive control. The expression 
patterns of inducible nitric oxide synthase (i-NOS) and folate receptor beta (FR-β) were used 
to distinguish between M1 and M2 macrophages. Photographs were obtained of cartilage 
and synovial tissue adjacent to the medial tibia plateau. In ImageJ the total surface (pixels) of 
the synovial tissue or cartilage on digital photographs was obtained by manually selecting 
the region of interest. Positive DAB staining was quantified in that ROI. Expression was 
quantified by the % of positive surface. 
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Statistical analysis 
Statistical analysis was conducted using IBM SPSS statistics 24.0 and R studio (RStudio 3.3.1). 
Normality of the data was checked by assessing Q-Q plots, histograms and Shapiro-Wilk 
tests. The effect of treatment on weight distribution was analysed using the Wilcoxon’s 
signed rank test. One-way ANOVA and Kruskall-Wallis tests were used to analyse µ-CT data 
and histological scores. Differences in plasma celecoxib concentration were analyzed by a 
Cox proportional hazard model, considering “donor” as random effect and “time” and 
“treatment” as fixed effects. P<0.05 was considered significant after correcting for multiple 
testing with Benjamini&Hochberg False Discovery Rate post-hoc tests. Effect sizes (ES) were 
retrieved as Hedge’s g for parametric data: medium; 0.5-0.8, large; 0.8-1.2 very large and >2 
huge 37. Differences were considered as relevant when p< 0.05 and/ or ES was medium or 
larger when p-value was <0.1. For non-parametric data, Cliff’s delta was assessed: 
0.28<ES<0.43, medium; 0.43≤ES<0.7, large; ES≥0.7, extra large 38. P-values and effect sizes 
for all comparisons made in this study are provided in supplementary file 3.  

 

Results 
Polymer characterization 
The relative ratio between the polymer building blocks was determined by 1H NMR. Tg of 
the polymer was determined under dry conditions. The average molecular weight of the 
polymer was 70 kDa, the polydispersity index (PDI) 1.70, the glass transition temperature 
(Tg) 54 °C and the relative monomer ratio of A:B:C was 0.30:0.27:0.43. The polymer used for 
this study is depicted in Figure 2.  

 

Table 2. Polymer characterization. 

 Mn (kDa) Polydispersity 
index (PDI) 

Glass transition 
temperature (Tg) 

Relative monomer 
ratio A:B:C 

PEA III Ac Bz 70 1.70 54°C 0.30:0.27:0.43 
The relative ratio between the polymer building blocks was determined by 1H NMR. Tg of the 
polymer was determined under dry conditions. 

 
In vitro and in vivo release of celecoxib  
In vitro, CXB-PEAMs demonstrated a sustained drug release (Fig. 1B) with cumulative release 
of 40% after 28 days (Fig. 1C). In vivo, the small volume of synovial fluid in rat knees did not 
allow for sampling to monitor local celecoxib release from PEAMs. Therefore, systemic 
plasma celecoxib concentrations were determined. Celecoxib was, dose-dependently, 
detectable until 120 hours after IA injection (Fig. 1D).  
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Figure 2. Structure of PEA III Ac Bz, random copolymer consisting of building blocks A, B and 

C. 

 

Hind limb weight distributions seemed to restore as a result of treatment with LD-
celecoxib-PEAMs 
During the study period, average body weight increased gradually from 233 g (range 196-290 
g) to 321 g (274–405 g), as expected. No differences were observed in body weight between 
treatment groups (Figure 3B). No treatment-related systemic abnormalities were found on 
necropsy confirming systemic safety. Before OA induction, rats bore weight on both hind 
limbs equally: 50.8%±6.7% (mean±SD) (Fig. 3C). Three weeks after ACLT+pMMx, weight 
distribution on the operated leg was significantly lower than the pre-operative situation (Fig. 
3C, p=0.013). One week after IA injection of (un)loaded-PEAMs and throughout the whole 
study period, only borderline significant differences compared to pre-treatment values were 
found (p=0.058). Post hoc tests revealed a significant increase in weight bearing of the 
affected leg only with LD-CXB-PEAMs (p=0.044) vs. unloaded-PEAMs (Fig. 3D). 

Ex vivo μ-CT revealed protective effects of prolonged celecoxib exposure on OA 
progression at the subchondral bone level 
Ex vivo µ-CT was used to quantitatively evaluate the subchondral bone of the medial tibial 
plateau. All measured μ-CT parameters were significantly different in OA vs. healthy 
contralateral knees (Fig. 4A-L), confirming the typical hallmarks of OA at subchondral bone 
level, i.e. increase in subchondral sclerosis (Fig. 4A,B; p<0.001), osteophyte formation (Fig. 
4C,D; p<0.001), the presence of calcified loose bodies (Fig. 4E,F; p<0.001) SBCs (Fig. 4G,H; 
p=0.001), whereas healthy knees had none. Moreover, lower porosity of the subchondral 
bone plate (Fig. 4J, p=0.059, medium ES) and a decrease in bone volume of the trabecular 
bone (Fig. 4L; p=0.027) beneath the subchondral plate, with a concurrent increase in 
trabecular spacing (Fig. 4K, p=0.003) were detectable in OA joints.  
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Figure 3. A. Setup of the pressure plate measurements. B. Body weight increased gradually in all 
groups during the course of the study. C. Load bearing significantly decreased (p=0.013) in operated 
joints 3 weeks after anterior cruciate ligament transection and partial medial meniscectomy 
(ACLT+pMMx). D. Static weight bearing improved 6 weeks after OA induction, but only the LD-CXB-
PEAMs could significantly enhanced weight bearing compared to OA control joints (p=0.044). ACLT, 
Anterior cruciate ligament transection; OA, osteoarthritis (unloaded PEAM control group); LD CXB, 
low dose celecoxib; MD CXB, middle dose CXB; HD CXB, high dose CXB. 

 

Less subchondral sclerosis was demonstrated in OA knees treated with LD-, MD- and HD-
CXB-PEAMs (Fig. 4A), vs. unloaded-PEAMs (p<0.001). Knee joints that received celecoxib-
PEAMs contained significantly less osteophytes (Fig 4C, p<0.05 for LD-, MD- and HD-CXB-
PEAMs) vs. unloaded-PEAMs. In OA knees treated with unloaded-PEAMs, significantly more 
SBCs were scored compared to knees treated with CXB-PEAMs (Fig. 4G, p<0.05 for all 
dosages). Furthermore, SBC size was significantly smaller in OA knees treated with celecoxib-
loaded-PEAMs vs. unloaded-PEAMs (Fig. 4I; p<0.05 for all dosages). In OA knees loose bodies 
were present (Fig. 4E,F); LD-CXB-PEAMs lowered their numbers vs. unloaded PEAMs (Fig. 4E, 
p=0.011). Furthermore, HD-CXB-PEAMs inhibited increase in subchondral BV/TV (Fig. 4J, 
p=0.09, large ES), and tended to counteract an increase in trabecular bone spacing (Fig. 4L, 
p=0.063, medium ES). No significant differences between treatment groups were detected in 
trabecular thickness of subchondral nor trabecular bone. Growth plate thickness was 
unaffected by OA induction and treatment with celecoxib (data not shown).  
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Figure 4. Ex vivo micro computed tomography (µ-CT) analysis of the medial tibia plateau. The 
induction of osteoarthritis (OA) led to an increase in subchondral sclerosis (A,B; p<0.001), which was 
inhibited by the controlled release (CR) of celecoxib (CXB) (A; p=0.007, p=0.063, p=0.003 for low, 
middle and high dose CXB (LD-, MD- and HD-CXB)). CXB-PEAMs exerted a protective effect on the 
formation of osteophytes (C,D; p=0.006, p=0.036 and p=0.019 for LD-, MD- and HD-CXB) and the 
presence of loose bodies (E,F; p=0.011, p=0.24, p=0.142) in OA joints. CR of celecoxib reduced the 
number of subchondral bone cysts (G,H; LD-CXB p=0.002; MD-CXB p=0.037; HD-CXB p=0.002) in OA 
joints, and also resulted in smaller cysts (I; p=0.0015, p=0.002, p=0.0018). The induction of OA 
resulted in increased bone volume of the subchondral bone plate (J; p=0.059, ES 0.7), which was 
decreased by HD-CXB-PEAMs (J, p=0.09, ES 0.8). HD-CXB-PEAMs tended to prevent increase of 
trabecular bone spacing (K; p=0.063, ES 0.65). *p<0.05, **p<0.01, a=medium effect size (ES), b=large 
ES, c=very large ES. 
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Histologic evaluation of cartilage integrity and synovial inflammation showed 
anti-inflammatory effects of celecoxib-releasing microspheres but no inhibition of 
cartilage degeneration 
Histomorphometrical measurements were performed in the most affected region, i.e. the 
medial tibia plateau. The OARSI score (Fig. 5) was significantly higher in OA vs. healthy 
contralateral knees (p<0.01). Treatment with celecoxib-loaded PEAMs had no effect within 
the OA joints. The synovitis score was significantly increased in OA knees treated with 
unloaded-PEAMs vs. healthy (p<0.001) and HD-CXB-PEAMs (p=0.028). CD68 immunopositive 
cells, a general macrophage marker, were rarely seen in healthy knees. In OA control joints 
treated with unloaded-PEAMs, significantly more CD68 immunopositivity was found in the 
synovial perivascular regions vs. healthy controls (p<0.001). There was a dose-dependent 
decrease in CD68 immunopositivity with increasing celecoxib loading dose as indicated by 
the significantly lower CD68 immunopositivity in MD-CXB (p=0.016) and HD-CXB-PEAMs 
(p=0.005) vs. unloaded-PEAMs. Given these distinct differences, the presence of M1/M2 
macrophages was further profiled by evaluating iNOS and FR-β immunopositivity in 
consecutive sections. The expression of M1 related iNOS was upregulated in OA vs. healthy 
contralateral joints (p=0.012) and there was a substantive significant decrease in iNOS 
expression in the HD-CXB-PEAMs (p=0.068, large ES). No significant differences in M2 related 
FR-β expression was noted between treatment groups, although FR-β expression seemed 
increased in OA vs healthy contralateral joints (p=0.072, large ES).  

Collagen X immunopositivity in the tibial cartilage of OA knees injected with unloaded-
PEAMs was increased (p=0.047) vs. healthy contralateral joints (p=0.04), indicating 
hypertrophic differentiation. Controlled release of celecoxib seemed to inhibit collagen X 
deposition (p<0.1; very large ES for LD-, MD- and huge ES for HD-CXB-PEAMs).  
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Figure 5. Histological grading and immunohistochemical analysis of the medial tibial. OA induction 
led to an increase in OARSI score, collagen X deposition and synovial inflammation. Celecoxib-loaded 
PEAMs were able to decrease synovial inflammation, macrophage presence and collagen X 
deposition. *p<0.05; ** p<0.01; a=medium effect size (ES), b=large ES, c=very large ES. OA, 
osteoarthritic control knees; LD; low dose; MD, middle dose; HD, high dose celecoxib. HD CXB-
PEAMs, high dose celecoxib-polyesteramide microspheres; IHC, immunohistochemistry. 
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Discussion 
In the present in vivo study, the effects of sustained release of celecoxib from PEAMs, 
administered intra-articular in a rat OA model were evaluated. Local or systemic adverse 
effects were absent in the (celecoxib-)PEAM-injected joints, indicating that the platform is 
safe to apply over a wide range of celecoxib loading. Systemic exposure of celecoxib after 
intra-articular injection was only detectable in the first 5 days after IA delivery, with 
substantially lower circulatory values than after oral administration 39. In addition, local 
treatment with celecoxib-loaded PEAMs inhibited the OA bone phenotype as demonstrated 
by a decrease in subchondral bone sclerosis, osteophytes, calcified loose body formation, 
and SBCs. Even more so, celecoxib-loaded PEAMs reduced local joint inflammation. 
Considering the demonstrated role of synovial inflammation and peri-articular bone changes 
in OA-related pain, local sustained delivery of celecoxib is a disease modifying drug that 
could alleviate pain.  

Prolonged local exposure to celecoxib inhibited subchondral bone changes and osteophyte 
formation, characteristic for OA. An increasing body of evidence points to an interplay 
between bone and cartilage in OA 14, even suggesting a key role for subchondral bone in OA 
development 40. Targeting bone changes may be an effective strategy to reduce symptoms 
and disease progression in OA, as bone marrow lesions, bone cysts, osteophytes and bone 
shape were associated with structural progression and pain in patients with knee OA 12, 41. 
The mechanism by which CXB inhibits OA bone changes may at least partially be related to 
its inhibitory effect on hypertrophic differentiation42. The process of OA at least partially 
recapitulates chondrocyte hypertrophic differentiation during endochondral ossification 43, 
which was also observed in the present OA model where significantly more collagen X in the 
degenerating cartilage was found. Notably, local delivery of CXB-PEAMs partially 
counteracted cartilage collagen type X deposition, while it was even more effective in 
slowing progression of OA-related subchondral bone changes and osteophyte formation. 
This is in accordance with previous reports exploring the disease-modifying effects of oral 
celecoxib administration 24.  

In parallel to beneficial effects at the subchondral level, local delivery of celecoxib reduced 
the number and size of SBCs. SBCs are cavitary lesions that contain fibrous tissue and fluid, 
but can ossify in later stages. 9. They arise at locations where cartilage damage is most 
severe and are associated with activated osteoclasts and osteoblasts 44. Notably, human 
patients suffering from OA with associated BMLs/SBCs appear to have more pain and an 
increased risk for joint replacement surgery 9, 41. The inhibition of cyst formation by local 
sustained delivery of celecoxib suggests a second route towards inhibition of OA-associated 
pain in addition to the inhibition of synovial inflammation. As celecoxib exerts direct effects 
on bone by inhibiting NF-κB-dependent osteoclastogenesis and osteoclast activation and 
indirect effects by reducing RANKL production by OA chondrocytes 23, this mechanism may 
account for the decreased number and size of SBCs in the present study.  
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This study also provided evidence for the inhibitory effect of local and sustained drug 
celecoxib delivery on osteophyte formation. From a clinical perspective, osteophytes can 
cause a decrease in joint range of motion and can also be a source of pain, by vascularization 
and associated innervation, and by impinging adjacent structures. Pain due to impingement 
can be an indication for surgical intervention for several joints such as the hip, shoulder and 
ankle joint, and it is recommended to remove osteophytes during arthroplasty surgery. 
Short-term outcome for cheilectomies is favorable, but osteophytes tend to recur in the 
long-term 45. In this respect, local prolonged exposure to celecoxib could slow down 
osteophyte formation or prevent recurrence after surgical removal. 

Corroborating to the observed effects at the subchondral bone and peri-articular level, a 
single injection of CXB-PEAMs seemed to harness the synovial inflammatory process on the 
long term as indicated by the improvement of the synovitis score and reduction of 
infiltrating inflammatory macrophages 16 weeks after injection. In line with these findings, a 
previous study employing the same rat OA model and CXB-PEAMs demonstrated reduction 
of total PGE2 levels in knee homogenates, although improvement of synovitis at the 
histological level was not detected 32. The latter could be attributed to the fact that half the 
loading dose of celecoxib per knee joint was used, compared to the lowest concentration 
employed in the current study. Indeed, celecoxib can inhibit synovial inflammation and 
proteolytic enzyme production through inhibition of the COX-2 and the NF-κB pathway in 
vivo 23. In addition, celecoxib also inhibits proliferation of synovial fibroblasts, reducing 
synovial hyperplasia and potentially slowing down synovitis-mediated OA progression 23.  

Although beneficial effects of celecoxib on subchondral bone, osteophytes and synovium 
were found, protective effects on cartilage histology were absent. We cannot exclude that 
the absence of a chondroprotective effect could be attributed to the specific OA rat model 
used. In contrast to the monosodium iodoacetate (MIA) model, the ACLT model does not 
give rise to significant differences in gait parameters and pain-related behavior, while quick 
irreversible degenerative changes at the tissue level do occur 46, 47. Moreover, lately 
evidence has been accumulating that inflammation may play a minor role in OA-associated 
cartilage degeneration. In a collagenase-induced OA model, IL-1α and IL-1β were not 
involved in cartilage destruction 48 and in clinical trials, where inhibition of TNF-α or IL-1β, 
key players in inflammation, had disappointing effects 49. In line with this, inflammation in 
the present rat OA model is low-grade, indicating that the role of inflammatory mediators in 
cartilage degeneration could be of minor importance.  

Altogether, the present study showed that by fine-tuning the loading dose of the PEAM-
based drug delivery platform, the disease modifying effects of celecoxib were further 
improved. Clear beneficial effects were exerted on the bone phenotype of OA. It remains to 
be investigated whether the controlled and local release of celecoxib also effectively inhibits 
pain-related inflammation. However, the inhibition of synovial inflammation and the 
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inhibition of bone cysts and osteophyte formation suggests local delivery of celecoxib may 
be an effective treatment for both disease-modifying as well as OA-associated pain. 
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Supplementary file 1. Power analysis and group size calculation for the in vivo 
experiment. 
To determine the total number of animals used in the in vivo experiment, and the number of 
animals in each experimental group, a power analysis was performed in G*Power 3.1.9.2. An 
a priori analysis was performed using an ANOVA, to compute the required sample size, given 
an effect size of 1, and an α of 0.008. An α of 0.008 was used as we had to correct for 
multiple comparisons: 6 comparisons in total results in an α of 0.05/6 = 0.008. A total of 24 
animals was calculated (6 animals per experimental group), with a power of 0.85. 
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Supplementary file 2. Details of the primary antibodies and the 
immunohistochemistry protocols employed.  
Deparaffinization was established through xylene (2x5 min) and graded ethanol (96, 80, 70, 
60%, 5 min each), followed by two rinses of TBS+0.1% Tween (TBST0.1%, 2x5 min). Antigen 
retrieval was performed, followed by endogenous peroxidase inhibition for 5 min and pre-
incubation with blocking buffer for 30 min at RT. Thereafter, sections were incubated with 
primary antibody at 4°C overnight (table 1). The EnVision-HRP detection system (Dako) was 
applied for 30 min at RT followed by incubation with streptavidin conjugated with 
horseradish peroxidase for 30 min at RT. All antibodies were visualized with the liquid DAB+ 
substrate chromogen (Dako). With the aid of ImageJ, immunopositivity was calculated as the 
% of positive staining in the total synovial area. Respective isotype controls confirmed 
specificity for the staining. 
 
 
Table 2. Details on immunohistochemistry protocols. 
Name Manufacturer Origin Antibody 

Ig 
fraction 

Antigen 
retrieval 

Block Dilution 
1st 
antibody 

Secondary 
antibody 

CD68 Abcam, 
ab31630 

Human 
recombinant 

Mouse 
Mab 

None 1:10 goat 
serum / 
PBST 

0.2 
μg/mL 

EnVision 
K4001, 
Dako 

Collagen 
X 

Quartett,  
2031501005 

Human 
recombinant 

Mouse 
Mab 
IgG1 

0.1% Pepsin, 
20 min @37°C 
and HAse 
10mg/mL, 30 
min @37°C 

1:10 goat 
serum / 
PBST 

 EnVision 
K4001, 
Dako 

Folate 
receptor 
β 

 Human 
recombinant 

Rabbit 
Pab IgG 

0.01M citrate 
buffer pH 6.0 
30 min @70°C 

PBS-BSA 
5% 

1:500 X0903, 
Dako 

NOS2 
(iNOS) 

Santa Cruz 
Bio-
technology, 
SC-7271 

Human 
recombinant 

Mouse 
Mab 
IgG1 

0.1% Pepsin, 
20 min @37°C 

0.3% 
H2O2; 
PBS-BSA 
5% 

1:1000 EnVision 
K4001, 
Dako 

Mab: monoclonal antibody; Pab: polyclonal antibody; HAse: bovine hyaluronidase 4 450 IU/mg, 
adjusted to pH 5 with 0.1M HCl.; PBST: 6 Phosphate buffered saline 0.1% Tween-20. 
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Supplementary file 3. Effect sizes (ES), ES’s confident intervals (99.9%, between 
brackets) and P values for the different analyses performed in the study with P-
values between 0.05 and 0.1.  

Experiment Comparison Effect size P value Type 
Trabecular 
thickness 
subchondral bone 

OA vs healthy 0.21  Hedge’s G 
OA vs LD-PEAMs 0.04  
OA vs MD-PEAMs 0.15  
OA vs HD-PEAMs 0.87  

Trabecular 
thickness 
trabecular bone 

OA vs healthy 0.27  Hedge’s G 
OA vs LD-PEAMs 0.49  
OA vs MD-PEAMs 0.18  
OA vs HD-PEAMs 0.30  

BV/TV 
subchondral bone 

OA vs healthy 0.68 (0.85-2.20) 0.059 # Hedge’s G 
OA vs LD-PEAMs 1.27 (0.36-2.90) 0.08 # 
OA vs MD-PEAMs 0.48 (-1.99-1.03) 0.09 # 
OA vs HD-PEAMs 0.85 (0.70-2.41) 0.08 # 

BV/TV trabecular 
bone 

OA vs healthy 0.37 (-1.13-1.87) 0.027 * Hedge’s G 
OA vs LD-PEAMs 0 (-1.49-1.49) 0.86 
OA vs MD-PEAMs 0.19 (-1.30-1.68) 0.79 
OA vs HD-PEAMs 0.16 (-1.33-1.65) 0.78 

Trabecular bone 
spacing 

OA vs healthy 0.82 (0.73-2.37) 0.003 ** Hedge’s G 
OA vs LD-PEAMs 0.50 (-2.01-1.01) 0.093 # 
OA vs MD-PEAMs 0.47 (-1.98-1.04) 0.128 
OA vs HD-PEAMs 0.65 (0.95-2.08) 0.071 # 

Collagen X IHC OA vs healthy 1.26 (0.37-2.88) 0.047 * Hedge’s G 
OA vs LD-PEAMs 0.67 (-2.20-0.86) 0.380 
OA vs MD-PEAMs 0.82 (0.73-2.73) 0.064 # 
OA vs HD-PEAMs 0.87 (0.69-2.43) 0.052 # 

iNOS IHC OA vs healthy 0.60 0.012 * Cliff’s delta 
OA vs LD-PEAMs 0.40 0.177 
OA vs MD-PEAMs 0.34 0.126 
OA vs HD-PEAMs 0.34 0.068 # 

FR-β IHC OA vs healthy 1.01 (0.57-2.14) 0.072 # Hedge’s G 
OA vs LD-PEAMs 0.22 (-1.71-1.27) 0.63 
OA vs MD-PEAMs 0.28 (-1.77-1.22) 0.81 
OA vs HD-PEAMs 0.31 (-1.80-1.19) 0.56 

Color labels for Hedge’s g: none (ES≤0.01), no fill; very small (0.01≤ES<0.2), purple; small 
(0.2≤ES<0.5), light blue; medium (0.5≤ES<0.8), yellow; large (0.8≤ES<1.2), green; very large 
(1.2≤ES<2), orange; and huge (ES≥2), red. Color labels for Cliff’s delta: small (ES<0.28), light blue; 
medium (0.28≤ES<0.43), yellow; large (0.43≤ES<0.7), green; and very large (ES≥0.7), red. (# p<0.1; * 
p<0.05; ** p<0.01.   
 



 

 

  



 

 

Chapter 4  

Sustained release of locally delivered celecoxib provides pain 
relief for osteoarthritis in dogs: a prospective, randomized 

controlled clinical trial 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
A. R. Tellegen 1, M. Beukers 1, R. J. Maarschalkerweerd 2, C. D. van Zuilen 2, N. J. van Klaveren 
2, K. Houben 1, E. Teske 1, R. van Weeren 3, N. Woike 4, G. Mihov 4, J. Thies 4, L. B. Creemers 5, 

B. P. Meij 1*, M. A. Tryfonidou 1* 
 

1 Department of Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine, 
Utrecht University, The Netherlands. 

2 Orthopedie, Medisch Centrum voor Dieren, The Netherlands. 
3 Department of Equine Sciences, Faculty of Veterinary Medicine, Utrecht University, The 

Netherlands.  
4 DSM Biomedical, The Netherlands. 

5 Department of Orthopaedics, University Medical Centre Utrecht, The Netherlands. 
 

* Shared senior authorship 
 

In review at The Veterinary Journal 



88 | Chapter	4	

 

Abstract	
Osteoarthritis (OA) is a common cause of pain and lameness in companion animals. Non-
steroidal anti-inflammatory drugs are effective against OA pain, but may be accompanied by 
side effects. Local administration via drug delivery platforms could offer a suitable treatment 
strategy for long-term OA management. The aim of this prospective, randomized controlled 
study was to investigate the efficacy of an intra-articular sustained release platform 
containing celecoxib, a COX-2 selective inhibitor, in client-owned dogs with established OA. 
Celecoxib release profiles and its anti-inflammatory properties were investigated in canine 
primary chondrocytes in monolayer culture for 28 days. Thirty dogs with clinical and 
radiological OA were included: 20 patients received celecoxib-loaded microspheres, 10 
received unloaded microspheres (placebo). Weight-bearing was assessed by visual lameness 
scoring, kinetic gait analysis prior to, and 1 and 2 months after treatment; radiographs were 
scored for OA and synovial fluid was analysed after 2 months. Pain-related behaviour was 
scored by the owner. In vitro, celecoxib release was shown for 28 days and suppressed 
prostaglandin E2 (PGE2), a biomarker of inflammation, during the entire culture period, 
without negatively influencing cellular homeostasis. Intra-articular administration of 
celecoxib-loaded microspheres improved lameness and pain-related behaviour. PGE2 
content in the synovial fluid of dogs treated with celecoxib-loaded microspheres was 
significantly lowered. Radiographic OA scores were not influenced by treatment. Canine OA 
patients improved clinically after local application of celecoxib-loaded microspheres. These 
results provide a proof-of-concept for further translation of intra-articular administration of 
celecoxib-loaded microspheres from bench to bedside.  
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Introduction	
Osteoarthritis (OA) occurs in most mammalian species. Over 20% of the canine population is 
affected by OA, in geriatric this is as high as 80% 1. Pain and joint stiffness, the most common 
signs of OA, are the result of degeneration of articular cartilage, synovial inflammation, and 
changes in subchondral and peri-articular bone 2. Pro-inflammatory mediators produced by 
articular chondrocytes (ACs) and cells in the synovial lining are known to influence OA 
progression and the severity of symptoms 3. Considering the inflammatory component of 
OA, non-steroidal anti-inflammatory drugs (NSAIDs) provide suitable and effective therapy 4. 
However, long-term systemic NSAIDs use can lead to adverse effects 5. Intra-articular (IA) 
corticosteroid injections have a limited duration of action and occasional adverse effects 6. 
Recently developed IA therapies include hyaluronic acid, autologous blood products and 
mesenchymal stromal cells, evidence on effectiveness is inconclusive to date 7. 

A more straightforward and cost-effective method could be the local and extended delivery 
of well-known disease-modifying drugs. One of such drugs is celecoxib, a selective COX-2 
inhibitor, originally developed as an oral NSAID for musculoskeletal diseases in man. 
Evidence is increasing that celecoxib has disease-modifying effects 8, 9. Less osteophyte 
formation and bone marrow lesions occurred in a post-traumatic rat OA model after oral or 
IA treatment with celecoxib 10, 11. In a post-traumatic rabbit OA model, IA celecoxib inhibited 
expression of pro-inflammatory mediators and improved cartilage repair, which did not 
occur after IA delivery of hyaluronic acid or saline 12.  

To facilitate IA application and achieve sustained local drug levels, delivery platforms based 
on biomaterial carriers can be applied to release small molecule drugs over a prolonged 
period of time. Drug delivery platforms that release celecoxib have been studied in vitro 13, 14 
and in vivo 15 for application in cartilaginous tissues. In vitro release of celecoxib in PBS from 
α-amino acid based polyesteramide microspheres (PEAMs), a biodegradable and non-toxic 
platform 16, was shown for over 80 days. In addition, IA injected celecoxib-PEAMs were 
present in femorotibial OA joints for over 12 weeks and lowered local prostaglandin E2 
(PGE2) levels 17. Furthermore, IA delivery in a preclinical rat OA model of PEAMs with 2-13x 
higher celecoxib loading doses, was not only able to attenuate synovial inflammation, but 
also inhibited the progression of subchondral bone changes 11.  

These preclinical studies on the safety and disease-modifying effects of celecoxib at tissue 
level have been very promising. Therefore, the aim of this prospective, randomized 
controlled clinical trial was to assess the clinical efficacy of IA celecoxib-PEAMs in client-
owned dogs suffering from OA. This was preceded by evaluation of release of celecoxib from 
PEAMs on primary canine ACs, showing release kinetics and bioactivity of the released 
celecoxib. 
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Materials	and	methods	
Microsphere	preparation	and	celecoxib	release	in	vitro	
PEAMs were synthesized as reported 18. Suspensions of 70 PEAMs /mL for 20 wt% CXB-
loaded (16 mg/mL) and unloaded PEAMs were prepared. Directly prior to IA injection, 
PEAMs were re-suspended in 1.5 mL sterile 2% lidocaine injection solution (B. Braun 
Medical), to avoid pain from the arthrocentesis procedure. To assess the release behaviour 
and bioactivity of (celecoxib-)PEAMs were cultured with and without ACs for 28 days (Figure 
1A). Celecoxib, PGE2, DNA measurements and gene expression analysis were used as read 
out parameters. Methods are described in Supplementary file 1. 

Veterinary	patient	study	design	
This study was conducted with the approval of the Ethical Committee of the Department of 
Clinical Sciences of Companion Animals, Utrecht University (trial number AVR 17-06, 
approval date 18-12-2016). A power analysis was performed on historical data from our 
institution a priori, to calculate minimal required group size with an α of 0.05, power of 0.9 
and an effect size of 1.18. Written consent was obtained from all dog owners before study 
enrolment. Dogs were randomly allocated (random sequences generated by Excel 2016, 
Microsoft) to the treatment (n=20) or placebo group (n=10). The owners and assessing 
veterinarians were blinded to the treatment. For the purpose of the arthrocentesis and IA 
injection dogs were sedated, and the affected joint(s) were clipped and prepared aseptically. 
Arthrocentesis was performed, and synovial fluid (SF) was collected for cytology and stored 
at -20 °C, if there was sufficient SF. This was followed by IA injection of the PEAMs. Dogs with 
a body weight of 15-30 kg received 0.5 mL, dogs weighing 30-45 kg received 1 mL and dogs 
weighing over 45 kg received 1.5 mL microsphere solution, corresponding with 8, 16 and 24 
mg celecoxib per injection, respectively. Dogs were evaluated after 1 and 2 months. Follow-
up consisted of clinical examination, force plate analysis and owner questionnaires, plain 
radiographs and SF analysis (Fig. 2).  
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Figure 1. Setup and results of the in vitro release experiment. A. Schematic overview of the assay 
used for evaluating bioactivity of released celecoxib (CXB) on prostaglandin E2 (PGE2) production in 
primary articular chondrocytes (ACs) cultured with 10 ng/mL tumour necrosis factor alpha (TNF-α) 
during a 28 days culture period. Release profile (B) and cumulative (C) celecoxib release from two 
concentrations microspheres (10-4 M, 10-7 M) in chondrogenic medium with (+ACs) or without 
chondrocytes. The high concentration microspheres (10-4 M) and the bolus celecoxib condition 
(equivalent to 10-6M) effectively suppressed PGE2 levels throughout the culture period (D). Total DNA 
content was not affected by any of the treatments (E), although an increase in COL2A1 gene 
expression was observed in the presence of 10-4M celecoxib-PEAMs (F). Interleukin-6 (IL6) was highly 
variable in the presence of a pro-inflammatory stimulus and was not influenced by the CXB-
conditions (G). N=6 per condition (mean ± 95% confidence interval). * Significant different from 
baseline (p<0.05). d, Very large effect size with 0.05<p<0.1. 
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Read	out	parameters	
All dogs underwent a full clinical and orthopaedic examination by a board-certified 
veterinary surgeon (BM) to document overall health and the presence of orthopaedic 
abnormalities. Lameness was recorded on a 4-point scale, with categories 0 (none), 1 
(intermittent mild lameness after rest and exercise), 2 (mild lameness / intermittent 
moderate lameness after rest and exercise), 3 (moderate lameness / non-weight bearing 
after exercise) and 4 (non-weight bearing lameness at all times). All examinations were 
repeated during the 1- and 2- month follow-up visits. 

Dogs were considered eligible for the study if they met the inclusion criteria (Table 1). Any 
pain medication was discontinued 4 days prior to baseline measurements and inclusion in 
the study. Owners were provided with a diary to document medications administered during 
the study (‘additional pain relief medication’) and note adverse reactions. Physical activity 
was limited to leash walks on the first two days after treatment. Thereafter, owners could 
gradually take up activity as before the start of the study, if the dog tolerated this. 

 

Table 1. Inclusion- and exclusion criteria for participation in the clinical study. 

Inclusion criteria Exclusion criteria 
A medical history, clinical signs, physical 
examination findings and radiographic findings 
consistent with OA  

Orthopaedic or neurologic diseases other than OA, 
such as fractures or neoplasia of the affected limb 

Dogs that are treated with long term medication for 
OA may be included when owner is willing to test 
alternative 

Prior orthopaedic surgeries within 6 weeks of the 
affected limb or other limbs than the affected joint 

Dogs that are unresponsive to conservative 
treatment methods for OA for at least 1 week 

Prior orthopaedic surgery in the affected joint within 
3-6 months 

Grade 1-3 lameness due to OA Prior orthopaedic surgery in the affected joint with 
techniques that include intra-articular non-resorbable 
materials (e.g. Tightrope) 

Body weight more than 15 kg NSAIDS, glucocorticoids or opioid therapy within 3 
days prior to visit 2 

The owner of the dog states availability and 
willingness to perform all follow-up examinations, 
and has signed the informed consent form 

Active infection at the surgical site, for example 
chronic pyoderma, or septic arthritis 
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Figure 2. Flow chart of the prospective, randomized controlled study evaluating the clinical efficacy 
of intra-articular injection of celecoxib-loaded or unloaded polyesteramide microspheres (PEAMs). 
N=20 dogs in the treatment group, n=10 dogs in the placebo group. 

 

Radiographs of affected joints were obtained within three months prior to inclusion in the 
study to confirm the presence of OA (Fig. 3A-F) and were repeated two months after IA 
injection to monitor for adverse effects and progression of OA. Mediolateral and 
craniocaudal or caudocranial radiographic projections of each joint were and scored (AT) 
following previously reported criteria 19: 0 (normal), 1 (mild OA), 2 moderate OA, 3 (severe 
OA). To assess OA more quantitatively, the height of osteophytes was measured and graded 
as described previously 20: 0 = no OA, 1 (osteophytes <2 mm), 2 (2-5 mm) or 3 (>5 mm). The 
highest value was entered in the analysis. 

During each visit, ground reaction forces (GRFs) were measured (9261 Kistler Instrumente) 
as described previously 21. GRFs in the mediolateral (Fx), craniocaudal (Fy) and vertical (Fz) 
direction were normalized for body weight. Asymmetry indices (ASI) were calculated 
according the following formula:  
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𝐿𝑒𝑓𝑡 − 𝑅𝑖𝑔ℎ𝑡
0.5	(𝐿𝑒𝑓𝑡 + 𝑅𝑖𝑔ℎ𝑡) ∗ 100 

 

ASIs were determined for peak propulsive force (PPF), peak vertical force (PVF) and area 
under the force-time curve of Fz+, which is equal to the vertical impulse (VI) during the 
stance phase, 22, 23. Stance time was recorded as well. 

Questionnaires were dispatched to owners regarding behaviour and function of their dog, 
asking for the owner’s perspective of treatment outcome (Table 2). These questionnaires 
were partially adapted from the Canine Brief Pain Inventory 24. If owners perceived lameness 
that was of similar (or worse) severity compared to pre-treatment which lasted for at least 1-
2 days, they were allowed to administer pain medication that the dog received prior to 
inclusion. The owner contacted the study coordinator (AT) for guidance by phone or email, 
and if necessary, could book an extra in-house check-up. The owners were asked to assess 
their dog at least twice a day and note down the severity of lameness and the administration 
of analgesic drugs in the log diary. 

Macroscopic assessment of the SF was performed to evaluate volume, colour, viscosity and 
turbidity. Direct smears of SF were stained using Pappenheim staining evaluated on the 
following parameters: number and type of cells (degenerative vs inflammatory) and 
presence of cell clusters. Furthermore, several biomarkers were investigated, i.e. PGE2, C-C 
motif chemokine ligand 2 (CCL2) and glycosaminoglycans (GAG). PGE2 was measured using 
ELISA following the manufacturer’s instructions (1:10 diluted in assay buffer), CCL2 
concentration was determined by ELISA (DIY0934D-003, Kingfisher Biotech) (1:10 diluted in 
assay buffer). The SF GAG concentration was determined using a dimethyl methylene blue 
(DMMB) assay after incubation with 1:1 0.1 mg/mL hyaluronidase (H2126, Sigma-Aldrich) at 
37°C for 30 minutes, diluted 50x in PBS-EDTA 25. The total cell count of the SF was 
determined using a TC20 Automatic Cell Counter (1450102, Bio-Rad) with trypan blue dye. 
To aid in the interpretation of SF biomarker levels, SF of healthy joints collected post-
mortem from six experimental dogs in unrelated experiments (approved by the Dutch 
Central Committee for Animal experimentation, experimental number: #AVD108002015282, 
approval date 25/11/2015) and six client-owned dogs with OA presented for orthopedic 
surgery was performed were analysed concurrently with the samples of the present study. 
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Figure 3. Radiographs obtained prior to or two months after intra-articular injection with celecoxib-
loaded or unloaded polyesteramide microspheres. Arrows indicate locations for osteophyte 
measurements. A, B. Mediolateral (A) and craniocaudal (B) radiographic projections obtained of the 
elbow joint of dog 19 prior to inclusion in the study. Osteophytes were measured at the cranial 
aspect of the radial head, the caudal surface of the lateral condylar ridge, the medial contour of the 
humeral condyle and the medial contour of the medial coronoid process. C and D show mediolateral 
and caudocranial radiographs of the femorotibial joint of dog 1 prior to inclusion in the study. 
Osteophytes were measured at the proximal trochlear edge, the distal patella and the lateral and 
medial tibial plateau. E, F. Ventrodorsal radiographs of the pelvis of dog 28 prior to (E) and 2 months 
after treatment with unloaded microspheres (F), respectively. Osteophytes on the cranial and caudal 
edge of the acetabulum and at the femoral neck were recorded.  
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Statistical	analysis	
The statistical software IBM SPSS Statistics 24 was used. Normality of the data was checked 
by assessing the Q-Q plots, histograms and Shapiro-Wilks tests. First, differences regarding 
dog characteristics between treatment groups were assessed. For the parameters ‘age’, and 
‘weight’, a one-way ANOVA test was applied. To test differences in sex and joint distribution 
between groups, a Mann-Whitney U test was performed. To compare the questionnaire, 
force plate analysis data, visual lameness score and celecoxib release in vitro, repeated-
measures ANOVAs were performed to test for differences within group (CXB-PEAMs and 
unloaded PEAMs), between time points, and between groups within time points. To 
compare the proportions of dogs that received additional pain relief medication between 
treatment- and placebo group, a Fisher’s exact test was performed. P values <0.05 were 
considered statistically significant. Effect sizes (ES) were retrieved as Hedge’s g for 
parametric data: medium, 0.5-0.8; large, 0.8-1.2; 1.2-2, very large and >2 huge 26. 
Differences were considered as relevant when P<0.05 and/ or ES was medium or larger with 
a P-value of <0.1.  

 

Results	
Celecoxib	release	in	vitro	
After 28 days ±40% of celecoxib was released, independent of the microsphere 
concentration in the medium (Fig. 1B,C). The presence of cells in a pro-inflammatory 
environment accelerated celecoxib release in the culture condition with the 10-4M PEAMs 
(P<0.001). The bolus celecoxib and the 10-4M celecoxib-PEAMs suppressed PGE2 production 
(Fig. 1D) during the 28-day culture period (p=0.002, P<0.001, respectively). There was no 
significant change in DNA content, indicating no effect of (un)loaded PEAMs on cell death or 
proliferation (Fig 1E). This effect was corroborated by steady BAX/BCL2 ratios on RT-qPCR 
(Supplementary file 1), indicating no increase in apoptosis. No significant differences in gene 
expression levels of matrix components ACAN, COL1A1, TIMP1, ADAMTS5 (Supplementary 
file 1), or inflammatory mediators interleukin-6 (IL6, Fig. 1G) and NGF (Supplementary file 1) 
were found, although a slight increase COL2A1 by 10-4M PEAMs was seen (Fig 1F).  

Veterinary	patient	study	
Thirty dogs met the inclusion criteria and were enrolled in the study (Supplementary file 2). 
Fourteen elbow joints, 11 femorotibial joints and 6 coxofemoral joints were included (dog 6 
received IA injections in 2 joints simultaneously). The median age was 6 years (range 9 
months – 13 years), the mean body weight was 33 kg (range 16-68 kg), without significant 
changes in body weight during the follow-up period. There were 16 females (14/16 spayed) 
and 14 males (9/14 castrated). There were no differences regarding age (p=0.52), body 
weight (p=0.88), sex (p=0.94) and joint distribution (p=0.27) between treatment- and 
placebo groups. The mean visual lameness score was 2 in both the treatment- and placebo 
group prior to the start of the study (range 1-3 for both groups; p=0.75). There were no 
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major adverse effects noted during the study period. Peri-articular swelling of the joint 1-3 
days after IA injection with unloaded PEAMs occurred in dog 2 and dog 26, but this resolved 
after a few days without additional treatment. 

Only in the dogs that were injected with the celecoxib-PEAMs, there was an improvement 
from baseline in overall questionnaire score at 1 (P<0.0001) and 2 months (P=0.001) after 
treatment (Fig 4A). Compared to the dogs in the placebo group, treatment with celecoxib-
PEAMs led to a significantly higher questionnaire score at both 1 (P=0.009) and 2 months 
(P=0.007) after injection indicative of clinical improvement (Table 2). Additional pain relief 
medication was provided by 9/10 owners of dogs that were allocated to the treatment with 
unloaded PEAMs, vs 3/20 owners of dogs that received celecoxib-PEAMs (P<0.001 and 
P=0.001 at 1 and 2 months follow-up). 

The visual lameness score was significantly lower in the animals treated with celecoxib-
PEAMs, compared to baseline at 1 (p<0.001) and 2 months (p<0.001) after IA injection (Fig 
4B). There was a significant improvement of kinetic gait parameters at 1 and 2 months after 
IA injection with celecoxib-PEAMs (Table 3): PPF and VI improved substantially at 1-month 
post injection (p=0.03 and p=0.024, respectively) together with the PVF at 2 months 
(p=0.007; p=0.059, medium ES and p=0.07, medium ES, respectively for PPF, PVF and VI). No 
significant differences were found between time-points in the placebo group. There were no 
significant differences between treatment groups and time-points for the stance time.  

Radiographs were scored for OA severity and osteophyte size prior to and 2 months after 
treatment (Fig. 3A-F; supplementary file 3) in a fashion blinded to the treatment. 
Osteoarthritis severity and osteophyte size did not change during the follow-up period 
(p>0.15).  
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Table 2. Responses to owners’ questionnaires of dogs with osteoarthritis before and at 1 and 
2 months after intra-articular injection with celecoxib-loaded (Celecoxib) or unloaded 
(“Placebo”) polyesteramide microspheres. 

Questions Before treatment After 1 month After 2 months 
Celecoxib Placebo Celecoxib Placebo Celecoxib Placebo 

Does your dog show 
lameness, and in which 
severity? 

4 (2-9) 5 (2-8) 6 (2-10) * 5 (2-9)  9 (3-10) * 4 (2-9) 

P<0.001 p=0.85 p<0.001 p=0.92 

Does your dog have 
pain as a result of its 
osteoarthritis? 

4 (2-7) 4.5 (2-7) 7 (1-10) * 5 (3-10) 8 (3-10) * 4 (1-9) 

p=0.001 p=0.34 p<0.001 p=0.86 

Does your dog show 
any weakness in its 
affected leg? 

8 (2-10) 7 (1-10) 9 (4-10) 7.5 (4-10) 8 (4-10) 5 (2-10) 

p=0.246 p=0.59 p=0.405 p=0.90 

Does your dog have 
difficulty rising up? 

4 (1-9) 4.5 (2-9) 7.5 (3-10) * 5.5 (3-10) 8 (3-10) * 5 (2-9) 
p<0.001 p=0.64 p=0.001 p=0.83 

Does your dog have 
difficulty lying down? 

5 (3-10) 7 (1-10) 8.5 (3-10) * 8.5 (4-10) 8 (4-10) * 9 (2-10) 
p=0.007 p=0.373 p=0.028 p=0.66 

Does the pain interfere 
with normal activities 
in and around the 
house? 

4.5 (2-10) 6 (1-9) 7.5 (2-10) * 5 (3-10) 7 (3-10) a 4 (2-9) 

p=0.014 p=0.68 p=0.09 p=0.83 

Does the pain interfere 
with the quality of life 
of your dog? 

5 (2-10) 4 (1-9) 8.5 (2-10) * 4.5 (3-9) 8 (3-10) * 4 (2-9) 

p<0.001 p=0.63 p=0.001 p=0.78 

Does the pain interfere 
with the ability to 
walk? 

4 (1-10) 4.5 (2-9) 7.5 (2-10) * 4 (2-9) 8 (2-10) * 4 (1-9) 
p=0.012 p=0.46 p=0.014 p=0.63 

Does the pain interfere 
with the ability to run? 

3.5 (1-10) 6.5 (1-9) 8 (3-10) * 3 (1-8) 8 (2-10) * 4 (1-9) 
p=0.001 p=0.32 p=0.014 p=0.47 

Does the pain interfere 
with the ability to 
climb stairs? 

4 (1-10) 4.5 (1-10) 7.5 (3-10) * 4.5 (2-9) 8 (3-10) * 4 (1-9) 

p=0.016 p=0.94 p=0.014 p=0.36 

Data represented as median (range). N=20 animals in the celecoxib-treated group and n=10 for the 
placebo group at all time points. *Indicates significantly different from baseline (p<0.05). a, Medium 
effect size with 0.05<p<0.1. 
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Table 3. Results of force plate measurements of dogs with osteoarthritis before and at 1 and 2 
months after intra-articular injection with celecoxib-loaded (Celecoxib) or unloaded (Placebo) 
polyesteramide microspheres. 

Parameter 
Before treatment After 1 month After 2 months 

Celecoxib Placebo Celecoxib Placebo Celecoxib Placebo 

PVF ASI 19 (18) 19 (27) 
13 (15) 18 (20) 9 (9) * 23 (27) 

p=0.137 p=0.874 p=0.025 p=0.450 
PVF 
(Improvement 
from 
baseline) 

N/A N/A 

26%  -7% 128%  -29% 

p=0.634 p=0.901 p=0.059 a p=0.664 

PPF ASI 37 (25) 44 (37) 
18 (10) * 41 (32) 10 (11) * 37 (31) 

p=0.003 p=0.659 p=0.001 p=0.120 
PPF 
(Improvement 
from 
baseline) 

N/A N/A 

73% * -142% 103% * -28% 

p<0.001 p=0.587 p=0.007 p=0.261 

VI ASI 17 (21) 28 (29) 
14 (25)  26 (29) 9 (10) * 22 (28) 

p=0.20 p=0.31 p=0.018 p=0.86 
VI 
(Improvement 
from 
baseline) 

N/A N/A 

143% * 39% 60%  33% 

p=0.024 p=0.07 p=0.07 a p=0.61 

Stance time 
ASI 

6.7 (6.1) 7.5 (5.2) 
4.7 (3.9) 7.8 (5.8) 4.4 (4.2) 8.9 (5.8) 

p=0.26 p=0.72 p=0.21 p=0.48 
Stance time 
(Improvement 
from 
baseline) 

N/A N/A 

2% -2% -29% -37% 

p=0.30 p=0.89 p=0.15 p=0.31 

PVF, peak vertical force; ASI, asymmetry index; PPF, peak propulsive force; VI, vertical impulse. Data 
represented as mean (SD). N=20 animals in the celecoxib-treated group and n=10 for the placebo 
group at all time points. * Indicates significant difference from baseline (p<0.05). a, Medium effect 
size with 0.05<p<0.1. 

Prior to IA injection, sufficient SF could be obtained and was subsequently analysed from 
21/30 joints (14 CXB; 7 placebo), and 20/30 (13 CXB; 7 placebo) joints at the 2 months check-
up visit. Prior to treatment, all SF samples contained an excessive number of cells, of a 
degenerative phenotype (mainly synoviocytes and macrophages). Two months after IA 
injection, cytology confirmed degenerative arthritis in all dogs. In two dogs that had received 
CXB-PEAMs and one dog that was administered unloaded microspheres an increase in 
polymorphonuclear cells was observed. PGE2 levels were significantly lower in the celecoxib-
treated group two months after treatment, compared to baseline (Fig. 4C, p=0.003). Total 
GAG (Fig. 4E) and CCL2 (Fig 4F) concentrations were not significantly different between time-
points or treatment groups. 
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Figure 4. Combined results of the veterinary patient study. A. The overall owner questionnaire score 
was significantly higher in the dogs that received celecoxib-loaded polyesteramide microspheres 
(CXB-PEAMs) than in the dogs that received unloaded microspheres (P; placebo), at the 1- and 2-
month follow-up visits. B. Visual lameness scores only improved in dogs that received CXB-loaded 
microspheres. C. The peak propulsive force (PPF) asymmetry only improved in dogs treated with CXB-
PEAMs during the follow-up period. Glycosaminoglycan content of the synovial fluid (SF) was not 
affected by treatment (D), while prostaglandin E2 (PGE2) was significantly lower in SF of the celecoxib-
treated group 2 months post injection compared to pre-treatment values (E). The synovial fluid C-C 
motif chemokine ligand 2 (CCL2) concentration was not affected by intra-articular injection of 
(celecoxib-loaded) microspheres (F). Dotted lines indicate SF control samples of 6 healthy joints, 
dashed lines indicate average SF biomarker values for osteoarthritic joints of 6 donors (D-F). * 
Significant different from baseline (p<0.05). 

	

Discussion	
Drug delivery platforms that gradually release anti-inflammatory drugs after intra-articular 
administration are a promising approach towards long-term relief of OA-associated pain. For 
the purpose of translation from bench-to-bedside of a drug delivery platform employing the 
selective COX-2 inhibitor celecoxib, a prospective randomized controlled trial was conducted 
in client-owned dogs with OA. The present study showed prolonged COX-2 inhibition 
resulting in significant reduction of PGE2 levels both in vitro in canine ACs and in vivo in SF of 
osteoarthritic joints of client-owned dogs without affecting the other two SF biomarkers, i.e. 
CCL2 and GAGs. In this respect, an increase in the COX-2 mediated PGE2 has been 
consistently found in SF of OA joints 27, and PGE2 seems to clearly correlate with pain and OA 
progression in humans 28, 29 and dogs 30, 31. Therefore, long-term inhibition of PGE2 might be 
a solution for effective relief of OA-related pain and disease modification. Accordingly, the 
group treated with celecoxib-PEAMs showed significant clinical improvement on both 
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subjective and objective read out parameters, also reflected in significantly less additional 
pain relief medication administered by the owner.  

Previous research showed a substantial caregiver placebo effect in the evaluation of 
veterinary patient response to treatment for OA by both the owner and the assessing 
veterinarian 32. Therefore, to assess clinical effectivity, a placebo group was included in the 
study design to show superiority of the celecoxib-PEAMs over treatment with unloaded 
PEAMs where both the assessing veterinarian and the owner were blinded to the treatment. 
Significant improvement in questionnaire scores and lameness were only seen in the 
treatment group, indicating no substantial caregiver placebo effect. These results were 
underscored by objective gait analysis; only in the dogs treated with celecoxib-PEAMs a 
decrease in PVF, VI and PPF asymmetry were noted during the 2-month follow-up period. 
Stance time has been associated with changes in PVF and VI but was not significantly 
influenced by treatment in this study 33. Earlier research already confirmed that the use of 
multiple parameters increases the reliability of force plate analysis 34, 35, but gait analysis still 
only registers a fraction of the total mobility pattern of an individual. Altogether, the 
majority of the gait parameters improved upon IA delivery of celecoxib-PEAMs further 
supporting the more subjective improvement in clinical signs as perceived by the owner and 
the assessing veterinarian.  

Osteophytes visualized on radiography were not affected by IA delivery of celecoxib-PEAMs 
within two months follow-up. In preclinical studies employing early OA animal models and 
micro-CT imaging, an inhibitory effect of celecoxib on osteophyte formation was 
demonstrated, suggesting it as a disease-modifying OA 10, 11. It is plausible that the absence 
of a disease-modifying effect at osteophyte level is due to the fact that in a clinical OA 
population osteophytes are already present, and radiography could be unable to detect 
subtle changes. More advanced imaging modalities such as CT or MRI might be capable of 
more detailed analysis of cartilage and subchondral bone 36. Considering the promising data 
in the current study, studies with longer follow-up time and predefined rescue analgesia 
protocols are warranted to demonstrate that prolonged local exposure of celecoxib to the 
joint may result in less progression in osteophyte formation in veterinary patients with early 
or established OA.  

This prospective, randomized controlled clinical trial confirmed improved limb function and 
quality of life after intra-articular administration of celecoxib-loaded biodegradable 
microspheres during the 2-month follow-up period without of substantial adverse effects.  
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Supplementary	file	1.	Materials	and	methods	and	supplementary	qPCR	results	of	
the	in	vitro	experiment.	
Healthy articular cartilage was collected post-mortem under aseptic conditions from six 
experimental dogs in unrelated experiments (approved by the Dutch Central Committee for 
Animal experimentation, experimental number: #AVD108002015282, approval date 
25/11/2015). Cartilage was digested by 0.15% w/v pronase (45 min, 37°C) and 0.15% w/v 
collagenase (overnight, 37°C). The cells were expanded at 37°C, 21% O2 and 5% O2, culture 
medium (hgDMEM+Glutamax, Gibco Life Technologies) was refreshed every 3-4 days. At 
passage 2, cells were cryopreserved in aliquots of 1 million cells per vial in hgDMEM 
containing 10% v/v DMSO and 10% v/v Fetal Bovine Serum (16000-044, Gibco Life 
Technologies). One day prior to the start of the experiment, cells were seeded on a 24-wells 
plate at a density of 60,000 cells per well with chondrogenic medium (hgDMEM) containing 
1% v/v P/S (GE healthcare Life Sciences), 1% v/v ITS+ premix (Corning Life Sciences), 0.04 
mg/mL bovine serum albumin (Sigma-Aldrich), 0.1 mM ascorbic acid (A8960, Sigma-Aldrich). 
On day 0, the medium was renewed and both the unloaded or CXB-loaded PEAMs were 
dispersed in culture medium and placed in Transwell® baskets (pore size 0.4 μm, 
polycarbonate membrane, Costar Corning). Two concentrations, of CXB-loaded 
microspheres were utilized: 10-7M and 10-4M, in order to achieve partial and complete 
inhibition of COX-2 activity within the culture system and thereby determine dose-
dependent bioactivity. Cells and microspheres were co-incubated at 37°C, 21% O2, 5% CO2. 
After four hours, tumor necrosis factor alpha (TNF-α; 210-TA, R&D Systems) was added at a 
final concentration of 10 ng/mL to the culture medium as a pro-inflammatory stimulus. Cells 
treated with celecoxib (equivalent to 1 μM) were included as comparisons at each medium 
change. Cells and PEAMs were co-incubated for 72 hours before the PEAMs were 
transferred to a new 24-well culture plate containing cells seeded according to the 
procedure described above (n=6 donors, in duplicates). This procedure was repeated 8 times 
amounting to a release period of 28 days (Fig. 1A) where bioactivity of the released celecoxib 
was determined. Every 72 hours, medium was collected and stored at -20 °C. Celecoxib 
medium levels were measured using ELISA (180719, Neogen Corporation) following 
manufacturer’s instructions. PGE2 and CCL2 levels in the medium, as a measure of the 
inflammatory response, were measured using a commercial ELISA kit (514010, Cayman 
Chemical; DIY0934D-003, Kingfisher Biotech, respectively). DNA content was measured using 
the Qubit® dsDNA High Sensitivity Assay Kit (Q32851; Invitrogen). RNA was isolated using the 
RNeasy® microkit (74004, Qiagen, Valencia, USA) according to the manufacturer’s 
instructions, including a DNAse (RNAse-Free DNase Set, 79254, Qiagen, Valencia, USA) step. 
cDNA was synthesized using the iScript™ cDNA Synthesis Kit (170-8891, Bio-Rad) according 
to the manufacturer’s instructions. Primer sequences were designed using PerlPrimer. RT-
qPCR was performed using the iQT™ SYBR Green Supermix Kit and the CFX384 Touch™ Real-
Time PCR Detection System (both from Bio-Rad). For determination of relative gene 
expression, the Normfirst (EΔΔCq ) method was used. For each target gene, the mean n-fold 
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changes and standard deviations in gene expression were calculated. Four reference genes 
shown to be stable were chosen to normalize gene expression of target genes. 

 

 

Figure 1. Relative gene expression (mean ± 95% confidence interval) of aggrecan (ACAN, A), a 
disintegrin-like and metallopeptidase (ADAMTS5, B), tissue inhibitor of metalloproteinase 1 (TIMP1, 
C), prostaglandin E synthase-1 (PTGES1, D), neuronal growth factor (NGF, E) and the ratio of pro-
apoptotic Bax and anti-apoptotic gene BCL2 (BAX/BCL2,F). PEAMs, polyesteramide microspheres. 
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Table 1. Gene-specific primer sequences with associated amplification temperatures. 

Gene Primer sequence 
(5’-‘3) 

Amplicon size 
(bp) 

Temp (°C) 

Reference genes 
GAPDH Fw TGTCCCCACCCCCAATGTATC 

Rv CTCCGATGCCTGCTTCACTACCTT 
100 58 

HPRT Fw AGCTTGCTGGTGAAAAGGAC 
Rv TTATAGTCAAGGGCATATCC 

104 56-58 

RPS19 Fw CCTTCCTCAAAAAGTCTGGG 
Rv GTTCTCATCGTAGGGAGCAAG 

95 61-63 

SDHA Fw GCCTTGGATCTCTTGATGGA 
Rv TTCTTGGCTCTTATGCGATG 

92 61 

Target genes 
Extracellular matrix 
ACAN Fw GGACACTCCTTGCAATTTGAG 

Rv GTCATTCCACTCTCCCTTCTC 
110 61-62 

ADAMTS5 Fw CTACTGCACAGGGAAGAG 
Rv GAACCCATTCCACAAATGTC 

148 61 

COL1A1 Fw GTGTGTACAGAACGGCCTCA 
Rv TCGCAAATCACGTCATCG 

109 61 

COL2A1 Fw GCAGCAAGAGCAAGGAC 
Rv TTCTGAGAGCCCTCGGT 

150 60.5-65 

MMP13 Fw CTGAGGAAGACTTCCAGCTT 
Rv -TTGGACCACTTGAGAGTTCG 

250 65 

TIMP1 Fw GGCGTTATGAGATCAAGATGAC 
Rv ACCTGTGCAAGTATCCGC 

120 66 

Inflammatory markers 
IL1β Fw: TGCTGCCAAGACCTGAACCAC  

Rv: TCCAAAGCTACAATGACTGACACG  
115 68 

IL6 Fw: GAGCCCACCAGGAACGAAAGAGA  
Rv: CCGGGGTAGGGAAAGCAGTAGC  

123 65 

IL10 Fw: CCCGGGCTGAGAACCACGAC 
Rv: AAATGCGCTCTTCACCTGCTCCAC 

91 63 

PTGES1 Fw CCAGTATTGCCGGAGTGACCAG 
Rv AAACGAAGCCCAGGAACAGGA 

97 68 

Markers for apoptosis 
BAX Fw CCTTTTGCTTCAGGGTTTCA 

Rv CTCAGCTTCTTGGTGGATGC 
108 58-59 

BCL2 Fw GGATGACTGAGTACCTGAACC 
Rv CGTACAGTTCCACAAAGGC 

80 61.5-63 

CASP3 Fw CGGACTTCTTGTATGCTTACTC 
Rv CACAAAGTGACTGGATGAACC 

89 61 

Primers used for qPCR analysis of target genes aggrecan (ACAN), a disintegrin and metalloproteinase 
with thrombospondin motifs 5 (ADAMTS5); Bcl-2-associated protein (BAX); B-Cell lymphoma 2 
(BCL2), Caspase 3 (CASP3), collagen type II α1 (COL2A1), collagen type I α1 (COL1A1), interleukin 1β 
(IL1B), interleukin 6 (IL6), interleukin 10 (IL10), matrix metalloproteinase 13 (MMP13), prostaglandin 
E synthase 1 (PTGES1), tissue inhibitor of metalloproteinases 1 (TIMP1) and reference genes 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), hypoxanthine-guanine 
phosphoribosyltransferase (HPRT), ribosomal protein S19 (RPS19) and succinate dehydrogenase 
complex, subunit A (SDHA).  
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Supplementary	file	2.	Overview	of	dogs	included	in	the	study.		
Dog Group Joint Breed Age 

(years) 
Body 
weight 
(BCS) 

Diagnosis Treatment history 

1 C R knee Cane Corso 2 46 (4/9) OA, partial ACL 
rupture 

Carprofen (4 mg/kg 1dd) 

2 P R knee Galgo Español 10 28 (4/9) OA Cimicoxib (2 mg/kg 1dd), 
IA ACS injection 3x 1 yrs 
earlier, physical therapy 

3 C L knee Boerboel 3 40 (4/9) OA Carprofen (2 mg/kg 
2dd), arthrotomy 3 yrs 
prior 

4 P R knee Cocker Spaniel 
cross 

10 18 (6/9) ACL rupture, 
OA 

Carprofen (4 mg/kg 1dd) 

5 C L knee Basset Fauve de 
Bretagne 

13 16 (5/9) OA Firocoxib (4 mg/kg1dd) 

6 P L 
elbow 
+ L 
knee 

German 
Shepherd dog 

8 32 (5/9) OA Carprofen (4 mg/kg1dd), 
arthrotomy knee 6 mo 
prior 

7 C R knee Labrador 
retriever 

5 28 (5/9) ACL rupture, 
OA 

Carprofen (4 mg/kg1dd), 
Tramadol (2 mg/kg 3dd), 
arthrotomy 6 mo prior, 
extracapsular 
imbrication 2 yrs earlier 

8 C R 
elbow 

Bouvier cross 11 37 (5/9) OA Carprofen (4 mg/kg1dd) 

9 C L knee Bracco Italiano 3 29 (5/9) ACL rupture, 
OA 

Carprofen (4 mg/kg 1dd) 
3x IA ACS 1 yr earlier, 
TTA + MMx 2 yrs prior 

10 C R 
elbow 

Australian Cattle 
dog 

8 22 (5/9) FCP, OA Cimicoxib (2 mg/kg 1dd), 
arthrotomy L+R elbow 
1.5 yr earlier, 3x IA ACS 
injection 9 mo earlier 

11 P R 
elbow 

Crossbreed 7 32 (6/9) FCP, OA Meloxicam (0.1 mg/kg, 
1dd), arthrotomy 5 yrs 
prior, 2x IA 
methylprednisolone 3 
yrs earlier 

12 P R 
elbow 

German 
Shepherd dog 

8 36 (5/9) FCP, OA Cimicoxib (2 mg/kg 1dd), 
IA hyaluronic acid 6 mo 
earlier 

13 C R 
elbow 

Dutch Shepherd 
dog 

6 41 (6/9) FCP, OA Firocoxib (4 mg/kg 1dd) 

14 C L hip Belgian Shepherd 
dog 

4 32 (5/9) HD, OA Carprofen (4 mg/kg 1dd) 

15 C R 
elbow  

German shepherd 
dog 

10 mo 36 (5/9) UAP, OA Carprofen (4 mg/kg 1dd) 

16 C L hip Border Collie 11 mo 16 (4/9) HD, OA Meloxicam (0.1 mg/kg 
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cross 1dd) 
17 P R knee Labrador 

retriever cross 
10 34 (5/9) ACL rupture, 

OA 
Carprofen (2 mg/kg 
2dd), extracapsular 
imbrication 3 yrs earlier 

18 C R hip German pointer  7 32 (5/9) HD, OA Meloxicam (0.1 mg/kg 
1dd) 

19 P L 
elbow 

German 
Shepherd dog 

5 40 (6/9) FCP, UAP Carprofen (4 mg/kg 
1dd), arthrotomy for FCP 
removal 4 yrs earlier 

20 P R knee American 
Staffordshire 
Terrier 

4 40 (6/9) Partial ACL 
rupture, OA 

Carprofen (4 mg/kg 1dd) 

21 C R hip Wetterhoun 5 25 (5/9) HD, OA Tramadol (2 mg/kg 3dd), 
phenylbutazone (6 
mg/kg 2dd), 
prednisolone (0.2 mg/kg 
2dd), TPO 4 yrs earlier, 
implant removal after 
infection 3.5 yrs earlier 

22 C R hip Crossbreed 12 18 (4/9) HD, OA Meloxicam (0.1 mg/kg 
1dd), pectineus 
myotomy 10 years ago 

23 C R 
elbow 

Border Collie 10 22 (6/9) FCP, OA Carprofen (4 mg/kg 1dd) 

24 C L knee Fila Brasileiro 3 44 (5/9) ACL 
degeneration, 
OA 

Carprofen (4 mg/kg 1dd) 

25 C R 
elbow 

Newfoundland 
dog 

4 69 (8/9) FCP, OA Tramadol (2 mg/kg 2dd), 
meloxicam (0.2 mg/kg 
1dd), arthrotomy 3 yrs 
earlier 

26 P R 
elbow 

Rottweiler 2 54 (5/9) FCP, OA Meloxicam (0.1 mg/kg 
1dd), arthrotomy 1 yr 
earlier 

27 C R 
elbow 

American 
Staffordshire 
Terrier 

8 34 (5/9) FCP, OA Cimicoxib (2 mg/kg 1dd) 

28 P L Hip Border Collie 4 24 (5/9) HD, OA Carprofen (4 mg/kg 1dd) 
29 C R 

elbow 
Rottweiler cross 4 40 (6/9) FCP, OA Carprofen (2 mg/kg 

2dd), Arthroscopy 3 
years ago 

30 C R 
elbow 

Labrador 
Retriever 

8 35 (7/9) FCP, OA Meloxicam (0.1 mg/kg 
1dd) 

Abbreviations: C, Celecoxib; mo, months; P, Placebo; BCS, body condition score; R, right; L, left; OA, 
osteoarthritis; ACL, anterior cruciate ligament; yrs, years; TTA, tibial tuberosity advancement; MMX, 
medial meniscectomy; ACS, autologous conditioned serum; FCP, fragmented coronoid process; UAP, 
ununited anconeal process, HD, hip dysplasia; TPO, triple pelvic osteotomy. 
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Supplementary	 file	 3.	 Results	 of	 radiographic	 osteoarthritis	 (OA)	 score	 and	
scoring	 of	 osteophyte	 measurements	 at	 baseline	 and	 2	 months	 after	 intra-
articular	 injection	 with	 celecoxib	 (C)	 loaded	 and	 unloaded	 (P,	 placebo)	
polyesteramide	microspheres.	
Dog Group Joint OA Score a Osteophyte score b 

   Baseline  2 months Baseline  2 months 

1 C Knee 2 2 2 2 
2 P Knee 3 3 2 2 
3 C Knee 2 2 2 2 
4 P Knee 3 3 2 2 
5 C Knee 1 1 2 2 
6 P Knee + elbow 3 + 2 3 + 2 2 3 
7 C Knee 3 3 2 2 
8 C Elbow 3 3 3 3 
9 C Knee 2 2 2 2 
10 C Elbow 3 3 2 2 
11 P Elbow 3 3 3 3 
12 P Elbow 3 3 3 3 
13 C Elbow 3 3 2 2 
14 C Hip 3 3 2 2 
15 C Elbow 1 1 1 1 
16 C Hip 2 2 1 1 
17 P Knee 3 3 2 2 
18 C Hip 2 2 2 2 
19 P Elbow 3 3 3 3 
20 P Knee 2 2 1 1 
21 C Hip 3 3 2 2 
22 C Hip 3 3 3 2 
23 C Elbow 3 3 3 3 
24 C Knee 3 3 3 3 
25 C Elbow 3 3 3 3 
26 P Elbow 2 2 2 2 
27 C Elbow 1 1 1 1 
28 P Hip 2 2 1 2 
29 C Elbow 3 3 3 3 
30 C Elbow 3 3 3 3 
a OA score: normal = 0, mild OA = 1, moderate OA = 2, severe OA = 3. b Osteophyte scoring: 0 = no OA, 
1 (osteophytes <2 mm), 2 (2-5 mm) or 3 (>5 mm).   

	



  



Chapter 5  
A novel intra-articular slow-release formulation of triamcinolone 

acetonide effectively reduces symptoms in dogs with 
osteoarthritis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. R. Tellegen 1, M. Beukers 1, N. J. van Klaveren 2, K.L. How 3, N. Woike 4, G. Mihov 4, J.C. 

Thies 4, E. Teske 1, L. B. Creemers 5, M. A. Tryfonidou 1*, B. P. Meij 1* 

 
1 Department of Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine, 

Utrecht University, The Netherlands 
2 Orthopedie, Medisch Centrum voor Dieren, The Netherlands 

3 Diergeneeskundig Specialisten Centrum Den Haag, The Netherlands 
4 DSM Biomedical, The Netherlands  

5 Department of Orthopaedics, University Medical Centre Utrecht, The Netherlands 

 
* Shared senior authorship. 

 
Submitted to Acta Veterinaria Scandinavica 



112 | Chapter	5	
 

 

Abstract	
Osteoarthritis (OA) is a common cause of pain and lameness in dogs. Local injections of 
corticosteroids are effective in treating OA pain, but have a short period of action. The aim 
of this prospective study was to assess the safety and efficacy of intra-articular (IA) applied 
microspheres gradually releasing triamcinolone acetonide (TA) in client-owned dogs with 
OA. OA was diagnosed by clinical examination and radiography. TA-microspheres were 
injected in the affected joint (10-20 mg TA per joint, dependent on body weight). Outcome 
parameters were determined before treatment and at 1, 2 and 6 months after IA injection 
and included clinical examination, force plate gait analysis, radiographs, synovial fluid 
analysis, and questionnaires to owners regarding the pain-related behaviour of their dog. OA 
was confirmed in 14 articular joints of 12 dogs (8 elbow-, 3 hip-, 2 knee– and 1 tarsal joint). 
Treatment resulted in clinical improvement in 10/12 dogs during the two months follow-up 
period which persisted in 6/10 dogs after 6 months. Radiographic examination at 2 and 6 
months follow-up showed no changes in OA severity. Synovial fluid prostaglandin E2, a pro-
inflammatory marker, was decreased 2 months after treatment. This study showed safety 
and efficacy of intra-articular administered TA-microspheres in dogs with OA. The inclusion 
of more dogs in a double blind randomized placebo-controlled study should confirm these 
results. 
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Introduction	
Osteoarthritis (OA) is the most common form of arthritis in dogs. Twenty percent of adult 
dogs and 80% of geriatric dogs suffer from OA 1. OA is a multifactorial disease, caused by an 
interplay between environmental factors, such as trauma and obesity, and hereditary 
factors. Elbow and hip dysplasia (ED and HD) are such hereditary disorders and inevitably 
lead to degenerative joint disease. ED has a prevalence between 0-64%, dogs can be treated 
medically or surgically, although over 40% will have an unsatisfactory long-term outcome 
due to development of OA 1-3. The prevalence of HD also varies between dog breeds; 
prevalences over 50% were reported in certain breeds 2, 3. Medical and surgical treatment 
can be effective in managing HD, but OA progresses nevertheless 4-6.  

OA is characterized by degeneration of articular cartilage, accompanied by subchondral bone 
changes and synovitis. Pain, swelling and stiffness of the affected joint are the main clinical 
signs of OA 7. Oral (non-steroidal) anti-inflammatory drugs and analgesics such as gabapentin 
and tramadol are frequently used to treat OA-related pain and can be administered safely 
for prolonged periods, with appropriate monitoring. However, they all are accompanied by 
drug-related side effects 8. Also, delivery of drugs to the joint by the oral route my not be 
that effective 9. An alternative route is via intra-articular (IA) injections. Steroidal anti-
inflammatory drugs are known to be effective against OA pain for decades, but IA 
administration has a limited duration of action. Additional drawbacks of IA injections include 
the need for reinjection under sedation 10, risk of septic arthritis, and the high initial burst 
release of corticosteroids that can cause systemic side effects directly after each 
administration 10, 11. Moreover, negative effects of IA corticosteroid injections on articular 
cartilage have been described in humans and horses 11, 12. Sustained release formulations 
which lower the frequency of re-injections and decreased peak levels of corticosteroid 
formulations would therefore be preferred 13. 

A novel drug delivery platform facilitating sustained drug release, consisting of 
biodegradable amino-acid based polyesteramide microspheres (PEAMs) was shown to 
gradually release triamcinolone acetonide (TA) over a period of 3-6 months. PEAMs loaded 
with TA were capable of inhibiting inflammation both in vitro and in vivo 13, 14. In a rat OA 
model, retention of PEAMs in the joint was confirmed for up to 70 days. Moreover, synovial 
inflammation was lowered in OA joints injected with TA-PEAMs after 7 weeks 13. Based on 
this promising preclinical data, the aim of this prospective study was to assess safety and 
efficacy of injection of TA-PEAMs in joints with chronic OA in client-owned dogs.  
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Materials	and	methods	
Preparation	of	microspheres	
PEA polymer and PEA microspheres were synthesized according to previously reported 
protocols 15, 16. TA was loaded in PEAMs at 30wt%. Once dried, the PEAMs were weighed in 
individual HPLC vials to the approximate amount of 40 mg PEAMs and γ-sterilized on dry ice. 
Directly prior to injection, PEAMs were re-suspended in 2 mL (20 mg/mL) sterile 2% lidocaine 
HCl injection solution (B. Braun Medical), to avoid pain from the arthrocentesis procedure.  

Inclusion	criteria	
Dogs were considered eligible for the study if they were otherwise healthy, weighed at least 
15 kg, had a history of chronic lameness and were diagnosed with OA on orthopaedic 
examination and radiographic evaluation. Dogs were excluded if they had undergone 
surgery in the affected or contralateral limb in the past three months, if there was evidence 
of a fracture or tumour in the affected limb, or if the dog had received IA injections in the 
affected joint in the past three months. Dogs with clear joint instability on clinical 
examination were also excluded from the study. Pain medication was discontinued 4 days 
prior to the study, to obtain baseline levels of the read-out parameters. Physical activity was 
limited to leash walks on the first two days after treatment. Thereafter, owners could 
gradually take up activity as before the start of the study. In case there was insufficient 
control of OA pain, rescue analgesia was permitted during the study period, starting from 
three weeks after the IA injection. 

Study	design	
This study was conducted with the approval of the Ethical Committee of the Department of 
Clinical Sciences of Companion Animals, Utrecht University. Owners were informed, and 
written consent was obtained before study enrolment. The study design is illustrated in 
Figure 1. After baseline clinical evaluation, dogs were sedated, and the affected joint(s) were 
clipped and prepared aseptically. Arthrocentesis was performed, and synovial fluid (SF) was 
collected for cytology and when there was sufficient volume, stored at -20 °C. This was 
followed by IA administration of the TA-PEAMs through the same needle. Dogs with a body 
weight of 15-30 kg received 0.5 mL PEAM solution (10 mg TA), dogs weighing 30-45 kg 
received 1 mL (20 mg TA) and dogs weighing over 45 kg received 1.5 mL (30 mg TA). The 
dogs were evaluated after 1 and 2 months, and if possible, 6 months after IA injection.  

Read	out	parameters	
Physical examination and lameness score. All dogs underwent a full clinical and orthopaedic 
examination by a board-certified veterinary surgeon (BM). Lameness was recorded on a 4-
point scale, ranging from 0 (none), 1 (intermittent mild lameness after rest and exercise), 2 
(mild lameness / intermittent moderate lameness after rest and exercise), 3 (moderate 
lameness / non-weight bearing after exercise) or 4 (non-weight bearing lameness).  
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Figure 1. Schematic overview of the study setup. 
 

Kinetic gait analysis. Ground reaction forces (GRFs) were measured by force plate analysis 
(FPA) with a quartz crystal piezoelectric force plate (9261, Kistler Instrumente) together with 
the Kistler 9865E charge amplifiers as described previously 17, 18. GRFs in the mediolateral 
(Fx), craniocaudal (Fy) and vertical (Fz) direction were normalized for body weight. 
Asymmetry indices (ASI) were calculated according the following formula: 

𝐿𝑒𝑓𝑡 − 𝑅𝑖𝑔ℎ𝑡
0.5	(𝐿𝑒𝑓𝑡 + 𝑅𝑖𝑔ℎ𝑡) ∗ 100 
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 ASIs were determined for peak propulsive force (PPF), peak vertical force (PVF) and area 
under the force-time curve of Fz+, which is equal to the vertical impulse (VI) during the 
stance phase, as previously described 19, 20. Stance time was recorded as well. 

Owner assessment of pain and lameness. A questionnaire to owners regarding pain-related 
behaviour and function of their dog, assessed the owner’s perspective of treatment 
outcome (Table 2), and was partially adapted from the Canine Brief Pain Inventory 21. Rescue 
analgesia in case of recurrence or persistence of clinical signs was recorded by the owners. 

Radiographic evaluation. Radiographs of the affected joints were obtained within three 
months prior to inclusion in the study and at 2 and 6 months after injection to monitor for 
adverse effects and OA progression. Images were examined by a board-certified veterinary 
radiologist (MB). Each radiograph was scored for OA severity as follows: 0 (none); 1 
(minimal), 2 (mild), 3 (moderate) or 4 (marked) as previously reported 22 and was adjusted 
for use in the other joints. To assess OA more quantitatively, the height of osteophytes was 
measured and graded as described previously for the elbow joint 23: 0 (no OA), 1 
(osteophytes <2 mm), 2 (2-5 mm) or 3 (>5 mm). Osteophytes in elbow joints were measured 
at the cranial aspect of the radial head, the caudal surface of the lateral condylar ridge, the 
medial contour of the humeral condyle and the medial contour of the medial coronoid 
process. For hip joints, osteophytes on the edge of the cranial and caudal acetabulum or at 
the femoral neck were taken into account. For knee joints, osteophytes were measured at 
the proximal trochlear edge, the distal patella and the lateral and medial tibia plateau. 
Osteophytes in the tarsal joint were measured at the medial and lateral aspect of the distal 
tibia (Fig. 2A-G). The highest value was taken into account into the analysis. 

Synovial fluid analysis. Before treatment, and 2 months after IA injection, arthrocentesis was 
performed to collect SF. This was directly assessed macroscopically on volume, colour, 
turbidity and viscosity. Direct impression smears were obtained, stained with Hemacolor® 
and smears were assessed for number of cells, the type of cells (synoviocytes, macrophages, 
polymorphonuclear leukocytes (PML), lymphocytes), the presence of cell clusters and the 
presence of micro-organisms. Cells were counted with an automatic cell counter (1450102 
Bio-Rad) with trypan blue dye. Remaining SF was aliquoted and stored at -20°C for 
biochemical analysis. Glycosaminoglycan (GAG) concentration was determined after 
incubation with 1:10 0.1 mg/mL hyaluronidase (H2126, Sigma-Aldrich) at 37°C for 30 
minutes, by using chondroitin sulphate from shark cartilage (C4384, Sigma-Aldrich) as a 
standard. The absorbance was read at 540/595 nm 24. Prostaglandin E2 (PGE2) and C-C motif 
chemokine ligand 2 (CCL2) levels were determined by ELISA (514010, Cayman Chemical; 
DIY0934D-003, Kingfisher Biotech, respectively) following manufacturer’s instructions. 
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Figure 2. Representative examples of radiographs obtained 6 months after intra-articular injection 
with triamcinolone acetonide-loaded microspheres. Radiological OA findings remained unchanged at 
6 months follow up compared to recordings prior to treatment. Arrows indicate locations for 
osteophyte measurements. A and B show the mediolateral and craniocaudal radiographs of the 
elbow joint of dog 6. Mediolateral (C) and caudocranial (D) radiograph of the knee joint of dog 7. E 
and F depict the mediolateral and plantarodorsal radiographs of the tarsal joint of dog 5. G and H 
show a ventrodorsal radiograph of the pelvis of dog 3 prior to and 6 months after treatment, 
respectively. 

	
Statistical	analysis	
Statistical software (IBM SPSS Statistics 24) was used for all comparisons. Normality of the 
data was checked by assessing the Q-Q plots, histograms and Shapiro-Wilks tests. A 
repeated measures ANOVA was used to assess difference in the body weight, questionnaire 
scores and force plate parameters at baseline, 1, 2, and 6 months. PGE2, GAGs and CCL2 SF 
levels at baseline and 2 months were compared using a one-way ANOVA. The visual 
lameness scores obtained at baseline, 1, 2 and 6 months were compared using the 
Wilcoxon’s signed rank test. P values <0.05 were considered statistically significant after 
correction for multiple testing (Benjamini-Hochberg method). Effect sizes (ES) were retrieved 
as Hedge’s g for parametric data: medium, 0.5-0.8; large, 0.8-1.2; 1.2-2, very large and >2 
huge 25. For non-parametric data, Cliff’s delta was assessed: 0.28<ES<0.43, medium; 
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0.43≤ES<0.7, large; ES≥0.7, extra-large 26. Differences were considered as relevant when 
p<0.05 and/ or ES was medium or larger when the p-value was <0.1.  

 

Results	
Study	population	
Twelve dogs met the inclusion criteria and were enrolled in the study (Table 1). The median 
age at inclusion was 8 years (range 1-12 years) and the average body weight 30 kg (range 21-
36 kg). Body weight did not substantially change during the course of the study (p=0.74). The 
visual lameness scores included mild (2/4; n=7), moderate (3/4; n=5) and non-weight bearing 
(4/4; n=1) lameness. Clinical and radiological findings were compatible with OA. No serious 
adverse events were reported by the owners after IA injection. Transient polyuria (± 1 week) 
was reported in 5 dogs.  

Visual lameness scores were significantly decreased at 1 month (p=0.031), 2 months 
(p=0.011), and 6 months (p=0.016) after IA injection of TA-PEAMs (Fig. 3A). At 1 month after 
IA injection, lameness was absent in 4 limbs, intermittent/mild in 2 limbs, mild-moderate in 
2 limbs and moderate in 2 limbs (Fig. 3A). In 3 dogs, lameness shifted to the contralateral 
limb (dog 6, 8 and 9). At the 2-month follow-up visit, lameness was absent in 3 dogs, 
intermittent/mild in 5 limbs, mild-moderate in 2 limbs and moderate in 2 limbs. After 6 
months, lameness was absent in 2 dogs, mild in 4 limbs, mild-moderate in 4 limbs and 
moderate in 2 limbs.  

The owners of 2 of the 12 dogs (dog 4 and dog 5) noticed no marked clinical improvement 
during the two months after treatment, although there was slight improvement noticed in 
the PVF in both dogs. These dogs both suffered from severe OA secondary to ED and both 
dogs already had undergone arthroscopy prior to inclusion in the study. Three months after 
inclusion in the study, dog 4 underwent arthrotomy and a large fragmented coronoid 
process was removed. Clinical signs did not improve after surgery and the dog was 
eventually euthanized. Dog 5 had severe OA in the left tarsal and right elbow joint and was 
able to function to the owner’s satisfaction with the aid of oral NSAID therapy and a tarsal 
brace, applied 3 and 7 months after the start of this study, respectively. Dog 9 was lost for 
the six months follow-up, since a proximal abducting ulnar osteotomy was performed 5 
months after IA TA injection.  
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Table 1. Overview of dogs included in the study.  

Dog Joint Breed Age  Body weight 
(BCS) 

Diagnosis Treatment history 

1 R Hip Rottweiler 1 35 (5/9) HD, OA Conservative (NSAIDs) 
2 R elbow Labrador 

retriever 
3 32 (6/9) OA Arthrotomy 6 months earlier 

3 R knee, R 
hip 

Bouvier de 
Flandres 

9 36 (5/9) OA PLO 10 months earlier, MMX 
4 months earlier 

4 L elbow Labrador 
retriever 

9 32 (7/9) OA Arthroscopy 3 years earlier 

5 R elbow, 
L tarsus 

Cesky fousek 12 22 (5/9) OA Conservative 

6 R elbow Labrador 
retriever 

11 29 (6/9) FCP, OA Conservative 

7 R knee Siberian 
husky 

8 30 (5/9) ACL rupture, 
OA 

TPLO 

8 R elbow Shar Pei 4 33 (6/9) FCP, MCD, 
OA 

Arthrotomy 4 years earlier, 
arthroscopy 3 months earlier 

9 R elbow Belgian 
Shepherd dog 

6 29 (7/9) MCD, OA Arthroscopy 

10 R elbow Australian 
cattle dog 

8 21 (6/9) FCP, MCD, 
OA 

Arthrotomy 1 year earlier,  

11 R elbow German 
Shepherd dog 

8 36 (5/9) FCP, OA Conservative 

12 R hip Wetterhoun 5 25 (6/9) HD, OA TPO 4 years earlier with 
implant removal 3 months 
later due to implant infection 

Abbreviations: BCS, body condition score; R, right; L, left; HD, hip dysplasia; OA, osteoarthritis; ACL, 
anterior cruciate ligament; NSAIDs, non-steroidal anti-inflammatory drugs; TPLO, tibial plateau 
leveling osteotomy; MMX, medial meniscectomy; ACP, autologous conditioned plasma; FCP, 
fragmented coronoid process; MCD, medial compartment disease; TPO, triple pelvic osteotomy.  

 

Owner	assessment	of	pain	and	lameness	
Questionnaires were completed by owners prior to treatment, and 1, 2 and 6 months after 
IA injection (table 2). There was a significant improvement in total questionnaire scores (Fig. 
3B) after 1 (p=0.0008), 2 (p=0.023), and 6 months (p=0.018).  
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Table 2. Responses to owners’ questionnaires before and 1, 2 and 6 months after intra-articular 
injection with triamcinolone acetonide-loaded microspheres.  

Questions Before 
treatment 
(n=12) 

After 1 month 
(n=11) 

After 2 months 
(n=12) 

After 6 months 
(n=10) 

Does your dog show lameness, 
and in which severity? 

3.5 (2-10) 8 (1-10) * 7 (3-10) c 5.5 (3-10) 

Does your dog have pain as a 
result of its osteoarthritis? 

4 (1-10) 8 (1-10) * 7 (1-10) 6 (3-10) 

Does your dog show any 
weakness in its affected leg? 

6.5 (1-10) 9.5 (3-10) * 9 (3-10)  8 (3-10) 

Does your dog have difficulty 
rising up? 

4 (1-10) 8 (2-10) * 8 (2-10) b 6.5 (1-10) 

Does your dog have difficulty 
lying down? 

4.5 (1-10) 9 (4-10) * 9 (4-10) * 8.5 (1-10)  

Does the pain interfere with 
normal activities in and around 
the house? 

5.5 (2-10) 9 (5-10) * 9 (3-10) 8 (1-10) 

Does the pain interfere with the 
quality of life of your dog? 

4.0 (1-10) 8 (2-10) * 8 (2-10) * 8 (3-10) * 

Does the pain interfere with the 
ability to walk? 

3.5 (1-7)  6 (2-10) * 6 (1-10) a 6 (2-10) * 

Does the pain interfere with the 
quality to run? 

3.5 (1-6) 7 (1-10) * 5 (1-10) * 5.5 (2-10) * 

Does the pain interfere with the 
ability to walk stairs? 

4.0 (1-10) 7 (1-10) 8 (1-10) 5.5 (1-10) 

Data represented as median (range). * Indicates significant difference from baseline (p<0.05). a, 
medium size (ES); b, large ES; c, very large effect ES when 0.05>p<0.1. 

 

Kinetic	gait	analysis	
Force plate analysis was performed in dogs prior to treatment and after 1 month, and after 2 
and 6 months (Fig. 3C-F, Supplementary file 1). The asymmetry of the PPF and PVF were 
significantly improved at the 1-month post injection (p=0.041, p=0.04) and PVF improved 
during the 2-month follow-up visits (p=0.027). There was a borderline significant decrease in 
VI asymmetry (p=0.053, medium ES; p=0.062, medium ES). Stance time did not differ 
between time-points. Six months after IA injection, force plate parameters did not 
significantly differ from baseline values. 
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Figure 3. Clinical and kinematic outcome parameters. Visual lameness score (A) and average overall 
questionnaire score (B) improved significantly during the 6-moth follow-up period. Asymmetry 
indices (ASI) of the peak vertical force (C), vertical impulse (D), the propulsive force (E) improved 
during the first 2- months after treatment. Stance time remained similar throughout the 6-month 
period (F). * Indicates significant difference from baseline value (p<0.05). a, medium effect size with 
0.05>p<0.1.  

 

Radiographic	evaluation	
Severity of OA and osteophyte size were evaluated in the subset of patients that completed 
the follow-up period, at 2 and 6 months after IA administration of TA-PEAMs and compared 
with pre-treatment radiographs. No significant changes in OA severity or osteophytes were 
detected in any of the dogs (Fig. 2, Table 3).  
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Table 3. Blinded evaluation of severity of osteoarthritis and osteophyte size on radiographs before, 
and 2 and 6 months after intra-articular injection with triamcinolone acetonide-loaded microspheres. 

  Osteoarthritis score Osteophyte size (largest, mm) 
Dog Joint Before 

treatment 
After 2 
months 

After 6 
months 

Before 
treatment 

After 2 
months 

After 6 
months 

1 Hip 3 3 3 6.0 6.0 5.8 
2 Elbow 2 2 2 3.7 4.4 4.5 
3  Knee 3 3 3 4.9 4.8 3.9 
3  Hip 3 3 3 4.4 3.5 5.2 
4 Elbow 3 3 N/A 4.5 4.8 N/A 
5  Elbow 3 3 3 7.2 7.1 7.5 
5  Tarsus  3 3 3 5.0 4.9 5.6 
6 Elbow 3 3 3 6.0 6.2 6.4 
7 Knee 2 N/A 2 4.9 N/A 4.8 
8 Elbow 2 2 2 3.4 3.7 3.7 
9 Elbow 3 3 N/A 5.8 5.9 N/A 
10 Elbow 3 3 3 5.5 5.8 5.8 
11 Elbow 3 3 3 5.7 6.1 6.2 
12 Hip 1 1 1 1.7 1.9 1.9 

N/A, not available. 

	
Synovial	fluid	analysis	
Prior to IA injection, SF from 9 joints was available for analysis. Cytology confirmed the 
presence of degenerative OA (9/9) and showed an increased number of synoviocytes and 
macrophage-like cells (8/9; Fig. 4A,B), and the presence of cellular clusters (4/9; Fig. 4C) 
were observed. In dog 8 there was also an abundance of PML (Fig. 4B). The mean total cell 
count was 6.3*106 (range 1.3 – 10.4*106) cells/mL. At the 2-month follow-up visit, 7 
samples were available for analysis and in 1/7 samples, degenerative OA had shifted to 
inflammatory arthritis with an increased presence of PMLs (knee joint, dog 3) but no 
(intracellular) bacteria were observed on cytology or culture. The average total cell count 
was 4.3*106 cells/mL (range 1.7 – 9.9*106), which was not significantly different from the 
baseline (p=0.34). PGE2 was lower 2 months after IA injection, compared to pre-treatment 
values (p=0.045). No significant changes in total GAG and CCL2 values in the SF were 
detected 2 months after IA injection compared to baseline measurements (Fig. 4D-F).  
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Figure 4. Results of the synovial fluid analysis. A. Synovial aspirate of dog 5 6 months after intra-
articular injection with triamcinolone acetonide-loaded microspheres. A few synoviocyte-like cells 
are present (arrow). B. Cytological smear of synovial fluid of dog 3, 6 months after treatment. 
Abundant polymorphonuclear cells are present (arrowhead), along with some macrophage-like cells 
(arrow). No (intra)-cellular bacteria were found. C. Contact smear of the synovial fluid of dog 1 prior 
to treatment. Clusters of synovial lining cells are present (asterisks). Concentrations of prostaglandin 
E2 (PGE2, D), C-C motif chemokine ligand 2 (CCL2), E) and glycosaminoglycans (GAGs, F) in synovial 
fluid before and 2 months after intra-articular injection with triamcinolone-acetonide-loaded 
microspheres. Dotted lines indicate SF control samples of 6 healthy joints, dashed lines indicate 
average SF biomarker values for osteoarthritic joints of 6 donors. * Indicates significant (p<0.05). 
 

Discussion	
The goal of this prospective clinical study was to investigate safety and preliminary efficacy 
of the controlled release of TA in dogs with established OA. There were no adverse effects or 
complications in the six-month follow-up period after local injection with TA-PEAMs. Ten out 
of twelve dogs improved clinically, according to the owner questionnaire, and objective and 
subjective gait analyses. Clinical improvement was most apparent during the first two 
months. Six months after IA treatment with TA-loaded PEAMs, significant improvement was 
only apparent in 6/10 owner questionnaires but not on force plate analysis. A discrepancy 
between owner assessment and force plate analysis could be explained by the fact that the 
owners were focused on other behaviours than lameness, when making efficacy evaluations 
in their dogs 21. Also, force plate measurements reflect a single moment in time, whereas the 
owners monitor their dogs’ behaviour on a daily basis.  
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Joint health was monitored with the aid of biomarkers indicative for inflammation and 
cartilage degradation. The pro-inflammatory mediator PGE2 was increased in patients with 
symptomatic OA 27, and known to directly influence nociceptors, mediating OA pain 28. In 
dogs with experimentally induced OA, PGE2 concentrations in SF correlated well with force 
plate analysis and subjective lameness scores 29, providing evidence for the use of PGE2 as a 
valuable biomarker in the evaluation of canine OA. Indeed, in this study, total SF PGE2 levels 
tended to decrease, consistent with improvement in clinical lameness. Several studies 
showed an increase in (fragments of) GAGs in the SF of OA joints, compared to healthy joints 
in dogs 30, 31 and horses 32, 33, reflecting the increased activity of proteases in OA cartilage, 
leading to cartilage matrix loss. In the SF samples in our study, no changes in GAG 
concentration were present in the SF two months after IA injection, which could indicate no 
(long term) change in cartilage breakdown.  

Owners were also asked to report side effects after IA injection of TA-PEAMs. Five out of 
twelve owners mentioned transient polyuria. No relationship was apparent between the 
occurrence of polyuria and body weight or SF PGE2 values. Polyuria is commonly reported 
after administration of corticosteroids in dogs 34 and in this case were due to the initial burst 
release reaching the systemic circulation from the synovial space. Lower burst release of TA 
was indeed demonstrated after IA administration in PEAMs, compared to a commercially 
available TA formulation (Kenalog® in rats 13. An additional benefit of the PEAMs employed 
in this study, is that they seem to possess autoregulatory properties 35. As biomaterial 
degradation mainly occurs through enzymatic degradation, degradation of PEAMs and thus 
drug release is accelerated in OA joints vs healthy joints. In joints with higher inflammation 
grades, degradation could be faster, thereby limiting the period of sustained release, but 
increasing its effectivity, tapered to the specific joint. The results of the current study 
confirm the need for a sustained release formulation for IA corticosteroid application, as a 
higher loading dose can be achieved with less side effects, and reinjections would be 
required on a less frequent basis, limiting the well-known drawbacks of frequent reinjection 
of corticosteroids. 

There are different types of corticosteroids and their biologic effects differ dependent on the 
type used. A recent review on the use of IA corticosteroids in the horse concluded that 
results of different corticosteroids should not be generalised as methylprednisolone acetate 
consistently caused deleterious effects, while IA TA demonstrated favourable effects on 
clinical, synovial and cartilage parameters 11, 36. Moreover, negative effects also seemed to 
be dose-dependent, as higher doses of corticosteroids were associated with gross cartilage 
damage and chondrotoxicity, although both in vitro and in vivo experimental studies found 
beneficial effects of TA at low doses and durations 37. TA inhibited loss of proteoglycans in 
co-culture of human cartilage tissue with synovium 38, and also decreased COX-2 and matrix 
metalloproteinase gene expression after IL-1β in equine cartilage 39. It should be noted that 
the reviewed studies of corticosteroids in dogs were unanimously positive 12. The majority of 
these studies was performed in experimental animal models and not much is published on 
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IA corticosteroid therapy in companion dogs. The currently available injectable 
corticosteroid formulations in human medicine were more effective than placebo but have 
limited duration of action 37. As such, IA formulations that provide longer drug release are 
warranted.  

This study showed safety and clinical efficacy of IA treatment with controlled release of TA 
from a biomaterial-based platform in client-owned dogs with OA. To gain more insight into 
the effect of IA treatment with controlled release of TA from PEMs, a study with a larger 
patient group should be performed. Moreover, to circumvent any caregiver placebo-effect, 
TA-microspheres should ideally be compared to a placebo treatment or the standard-of-care 
IA corticosteroid injection. 
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Supplementary	file	1.	Results	of	force	plate	analysis	before	and	1,	2,	and	6	months	
after	intra-articular	injection	with	triamcinolone	acetonide-loaded	microspheres.		

Parameter Before 

treatment 

 After 1 month After 2 months After 6 months 

PVF ASI 30 (51)  11 (18) * 14 (26) * 20 (16) 

 p=0.04 p=0.027 p=0.86 

PVF 

(Improvement 

from baseline) 

N/A  61% * 

p=0.003 

67% * 

p=0.008 

3% 

p=0.3 

VI ASI 34 (50)  14 (19)  18 (30)  23 (21) 

   p=0.053a  p=0.062 a p=0.347 

VI 

(Improvement 

from baseline) 

  59% 

p=0.022 

63% 

p=0.033 

32% 

p=0.3 

PPF ASI 40 (48)  22 (32) 34 (42) 41 (37) 

 p=0.041 p=0.086  p=0.27 

PPF 

(improvement 

from baseline) 

N/A  58% * 

p=0.049 

27% 

p=0.09 

-12% 

p=0.3 

Stance time (s) 0.51 (0.15)  0.57 (0.03) 0.57 (0.07) 0.53 (0.13) 

 p=0.141 p=0.245 p=0.649 

PVF, peak vertical force; ASI, asymmetry index; PPF, peak propulsive force. Data represented 
as mean (SD). *Indicates significantly different from baseline (p<0.05). a, medium effect size 
(ES) when 0.05>p<0.1. 
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Abstract	
Intervertebral disc (IVD) disease is a common spinal disorder in dogs and degeneration and 
inflammation are significant components of the pathological cascade. Only limited studies 
have studied the cytokine and chemokine profiles in IVD degeneration in dogs, and mainly 
focused on gene expression. A better understanding is needed in order to develop biological 
therapies that address both pain and degeneration in IVD disease. Therefore, in this study, 
we determined the levels of prostaglandin E2 (PGE2), cytokines, chemokines, and matrix 
components in IVDs from chondrodystrophic (CD) and non-chondrodystrophic (NCD) dogs 
with and without clinical signs of IVD disease, and correlated these to degeneration grade 
(according to Pfirrmann), or herniation type (according to Hansen). In addition, we 
investigated cyclooxygenase 2 (COX-2) expression and signs of inflammation in histological 
IVD samples of CD and NCD dogs. PGE2 levels were significantly higher in the nucleus 
pulposus (NP) of degenerated IVDs compared with non-degenerated IVDs, and in herniated 
IVDs from NCD dogs compared with non-herniated IVDs of NCD dogs. COX-2 expression in 
the NP and annulus fibrosus (AF), and proliferation of fibroblasts and numbers of 
macrophages in the AF significantly increased with increased degeneration grade. GAG 
content did not significantly change with degeneration grade or herniation type. Cytokines 
interleukin (IL)-2, IL-6, IL-7, IL-8, IL-10, IL-15, IL-18, immune protein (IP)-10, tumour necrosis 
factor (TNF)-α, and granulocyte macrophage colony-stimulating factor (GM-CSF) were not 
detectable in the samples. Chemokine (C-C) motif ligand (CCL)2 levels in the NP from 
extruded samples were significantly higher compared with the AF of these samples and the 
NP from protrusion samples. PGE2 levels and CCL2 levels in degenerated and herniated IVDs 
were significantly higher compared with non-degenerated and non-herniated IVDs. COX-2 
expression in the NP and AF and reactive changes in the AF increased with advancing 
degeneration stages. Although macrophages invaded the AF as degeneration progressed, 
the production of inflammatory mediators seemed most pronounced in degenerated NP 
tissue. Future studies are needed to investigate if inhibition of PGE2 levels in degenerated 
IVDs provides effective analgesia and exerts a protective role in the process of IVD 
degeneration and the development of IVD disease. 
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Introduction	
Intervertebral disc (IVD) disease is a common spinal disorder in dogs and humans and is 
characterized by clinical signs ranging from back pain to neurological deficits. IVD disease is 
preceded by IVD degeneration with a similar etiopathogenesis in dogs and humans 1. 
Chondrodystrophic (CD) dogs are predisposed to explosive extrusion of the nucleus pulposus 
(NP) (Hansen type I) of degenerated thoracolumbar and cervical IVDs, mainly between 3 and 
7 years of age. Non-chondrodystrophic (NCD) dogs are predisposed to protrusion of the 
annulus fibrosus (AF) (Hansen type II) of degenerated lumbosacral and caudal cervical IVDs 
at 6 to 8 years of age, and NP extrusion of degenerated thoracolumbar IVDs 2-5. Hansen type 
II annular protrusion does occur in CD dogs, but less commonly 6, 7.  

The onset of IVD degeneration at a cellular level is characterized by a gradual replacement of 
notochordal cells by chondrocyte-like cells in the NP. In this respect, the NP of CD dogs 
contains primarily chondrocyte-like cells already by one year of age, while notochordal cells 
remain the predominant cell type in the NP of NCD dogs during their lifetime. In the latter, 
notochordal cells in some IVDs are substituted and degeneration occurs at a much later age 
1, 8, 9. In both types of dogs, a decrease in proteoglycan content, a shift in collagen type II to 
collagen type I in the extracellular matrix of the NP, together with a disruption of the 
lamellae in the annulus fibrosus (AF) is seen during IVD degeneration 10, 11. Furthermore, in 
degenerated discs, nerve endings extend into the deeper layers of the AF and into the NP, in 
contrast to healthy discs, in which only the outer third of the AF is innervated. Stimulation of 
nociceptors in the AF and dorsal longitudinal ligament is related to pain 12, 13. A nociceptive 
response can either be evoked by a mechanical or inflammatory stimulus. Various 
inflammatory mediators have also been suggested to play a role in the catabolic processes in 
human NP and AF tissue, including prostaglandin E2 (PGE2), interleukins (IL-1α, IL-1β IL-6, IL-
8), and tumour necrosis factor α (TNF-α)) 14-16. In NP cells from experimental CD dogs with 
surgically induced IVD degeneration increased levels of TNF-α and IL-1β were shown in vitro 
17. While knowledge of the involvement of inflammatory mediators in human IVD 
degeneration has substantially increased over the last years 14-16, 18-34, only limited studies 
have focused on cytokine and chemokine profiles in IVD degeneration in dogs, and mainly 
focused on gene expression 17, 35, 36.  

PGE2 is the most common prostanoid and plays an important regulatory role in physiological 
as well as pathological processes. It is synthesized by two cyclooxygenase (COX) isoforms, 
COX-1 and COX-2, by conversion of arachidonic acid into prostaglandin H2 (PGH2) and 
isomerization of PGH2 to PGE2 by prostaglandin E synthases. COX-2 expression is highly 
restricted under physiological conditions, but can be rapidly induced in response to 
inflammatory stimuli and is therefore believed to play an important role in the PGE2 
production involved in degenerative processes 27, 37. Current therapies of IVD disease aim at 
alleviating pain by administration of corticosteroids, non-steroidal anti-inflammatory drugs 
(NSAIDs), and/or opioids, by physical therapy, or by surgery. Among the numerous NSAIDs 
available, oral selective COX-2 inhibitors are primarily used for managing clinical signs, as 
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they reduce inflammation and relieve pain, but cause less gastrointestinal side effects 38, 39. 
Delivery of COX-2 inhibitors directly into the avascular IVD has been suggested as an 
alternative route of administration to enhance the local efficacy and to minimalize systemic 
side effects. A recent study in experimental CD dogs has shown the biocompatibility and 
safety of intradiscal injection of a hydrogel loaded with a selective COX-2 inhibitor 40. As 
PGE2 is one of the inflammatory mediators in human IVD herniation that has been shown to 
sensitize nerves and induce pain, the efficacy of intradiscal delivery of NSAIDs is likely to be 
limited to IVD disease with a clear inflammatory profile 41. We hypothesize that PGE2 levels 
are higher in degenerated and herniated (protruded or extruded) IVDs of CD and NCD dogs 
compared with non-degenerated or non-herniated IVDs. Therefore, we determined the 
levels of PGE2, cytokines, chemokines, and matrix components in IVDs from CD and NCD 
dogs with and without clinical signs of IVD disease and correlated these to degeneration 
grade or herniation type. In addition, we investigated COX-2 expression in histological IVD 
samples of CD and NCD dogs.  

 

Materials	and	methods	
Collection	and	preparation	of	samples	for	biochemical	analyses	
IVDs	collected	post-mortem		
A total of 19 IVDs, with a Thompson grade I and II, were collected from 7 laboratory (3 CD, 4 
NCD) dogs that were euthanized in unrelated animal experiments (experiment numbers: 
DEC 2007.III.08.110, DEC 2009.III.06.050),and a total of 34 samples, with a Pfirrmann grade 
II, were collected from 15 laboratory (CD) dogs from previous animal experiments (DEC 
2012.III.05.046, DEC 2013.III.02.017). All animal experiments were approved by the Ethics 
Committee of Animal Experiments (DEC) of Utrecht University. None of the dogs had a 
history of clinical signs of IVD disease. NP and AF tissues were isolated from the spine and 
collected separately, snap frozen in liquid nitrogen, and stored at -80 ˚C until further 
analysis. 

IVDs	collected	during	surgical	treatment		
A total of 123 IVDs were collected from 76 client-owned dogs that were referred to the 
University Clinic for Companion Animals in Utrecht with IVD disease that required surgical 
intervention. The diagnosis of IVD disease was confirmed on MRI or CT. Dogs were classified 
as CD and NCD and divided into subgroups, based on the Pfirrmann grade on  
T2-weighted MR images 42, 43. In 10 samples of 6 dogs, in which no MRI was available, 
grading of the IVD was performed on CT images 43. The medical history and records of the 
dogs were screened for information on prior medical treatment of IVD disease and the 
duration of this treatment.  
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Diagnostic	imaging	
Diagnostic imaging was performed in fully anesthetized client-owned dogs, according to 
standard practice. MRI images were obtained with a 0.2 Tesla open MRI system (Magnetom 
Open Viva, Siemens AG, Erlangen, Germany) by using multipurpose flex coils until 2013, and 
thereafter with a 1.5 Tesla scanner (Ingenia, Philips Healthcare, Best, The Netherlands) by 
using a small-extremity or a posterior coil. For each examination a coil was chosen that fitted 
around the body of the patient as closely as possible. Sagittal T2-weighted (T2W) images 
were acquired using a turbo-spin echo pulse sequence with the following parameters: 
repetition time = 2500 - 3048 ms, echo time = 110 - 120 ms, field of view = 50 x 160/160 x 
350 mm, acquisition matrix = 100 x 256/200 x 235 mm, voxel size = 0.6 x 0.8/0.8 x 1.03 mm 
slice thickness = 2 – 2.5 mm. CT images were obtained with a third-generation single-slice 
helical CT-scanner (Philips Secura). Contiguous 2 mm thick slices with 1 mm overlap were 
obtained with exposure settings of 120 kV and 260 mA.  

Surgical	treatment	
Client-owned dogs were anesthetized according to standard of care. Collection of IVDs was 
achieved through standard surgical procedures, depending on the location of disc 
herniation: ventral decompression in the cervical area, dorsolateral hemilaminectomy in the 
thoracolumbar area, and dorsal laminectomy in the lumbosacral area. In dogs with nuclear 
extrusion (Hansen type I), free NP material was collected from the epidural space in the 
spinal canal, and AF material was collected during ventral fenestration preceding the ventral 
decompression for cervical disc herniations, or when an additional lateral fenestration was 
performed after hemilaminectomy for thoracolumbar disc herniations. In dogs with 
lumbosacral annular protrusion (Hansen type II), partial discectomy consisting of 
annulotomy and nucleotomy, allowed separate collection of NP and/or AF tissue. In 3 dogs, 
an adjacent IVD was fenestrated, and AF and/or NP material was collected. The treatment 
decision (discectomy, nucleotomy, fenestration) was taken during surgery and depended on 
the state of the AF and the position of the NP. Each surgeon documented the type of 
herniation (NP extrusion (Hansen type I) or AF protrusion (Hansen type II)) and type of 
collected material (NP or AF) in the surgical report.   

NP and/or AF tissues were collected in separate vials during surgery, snap frozen into liquid 
nitrogen within minutes after collection, and subsequently stored at -80 ˚C until further 
analysis. Details of the samples are shown in Table 1 and in Additional file 1.   
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Table 1. Sample classification details. 
Samples biochemistry Samples histopathology 
 
#Dogs 

CD dogs NCD dogs  
#Dogs 

CD dogs NCD dogs 
58 40 15 10 

Age – median  
(range(mths – yrs)) 

5 yrs 
(1 – 11) 

2 yrs 
(8 – 12) 

Age – median 
(range(yrs)) 

10 yrs  
(2 – 10) 

7 yrs 
(1– 10) 

Spinal location NP AF NP AF Spinal location 
# IVDs 52 47 36 41 # IVDs 19 18 
Cervical (C1 – T1) 13 21 10 16 Cervical (C1 – T1) NA NA 
Thoracolumbar  
(T1-L1) 

21 12 2 NA 
Thoracolumbar  
(T1-L1) 

5 8 

Lumbar (L1 – S1) 11 7 23 25 Lumbar (L1 – S1) 14 10 
Unknown 7 7 1  Unknown   
Degeneration  Degeneration 
Grade I  
(non-surgical) 

NA NA 9a 10a Grade I 2 8 

Grade II 32b 32c 9 9 Grade II 4 7 
Grade III 7 6 8 8 Grade III 3 3 
Grade IV + V 13d 9d 10 12 + 2 Grade IV + V 3 + 3 3 
Displacement  Displacement 
NP in situ  
(non-surgical) 

27d,e 27d,e 9a 10a NP in situ NA 

Nuclear extrusion 24 18 12 7 Nuclear extrusion NA 
Annular protrusion 1 2 15 24 Annular protrusion NA 
Treatment  Treatment 
No treatment 26 26 14 20 No treatment NA 
Treatment 24 21 20 20   
NSAID < 1 wk 7 8 7 4 NSAID < 1 wk NA 
NSAID > 1 wk 6 7 8 9 NSAID > 1 wk NA 
Steroids < 1 wk 4 2 1 - Steroids < 1 wk NA 
Steroids > 1 wk 4 3 2 2 Steroids > 1 wk NA 
Other medication 3 1 2 5 Other medication NA 
Unknown 2 - 2 1 Unknown NA 

a samples collected from experimental dogs  

b 9 samples collected from experimental dogs (non-surgical); 17 samples collected in a previous study 
44 

c 4 samples collected from experimental dogs (non-surgical); 17 samples collected in a previous study 
44 
d 1 sample collected via fenestration  
e samples collected from experimental dogs;17 samples collected in a previous study 44   

CD, chondrodystrophic; NCD, non-chondrodystrophic; mths, months; yrs, years; NA, not available 
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Biochemical	analyses	of	IVDs	collected	post-mortem	and	intra-operatively		
Prior to analyses, samples were weighed, and 400 µl and 750 µl lysis buffer (cOmplete lysis 
M EDTA buffer, Roche diagnostics Nederland B.V., Almere, The Netherlands) was added to 
NP and AF tissue, respectively. Tissues were lysed in a TissueLyser II (Qiagen, Venlo, The 
Netherlands) for 2x 60 s at 20 kHz. After centrifugation for 15 minutes at 14.000 g, the 
volume of the supernatant of each sample was measured and separated from its pellet. A 
volume of 80 µl was filtered over a 0.22 µm nylon spin-X centrifuge tube filter (8169, Costar, 
Corning Incorporated, NY, USA) and stored at -80˚C in aliquots for cytokine measurements. 

Glycosaminoglycan	and	DNA	assays	
To determine GAG and DNA, supernatants and pellets were digested in a papain buffer (250 
µg/ml papain (P3125-100 mg, Sigma-Aldrich) + 1.57 mg cysteine HCL (C7880, Sigma-Aldrich)) 
at 60 ˚C overnight. The 1.9-dimethylmethylene blue (DMMB) assay was used to determine 
GAG content.44 A volume of 16 mg DMMB (341088 Sigma-Aldrich) was added to 5 ml 100% 
ethanol and incubated overnight on a roller bench. A solution of 2.37 g NaCl and 3.04 g 
glycine in 1 l distilled water with a pH set at 3.00 was sterilized by using a  
0.22 µm syringe filter (SLGSV255F Millex-GS Syringe Filter Unit, Merck Millipore, Darmstadt, 
Germany), added to the DMMB solution, and stored at 4 ˚C, protected from light. Pellets 
were diluted 1:1000 and supernatants 1:150 in PBS-EDTA. A volume of 100 µl of the dilutions 
and standards was pipetted into a 96-wells microplate (655199 PS microplate, Greiner Bio-
One, Alphen aan den Rijn, Netherlands), and prior to spectrophotometric analysis, 200 µl of 
DMMB was added to each well. The ratio of absorption at 540 to 595 nm was measured by 
using a microplate reader (Multimode detector DTX 880, Beckman Coulter). Chondroitin 
sulphate from shark cartilage (C4384, Sigma-Aldrich) was used as a standard to calculate 
GAG concentrations. The Quant-iTTM dsDNA Broad-Range assay kit in combination with a 
Qubit Fluorometer (Invitrogen, Carlsbad, USA) was used according to the manufacturer’s 
protocol to determine the DNA content.   

PGE2	and	cytokine	assays	
PGE2 levels were determined in the supernatants by using a colorimetric competitive 
enzyme immunoassay kit (PGE2 high sensitivity EIA kit, ENZO Life Sciences BVBA, Antwerp, 
Belgium). A magnetic canine cytokine bead panel based on Luminex® xMAP® technology 
(#CCYTOMAG-90K/CCYTOMAG-90K-PX13); Milliplex® MAP kit, Millipore Corporation, 
Billerica, USA) was used to measure twelve different cytokines and chemokines in 
supernatants: TNF-α, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-2, IL-6, 
IL-7, IL-8, IL-10, IL-15, IL-18, chemokine (C-C motif) ligand 2 (CCL2), chemokine (C-X-C motif) 
ligand 1 (CXCL1), chemokine (C-X-C motif) ligand 10 (CXCL10). Supernatants were diluted 1:2 
and were measured according to the manufacturer’s instructions. All biochemical values 
were corrected for weight of the sample. 	
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Collection	of	post-mortem	IVDs	for	histology		
IVDs	collected	post-mortem	
Post-mortem, 37 IVDs were collected from vertebral columns of 16 client-owned dogs that 
were euthanized for diseases other than IVD disease and submitted for necropsy to the 
Department of Pathobiology at the Faculty of Veterinary Medicine, Utrecht University, and 
from 9 experimental dogs in unrelated cardiovascular experiments (DEC 2007.II.01.029, DEC 
2011.07.065). Permission to collect material from the client-owned dogs was granted by the 
owners. None of the dogs had a reported history of back problems. Details of the dogs of 
which material was collected for histology are shown in Table 1.  

 
Diagnostic	imaging	
Within 24 hours after euthanasia or death, the vertebral column (T11 – S1) was harvested by 
using an electric multipurpose saw (Bosch, Stuttgart, Germany). Within 1 hour after 
dissection, sagittal T2W MR images were obtained with a 0.2 Tesla open MRI system 
(Magnetom Open Viva, Siemens AG) as described earlier. All lumbar IVDs were graded on 
midsagittal T2W images according to the Pfirrmann score by two independent investigators 
(NW, AT) 46.  

 
Histology	and	immunohistochemistry	
After scanning, all muscles were removed and the vertebrae were transected transversely 
with a band saw (EXAKT tape saw, EXAKT Advanced Technologies GmbH, Norderstedt, 
Germany), resulting in spinal units (endplate – IVD – endplate). These units were then 
transected sagittally into two halves by using a diamond band pathology saw (EXAKT 312 
saw; EXAKT diamond cutting band 0.1 mm D64; EXAKT Advanced Technologies GmbH, 
Norderstedt, Germany). Midsagittal slices (3 – 4 mm) were cut from one half and fixed in 4% 
neutral buffered formaldehyde and decalcified in EDTA. Samples were dehydrated in graded 
alcohol series, rinsed in xylene, and embedded in paraffin. Sections (5 µm) were cut, 
deparaffinized and rehydrated, and stained with both hematoxylin (109249, Merck)/eosin 
(115935, Merck), and with picrosirius red (saturated aqueous picric acid: 36011, Sigma-
Aldrich, sirius red: 8015, Klinipath)/alcian blue (alcian blue: 05500, Sigma-Aldrich; glacial 
acetic acid: 100063, Merck). Histological sections were assessed for the presence of 
inflammatory cells, and evaluated according to a histological grading scheme described by 
Bergknut et al 42.  
 
Immunohistochemistry for COX-2 was performed on 5 µm sections mounted on KP plus glass 
slides (Klinipath B.V., Duiven, The Netherlands). After deparaffinization and rehydration 
sections were treated with Dual Endogenous Enzyme Block (S2003, Dako, California, USA) for 
10 min at room temperature to block nonspecific endogenous peroxidase, followed by 2 
washing steps of each 5 min with tris buffered saline containing 1% Tween 20® (TBS-T). 
Sections were treated with TBS bovine serum albumin (BSA) 5% solution to block non-
specific binding for 60 minutes at room temperature. Subsequently they were incubated 
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with a primary mouse anti-human monoclonal COX-2 antibody (#160112 Clone CX229, 
Cayman, Ann Arbor, USA) diluted 1:800 in TBS-BSA 5% overnight at 4°C. The following day 
sections were incubated with peroxidase-labelled polymer (K4007; Envision anti-mouse, 
Dako) and antibody binding was visualized by using diaminobenzidine (DAB; K4007; Dako). 
Sections were counterstained with hematoxylin solution (Hematoxylin QS, Vector, 
Peterborough, UK), rehydrated and mounted in permanent mounting medium. The 
percentage of COX-2 positive chondrocytes in the NP, and in the dorsal AF (DAF) was 
determined by manual counting by a blinded independent investigator (AT). 

Statistical	analyses	
Data were analyzed by using R statistical software, package 2.15.2 (http://r-project.org/). A 
multiple linear regression model was used to analyze the effect of multiple explanatory 
variables on corrected PGE2, GAG, and DNA levels for the wet weight of the tissues. 
Furthermore, in order to be able to compare this study with previous reports 40, PGE2 levels 
were also corrected for DNA content. Data were logarithmically transformed to achieve 
normality. Two separate models were employed to investigate the association of 
explanatory variables ‘grade’ (Pfirrmann grade I – IV) and ‘herniation’ (NP in situ, NP 
extrusion, AF protrusion) with inflammatory parameters. Variables incorporated into both 
models were ‘dog’ (CD, NCD), ‘tissue’ (NP and AF), ‘treatment’ (no treatment, NSAID 
administered less than (<) 1 wk, NSAID administered more than (>) 1 wk, corticosteroids 
(cort) < 1 wk, cort > 1 wk, other) and their interaction. Residual plots and quantile-quantile 
(QQ)-plots were used to check the critical assumptions of linearity, equal variance at all 
fitted values and the assumption of normally distributed residuals. The Cox proportional 
hazards regression model was used for analysis of the COX-2 values, that did not 
approximate a normal distribution after log transformation. ‘Grade’ (Pfirrmann grade I – IV) 
and ‘breed’ (CD, NCD) and their interaction were incorporated into this model. Calculations 
were performed on values distracted from 100%. In the absence of COX-2 positive cells the 
sample was set at 100% and right censored. Histological reactive changes in the IVDs were 
statistically evaluated by using the nonparametric Kruskal-Wallis test, followed by a Mann-
Whitney U-test. The Spearman’s correlation coefficient was calculated to estimate the 
correlation between the presence of inflammatory cells (‘yes’ or ‘no’) and COX-2 positive 
cells. For all statistical models, regression coefficients were estimated by the maximum 
likelihood method. Model selection was based on the lowest Akaike Information Criterion 
(AIC). Confidence intervals were calculated and stated at the 99% confidence level to correct 
for multiple comparisons. Differences between treatments were considered significant if the 
confidence interval did not include 0, whereas hazard ratios were considered significant if 
the confidence interval did not include 1. Significant differences and the corresponding 
confidence intervals are represented in Additional file 2.  
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Results	
Extracellular	matrix	components	and	inflammatory	profiles	in	relation	to	stage	of	
degeneration	
GAG content normalized for wet weight did not significantly change with degeneration grade 
according to Pfirrmann (Figure 1A and 1B). In grade IV + V samples the GAG content in the 
NP was significantly lower than in the AF (Figure 1A). DNA expressed as µg/mg wet weight 
was significantly lower in grade II samples compared with grade IV + V samples (Figure 1B). 
Due to sample limitations, samples that were above the upper range of the PGE2 assay (> 
1000 pg/ml) were set at 1000 pg/ml. PGE2 levels normalized for wet weight were 
significantly lower in grade I NP samples compared with those in grade II, III, and IV + V NP 
samples (Figure 2A). PGE2 levels normalized for DNA were significantly lower in grade I 
samples compared with grade II, III, and IV + V samples regardless of the tissue origin 
(NP/AF), dog type (CD/NCD), or treatment group (no treatment, NSAID < 1 wk, NSAID > 1 wk, 
cort < 1 wk, cort > 1 wk, other) (Figure 2B). Cytokines IL-2, IL-6, IL-7, IL-8, IL-10, IL-15, IL-18, 
IP-10, TNF-α, and GM-CSF were not detectable in the samples. Chemokine CCL2 was 
measured in 66/120 samples and chemokine CXCL1 in 119/120 samples. CXCL1 and CCL2 
expressed as pg/gram wet weight did not significantly change with degeneration (Figure 2C 
and 2D). There were no significant differences between treatment groups.  

Extracellular	 matrix	 components	 and	 inflammatory	 profiles	 in	 relation	 to	
herniation	of	NP	and	AF	
GAG and DNA (Figure 1C and 1D) and CXCL1 (Figure 2D and 2E) expressed as pg/gram wet 
weight were not significantly different between herniation groups. PGE2 levels normalized 
for either DNA content or wet weight, were significantly lower in non-herniated samples 
compared with extruded and protruded samples of NCD dogs, regardless of the tissue origin 
(NP/AF), or treatment group (no treatment, NSAID < 1 wk, NSAID > 1 wk, cort < 1 wk, cort > 
1 wk, other). CCL2 levels in the NP from extruded samples were significantly higher 
compared with the AF of these samples and the NP from protrusion samples regardless of 
the dog breed (CD/NCD) (Figure 2F). There were no significant differences between 
biochemical parameters of CD and NCD dogs or treatment groups. Pfirrmann grade II 
samples from this study were compared with Pfirrmann grade II samples obtained from 
experimental CD dogs (Figure 3A) 40. As sample weights were not available in the previous 
study, PGE2 was normalized for DNA. In this combined Pfirrmann grade II dataset, PGE2/DNA 

in the NP was significantly higher in extruded samples compared with Pfirrmann grade II 
IVDs with the NP in situ. To compare this combined Pfirrmann grade II dataset to the 
complete dataset, we have normalized PGE2 for DNA (Figure 3b and 3c).  
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Figure 1. Mean + standard deviation glycosaminoglycan (GAG) and DNA content normalized for 
weight in the nucleus pulposus (NP) and annulus fibrosus (AF) per Pfirrmann grade (A and B) and per 
herniation (C and D). A. GAG/weight levels were significantly higher in the AF compared with the NP 
in grade IV + V samples. B. DNA/weight was significantly lower in the NP of grade II samples 
compared with grade IV + V. C and D. Normalized GAG and DNA levels did not significantly differ 
between herniation groups. No significant differences were shown between dog (chondrodystrophic, 
non-chondrodystrophic) or treatment (no treatment, NSAID < 1 wk, NSAID > 1 wk, corticosteroids 
(cort) < 1 wk, cort > 1 wk, other) groups, hence these groups are not shown separately. ** Indicates 
significant difference at a 99% confidence level. 
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Figure 2. Mean + standard deviation prostaglandin E2 (PGE2) and chemokine (C-C motif) ligand 2 
(CCL2) and chemokine (C-X-C motif) ligand 1 (CXCL1) levels normalized for weight in the nucleus 
pulposus (NP) and annulus fibrosus (AF) per Pfirrmann grade (A, B, C) and per herniation (D, E, F). 
A. PGE2 levels expressed as pg/mg wet weight in grade I NP samples were significantly lower 
compared with grade II, III, and IV + V NP samples. B and C. CCL2 and CXCL1 levels normalized for 
weight did not significantly change with degeneration. D. PGE2 levels did not significantly differ in 
the NP and AF between the three herniation groups. E. CXCL1 levels did not significantly differ 
between herniation groups. F. CCL2 levels normalized for weight in the NP from extruded samples 
were significantly higher compared with the AF of these samples and the NP from protruded 
samples. No significant differences were shown between treatment (no treatment, NSAID < 1 wk, 
NSAID > 1 wk, corticosteroids (cort) < 1 wk, cort > 1 wk, other) groups, hence these groups are not 
shown separately. ** Indicates significant difference at a 99% confidence level.  
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Figure 3. Mean + standard deviation PGE2 levels 
normalized for DNA content in the nucleus 
pulposus (NP) and annulus fibrosus (AF) in 
Pfirrmann grade II samples obtained from 
experimental chondrodystrophic (CD) dogs (A), 
and in the complete dataset (CD and non-
chondrodystrophic (NCD) dogs) per Pfirrmann 
grade (B), and per herniation (C). A. PGE2 levels 
expressed as pg/μg DNA in the NP of CD dogs 
were significantly higher in protruded grade II 
samples compared with NP in situ samples. B. 
PGE2 levels normalized for DNA were 
significantly lower in grade I samples compared 
with grade II, III, and IV + V samples regardless 
of the tissue origin (NP/AF), dog group 
(CD/NCD), or treatment group (no treatment, 
NSAID < 1 wk, NSAID > 1 wk, corticosteroids 
(cort) < 1 wk, cort > 1 wk, other). C. PGE2 levels 
expressed as pg/μg DNA were significantly 
lower in non-herniated samples compared with 
extruded and protruded samples in NCD dogs, 
regardless of the tissue origin (NP/AF), or 
treatment group (no treatment, NSAID < 1 wk, 
NSAID > 1 wk, corticosteroids (cort) < 1 wk, cort 
> 1 wk, other). ** Indicates significant 
difference at a 99% confidence level.  
 
 

Histology	and	COX-2	expression		
Histological scores according to the grading scheme by Bergknut et al. ranged from 7 – 12 
(median = 8) for Pfirrmann grade I, 8 – 27 (median = 14) for Pfirrmann grade II, 14 – 20 
(median =19) for Pfirrmann grade III, and 18 – 26 (median = 21) for Pfirrmann grade IV + V. In 
5/37 IVDs from 3/16 dogs ventral bone formation was seen in grade I – V IVDs. Histology 
revealed no inflammatory cells or fibroblasts in the NP of Pfirrmann grade I – V IVDs, and in 
the dorsal AF of Pfirrmann grade I IVDs. However, in higher degeneration grades, focal 
infiltration of macrophages, proliferation of fibroblasts and capillaries were detected in the 
dorsal and/or the ventral ligament, extending into the outer layers of the dorsal and ventral 
AF, respectively (Figure 4). Macrophages and proliferation of fibroblasts were present in 0% 
(0/10), 10% (1/10), 83% (5/6) and 55% (6/11) of the IVDs scored a Pfirrmann grade I, II, III, IV 
+ V, respectively. Numbers of macrophages and fibroblasts in grade IV + V IVDs were 
significantly higher than in grade I, and in grade III significantly higher than in grade I and II. 
Protrusion of the AF was seen in a grade II and a grade IV + V IVD.  
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Figure 4. Representative histological images of the annulus fibrosus (AF) of intervertebral discs (IVDs) 
graded according to Pfirrmann stained with a cyclooxygenase-2 (COX-2) antibody and counterstained 
with hematoxylin. A. The dorsal AF of a non-degenerated Pfirrmann grade 1 IVD consisted of well-
organized lamellae with COX-2 negative spindle-shaped fibroblasts (asterisks). B. In the dorsal AF of a 
degenerated Pfirrmann grade IV IVD lamellar organization was lost and COX-2 negative chondrocytes 
(arrowheads) as well as COX-2 positive chondrocytes (arrows) were present. c. The dorsal AF of a 
Pfirrmann grade V IVD consisted of COX-2 negative chondrocytes (arrowheads), whereas COX-2 
positive macrophages (open arrows) were situated in the dorsal ligament. Percentages of COX-2-
positive cells in the NP and dorsal AF of grade I and grade II tissue were significantly lower compared 
with the NP and dorsal AF of grade IV + V samples (Figure 5). The presence of macrophages and 
fibroblasts in the dorsal AF was moderately correlated (Spearman’s ρ = 0.4, p-value = 0.003) with 
COX-2 positive cells in the dorsal AF.  
 
 

Figure 5. Percentage of COX-2-positive cells 
in the nucleus pulposus (NP) and annulus 
fibrosus (AF) per Pfirrmann grade. The NP 
and AF of grade I and grade II samples were 
significantly lower compared with the NP 
and AF grade IV + V samples. ** Indicates 
significant difference at a 99% confidence 
level.  

	

Discussion	
To our knowledge this is the first study that describes levels of COX-2, PGE2, cytokines, 
chemokines, and matrix components in IVDs from CD and NCD dogs with and without clinical 
signs of IVD disease and degeneration. PGE2 levels were significantly higher in degenerated 
IVDs compared with non-degenerated IVDs, and they were also higher in herniated 
(protruded and extruded) IVDs from NCD dogs compared with non-herniated IVDs of NCD 
dogs. In contrast to PGE2 levels in Pfirrmann grade II IVDs from CD dogs with (a limited 
number of) protruded IVDs, PGE2 levels in extruded IVDs were not significantly different 
from IVDs with the NP in situ. Furthermore, COX-2 protein expression was significantly 
higher in degenerated IVDs compared with non-degenerated IVDs. These results are 
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consistent with findings in herniated human lumbar IVD cells that produced increased PGE2 

levels spontaneously in vitro compared with PGE2 levels in control IVD cells 15. 

Contrary to PGE2 levels, COX-2 expression in the NP and AF and numbers of macrophages in 
the dorsal and ventral ligaments were increased in advanced stages of degeneration. 
Histological results of non-herniated degenerated IVDs in our study are consistent with 
histological findings described in studies on canine herniated IVDs. In extruded IVDs an acute 
inflammatory reaction has been described, characterized by neutrophils and macrophages, 
while in protruded IVDs a more chronic inflammatory reaction has been described, 
characterized by macrophages, lymphocytes and plasma cells 47, 48. Macrophages do not only 
have a phagocytic function, but secret next to cytokines also a number of growth factors, 
e.g. fibroblast growth factor, transforming growth factor beta, that can induce 
neovascularization and mediate cell proliferation and differentiation 49. The focal infiltrates 
of macrophages, proliferation of fibroblasts and capillaries, and the new bone formation as 
was seen histologically in some IVDs are reactive tissue changes that might reflect a process 
of tissue repair. Although a physiological inflammatory response to aseptic tissue injury 
primarily serves to promote tissue repair, macroscopic findings may reflect an excessive 
inflammatory response. This response may have detrimental effects on tissue integrity, and 
may contribute to the pathogenesis of IVD degeneration and/or disease.   
 
Significantly higher PGE2 levels in degenerated NP tissues compared with non-degenerated 
IVDs were observed. Although not significantly different, PGE2 levels and COX-2 expression 
in grade II and IV + V IVDs were consistently higher in the NP of degenerated IVDs compared 
with AF, while the contrary was true for non-degenerated IVDs. In Pfirrmann grade II 
samples from CD dogs, PGE2 levels in the NP were significantly higher in Pfirrmann grade II 
IVDs with protrusion compared with IVDs with the NP in situ. This may indicate that the 
production of inflammatory mediators is more pronounced at the NP level. We cannot 
exclude that NP and AF cells respond differently to inflammatory stimuli and mechanic stress 
and hence produce different levels of PGE2, as also suggested by others based on in vitro 
experiments in rat IVD cells 50. Cytokine and chemokine profiles in this study are largely 
consistent with limited veterinary publications. The significantly increased CCL2 levels in NP 
tissue of dogs with Hansen type I herniation compared with AF tissue and NP tissue in dogs 
with Hansen type II herniation are in line with other studies reporting upregulated gene 
expression levels of CCL2 in dogs with extrusion of the NP 36. Furthermore, increased CCL2 
protein expression and CCL2 production levels have been reported in human prolapsed IVDs 
28. No studies in canine tissues, and only limited studies in human tissues, have determined 
cytokine and/or chemokine levels by using a (multiplex) sandwich immunoassay, and have 
shown increased levels of IFN-γ, IL-1, TNF-α, and CCL2, in epidural lavage fluid and in cell 
culture media, which complicates comparison of results 51-53. Cytokine levels of IL-2, IL-6, IL-
7, IL-8, IL-10, IL-15, IL-18, IP-10, TNF-α, and GM-CSF were not detected in NP and AF tissues 
of this study, consistent with downregulated gene expression levels of IL-2, IL-6, IL-10, and 
TNF-α in herniated canine IVDs 36. Nevertheless, our findings seem to be in contrast with 
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increased protein and gene expression levels of TNF-α and IL-1 in human IVDs 22, 23, 25, 28, 29, 54. 
Given the short half-life of TNF- α and cytokines 55, 56, and that all samples collected from 
degenerated IVDs were obtained during surgery and in several cases after flushing of the 
spinal canal, we cannot rule out degradation of cytokines/chemokines by the collection, 
preparation, and storage process. Although several studies have shown that IVD cells have 
the capacity to produce PGE2, we cannot rule out that PGE2 levels were influenced by 
infiltration from the epidural space.  
 
Despite elevated PGE2 levels in degenerated NP tissue in this study, GAG content was not 
significantly different between healthy and degenerated IVDs, while severely degenerated 
AFs (grade IV + V) had a higher GAG content compared with the NP. The latter may be 
explained by the presence of GAG-producing chondrocytes in the AF, known to be present in 
later stages of degeneration 46, or by the presence of unidentified GAG-rich herniated NP 
and/or inner AF material in AF samples. These findings are in contrast with the decrease in 
GAG content with increasing IVD degeneration described in literature 1, 11. One plausible 
explanation for this discrepancy lies in the scoring system of degeneration prior to surgery 
and the matrix heterogeneity of the degenerated NP tissue, discussed in detail below. 
Interestingly, cell density (DNA/weight) in our study was significantly higher in the NP of 
severely degenerated IVDs compared with mildly degenerated IVDs. These findings touch 
upon findings in human IVD degeneration, in which cell density in the inner AF and NP of 
severely degenerated (Thompson grade V) specimens was significantly higher compared 
with lower grades 57, 58.  

The results on the effects of PGE2 on proteoglycan metabolism are conflicting. PGE2 at 
concentrations much lower than those involved in inflammation have been demonstrated to 
be chondroprotective 59. PGE2 has been described to have anti-catabolic effects by 
downregulating the expression and synthesis of IL-1, TNF- α, and matrix metalloproteinases 
(MMPs), and to have anabolic effects by to inducing the expression, synthesis and secretion 
of IGF-I, and stimulating collagen and proteoglycan synthesis, important factors in anabolic 
processes 16, 60, 61. In vitro, low concentrations of PGE2 have been described to stimulate 
proteoglycan synthesis in rat chondrocytes, whereas higher doses have been described to 
decrease proteoglycan synthesis in NP cells 16, 61. Furthermore, degradation of proteoglycans 
was not inhibited by a range of PGE2 concentrations in osteoarthritic chondrocytes 62. These 
possible protective effects of PGE2 might have resulted in preservation of GAG content in the 
course of IVD degeneration. Nevertheless, these results should be interpreted with care, as 
GAG content of the studied tissues may have been affected by confounding factors 
explained below.  

There are several confounding factors that may affect the results in the current study, 
including the factors that influence the scoring system of degeneration and the matrix 
heterogeneity of the degenerated NP tissue. Extruded NP tissue displaced into the vertebral 
canal results in narrowing of the disc space and a T2-hypointense area within the IVD on 
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MRI. Hence, we cannot exclude that prior to the extrusion incident the IVD may have been 
assessed with a lower Pfirrmann score. Moreover, in CD dogs, calcification of the NP could 
have negatively influenced the signal intensity in the NP 63, 64. In addition, in both CD and 
NCD dogs, IVDs may have been graded falsely higher due to hemorrhage or inflammation, 
that may have influenced the appearance of the IVD on MR images. Matrix heterogeneity is 
common in degenerating NP tissue. In human IVDs several disc-specific locations are 
described with a high variation in GAG and water content, suggestive of focal damage and 
degeneration 65. Although this has not yet been described in dogs, we cannot rule out that 
tissues collected during surgery may have originated from specific GAG-rich areas in the IVD, 
that inherently are more prone to extrusion/protrusion compared with degenerated fibrotic 
tissue. Furthermore, due to sample limitations PGE2 values higher than 1000 pg/ml could not 
be measured reliably, but could have resulted in an underestimation of the highest samples. 
Lastly, a relatively high percentage of dogs in this study was treated prior to surgery with 
anti-inflammatory drugs, e.g. NSAIDs and corticosteroids. Dogs that did not respond to anti-
inflammatory drugs initially, were treated with other drugs, e.g. opioids, GABA-agonists.  
Although treatment groups were categorized, duration of treatment and dosages used 
showed a high variation, and might have had an influence on the results.    
 
From a clinical perspective, decompression surgery is recommended if dogs present with 
clinical signs, and diagnostic work-up indicates compression of neural tissue (spinal cord 
and/or nerve roots) due to extruded material. With regard to an intradiscal application that 
provides controlled release of an anti-inflammatory drug, future studies should focus on 
protruded IVDs. Obviously, this would indicate development of an application in NCD dogs, 
as disc protrusion rarely occurs in CD dogs. IVDs ideally should be early degenerated 
(Pfirrmann grade II – III), without irreversible anatomical malformations due to degenerative 
changes.     

In this study we have shown that PGE2 levels, and CCL2 levels in degenerated and herniated 
tissues were significantly higher compared with non-degenerated and non-herniated tissues. 
COX-2 expression in the NP and AF and numbers of macrophages in the AF increased with 
advancing degeneration stages. Although macrophages invade the dorsal and ventral AF as 
degeneration progresses, the production of inflammatory mediators seems most 
pronounced in degenerated NP tissue. Future studies are needed to investigate if inhibition 
of PGE2 levels in degenerated IVDs provide effective analgesia and exerts a protective role in 
the process of IVD degeneration and the development of IVD disease.  
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Additional	 file	 2.	 Significant	 differences	 and	 confidence	 intervals	 of	 statistical	
analyses	
Tables 1, 2, 3, and 4 represent significant differences and confidence intervals of statistical 
analyses. Figure numbers in the tables correspond to figures shown in the main article.  
  
 
Table 1. Significant differences and confidence intervals of statistical analyses of 
glycosaminoglycan (GAG) and DNA content normalized for weight in the nucleus pulposus 
(NP) and annulus fibrosus (AF) per degeneration grade and per herniation type, 
corresponding to Figure 1 in the main article. 

Condition vs Condition Estimated coefficient Confidence interval (CI) CI (%) 
Degeneration 
1A. GAG/weight 
NP grade IV+V vs AF grade IV+V 0.65 0.05 – 1.25 99 
Degeneration 
1B. DNA/weight 
NP grade II vs NP grade IV+V 1.13 0.22 – 2.04 99 

 
 
 
Table 2. Significant differences and confidence intervals of statistical analyses of 
prostaglandin E2 (PGE2) and chemokine (C-C motif) ligand 2 (CCL2) and chemokine (C-X-C 
motif) ligand 1 (CXCL1) levels normalized for weight in the nucleus pulposus (NP) and 
annulus fibrosus (AF) per Pfirrmann grade and per herniation type, corresponding to Figure 
2 in the main article.  

Condition  vs Condition 
Estimated 
coefficient 

Confidence 
interval (CI) 

CI 
(%) 

Degeneration      
2A. PGE2/weight      
NP grade II  NP grade I 2.54 1.10 – 3.99 99 
NP grade III  NP grade I 2.84 1.28 – 4.41 99 
NP grade IV  NP grade I 2.67 1.20 – 4.14 99 
Herniation 
2D. PGE2/weight      
Extrusion NCD  In situ NCD 1.85 0.31 – 3.40 99 
Protrusion NCD  In situ NCD 1.98 0.79 – 3.17 99 
2F. CCL2/weight      
NP extrusion  AF extrusion 2.07 0.64 – 3.51 99 

NP extrusion  
NP 
protrusion 

1.33 0.21 – 2.45 99 

NCD = non-chondrodystrophic 
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Table 3. Significant differences and confidence intervals of statistical analyses of 
prostaglandin E2 (PGE2) normalized for DNA content in the nucleus pulposus (NP) and 
annulus fibrosus (AF) in Pfirrmann grade II samples obtained from experimental 
chondrodystrophic (CD) dogs, and in the complete dataset (CD and nonchondrodystrophic 
(NCD) dogs) per Pfirrmann grade, and per herniation type, corresponding to Figure 3 in the 
main article.  

 
Condition  vs Condition Estimated coefficient Confidence interval (CI) CI (%) 
3A. PGE2/DNA grade II CD dogs    
NP protrusion    NP in situ  2.08  1.06 – 3.10  99  
Degeneration       
3B. PGE2/DNA      
Grade II  Grade I 2.17 1.18 – 3.17 99 
Grade III  Grade I 2.13 1.04 – 3.21 99 
Grade IV  Grade I 1.47 0.46 – 2.48 99 
Herniation      
3C. PGE2/DNA      
Extrusion NCD  In situ NCD 1.85 0.31 – 3.40 99 
Protrusion NCD  In situ NCD 1.98 0.79 – 3.17 99 

 
 
 
Table 4. Significant differences and confidence intervals of statistical analyses performed on 
cyclooxygenase-2 (COX-2) expression data in the nucleus pulposus (NP) and annulus fibrosus 
(AF) per Pfirrmann grade, corresponding to Figure 5 in the main article.  

Condition vs Condition Estimated hazard ratio (HR) Confidence interval (CI) CI (%) 
NP grade IV + V  NP grade I 34.3 2.09 – 562.54 99 
NP grade IV + V  NP grade II 7.40 1.39 – 39.46 99 
AF grade IV + V  AF grade I 27.32 1.78 – 419.75 99 
AF grade IV + V  AF grade I 4.92 1.64 – 14.79 99 

  
 
 

 



 

 

Chapter	7	
Intradiscal	application	of	a	PCLA-PEG-PCLA	hydrogel	loaded	with	
celecoxib	for	the	treatment	of	back	pain	in	canines:	What’s	in	it	for	

humans?		
	

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A. R. Tellegen 1, N. Willems 1, M. Beukers 1, G. C. M. Grinwis 2, S. G. M. Plomp 3, C. Bos 4, M. 

van Dijk 5, M. de Leeuw 5, L. B. Creemers 3, M. A. Tryfonidou 1, B. P. Meij 1 
 

1 Department of Clinical Sciences of Companion Animals, Faculty of Veterinary 
Medicine, Utrecht University, The Netherlands. 

2 Department of Pathobiology, Faculty of Veterinary Medicine, Utrecht University, 
The Netherlands. 

3 Department of Orthopaedics, University Medical Centre Utrecht, The Netherlands. 
4 Imaging Division, University Medical Centre Utrecht, The Netherlands. 

5 InGell Labs BV, The Netherlands. 
 

Journal of Tissue Engineering and Regenerative Medicine (2017) 1:11 



156 | Chapter	7	

 

Abstract	
Chronic low back pain is a common clinical problem in both the human and canine 
population. Current pharmaceutical treatment often consists of oral anti-inflammatory drugs 
to alleviate pain. Novel treatments for degenerative disc diseases focus on local application 
of sustained released drug formulations. The aim of this study was to determine safety and 
feasibility of intradiscal application of a PCLA-PEG-PCLA hydrogel releasing celecoxib, a COX-
2 inhibitor. Biocompatibility was evaluated after subcutaneous injection in mice and safety 
of intradiscal injection of the hydrogel was evaluated in experimental dogs with early 
spontaneous intervertebral disc (IVD) degeneration. COX-2 expression was increased in IVD 
samples surgically obtained from canine patients indicating a role of COX-2 in clinical IVD 
disease. Ten client-owned dogs with chronic low back pain related to IVD degeneration 
received an intradiscal injection with the celecoxib-loaded hydrogel. None of the dogs 
showed adverse reactions after intradiscal injection. The hydrogel did not influence MRI 
signal at long term follow up. Clinical improvement was achieved by reduction of back pain 
in 9/10 dogs, as was shown by clinical examination and owner questionnaires. In 3/10 dogs 
back pain recurred after 3 months. This study showed the safety and effectiveness of 
intradiscal injections in vivo with a thermoresponsive PCLA-PEG-PCLA hydrogel loaded with 
celecoxib. In this setup, the dog can be used as a model for the development of novel 
treatment modalities in both canine and human patients with chronic low back pain. 
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Introduction	
Low back pain is a common clinical problem in both the human and canine population 1, 2. In 
both species, it is often related to degeneration of the intervertebral disc (IVD) 3. As the most 
common type of pain restricting daily activity, chronic low back pain has a huge impact on 
quality of life and productivity 4. IVD degeneration in dogs resembles the human situation at 
the molecular, histological, radiological and clinical level and therefore, dogs are a suitable 
model to study IVD disease in humans 5, 6.  

IVD degeneration involves the production of pro-inflammatory molecules by cells of the 
nucleus pulposus (NP) and annulus fibrosus (AF) and subsequent recruitment of 
inflammatory cells 7, 8. Production of pro-inflammatory mediators such as tumor necrosis 
factor α (TNF-α), interleukin 1β (IL-1β) and prostaglandin E2 (PGE2) can lead to a shift from an 
anabolic- to a catabolic environment by upregulating matrix metalloproteinases (MMP-3 and 
MMP-13) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS-1, 
-4 and -5) 9. In the NP this leads to an increase in collagen type I and a decrease in collagen 
type II and proteoglycans. This results in a decrease in hydrostatic pressure and further 
degenerative changes like tears and clefts, bulging of the AF or herniation of NP tissue into 
the spinal canal 8, 10. During the process of degeneration vascular and neural ingrowth is 
related to discogenic pain mediated by IL-1β and TNF-a 8, 9, 11, 12. COX-2 expression can be 
induced in response to inflammatory stimuli, mechanical stress 13 and COX-2 expression and 
its major downstream product, PGE2, were found to be increased in both degenerated 
human 14 and canine IVDs 15. PGE2 can sensitize nerve endings evoking discogenic pain in the 
degenerated IVD 16, 17. 

Current conservative and surgical treatments aim at relieving clinical signs of back pain, 
rather than interfering with the degenerative process to achieve biologic repair 5, 18. 
Although COX-2 inhibitors can be effective in reducing back pain in humans and canine 
patients 19, 20, their systemic delivery is associated with various side- and co-morbidity 
effects, drug-drug incompatibility 19, 21, 22, and limited tissue penetration into the avascular 
IVD 23, 24. Local delivery of sustained release drug formulations may accomplish higher local 
dosing and prolonged exposure of the target tissue to the released drug without systemic 
side effects. Indeed, after intra-articular (IA) injection of a controlled release system loaded 
with celecoxib, a COX-2 inhibitor, celecoxib levels were higher and more sustained in 
synovial fluid compared to serum levels 25. Temperature-dependent hydrogels are suitable 
for intradiscal injection, since they are liquid at room temperature, therefore easy to inject, 
and form solid gels at body temperature,  thereby preventing leakage out of the IVD 26, 27. 
Controlled release platforms such as acetyl-capped PCLA-PEG-PCLA hydrogels loaded with 
the COX-2 inhibitor celecoxib are safely applied in vivo in small and large animal models 25, 28. 
In the current study, the main aim was to demonstrate the safety and effectivity of 
prolonged release of the COX-2 inhibitor celecoxib in vivo in several translational animal 
models as outlined in Figure 1. In this setup, the dog functions as a model for the 
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development of treatments against low back pain for both the canine and human patient 
population. 

 

Materials	and	methods	
Synthesis	of	and	preparation	of	the	propionyl-capped	PCLA-PEG-PCLA	hydrogel	
The propionyl-capped PCLA-PEG-PCLA thermoreversible hydrogel was synthesized and 
loaded with 0.016mg/mL celecoxib and was prepared according to a previously described 
two-step synthesis protocol  28, 29. The tri-block copolymer PCLA-PEG-PCLA was prepared by 
standard stannous ethylhexanoate catalyzed ring opening polymerization, followed by the 
modification of the hydroxyl end groups with propionic anhydride. The polymer was 
characterized by 1H NMR and GPC (supplementary file 1). For the celecoxib stock solution, 
8.0 g of phosphate buffer pH 7.4 (43 mM Na2HPO4, 9 mM NaH2PO4 76 mM NaCl) was added 
to polymer (2.0 g) and celecoxib (26 mg) in a 20 mL glass crimp cap vial. A second 
formulation without celecoxib was prepared by adding polymer (2.0 g) to the phosphate 
buffer (8.0 g). Subsequently, both formulations were autoclaved for 20 min at 120 °C. The 
warm formulations were vortexed for 1 min and incubated at 4 °C for 48 h to yield fully 
dissolved polymer solutions. Next 60 mg celecoxib stock solution was mixed with 10 g 
polymer only solution to yield a formulation with a final concentration of 0.016 mg/g (43 
µM) celecoxib and 20 wt% polymer. The gelation properties and the celecoxib concentration 
in the final formulation were verified by rheology and reverse phase HPLC-UV 25.  

 

 
Figure 1. Outline of the study.   

 

In	vivo	biocompatibility	after	subcutaneous	injection	in	mice		
Animal procedures were approved and performed in accordance with the guidelines set by 
the Animal Experiments Committee (DEC) of Utrecht University (DEC 2010.III.03.046). 
Twelve healthy female 8-10 weeks old BALB/c mice (Harlan-Olac Ltd., Bicester, UK) were 
used to test the PCLA-PEG-PCLA hydrogel together with 7 other biomaterials for 
biocompatibility. The mice received 100 µg/kg buprenorphine intraperitoneally and were 
subsequently anesthetized with 2.5% isoflurane in a 1:1 oxygen:air mixture. In each mouse, 
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200 µL of four different biomaterials were randomly injected into the dorsal subcutaneous 
tissue with a 27G needle, at least 1 cm apart. 200 µL PBS served as a control. Immediately 
after injection, Dermabond® (Ethicon, Cornelia, GA, USA) was applied to prevent leakage and 
the injection site was heated by an infrared lamp for 1 min. Mice were monitored daily for 
signs of distress or pain and injection sites were monitored for inflammation (e.g., swelling, 
redness, pain, and heat). Six animals were sacrificed 7 days after injection, and six after 28 
days, resulting in n=3 implantation sites per biomaterial per time point. At the end of the 
experimental period, animals were anesthetized with isoflurane, blood was collected by 
cardiac puncture for white blood cell count and differentiation, and euthanasia was 
performed by cervical dislocation. The injection sites were fixed in 10% neutral buffered 
formaldehyde (Klinipath B.V., Duiven, The Netherlands) and embedded in paraffin. 
Infiltration of inflammatory cells, giant cells, necrosis, neovascularization, fatty infiltration, 
and the encapsulation of the biomaterial by a fibrotic capsule were histologically assessed 
on hematoxylin / eosin stained sections as parameters for a biological response at the 
injection site (supplementary file 2) by a blinded board-certified veterinary pathologist (GG) 
and the principal investigator (AT).  

Intradiscal	 application	 of	 the	 celecoxib-loaded	 hydrogel	 in	 a	 canine	 model	 of	
spontaneous	IVDD	
Animal procedures were approved and performed in accordance with the guidelines set by 
the Animal Experiments Committee of Utrecht University (DEC 2012.III.05.046). Nine female 
Beagle dogs (Harlan, Gannat, France) with a median age of 1.6 years (1.3-1.8 years) and a 
median body weight of 8.2 kg (6.2 – 11 kg) were included. All dogs underwent general 
physical, neurologic and orthopaedic examination by a board-certified veterinary surgeon 
(BM). The IVD degeneration grade was determined before intradiscal injection on MR 
images of the lumbar spine using a 0.2 Tesla open magnet (Magnetom Open Viva, Siemens 
AG, Munich, Germany) 30. A detailed description of the procedure has been published 
elsewhere 31, 32. Briefly, dogs were positioned in right recumbent position to expose the 9 
IVDs between T12 and L6 via a left lateral approach, and the L6-L7 and L7-S1 IVDs via a mini-
dorsal laminectomy. A 100 μL syringe (7638-01 Model 710 RN, Hamilton Company USA, 
Reno, NV, USA) with a 29G needle (25mm, 12° bevelled point; Hamilton Company USA, 
Reno, NV, USA) was used to inject 30 μL of the following compounds through the AF into the 
NP in a random order, i.e. NaCl 0.9% (control treatment), 2.93 μg/mL celecoxib (single 
bolus), unloaded hydrogel, and loaded hydrogel containing 2.93 μg/mL celecoxib. Dogs were 
euthanized 4 weeks post injection to assess biocompatibility and PGE2 tissue levels. After 
macroscopic grading (Thompson score) 33, spinal units (endplate – IVD – endplate) were 
collected. One half was snap-frozen in liquid nitrogen and stored at -80°C for biomolecular 
analysis, the other half was fixed in 4% neutral buffered formaldehyde, decalcified in 35% 
formic acid and 6.8% sodium formate in a microwave oven (Milestone Microwave 
Laboratory Systems, Bergamo, Italy) overnight at 37°C for 7 nights and embedded in 
paraffin. Five μm hematoxylin / eosin and Alcian Blue / Picrosirius Red stained sections were 
evaluated in a blinded and random fashion (AT, NW) using an Olympus microscope (Olympus 
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Nederland, Zoeterwoude, The Netherlands). Of the snap frozen tissues, on 60 μm 
cryosections, the NP and AF tissues were separated and half of the cryosections were 
collected in, respectively, 400 and 750 μL Ambion KDalert lysis buffer solution for 
measurements of GAG, DNA and PGE2 content (Life Technologies). The other half of the NP 
and AF cryosections were collected in 300 μL RLT buffer containing 1% β-mercaptoethanol 
for RT-qPCR (Qiagen, Venlo, The Netherlands) and stored at -80°C until further analysis, 
described elsewhere 26. Detailed description of qPCR primers is provided in supplementary 
file 3. 

COX-2	Immunohistochemistry	of	surgically	obtained	canine	IVD	tissues	
With the owner’s consent, COX-2 immunostaining was performed on formalin-fixed paraffin 
embedded IVD tissues obtained from 44 canine patients, diagnosed with IVD degeneration 
and herniation and treated with routine veterinary surgical decompression and 
microdiscectomy at the Utrecht University Small Animal Clinic between March 2008 and 
September 2010. COX-2 mouse monoclonal antibody, (10 μg/mL5% TBS-BSA; 160112, 
Cayman, Michigan, USA) was used as described previously 15. The percentage of COX-2 
positive cells over the total number of cells in the NP and AF was determined.  

Prospective	clinical	trial	in	canine	patients	with	low	back	pain	
Canine	patients	
Ten dogs with chronic low back pain referred to the Utrecht University Small Animal Clinic 
underwent a full clinical examination (consisting of a general physical, orthopaedic and 
neurologic examination) by a board-certified orthopaedic surgeon (BM) prior to inclusion 
(table 1). MR images were obtained on a high field 1.5T MRI (Ingenia Philips, Eindhoven, The 
Netherlands) in fully anesthetized dogs to confirm the presence of IVD degeneration. The 
owners consented to the use and disclosure of patient- and questionnaire data for the 
current study. The setup is shown in Figure 1. 

 

Table 1. Criteria for in- and exclusion of canine patients. 

Inclusion criteria Exclusion criteria 
History of low back pain for at least 6 weeks Previously performed surgery on IVD of interest 
No improvement on oral pain medication for at 
least 4 weeks 

Discospondylitis or active infection on surgical site (i.e. 
pyoderma) 

Body weight > 15 kg Lumbosacral fracture 
Pfirrmann grade II-IV on T2-weighted MRI Spinal neoplasia 
 Chondrodystrophic breed 

More than one IVD affected 
IVD, intervertebral disc. 
 

Intradiscal	injection	
Premedication consisted of intravenous (i.v.) administration of butorphanol (0.1 mg/kg) and 
dexmedetomedine (10 μg/kg), followed by induction of anaesthesia with propofol (i.v., 1 
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mg/kg). Maintenance of anaesthesia was achieved by administration of isoflurane (2%). 
Carprofen (i.v., 4 mg/kg) was administered prior to the start of the procedure to cover any 
discomfort as a result of positioning for the MRI and intradiscal injection. The patient was 
placed in sternal recumbency with the hind limbs extended cranially and a 20G epidural 
needle (4509757-13, Braun, Melsungen, Germany) was aseptically inserted. Correct 
placement of the needle was checked by fluoroscopic digital images (Omnidiagnost Eleva, 
Philips, Eindhoven, The Netherlands) and digital radiography (DX-D100 Mobile DR, Agfa 
Healthcare, Rijswijk, The Netherlands) in ventrodorsal and laterolateral projections. The 20G 
needle was advanced through the ligamentum flavum until the dorsal AF was reached. 
Thereafter, the stylet was removed and a 12 cm long, 27G needle (7803-01 Hamilton, 
Bonaduz, Switzerland) was inserted through the epidural needle that acted as a guide to 
position the tip of the 27G needle on top of the AF. The 27G needle was subsequently 
advanced through the dorsal AF into the centre of the NP and positioning was confirmed 
with imaging (figure 5A,B). Finally, a 100 μL gastight syringe (7656-01 Hamilton, Bonaduz, 
Switzerland) was connected to the 27G needle and the celecoxib-loaded hydrogel was slowly 
injected.  

Read	out	parameters	
All 10 canine patients were evaluated by clinical examination and underwent measurements 
of ground reaction forces (GRFs) by force plate analysis (FPA). GRFs in the mediolateral (Fx), 
craniocaudal (Fy) and vertical (Fz) direction were normalized for body weight. Ratios 
between pelvic (P) and thoracic (T) limbs were calculated: P/T Fy-, P/T Fy+ and P/T Fz+ and 
were compared to historic values from a cohort of sound dogs with similar constitution and 
body weight 34. FPA was performed prior to the intradiscal injection, and at 6, 12 (n=10), and 
24 (n=4) weeks after intradiscal injection. GRFs were measured with a quartz crystal 
piezoelectric force plate (Kistler type 9261, Kistler Instrumente) together with the Kistler 
9865E charge amplifiers as described previously 34, 35. Pain medication (if applicable) was 
discontinued for at least three days prior to FPA. Validated questionnaires to owners 
regarding behaviour and function of their dog, assessed the owner’s perspective of 
treatment outcome 34, 35 (table 2). Rescue analgesia in case of recurrence of clinical signs was 
recorded by the owners.  

Magnetic resonance imaging was performed directly prior to and directly after injection and 
repeated at 12 weeks after treatment. Four dogs were available for follow up at 24 weeks 
after intradiscal injection and underwent clinical evaluation and FPA. The MR protocol 
included a sagittal T2-weighted Turbo Spin Echo, a Fat-suppressed T1-weighted Turbo Spin 
Echo using spectral pre-saturation, and a quantitative multiple spin-echo T2-mapping 
sequence. The scans were carried out with the dogs under general anaesthesia, positioned in 
dorsal recumbency with the pelvic limbs extended caudally. All images were assessed by a 
board-certified veterinary radiologist (MB). The amount of disc protrusion into the spinal 
canal was categorized as mild (<25% of spinal canal), moderate (25-50%) or severe (>50%) 
protrusion. The disc height index (DHI) was measured on the MR images using the method 
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described by An et al 36. The grade of IVD degeneration was determined on T2-weighted 
images by the Pfirrmann grading 30 for use in dogs. Mean T2 relaxation times were 
determined in an oval region of interest (ROI) in the lumbosacral IVDs on midsagittal T2-
mapping images. ROIs were also drawn in fat and muscle tissue to serve as an internal 
control.  

 

Table 2. Questionnaire to the owners of dogs before and at 6, 12, and 24 weeks after 
intradiscal application of PCLA–PEG–PCLA hydrogel with celecoxib. 

Question Before treatment 
/ Baseline 

After 6 weeks 
(n=10) 

After 12 weeks 
(n=10) 

After 24 weeks 
(n=4) 

Pelvic limb lameness 3 (2-10) 10 (6-10) 9 (2-10) 10 (10-10) 
Pelvic limb weakness 6 (2-10) 10 (3-10) 9.5 (3-10) 9.5 (9-10) 
Caudal lumbar pain 2.5 (2-9) 9 (5-10)  9 (2-10) 8.5 (8-10) 
Difficulty rising up 3.5 (2-9) 9 (7-10) 9 (2-10) 9.5 (9-10) 
Difficulty lying down 7 (2-10) 10 (8-10) 10 (2-10) 10 (9-10) 
Muscle volume 7.5 (3-10) 8 (5-10) 9 (5-10) 9 (9-9) 
Position of the tail 6 (1-10) 10 (3-10) 9 (2-10) 9 (9-10) 
Movement of the tail 8.5 (2-10) 10 (5-10) 9.5 (5-10) 9 (9-10) 
Urinary and faecal 
continence 

9.5 (4-10) 10 (6-10) 10 (5-10) 10 (10-10) 

Hypersensitivity of the 
skin of the lower back 

5 (1-10) 10 (4-10) 9.5 (4-10) 9 (9-10) 

 
 
Histological	and	biochemical	evaluation	of	IVD	samples	collected	after	intradiscal	
injection	
After the three months follow up period, two dogs underwent decompressive surgery due to 
recurrence of clinical signs. One dog was euthanized due to recurrence of clinical signs on 
request of the owner. AF and NP samples were collected in 10% neutral buffered formalin 
and liquid nitrogen for histological and biochemical evaluation as described in section 2.4.  

Statistical	analysis	
Statistical analysis was performed using SPSS 22 (SPSS Inc., Chicago, IL) and R statistical 
software, package 2.15.2. Normality was tested with the Shapiro Wilks test. Biochemical and 
biomolecular data of the Beagle study described in section 2.4 were analysed using a linear 
mixed effect model as previously described 26. The relation of histological- and MRI scores 
with the expression of COX-2 was analysed with multiple linear regression analyses and with 
nonparametric Kruskal-Wallis followed by Mann-Whitney U-tests, in the NP and AF 
respectively.  The reliability of the responses to the questionnaires was investigated by 
calculation of Cronbach’s α. A value of >0.70 was considered reliable. Comparison of the 
mean scores of the questionnaires before intradiscal injection, at 6 and 12 weeks after 
treatment was conducted using Friedman’s test, followed by Wilcoxon’s signed rank tests for 
each time point. To investigate the effect of treatment on GRFs, DHI and T2 relaxation times, 
a repeated measures ANOVA was performed followed by pairwise dependent t-tests with 
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Bonferroni corrections. Data obtained from the four dogs that had follow-up visits 
performed at 24 weeks following treatment were treated as descriptive data only, because 
of the small sample size. 

Results	
In	vivo	biocompatibility	was	shown	after	subcutaneous	injection	in	mice	
No systemic effects were recorded after subcutaneous injection of the PCLA-PEG-PCLA 
hydrogel. At 7 days post injection, the injection site was infiltrated by inflammatory cells, 
mainly macrophages, and in smaller numbers neutrophils (figure 2C,D). Slight 
neovascularization surrounding the injected hydrogel was visible. Necrosis was noted in the 
centre of the biomaterial area at 4/6 injection sites. At 28 days post injection (figure 2G,H), 
tissues showed slightly more vascularization compared with day 7. The injection area was 
mostly infiltrated by macrophages, neutrophils and some eosinophilic granulocytes. A thin 
capsule-like structure was present surrounding the granulomatous inflammation consistent 
with a subacute reaction. Giant cells, lymphocytes, plasma cells, fibrous capsule formation 
and fatty infiltration were not observed at either time point. In control samples that were 
injected with PBS, only a few macrophages were present in two tissue explants at 7 days and 
in four at day 28 (supplementary file 2).  
 

 
 
Figure 2. Representative histological images of subcutaneous injection sites with the PCLA-PEG-PCLA 
hydrogel in mice (hematoxylin / eosin staining). A-B: 7 days after injection with PBS revealing the 
epidermis (arrow), hair follicles (arrowhead) and striated muscle (asterisk). C-D: 28 days after 
injection with PBS. E-F: 7 days after hydrogel injection. Cellular infiltrate is visible with macrophages 
(arrow), neutrophils (arrowhead) and an occasional eosinophilic granulocyte (asterisk F). G-H: 28 
days after hydrogel injection a thin capsule-like structure is evident (arrow).  
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Good	 biocompatibility	 and	 improved	 matrix	 composition	 was	 seen	 after	
intradiscal	 application	 of	 the	 (un)loaded	 hydrogel	 in	 early	 degenerated	 IVDs	 of	
experimental	dogs	
Before surgery, all IVDs in all experimental Beagle dogs were graded Pfirrmann grade II on 
MRI. All dogs showed uneventful recovery from surgery, were ambulant the next day and 
showed minor deficiencies in spinal reflexes that recovered within 7 days. Post mortem, 
Thompson score II was assigned to all IVDs of all dogs. Histological scores ranged from 4 to 
12 compatible with mild IVD degeneration and did not differ between treatment groups 
(figure 3A). Normalized GAG content (GAG/DNA) and PGE2 levels of the NP and AF did not 
differ between treatment groups (Figure 3B). Gene expression levels of extracellular matrix 
components (ACAN, COL2A1 and COL1A1) and the anti-catabolic gene TIMP1 were not 
significantly different between treatments. Gene expression levels of the catabolic genes 
ADAMTS5 and MMP13 were significantly downregulated in the NP samples treated with the 
hydrogel loaded with celecoxib compared with saline injection (p=0.047 and p=0.019, 
respectively) (figure 3C). Gene expression levels of NP cell markers (T, CTK8 and CTK18) 
(figure 3D), genes associated with the Wnt-pathway (AXIN, C-Myc and CCDN1) and pro-
inflammatory mediators (TNFα, IL1β, IL6 and IL10) did not differ between treatment groups. 
The expression of CASP3 was significantly upregulated (p=0.04, data not shown) in the 
unloaded hydrogel compared to the saline control. Gene expression levels of other apoptotic 
markers, i.e. FasL and BCL2 did not differ between treatment groups.  
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Figure 3. Results of in vivo beagle study. There was no difference in histological score of the IVDs (A) 
and the GAG content, normalized for DNA content, did not change after treatment with celecoxib-
loaded hydrogel (B). MMP13 mRNA expression was significantly downregulated in the celecoxib-
loaded hydrogel, compared to NaCl control (*: p=0.019) (C), cytokeratin 18 expression (D) did not 
differ between treatment groups.  

 

COX-2	 protein	 expression	 increased	 with	 degenerative	 grade	 in	 surgically	
obtained	canine	IVD	tissues	
The percentage of COX-2 positive NP cells was significantly higher in Pfirrmann grade III and 
IV+V IVDs compared to grade I and II IVDs (B=20.6, 95%CI=[0.003-0.408], p<0.05) (figure 
4A,C). COX-2 expression in the AF was not different between MRI grade II, III, and IV+V IVDs 
and the histological score (figure 4B,D).  

 



166 | Chapter	7	

 

Figure 4. COX-2 expression in surgically obtained nucleus pulposus (NP, A,C) and annulus fibrosus 
(AF, B,D) tissue samples in relation to the histological degeneration grade. 

 

Intradiscal	 injection	 with	 the	 celecoxib-loaded	 hydrogel	 was	 safe	 in	 canine	
patients	with	chronic	low	back	pain	and	IVD	degeneration	
Ten canine patients with chronic low back pain referred to the Utrecht University Small 
Animal Clinic (table 3) received the celecoxib-loaded hydrogel intradiscally under 
fluoroscopy guidance (figure 5A, B). 
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Magnetic	resonance	imaging	
MRI was performed prior to and directly after intradiscal injection and 12 weeks after 
treatment in all canine patients (figure 5C). Radiologic abnormalities prior to injection 
included mild protrusion (n=4), moderate protrusion (n=5) and severe protrusion (n=1) 
(table 3). In dog 9, there was a cystic structure visible within the spinal canal. No 
abnormalities were detected directly after injection on any of the MRI sequences, except 
small air bubbles within the spinal canal in 5 dogs that were hypointense on all sequences. 
The extent of protrusion was not different after injection in all injected IVDs and this 
remained the same after 12 weeks in eight dogs. In dog 9, the protrusion decreased slightly 
and the cystic structure in the spinal canal dorsal to the protrusion also decreased in size. In 
dog 3, the extent of protrusion after 3 months increased from 47% to 53%. Both Pfirrmann 
grade and DHI remained unchanged over time (p=0.264 and p=0.123, respectively). T2 
relaxation times measured in the NP directly after injection were significantly higher 
compared to just prior to injection (p=0.012) and 3 months after intradiscal injection 
(p=0.006) (figure 5B). There were no significant differences in T2 relaxation times for fat and 
muscle tissue at the three different time points (p=0.119 and p=0.281 respectively). 

 

 
 
Figure 5. Laterolateral (A) radiographic images obtained during fluoroscopy guided intradiscal 
injection. Note the 20G needle advanced into the epidural space and the 27G needle (arrow) 
positioned in the centre of the nucleus pulposus. The T2 mapping values of the nucleus pulposus 
were significantly higher after injection compared to pre-injection and 3 months follow up (B). 
Representative T2 magnetic resonance image 3 months after intradiscal injection with the celecoxib-
loaded hydrogel (C).  

 

Force	plate	analysis	
FPA was performed in 10 dogs prior to intradiscal injection and at the 6- and 12-week follow 
up visits. In 4 dogs, FPA was repeated at 24 weeks after treatment. The P/T Fy-, P/T Fy+ and 
P/T Fz+ values before, at 6 and at 12 weeks after injection were not statistically different. 
GRFs in 4 dogs at 24 weeks after intradiscal injection were not different from the values at 
6- and 12-weeks post treatment (figure 6A). 
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Owner	questionnaires	
Questionnaires were completed by owners prior to treatment, 6 and 12 weeks (n=10) and 
24 weeks (n=4) after intradiscal injection (table 4). The Cronbach’s alpha value of the 
responses to the questionnaire was 0.91, indicating that the questions were reliable. Nine 
out of 10 owners reported that the clinical signs of low back pain had disappeared at 6 and 
12 weeks after treatment (90%), while one owner reported recurrence after an 
asymptomatic 6-week period (1/9 = 11%). Three owners reported recurrence of clinical 
signs after three months (3/9 = 33%). The owners of the four dogs that had a follow-up visit 
at 24 weeks after treatment, remained positive on the outcome and reported no change in 
behaviour or pain score, i.e. the dogs remained asymptomatic. Two owners reported the 
use of rescue analgesia during the 12-week follow-up period. Dog 2 received NSAIDs during 
three days of the first week after intradiscal injection. Dog 4 received NSAIDs on a daily basis 
during the first week after treatment and in the 4 weeks thereafter 2-3 times a week.  

 
Figure 6. Mean pelvic / thoracic (P/T) Fy- values 
before, and after intradiscal injection with the 
celecoxib-loaded hydrogel at 6, 12 and 24 weeks: 
in grey the range of P/T Fy- values in healthy 
dogs is given.  
 

 

 

 

 

Histological	 and	 biochemical	 evaluation	 of	 IVD	 tissue	 samples	 collected	 after	
intradiscal	injection	
Two dogs with recurrence of low back pain underwent standard of veterinary care surgical 
treatment, i.e. dorsal laminectomy and partial discectomy. Histological evaluation of the 
lumbosacral IVD tissue became available at respectively 15 (dog 1) and 19 (dog 2) weeks 
after intradiscal injection with a Pfirrmann grade of 3 and 2, respectively. The surgically 
obtained AF and NP tissues showed extensive degeneration at histological level. In the 
dorsal AF of dog 2, a focal granulomatous inflammation was present. In dog 4, the treated 
IVD with Pfirrmann grade 2 was collected in one piece post mortem at 12 weeks after 
intradiscal injection. This lumbosacral IVD showed severe degeneration of the NP and AF, 
with tears in the AF and dorsal herniation of NP material. In the dorsal ligament and the 
dorsal AF, a mild granulomatous focus was present, with fibroblasts and slight proliferation 
of vascular structures. No remnant hydrogel was observed in the 3 IVD tissue samples. COX-
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2 staining was negative in the NP tissue of dog 1 and 4. In dog 2, 2% of the cells in the NP 
stained positive for COX-2. No COX-2 positive cells were found in the AF tissues of these 3 
dogs which was markedly lower than the COX-2 expression that was found in surgically 
obtained samples of dogs undergoing routine decompressive surgery (figure 4B).  

 

Table 4. Responses to owners’ questionnaires of dogs before, and at 6, 12 and 24 weeks after 
intradiscal injection. *: Significant differences from baseline (p<0.05). 

Question Before treatment After 6 weeks 
(n=10) 

After 12 weeks 
(n=10) 

After 24 weeks 
(n=4) 

Pelvic limb 
lameness 

3 (2-10) 10 (6-10) * 9 (2-10) * 10 (10-10) 

Pelvic limb 
weakness 

6 (-2-10) 10 (3-10) * 9.5 (3-10) * 9.5 (9-10) 

Caudal lumbar 
pain 

2.5 (2-9) 9 (5-10) * 9 (2-10) * 8.5 (8-10) 

Difficulty rising up 3.5 (2-9) 9 (7-10) * 9 (2-10) * 9.5 (9-10) 
Difficulty lying 
down 

7 (2-10) 10 (8-10) * 10 (2-10) * 10 (9-10) 

Muscle volume 7.5 (3-10) 8 (5-10)  9 (5-10) * 9 (9-9) 
Position of the tail 6 (1-10) 10 (3-10) 9 (2-10) 9 (9-10) 
Tail movement 8.5 (2-10) 10 (5-10) 9.5 (5-10) 9 (9-10) 
Urinary and faecal 
continence 

9.5 (4-10) 10 (6-10) * 10 (5-10) 10 (10-10) 

Hypersensitivity 
of the lower back 

5 (1-10) 10 (4-10) * 9.5 (4-10) * 9 (9-10) 

 

Discussion	
The present study demonstrated safety and effectivity of a locally applied controlled release 
system loaded with celecoxib, a COX-2 inhibitor. In naturally occurring mildly degenerated 
canine IVDs, PGE2 levels did not decrease after intradiscal injection of the celecoxib-loaded 
hydrogel in this and a previous study employing a different platform 26. Given that PGE2 
levels and COX-2 protein expression are much higher in symptomatic degenerated and 
herniated IVDs than in asymptomatically mildly degenerated tissues 15, 37, the clinical effect 
of the celecoxib-loaded hydrogel was further investigated in canine patients with chronic 
low back pain associated with IVD degeneration. Local delivery of the celecoxib-loaded 
hydrogel was related with improved quality of life in the majority of the canine patients 
without adverse effects. 

The	PCLA-PEG-PCLA	thermogel	was	biocompatible	both	subcutaneously	and	intradiscally		
Subcutaneous implantation of the propionyl-capped PCLA-PEG-PCLA thermogel in mice 
resulted in a slight to moderate foreign body reaction, mainly characterized by macrophage 
infiltration, which is in line with previous findings 38. Intra-articular application of an acyl-
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capped PCLA-PEG-PCLA unloaded and celecoxib-loaded hydrogel in talocrural joints of 
healthy horses 25 resulted in a transient subclinical inflammatory response indicated by an 
increase in the white blood cell count. The latter is commonly encountered also after 
standard of care hyaluronic acid injection. Nonetheless, there was no evidence of cartilage 
damage on histology neither in healthy horses, nor in healthy rats 38 after intra-articular 
injection of this hydrogel. Notably, a foreign body reaction was absent for both the 
unloaded and celecoxib-loaded (0.016 mg celecoxib/mL) hydrogel after intradiscal 
application in experimental Beagles, a model of mild IVD degeneration. The latter may well 
be explained by the absence of innate immune cells within the avascular and immune-
privileged environment of the IVD 8.  

Intradiscal	injection	of	the	PCLA-PEG-PCLA	hydrogel,	either	unloaded	or	loaded,	does	not	
lead	to	acceleration	of	the	degenerative	process		
In the present study intradiscal application did not affect Pfirrmann grading on the short 
term in experimental Beagle dogs, as well as on the long term follow up in canine patients 
with chronic low back pain. This is line with previous reports where safety of intradiscal 
injections was confirmed with other biomaterials 26, 39. The significant increase in T2 
relaxation times observed in the cohort of canine patients directly after injection can be 
explained by the contribution of the hydrogel, containing primarily 80% aqueous buffer, to 
the MRI signal. This type of hydrogel depot erodes / degrades fast, within 6-8 weeks after 
subcutaneous implantation. It remains to be determined whether similar degradation rates 
also apply to the IVD. Nonetheless, it seems that the hydrogel does not lead to acceleration 
of the degenerative process in patients and does not interfere with MRI follow up on the 
long term.   

Intradiscal	 application	of	 celecoxib-loaded	hydrogel	 improved	 the	quality	 of	 life	 of	 9/10	
canine	patients	studied	with	chronic	low	back	pain	
In the clinical study, neither clinical nor radiological adverse effects nor complications were 
noted during the 3 to 6 months follow-up. To assess locomotion in an objective manner, 
GRFs were measured by FPA 34. Propulsive forces of the hind limbs did not significantly 
increase after 6 and 12 weeks after treatment. In dogs suffering from chronic low back pain, 
a decrease in propulsive forces of the hind limbs was previously reported, with a significant 
improvement six months after decompressive surgery 34. However, in our study population, 
the pre-treatment propulsive values of the hind limbs (P/T Fy- values) were higher than the 
P/T Fy- values in the dogs of the former study 34. The canine patients included in the present 
study mainly showed difficulty in performing certain complex movements (e.g. jumping, 
standing up, laying down) prior to treatment which can only be observed from owner’s 
history taking or responses to questionnaires, and not by FPA. As such, the present study is 
underpowered to detect subtle changes in the P/T Fy-. Notably, owners perceived a clear 
and significant improvement of quality of life of their dog.  
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Clinical	 improvement	 is	not	accompanied	by	a	 regenerative	effect	based	on	quantitative	
MR	imaging		
Pfirrmann score and DHI did not significantly differ before and after injection, or at 12 
weeks follow up. Since the DHI prior to treatment was not decreased, an increase in disc 
space was not expected. Given the limitation of the Pfirrmann grading system, this study 
employed quantitative T2 mapping MRI, a sequence that uses the T2 relaxation time for 
quantification of IVD degeneration by quantitative measurement of water and proteoglycan 
content 40. Three months after treatment no regenerative effect at the MRI level was 
observed; T2 relaxation times were not different from pre-treatment values. It remains to 
be determined whether intradiscal application of controlled release systems of COX-2 
inhibitors only acts anti-inflammatory and provide thereby clinical improvement by effective 
pain management, or that they have regenerative capacities that are only visible on the long 
term.   

Future	perspectives		
The present clinical study is limited by the small group size and the absence of a placebo 
group, thereby allowing for owner’s bias towards the results. Before randomized placebo-
controlled clinical studies, additional studies need to be performed to fine tune the loading 
dose, the release profile in order to have proper anti-inflammatory and regenerative effects. 
The safe use of local delivery that we have demonstrated is an important step in reducing 
the side-effects of current systemic pharmaceutical treatment, and in reducing or 
postponing the need for major surgery for advanced stages of IVD disease. Such minimally 
invasive treatment strategies have important implications in reducing the total cost of care 
and the burden of the disease to patients and ageing populations in general. 

Conclusions	
This present study showed the safety and feasibility of intradiscal delivery of the COX-2 
inhibitor celecoxib loaded on a thermoresponsive hydrogel loaded in vivo in an experimental 
and clinical setting with canine patients suffering from chronic low back pain. In the majority 
of the treated canine patients, quality of life improved without evident regenerative effects 
on MRI at 3 months follow up. As such, fine tuning of the delivery biomaterial platforms and 
strategies based on COX-2 inhibitors may not only harness pain but also exert regenerative 
effects on the long term. 
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Supplementary	file	1.	Characterization	of	the	propionyl-capped	PCLA-PEG-PCLA	
hydrogel	by	1H	NMR	and	GPC.	

 

1H	NMR	analysis	
1H NMR analysis of the polymer was performed using a Varian oxford, operating at 300 
MHz. 1H NMR spectra was referenced to the signal of chloroform at 7.26 ppm. 
1H NMR (CDCl3, 300 MHz) δ: 5.20-5.00 (6H,-CO-CH(CH3)-O-); 4.40-4.19 (4H,-PEG-O-CH2-CH2-
O-CO-);  4.19-3.95 (36H, -CO-(CH2)4-CH2-O-); 3.85-3.40 (132H, -O-CH2-CH2-O-);  2.50-2.30 
(36H, -CO-CH2-(CH2)4-O-) + (4H, -CO-CH2-CH3); 1.73-1.58 (72H, -CO-CH2-CH2-CH2-CH2-CH2-O-
); 1.58-1.30 (18H, -CO-CH(CH3)-O-) + (36H, -CO-CH2-CH2-CH2-CH2-CH2-O-); 1.25-1.10 (6H, -
CO-CH2-CH3) (Figure S1). 
 

Figure S1: 1H NMR spectra of propionyl-capped PCLA-PEG-PCLA. 
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Gel	permeation	chromatography	
The Mn and polydispersity index (PDI) of the polymer was determined by gel permeation 
chromatography (GPC) using an Agilent system Series 100 equipped with a guard column 
(PLgel 5 μm, 7.5 x 50 mm) and three Varian columns (PLgel, 5 μm, 500 Å, 300 x 7.5 mm). 
Detection was performed with a refractive index detector. The column temperature was set 
at 35 °C and THF was used as the mobile phase at a flow of 1 ml/min.  The polymer was 
dissolved overnight in THF at a concentration of approx. 5 mg/ml and filtered through a 0.45 
µm filter prior analysis. PEG standards of different molecular weights were used for 
reference and the injection volume was 50 μl (Table S1). 
 

Table S1: Characteristics of propionyl-capped PCLA-PEG-PCLA as determined by GPC. 

 Mna PDIb 
Propionyl-capped PCLA-PEG-PCLA 4400 g/mol 1.35 

a Mn (number-average molecular mass) is determined by GPC with THF as mobile phase and PEG 
standards were used for calibration; bPDI (polydispersity index). 
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Supplementary	 file	 2.	 Histological	 evaluation	 of	 inflammatory	 responses	 after	
subcutaneous	implantation	in	mice.	
 

  Test 
sample         Control sample 

      

Animal number: 1 2 3 4 5 6 1 2 3 5 6 
Inflammation            

     Polymorphonuclear 0 1 1 0 1 1 1 1 1 1 1 
     Lymphocytes 0 0 0 0 0 0 0 0 0 0 0 
     Plasma cells 0 0 0 0 0 0 0 0 0 0 0 
     Macrophages 2 3 3 3 4 3 0 1 1 0 0 
     Giant cells 0 0 0 0 0 0 0 0 0 0 0 
     Necrosis 1 1 1 0 1 0 0 0 0 0 0 
SUB-TOTAL (× 2) 6 10 10 6 12 8 2 4 4 2 2 
     Neovascularisation 0 0 0 0 1 1 1 0 0 1 1 
     Fibrosis 0 0 0 0 0 0 0 0 0 0 0 
     Fatty infiltrate 0 0 0 0 0 0 0 0 0 0 0 
SUB-TOTAL 0 0 0 0 1 1 1 0 0 1 1 
TOTAL 6 10 10 6 13 9 3 4 4 3 3 

Implantation interval: 7 days. 

  Test sample       Control sample 
       

Animal number: 7 8 9 10 11 12 7 9 10 11 12 
Inflammation                       
     Polymorphonuclear 2 2 1 2 0 2 1 1 1 0 1 
     Lymphocytes 0 0 0 0 0 0 0 0 0 0 0 
     Plasma cells 0 0 0 0 0 0 0 0 0 0 0 
     Macrophages 3 3 4 3 2 3 2 1 1 1 0 
     Giant cells 0 0 0 0 1 0 0 0 0 0 0 
     Necrosis 1 1 0 1 0 1 0 0 0 0 0 
SUB-TOTAL (× 2) 12 12 10 12 6 12 6 4 4 2 2 
     Neovascularisation 1 1 1 1 2 1 0 0 0 0 0 
     Fibrosis 0 0 0 0 0 0 0 0 0 0 0 
     Fatty infiltrate 0 0 0 0 0 0 0 0 0 0 0 
SUB-TOTAL 1 1 1 1 2 1 0 0 0 0 0 
TOTAL 13 13 11 13 8 13 6 4 4 2 2 

Implantation interval: 28 days. 
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Based on the score of the test and control sites, the average difference between test and 
controls for each animal was calculated: 

animal # test control score 
1 6 4 2 
2 10 4 6 
3 10 4 6 
4 6 3 3 
5 13 3 10 
6 9 3 6 
Mean 7d 9,0 3,6 5,4 

 

animal # test control score 
7 13 2 11 
8 13 2 11 
9 11 4 7 
10 13 4 9 
11 8 2 6 
12 13 2 11 
Mean 28d 11,8 3,0 9,2 

 

Based on ISO10993-6, 2007, Biological evaluation of Biomedical Devices – part 6, 
biocompatibility was rated at 5,4 at 7 days and 9,2 at 28 days, compatible with respectively 
slight and moderate reaction based on the following scheme: 

0.0 - 2,9 no reaction 
3,0 - 8,9 slight reaction 
9.0 - 15 moderate reaction 
> 15 severe reaction 
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Supplementary	file	3.	Primers	used	for	quantitative	RT-PCR		
 
Table 1. Gene-specific primer sequences with associated amplification temperatures. 

Gene Primer sequence 
(5’-‘3) 

Amplicon size 
(bp) 

Temp (°C) 

Reference genes 
GAPDH Fw TGTCCCCACCCCCAATGTATC 

Rv CTCCGATGCCTGCTTCACTACCTT 
100 58 

HPRT Fw AGCTTGCTGGTGAAAAGGAC 
Rv TTATAGTCAAGGGCATATCC 

104 56-58 

RPS19 Fw CCTTCCTCAAAAAGTCTGGG 
Rv GTTCTCATCGTAGGGAGCAAG 

95 61-63 

SDHA Fw GCCTTGGATCTCTTGATGGA 
Rv TTCTTGGCTCTTATGCGATG 

92 61 

Target genes 
ACAN Fw GGACACTCCTTGCAATTTGAG 

Rv GTCATTCCACTCTCCCTTCTC 
110 61-62 

ADAMTS5 Fw CTACTGCACAGGGAAGAG 
Rv GAACCCATTCCACAAATGTC 

148 61 

AXIN2 Fw GGACAAATGCGTGGATACCT   
Rv TGCTTGGAGACAATGCTGTT 

128 60 

BCL2 Fw GGATGACTGAGTACCTGAACC 
Rv CGTACAGTTCCACAAAGGC 

80 61.5-63 

C-MYC Fw GCCGGCGCCCAGCGAGGATA 
Rv GCGACTGCGACGTAGGAGGGCGAGC 

108 61 

CASP3 Fw CGGACTTCTTGTATGCTTACTC 
Rv CACAAAGTGACTGGATGAACC 

89 61 
 

CCND1 Fw ACTACCTGGACCGCT 
Rv CGGATGGAGTTGTCA 

151 60 

COL1A1 Fw GTGTGTACAGAACGGCCTCA 
Rv TCGCAAATCACGTCATCG 

109 61 

COL2A1 Fw GCAGCAAGAGCAAGGAC 
Rv TTCTGAGAGCCCTCGGT 

150 60.5-65 

CTK8 Fw CCTTAGGCGGGTCTCTCGTA 
Rv GGGAAGCTGGTGTCTGAGTC 

149 63 

CTK18 Fw GGACAGCTCTGACTCCAGGT 
Rv AGCTTGGAGAACAGCCTGAG 

97 60 

FASL Fw GGGGTCAGTCCTGCAACAACAA 
Rv ATCTTCCCTCCATCAGCATCAG 

93 54 

IL1β Fw: TGCTGCCAAGACCTGAACCAC  
Rv: TCCAAAGCTACAATGACTGACACG  

115 68 

IL6 Fw: GAGCCCACCAGGAACGAAAGAGA  
Rv: CCGGGGTAGGGAAAGCAGTAGC  

123 65 

IL10 Fw CCCGGGCTGAGAACCACGAC 
Rv AAATGCGCTCTTCACCTGCTCCAC 

91 63 

MMP13 Fw CTGAGGAAGACTTCCAGCTT 
Rv TTGGACCACTTGAGAGTTCG 

250 65 

TIMP1 Fw GGCGTTATGAGATCAAGATGAC 
Rv ACCTGTGCAAGTATCCGC 

120 66 

TNFA Fw CCCCGGGCTCCAGAAGGTG 
Rv GCAGCAGGCAGAAGAGTGTGGTG 

83 65 
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Continuation of table 1: 

Primers used for qPCR analysis of target genes aggrecan (ACAN), a disintegrin and metalloproteinase 
with thrombospondin motifs 5 (ADAMTS5), axin 2 (AXIN2), B-Cell lymphoma 2 (BCL2), C-myc, 
Caspase 3 (CASP3), cyclin D1 (CCDN1), collagen type I α1 (COL1A1), collagen type II α1 (COL2A1), 
cytokeratin 8 (CK8), cytokeratin 18 (CK18), Fas Ligand (FasL), interleukin 1β (IL1 β), interleukin 6 (IL6), 
interleukin 10 (IL10), matrix metalloproteinase 13 (MMP13), Brachyury (T), tissue inhibitor of 
metalloproteinases 1 (TIMP1), tumor necrosis factor α (TNFα) and reference genes glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), hypoxanthine-guanine phosphoribosyltransferase (HPRT) ), 
ribosomal protein S19 (RPS19) and succinate dehydrogenase complex, subunit A (SDHA).  
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Abstract	
Low back pain, related to degeneration of the intervertebral disc (IVD), affects millions of 
people worldwide. Clinical studies using oral cyclooxygenase-2 (COX-2) inhibitors have 
shown beneficial effects, although side-effects were reported. Therefore, intradiscal delivery 
of nonsteroidal anti-inflammatory drugs can be an alternative treatment strategy to halt 
degeneration and address IVD-related pain. In the present study, the controlled release and 
biologic potency of celecoxib, a selective COX-2 inhibitor, from polyesteramide microspheres 
was investigated in vitro. In addition, safety and efficacy of injection of celecoxib-loaded 
microspheres were evaluated in vivo in a canine IVD degeneration model. In vitro, a 
sustained release of celecoxib was noted for over 28 days resulting in sustained inhibition of 
inflammation, as indicated by decreased prostaglandin E2 (PGE2) production, and anti-
catabolic effects in nucleus pulposus (NP) cells from degenerated IVDs on qPCR. In vivo, 
there was no evidence of adverse effects on computed tomography and magnetic resonance 
imaging or macroscopic evaluation of IVDs. Local and sustained delivery of celecoxib 
prevented progression of IVD degeneration corroborated by MRI, histology, and 
measurement of NP proteoglycan content. Furthermore, it seemed to harness inflammation 
as indicated by decreased PGE2 tissue levels and decreased neuronal growth factor 
immunopositivity, providing indirect evidence that local delivery of a COX-2 inhibitor could 
also address pain related to IVD degeneration. In conclusion, intradiscal controlled release of 
celecoxib from polyesteramide microspheres prevented progression of IVD degeneration 
both in vitro and in vivo. Follow-up studies are warranted to determine the clinical efficacy of 
celecoxib-loaded PEAMs in chronic back pain.  
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Introduction	
Low back pain is the most common type of pain restricting daily activity and has a huge 
impact on quality of life and productivity 1, 2. Due to the aging population and lifestyle 
changes, the burden on society will even continue to increase. Neck or back pain is 
associated with intervertebral disc (IVD) degeneration in a substantial part of the patients 3. 
Genetic predisposition, mechanical overload, and unhealthy lifestyle can contribute to and 
aggravate degeneration of the IVD 4. Increasing evidence points to a role for pro-
inflammatory mediators in the degenerative process and to pain on a molecular level 5. The 
latter occurs through several mechanisms. Pro-inflammatory mediators promote catabolic 
changes that lead to loss of proteoglycans in the core of the IVD, the nucleus pulposus (NP), 
resulting in a dehydrated disc with less shock-absorbing properties 6-8. These biomechanical 
changes eventually lead to spinal instability and decreased disc height, with subsequent 
compression of nerves, exiting the intervertebral foramen. Tears and clefts appear in the 
degenerating annulus fibrosus (AF), the fibrous ring constraining the NP, and the disc can 
bulge into the spinal canal, leading to compression of neural tissues. Furthermore, in the 
degenerating IVD, blood vessels and nerve endings can penetrate the normally avascular and 
aneural IVD, via the production of neurotropic and angiogenic factors such as nerve growth 
factor (NGF) and vascular endothelial growth factor 5, 8-12. This process is driven by pro-
inflammatory mediators such as the cyclooxygenase-2 (COX-2) derived prostaglandin E2 
(PGE2) and can, even in the absence of the aforementioned changes, contribute to 
discogenic pain 13. Given that pain related to IVD degeneration may have multiple routes 
mediated by inflammation, oral anti-inflammatory drugs are being widely used in the clinic.  

Current therapies for neck and back pain merely focus on pain management. To achieve 
biologic repair, novel treatment strategies also aim at inhibiting the degenerative process 
and restoring tissue integrity 14, 15. They are challenged by the fact that tissue penetration of 
orally administered drugs into the avascular IVD is limited 16, 17. To this end, local delivery of 
stem cells and/ or drugs seems to be a feasible strategy for the treatment of symptomatic 
IVD degeneration. Intradiscal transplantation of mesenchymal stromal cells (MSCs), although 
effective in treating pain, is challenged by high costs and the limited capacity of MSCs in 
enhancing IVD regeneration in clinical trials 18. Drugs could provide a cost-effective 
alternative. Hereby, drug delivery systems enable drug loading at a higher dose and 
effectuate sustained drug release over prolonged period of time. Specifically for intradiscal 
application, such systems enable the development of minimally invasive treatment 
strategies keeping re-injections to a minimum; thereby supporting disc homeostasis while 
enabling biologic repair.  

The evolution of resorbable degradable polymers from aliphatic polyesters to nitrogen 
bearing polymers such as polyurethanes, polyester amides and polyureas has been 
accompanied with better control over degradation and release properties. In addition, 
incorporation of amino acid-based building blocks provide one or more functional groups 
along the polymer chain that allow further modification of the polymer to tailor its 
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physicochemical properties and performance as drug eluting matrices 19, 20. Microspheres 
based on biodegradable polyesteramide (PEA) polymers are a promising biomaterial 
platform for local drug delivery. These amino acid-based polymers provide good thermal and 
mechanical properties 21. The polymer has been built of three di-amino monomers 
connected with di-acid linker in a polycondensation reaction. The monomer composition 
results in specific ester to amide bonds ratio which is essential for polymer biodegradation 19, 

20. An important advantage of these polymers is related to the fact that they predominantly 
degrade via an enzymatic mechanism and due to consequential surface erosion, drug release 
follows unique release kinetics 20, allowing for constant drug release in the degenerative IVD 
environment. PEA microspheres (PEAMs) can in this way serve as an autoregulatory drug 
delivery system 22. In an inflammatory environment such as the osteoarthritic knee joint and 
degenerated IVD 23, proteases are abundantly present, leading to increased microsphere 
degradation and thus, faster drug release, harnessing inflammation. Recently, PEAMs have 
been shown to be safe for intradiscal application in a canine model predisposed to IVD 
degeneration, when employed with small needle sizes and limited injection volumes 24. 
However, not much is known regarding optimal drug loading dose in a controlled release 
system for the degenerated IVD to achieve biologic repair. 

The overall aim of the present study was to translate local controlled delivery of a COX-2 
inhibitor for the purpose of biologic disc repair employing a clinically relevant animal model. 
Naturally occurring IVD degeneration in dogs resembles IVD degeneration in man with 
similar molecular, histological, radiological, and clinical characteristics. The dog is therefore a 
valuable translational large animal model for human and veterinary patients with chronic 
back pain 14, 25. The biologic potency of controlled release of celecoxib on canine NP cells 
from degenerated IVDs, was first evaluated in vitro. Thereafter, safety and efficacy of a 
single intradiscal injection of PEAMs loaded with celecoxib in a dose range of 0.2 – 7 mg/mL 
corresponding to 10-4M and 10-2M total injected celecoxib, respectively, was evaluated in 
vivo employing a combination of diagnostic imaging, biochemical, and histological read out 
parameters.  

	

Materials	and	methods	
Synthesis	 and	 characterization	 of	 particle	 size,	 particle	 morphology,	 loading	
efficiency	and	release	of	celecoxib	from	polyesteramide	microspheres	
Synthesis	and	characterization	of	the	polymer	
The biomaterial in this study was a biodegradable poly(esteramide) based on α-amino acids, 
aliphatic dicarboxylic acids and aliphatic α-ω diols. The selected PEA comprises three types 
of building blocks randomly distributed along the polymer chain (Fig. 1A). The polymer was 
synthesized according to a procedure reported previously 26. Briefly, the polymer was 
prepared via solution polycondensation of di-p-toluenesulfonic acid salts of bis-(α-amino 
acid) α,ω- diol diesters, lysine benzyl ester and di-N-hydroxysuccinimide sebacate in 
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anhydrous DMSO. The use of pre-activated acid in the reaction allows polymerization at low 
temperature (65 °C) affording side-product free polycondensates and predictable 
degradation products. The polymer was isolated from the reaction mixture in two 
precipitation steps. 1H nuclear magnetic resonance (NMR) spectra were obtained on a 
Bruker Avance 500 MHz Ultrashield NMR; samples were recorded in DMSO d6. Molecular 
weight and molecular weight distributions of PEA were determined by gel permeation 
chromatography equipped with refractive index detector. Samples were dissolved in 
tetrahydrofuran at a concentration of approximately 5 mg/mL and were run at a flow rate of 
1 mL/min at 50 °C. The molecular weights were calibrated to a narrow polystyrene standard 
calibration curve, using Waters Empower software.  

 

Figure 1. Structure of polyesteramide (PEA) III Ac Bz random copolymer consisting of building blocks 
A, B and C (Leu, Lys, Leu).  

	
Microsphere	preparation	
Polyesteramide polymer was dissolved in dichloromethane (15wt/v%). To generate celecoxib 
(CXB) loaded PEAMs, the drug was added (Polymer: dichloromethane 5wt%). After 
homogenization, the solution was sonicated in a water bath for 3 minutes. The PEA-CXB 
solution was then emulsified in 20 mL of water phase (PVA 1wt%, NaCl 2.5wt%) by the use of 
an ultraturrax, stirring at 4000 rpm (8000 rpm for empty PEAMs) for 3 minutes. After 
emulsification, particles were hardened overnight under air flow. Before washing, particles 
were cooled with an ice-bath for 1 hour and washed with Tween 80. Excess of surfactant 
was removed by centrifugation. Before freeze-drying to remove residual solvent, particles 
were suspended in Tween 80 in order to reach the right concentration of particles per 
volume: 1.05 and 35 mg particles/mL for CXB-loaded PEAMs, with 20 wt% CXB in the loaded 
PEAMs. For the unloaded particles, a 35 mg/mL concentration was prepared. Once dried, the 
PEAMs were weighted in individual HPLC vials to the approximate amount of 1.05 or 35 mg 
PEAMs corresponding with 0.2 and 7 mg CXB, respectively, and γ-sterilized on dry ice (Table 
1). The loading dose of the particles was chosen based on restrictions for the injectable 
volume to a degenerating disc and a previous study investigating the controlled release of 
0.38–38 µg CXB per mL in a dose response fashion from a pNIPAAM hydrogel 27. Provided 
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that only mild PGE2 inhibition was observed in vivo in the latter study, a much higher CXB 
loading dose was chosen in the present in vivo study. 

Release	kinetics	of	celecoxib-loaded	polyesteramide	microspheres	in	PBS	
Drug loading of CXB was determined by weighing ~15mg of microparticles and dissolving 
them in methanol:PBS (75:25 v/v). Samples were filtered over 0.45 µm Teflon filter and 
diluted towards an amount that fits within the middle range of calibration standards (0.1 
µg/mL-20 µg/mL). Release of celecoxib from the PEAMs in PBS for 14 days was measured by 
HPLC as described previously 22. Briefly, at least 15 mg of microspheres with 20% celecoxib 
loading were placed in centrifuge tubes and immersed in 40 mL phosphate buffered saline 
(PBS) at 37 °C under gentle shaking. After centrifugation, 36 mL buffer was removed and 
replaced with the same amount of fresh buffer at defined time-points such as 2 h, 5 h, day 1, 
day 2, 3, 4, 7, 8, 9, 11 and 14 days until completion of the release study. Release was 
stopped after 14 days release and mass balance was determined. After the last removal of 
buffer at 14 days, particles were washed with 10 mL of water to remove the remaining PBS 
buffer. Particles were centrifuged, and 15 mL of water was removed. This step was repeated 
three times. Particles were then dried in the oven under full vacuum and ambient condition 
for 48h. Particles were dissolved with methanol:PBS (75:25 v/v) mixture and measured with 
HPLC. 

The	effect	of	PEA	based	celecoxib-loaded	microspheres	on	nucleus	pulposus	cells	
in	vitro	
Setup	of	in	vitro	experiment	
The anti-inflammatory effects of the CXB-loaded PEA platform on canine NP cells, in the 
presence of the pro-inflammatory stimulus TNF-α (10 ng/mL), was tested in monolayer 
culture as a measure of the bioactivity of the released celecoxib (Fig. 2A). NP tissue was 
collected post-mortem from the (untreated) cervical spine of the dogs described in the in 
vivo experiment, in aseptic conditions. The cervical spine had received no treatment during 
the in vivo experiment. Thereafter, NPs were digested by 0.15% w/v pronase for 45 minutes 
(10165921001, Roche Diagnostics) and 0.15% w/v collagenase overnight (LS004177, 
Worthington). Cells were expanded in hgDMEM+Glutamax (31966, Gibco Life Technologies) 
containing 10% v/v FBS (16000-044, Gibco Life Technologies), 1% v/v penicillin/streptomycin 
(p/s, P11-010, PAA laboratories), 0.1 mM ascorbic acid 2-phosphate (Asap, A8960, Sigma-
Aldrich), 10-9M dexamethasone (D1756, Sigma-Aldrich), 1 ng/mL basic fibroblast growth 
factor (PHP105, AbD Serotec), and 0.05% v/v fungizone (15290-018, Invitrogen) at 37 °C, 
21% O2 and 5% CO2. The culture medium was renewed every 3-4 days. At passage two, NP 
cells were cryopreserved in aliquots of 106 cells per vial in hgDMEM+Glutamax with 10% v/v 
DMSO (20-139, EMD Millipore Corporation) and 10% v/v FBS. Three days before the 
experiment, cells were thawed and seeded on a 24-wells plate (662160, Greiner bio-one) at 
a density of 60,000 cells per well under hypoxic conditions (5% O2). Cells were cultured in 
chondrogenic medium (hgDMEM+Glutamax) containing 1% v/v p/s, 1% v/v ITS+ premix 
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(354352, Corning Life Sciences), 0.04 mg/mL L-proline (P5607, Sigma-Aldrich), 0.1 mM Asap 
and 1.25 mg/mL bovine serum albumin (A9418, Sigma-Aldrich).  

 

 

Figure 2. Controlled release of celecoxib in vitro. A. Schematic overview of in vitro celecoxib (CXB) 
release from polyesteramide microspheres (PEAMs) in the presence of nucleus pulposus (NP) cells 
from degenerated canine intervertebral discs (A). n=6 donors per condition per time point, in 
technical duplicates. Absolute (B) and (C) cumulative CXB release in PBS: after 14 days, approximately 
30% was released. n=3 per time point. (D) Absolute CXB release from PEAMs containing CXB resulting 
into a final concentration of 10-7M and 10-4M CXB loaded on the PEAMs in the presence of NP cells: 
after 28 days, ~20% and 40% was released respectively, from the 10-7M and 10-4M loaded PEAMs. 
n=2 per time point.  

 

On day 0, the medium was renewed and the unloaded or CXB-loaded PEAMs were dispersed 
in chondrogenic culture medium and placed in Transwell® baskets (pore size 0.4 μm, 
polycarbonate membrane, Costar Corning) (Fig. 2A). Two concentrations of CXB-loaded 
microspheres were utilized: 1.33 µg/mL and 1.33 mg/mL, corresponding with 10-7M and 10-

4M celecoxib in order to achieve partial and complete inhibition of COX-2 activity within the 
culture system and thereby determine dose-dependent bioactivity. Cells and microspheres 
were co-incubated for 4 hours at 37°C, 5% CO2 and 95% humidity. Subsequently, a pro-
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inflammatory stimulus was provided by adding 10 ng/mL TNF-α (R&D Systems, Oxon, United 
Kingdom). Cells treated with a celecoxib bolus (equivalent to 10-6M), were included as 
positive controls at each time interval. For determination of celecoxib bioactivity, NP cells 
and microspheres were co-incubated for 72 hours before the microspheres were transferred 
to a new 24-well culture plate containing cells seeded according to the procedure described 
above (n=6 donors, in duplicates). This procedure was repeated 8 times amounting to a 
release period of 28 days. Every 72 hours, medium was collected and stored at -80 °C. 

In	vitro	read	out	parameters	
In medium, PGE2 levels were measured using the enzyme immunoassay PGE2 EIA Kit 
(514010, Cayman Chemical), according to the respective manufacturer instructions. 
Celecoxib was measured using a competitive colometric ELISA (180719, Neogen Corp) 
following manufacturer’s instructions. DNA content was measured using the Qubit® dsDNA 
High Sensitivity Assay Kit (Q32851, Invitrogen). RNA was isolated using the RNeasy® microkit 
(74004, Qiagen) according to the manufacturer’s instructions, including a DNAse (RNAse-
Free DNase Set, 79254, Qiagen) step. cDNA was synthesized using the iScript™ cDNA 
Synthesis Kit (170-8891, Bio-Rad) according to the manufacturer’s instructions. Primer 
sequences were designed using PerlPrimer (Supplementary file 1). RT-qPCR was performed 
using the iQT™ SYBR Green Supermix Kit and the CFX384 Touch™ Real-Time PCR Detection 
System (both from Bio-Rad). For determination of relative gene expression, the Normfirst 
(EΔΔCq) method was used. For each target gene, the mean n-fold changes and standard 
deviations in gene expression were calculated. Four reference genes shown to be stable 
were chosen to normalize gene expression of target genes (Supplementary File 1). 

In	vivo	experimental	design	
Animal experiments were approved and conducted in accordance with guidelines of the 
Animal Experiments Committee (project number AVD108002015282), as required by Dutch 
regulation. All animal experiments were conducted in compliance with the standards of 
animal care of the Faculty of Veterinary Medicine. Six healthy intact male dogs were 
purchased from Marshall BioResources (19 months of age, body weight 8-10 kg). In line with 
the reduction and refinement of experimental animal use, the dogs were employed for the 
study of two anti-inflammatory agents loaded on PEAMs, one of which was celecoxib, which 
is reported here. Three dogs were used in the current study. Controls, i.e. unloaded PEAMs, 
were shared between these two experiments, resulting in a total of n=6 IVDs per condition. 

Intervertebral disc degeneration was induced at five alternating levels (T12-T13, L1-L2, L3-L4, 
L5-L6 and L7-S1; see below). Four weeks after induction of degeneration, magnetic 
resonance imaging (MRI) was performed to assess IVD degeneration at baseline. Thereafter, 
CXB-loaded and empty PEAMs were injected in a random fashion with n=6 IVDs per 
experimental group (i.e. non-induced IVDs, unloaded PEAMs (control, n=6 dogs), and low 
dose (LD) and high dose (HD) CXB-loaded PEAMs both as duplicates in n=3 dogs). Twelve 
weeks thereafter, MRI was performed, and the dogs were sacrificed with intravenous (IV) 
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administration of pentobarbital (200 mg/kg). Post-mortem, computed tomography (CT) of 
the lumbar spine was performed. Subsequently, the spinal column was harvested, and spinal 
units were collected as described previously 27 and further processed for macroscopic and 
histopathologic assessment and for biochemical analysis. Briefly, each spinal unit (½ vertebra 
– IVD – ½ vertebra) was mid-sagitally transected. One half of the IVD tissue containing (NP 
and AF) was snap frozen in liquid nitrogen and stored at -80 °C until further biochemical 
analyses. The other part was photographed for macroscopic evaluation (Thompson score) 
and fixed in 10% buffered formaldehyde. 

 

Table 1. Details on polyesteramide microspheres used in the in vivo study. CXB, celecoxib; LD, low 
dose; HD, high dose.  

Condition Size distribution Loading (wt%) Particle concentration 
(mg/mL)  D(0.5) (μm) Span 

Unloaded 31.9 1.168 0 35 
LD-CXB 25.3 1.14 20 1.05 
HD-CXB 25.3 1.14 20 35 
 

Surgical	induction	of	intervertebral	disc	degeneration	
Degeneration of the IVD was achieved by the method described by Hiyama et al. (2008) 28. 
Pre-operative analgesia was secured by IV administration of 4 mg/kg carprofen and 20 µg/kg 
buprenorphine. Premedication consisted of 10 µg/kg dexmedetomedine IV anesthesia was 
subsequently induced with 1-2 mg/kg propofol IV. The dogs received endotracheal tubes and 
general anesthesia was maintained by 1-1.5% v/v isoflurane gas, delivered in a 1:1 
oxygen:air mixture. Peri-operative analgesia consisted of continuous rate infusion (CRI) of 
ketamine (10 µg/kg/min) and dexmedetomedine (2 µg/kg/hr). Throughout the complete 
procedure heart rate, respiration rate, body temperature, carbon dioxide and oxygen levels 
were monitored. The dogs were positioned in a right recumbent position and the surgical 
area was prepared aseptically to expose the left lateral AF of T12-T13 until the L5-L6 IVDs. 
The skin was incised and the IVDs were localized, an 18G needle was inserted superficially on 
the AF perimeter to check the location of the needle by intra-operative fluoroscopy. When 
correct needle placement was confirmed, the needle was inserted through the AF into the 
center of the NP and with a 10 mL syringe, the NP was aspirated. The L7-S1 IVD was 
approached dorsally in a percutaneous fashion, and correct needle placement on and 
through the dorsal AF was again confirmed by fluoroscopy. Postoperative analgesia 
consisted of subcutaneous administration of carprofen (4 mg/kg, q24h) and intramuscular 
(IM) administrations of buprenorphine (20 µg/kg q8h) for 3 days. Dogs were monitored daily 
in the first week postoperatively by a veterinarian (AT).  
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Intradiscal	injection	of	PEAMs	
Four weeks after induction of IVD degeneration, PEAMs were injected directly into the 
center of the IVD employing the same anesthesia protocol as was used for the induction of 
IVD degeneration. Pre- and postoperative analgesia consisted solely of buprenorphine, to 
exclude the possibility of carprofen interfering in the study after CXB-PEAM injections. 
Intradiscal injections were performed with 100 µL gastight Hamilton syringes (7656–01 
Model 1710 RN, Hamilton Company USA) connected to 27 G needles (25mm, 12° beveled 
point; Hamilton Company USA). Per IVD, 40 µL was injected, a volume shown to be safe and 
not to induce further degeneration in this animal model 24, 29. Approach of the IVDs was 
identical to the induction procedure, on the contralateral side. In each dog, unloaded PEAMs 
were injected in the T12-T13 disc. In the other IVDs, high (280 µg CXB/ 40 µL) and low (8.4 µg 
CXB/ 40 µL) doses of PEAMs loaded with CXB were injected in a random fashion, with n=2 
per condition per dog.  

Diagnostic	imaging	
MR images were obtained to assess the degree of degeneration, i.e. 4 weeks after induction 
of IVD degeneration, just prior to intradiscal injection of biomaterials, and repeated 12 
weeks after treatment. The dogs received dexmedetomedine (10 µg/kg IV) and butorphanol 
(0.1 mg/kg) as premedication. General anesthesia was induced by IV administration of 1-2 
mg/kg propofol. General anesthesia was maintained by CRI of propofol (5 mg/kg/hr IV) and 
dexmedetomedine (2 µg/kg/hr IV). An oxygen:air mixture was provided via an endotracheal 
tube. Throughout the complete procedure heart rate, respiration rate, CO2 and O2 levels 
were monitored. Dogs were positioned in dorsal recumbency. MR images were obtained 
using a high field 1.5T MRI unit (Ingenia, Philips, Best, The Netherlands). Sagittal T1-weighted 
Turbo Spin Echo (repetition time (TR) = 400 ms, echo time (TE) = 8 ms), and T2-weighted 
Turbo Spin Echo (TR = 3000, TE=110 ms) images were acquired using a field of view (FOV) of 
75 x 220 mm and acquisition matrix of 124 x 313 and 124 x 261, respectively. Thirteen slices 
of 2 mm covered the spine from Th10 to the sacrum. For T2 mapping, a quantitative multiple 
spin-echo T2 mapping sequence was used with the following parameters: FOV = 75 
x 219 mm, acquisition matrix = 96 x 273, slice thickness = 3 mm, TR = 2000. Eight echoes 
were acquired with TE = 13 to 104 ms with 13 ms echo spacing. Sagittal T1ρ-weighted 
imaging was performed using a spin-lock-prepared sequence with a three-dimensional multi-
shot gradient echo (T1-TFE) readout with the following parameters: FOV = 76 x 220 mm, 
acquisition matrix = 76 x 220 slice thickness = 2 mm, TR/TE = 4.6s /2.3, TR = 5ms, TE = 2.5ms, 
TFE factor = 50, flip angle = 45°, shot interval = 3000 ms. To allow quantitative T1ρ mapping, 
data were acquired with different spin-lock times (TSL) of 0, 10, 20, 30 and 40 ms, with a 
spin-lock pulse amplitude set to 500 Hz. An oval region of interest (ROI) was manually 
segmented on the NP of all spinal segments in the mid-sagittal slice. T2 and T1ρ values were 
computed by voxelwise fitting and calculating the mean signal intensity (S) in each ROI, using 
the Levenberg-Marquardt nonlinear least-squares method as described before 27. Twelve 
weeks after PEAM injection, the MRI was repeated and the dogs were subsequently 
euthanized. Post-mortem CT scans with dogs positioned in dorsal recumbency were made 
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with a 64-slice CT scanner (Siemens Somatom Definition AS, Siemens Healthcare) using the 
following parameters: 0.6 mm slice thickness, 120 kV, 350 mAs, 1000 ms tube rotation time, 
0.35 spiral pitch factor, 512 x 512 pixel matrix and a fixed field of view of 93 mm. 
Reconstructions of 0.6 mm thick slices were made in a transverse and sagittal plane using 
soft tissue and bone reconstruction kernels. Images were reviewed in soft tissue (window 
width 300, window length 50) and bone (window width 3000, window length 600) settings. 
From T12 to S1, all IVDs were graded (AT, IR) according to the Pfirrmann score previously 
validated for use in dogs by Bergknut et al (2011) 30 on T2-weighted images. Presence and 
classification of sclerosis of the end plates and Modic changes were recorded by a board-
certified radiologist (MB), and the Disc height index (DHI) of all IVDs in the study was 
calculated for all IVDs on T2-weighted MR images (AT, IR) 31.  

Macroscopic	grading,	histopathological	grading	and	collagen	immunohistochemistry.	
Digital images of the IVD segments were evaluated in random order by two blinded 
investigators (AT, IR) according to the Thompson grading scheme, validated for dogs 
previously by Bergknut et al (2011) 32. Tissues were fixed at room temperature (RT) for 14 
days and were subsequently decalcified in 0.5M ethylenediaminetetraacetic acid (EDTA) at 
RT for 9 weeks under continuous agitation. EDTA was refreshed weekly, and every two 
weeks, samples were placed in 10% buffered formaldehyde for 48 hours to maintain 
formalin tissue fixation. Sections (5 µm thick) were stained with hematoxylin and eosin and 
with Picrosirus red/ Alcian blue staining protocols 33 and evaluated in a blind and random 
order by two investigators (AT, IR) using the histological grading system validated for use in 
dogs 34 using an Olympus BX41 microscope. To detect changes in collagen deposition, 
immunohistochemistry for collagen type I, II and X was performed. To explore the disease 
modifying role of celecoxib, the immunopositivity of NGF, a well-known angiogenic and 
neurotrophic factor 8, was assessed by counting the percentage of immunopositively stained 
cells over total number of cells in the NP and ventral and dorsal AF. Specifications of the 
antigen retrieval and respective antibody concentrations are given in supplementary file 2. 
Briefly, deparaffinization was established through xylene (2x5 min) and graded ethanol (96, 
80, 70, 60% v/v, 5 min each), followed by two rinses of TBS+0.1% v/v Tween (TBST0.1%, 2x5 
min). Antigen retrieval was performed, followed by endogenous peroxidase inhibition for 
collagen I, II and X for 5 min and pre-incubation with blocking buffer for 30 min at RT. 
Thereafter, sections were incubated with primary antibody at 4°C overnight (Collagen I, II, 
and X) or 3h at RT for NGF. The EnVision-HRP detection system (Dako) was applied for 30 
min at RT followed by incubation with streptavidin conjugated with horseradish peroxidase 
for 30 min at RT. All antibodies were visualized with the liquid DAB+ substrate chromogen 
(Dako). All stainings were accompanied by appropriate positive and negative (isotype) 
controls. Negative control did not show positive immunostaining.  

GAG,	DNA,	collagen	and	PGE2	content	of	the	nucleus	pulposus	and	annulus	fibrosus	
Transverse cryosections (60 µm thick) of the snap frozen IVDs were collected on glass slides. 
Immediately thereafter, the NP and AF were separated and collected in 400 µL and 750 µL 
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cOmplete lysis M EDTA-free buffer (Roche Diagnostics Nederland BV), respectively and 
stored at -80 °C until analysis. For biochemical analyses, the NP and AF were homogenized in 
cOmplete lysis M EDTA-free buffer in a TissueLyser II (Qiagen) for 2x30 seconds at 20 Hz. 
Inhibition of COX-2 activity was determined by measuring PGE2 levels in the supernatants by 
ELISA as mentioned previously. The supernatant and pellet of each NP and AF sample was 
digested overnight in papain buffer (250 µg/mL papain (P3125, 100 mg, Sigma-Aldrich) and 
1.57 mg/mL cysteine HCl (C7880, Sigma-Aldrich). The 1,9-dimethylmethylene blue (DMMB) 
assay was used to quantify glycosaminoglycan (GAG) content 35 of the pellets and 
supernatants. GAG concentrations were calculated by using chondroitin sulphate from shark 
cartilage (C4384, Sigma-Aldrich) as a standard and the absorbance was read at 540/595 nm. 
The Quant-iT™ dsDNA Broad-Range assay kit in combination with a Qubit™ fluorometer 
(Invitrogen) was used in accordance with the manufacturer’s instructions to determine the 
DNA content of the papain-digested NP and AF pellets. Collagen content was quantified in 
the pellets of the NP and AF by using a hydroxyproline assay according to the method of 
Neuman and Logan 36. Papain digested samples were freeze-dried overnight, hydrolysed at 
108°C overnight in 4 M NaOH, centrifuged (15 seconds at 14,000 g) and stored at −20°C. 
Prior to measurements, samples were centrifuged (15 seconds at 14,000 g) once more, 
chloramine T reagent (2426, Merck, Schiphol-Rijk, The Netherlands) was added, and samples 
were allowed to shake for 20 minutes at 170 rpm. Freshly prepared 
dimethylaminobenzaldehyde (3058, Merck) was added, and samples were incubated for 20 
minutes at 60 °C. The absorbance was read at 570 nm and collagen content was calculated 
from the hydroxyproline content by multiplying with a factor 7.5 36. DNA and collagen 
content in the supernatants were negligible and therefore not included in the calculations. 
Total GAG, collagen and PGE2 content were normalized to DNA content of the sample.  

Statistical	analysis	
Statistical analysis was conducted using SPSS software, version 22.0 and R studio software 
v3.3.1. Normality of the data was checked by assessing the Q-Q plots, histograms and 
Shapiro-Wilks tests. For non-parametric distributed data, Kruskall Wallis tests and 
subsequently Mann Whitney U tests were used. For normally distributed data, a general 
linear model was applied employing “dog” and “IVD level” as a random effect and 
“treatment” as fixed effect. The Benjamini & Hochberg test was used to correct for multiple 
testing. For categorical data, the Monte-Carlo re-sampling bootstrapping method was used. 
A two-sided Mann-Whitney Wilcoxon test was performed for an independence test of 
categorical data, using R studio software (RStudio v3.3.1). P values <0.05 were considered as 
statistically significant after correction for multiple testing.  

Effect sizes (ES) were retrieved as Hedge’s g for parametric data: medium, 0.5-0.8; large, 0.8-
1.2; 1.2-2, very large and >2 huge 37. Differences were considered as relevant when p<0.05 
and/ or ES was medium or larger when p-value was <0.1. For non-parametric data, Cliff’s 
delta was assessed: 0.28<ES<0.43, medium; 0.43≤ES<0.7, large; ES≥0.7, extra-large 38.  
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Figure 3. Polyesteramide (PEA) microspheres. Scanning electron microscopy pictures (SEM) of 
unloaded (A, C) and celecoxib-loaded (B, D) PEA microspheres, with concurrent particle size 
distributions (E, F).  

	

Results	
In	vitro	celecoxib	release	
Microsphere	characterization	
The obtained PEA polymer had an average molecular weight (Mn) of 70 kDa and a 
polydispersity index (PDI) of 1.70 (Fig. 1B). The average particle size of the unloaded 
microspheres was 31.9 μm, whereas the CXB-loaded particles had an average diameter of 
25.3 μm (Table 1). This difference in size was mainly due to the different viscosity of the 
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used oil phase with respect to polymer:solvent ratio, since for the preparation of CXB-loaded 
PEAMs a 5% (wt/v) ratio was used compared to 15% (wt/v) for unloaded microspheres.  

 

Table 2. Polymer characterization.  

 Mn (kDa) PDI Tg Relative monomer 
ratio 

PEA III Ac Bz 69.5 1.70 54.3 °C 0.30:0.27:0.43 
The relative ratio between the polymer building blocks was determined by Nuclear Magnetic 
Resonance (1H NMR). Glass-liquid transition temperature (Tg) of the polymer was determined under 
dry conditions by differential scanning calorimetry (DSC). Mn, number of average molecular weight; 
PDI, polydispersity index. 

 

Celecoxib	was	gradually	released	from	polyesteramide	microspheres	for	28	days	
Celecoxib release was determined in PBS for 14 days (Fig 2B,C) and in the presence of 
cultured NP cells provided with a pro-inflammatory stimulus for 28 days (Fig. 2D). In both 
experiments, there was a gradual release of CXB from the PEA microspheres (Fig. 2D). After 
14 and 28 days, 30% and 40%, respectively, of the CXB was released from the PEA 
microspheres. The released CXB from the PEAMs, corresponding with 10-7M, was close to 
the lower detection limit of the ELISA and was almost undetectable after 28 days of release. 
As such, the cumulative release of CXB from the low dose PEAM-condition was most 
probably underestimated and accounted for ~20%. 

Polyesteramide	 based	 celecoxib-loaded	 microspheres	 exerted	 an	 anti-inflammatory	 and	
possibly	anti-catabolic	effect	on	canine	nucleus	pulposus	cells	from	degenerated	IVDs	
The 10-6M CXB-“bolus” and the 10-4M CXB-PEAMs were both able to significantly suppress 
PGE2 production in NP cells during the entire 28 days culture period (Fig. 4A, p=0.0001 and 
p=0.003, respectively). Even on day 28, PGE2 production was inhibited by 80% and 78% (Fig. 
4B) by CXB-bolus (p=0.003) and released from 10-4M CXB-PEAMs (p<0.0001), respectively. 
The CXB released from the 10-7M CXB-PEAMs was not able to effectively inhibit PGE2 
production demonstrating dose-dependent bioactivity of the released CXB. In line with this 
thought, CXB levels released by the 10-7M CXB-PEAMs during the 1st day of culture were ~20 
lower than those measured in the 10-6M CXB-bolus group. There were no differences in total 
DNA content between conditions at any of the time points, indicating no effect of CXB-
PEAMs on the cumulative result of proliferation and/ or cell death regardless of the loading 
dose.  

On day 4, RT-qPCR analysis of NP cells from degenerated IVDs revealed a downregulation of 
MMP13 mRNA expression in the 10-4M CXB-PEAMs group compared to the control and CXB-
bolus group (Fig. 4C, p=0.074, large ES; p=0.03 respectively). mRNA levels of ADAMTS5 (Fig. 
4D) and TIMP1 (data not shown) were not influenced by CXB-loaded PEAMs. COL2α1 mRNA 
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expression was increased in both CXB-PEAM groups compared to the control and CXB-bolus 
group (Fig. 4E, p=0.005, p=0.007, respectively). ACAN mRNA expression tended to be higher 
in the 10-7M CXB-PEAMs vs. control group (p= 0.07; very large ES). Expression of COL1α1 
between conditions (Fig. 4G) was not affected. The mRNA expression of the pro-apoptotic 
gene CASP3 was lowered by 10-4M CXB-PEAMs (p=0.06, huge ES) vs. control, while the mRNA 
expression and ratio of pro-apoptotic (BAX) and anti-apoptotic (BCL2) markers were not 
affected by the culture conditions. The expression of proliferative markers CCDN1 and AXIN2 
were not influenced by any of the culture conditions (data not shown), in line with the DNA 
measurements.  

 

Figure 4. Controlled release of celecoxib (CXB) is able to inhibit prostaglandin E2 (PGE2) production 
over a prolonged period of time and exerts an anabolic and anti-catabolic effect. Nucleus pulposus 
cells isolated from early degenerated canine intervertebral discs were subjected to a pro-
inflammatory stimulus (10 ng/mL TNFα) in the presence of unloaded polyesteramide microspheres (0 
PEAMs), and microspheres loaded with 10-7M CXB and 10-4M CXB, or CXB bolus at 10-6M. PGE2/DNA 
during the entire culture period (A) and PGE2/DNA at day 28 of culturing (B). Relative MMP13 (C), 
ADAMTS5, (D), COL2A1 (E), ACAN (F), COL1A1 (G) and CASP3 (H) expression at t=4 days. Control 
(chondrogenic medium with 10 ng/mL TNF-α) values were set at 1. * p<0.05; a, medium ES; c, very 
large ES. n=6 donors per condition and time point, in technical duplicates. 

 

In	vivo	induced	IVD	degeneration	
Magnetic	resonance	imaging	revealed	a	protective	effect	of	controlled	release	of	celecoxib	
on	T2	relaxation	time	and	disc	height	index	
All dogs showed uneventful recovery from induction surgery and were ambulant the next 
day. One dog appeared to have 8 lumbar vertebrae; therefore the total number of spinal 
units analysed was 43 instead of 42. One dog showed minor reductions in spinal reflexes of 
the left hind limb related to the surgical approach that recovered within 7 days. Four weeks 
after induction of IVD degeneration, there was a significant decrease (p<0.01) in T2 
relaxation times, which remained low at 12 weeks follow-up with concurrent increase in the 
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Pfirrmann grade and decrease in T1ρ relaxation times (both p<0.05) (Fig. 5A-C). In line with 
these findings, the DHI was unchanged at 4 weeks after induction, but tended to be 
decreased at 12 weeks follow-up (Fig 5D; p=0.06; medium ES). The sustained release of CXB 
resulted in minor improvement of Pfirrmann grade (only for HD-CXB-PEAMs with p=0.08; 
large ES) and T2 relaxation times 12 weeks after injection, more pronounced in the HD-CXB-
PEAM than in the LD-CXB-PEAM group (p=0.03, p=0.07; medium ES, respectively). While T1ρ 
relaxation times remained unchanged, intradiscal application of LD-PEAM and HD-PEAM CXB 
demonstrated minor improvement on DHI (p=0.06; p= 0.07; both medium ES respectively) 
12 weeks after injection.   

Computed	tomography	showed	no	adverse	effects	12	weeks	after	treatment	
Adverse effects after local delivery of CXB-loaded PEAMs were not detected on MRI and CT. 
In 2/6 degenerated control IVDs, sclerosis of both end plates was visible and in 1/6 levels, 
early spondylosis deformans was present at the caudal vertebral body. In the discs treated 
with the LD-CXB-PEAMs, there was early spondylosis formation present on the caudal 
vertebral body of 1 spinal unit (1/6), and subtle sclerosis of both end plates in another spinal 
unit (1/6). No abnormalities were noted in the discs treated with the HD-CXB-PEAMs or the 
other, non-induced levels. Sclerosis and spondylosis were mostly prominent on the left side 
where induction of disc degeneration was performed. 

	
Figure 5. Effect of in vivo induction of intervertebral disc (IVD) degeneration and its treatment with 
celecoxib (CXB)-loaded polyesteramide microspheres (PEAMs) on magnetic resonance imaging 
parameters. T2 relaxation times (B) were significantly decreased four weeks after IVD degeneration 
induction surgery (grey markers, T=0). In degenerated IVDs that received unloaded PEAMs (control) 
compared to non-induced healthy IVDs (N.I.), Pfirrmann score (A) was increased, T2 relaxation times 
(B) and T1ρ relaxation times (C) were decreased at 12 weeks (black markers) and disc height index 
(DHI) tended to decrease with a medium ES. T2 relaxation times of IVDs treated with HD-CXB-PEAMs 
were significantly higher than control IVDs. The disc height index (D; DHI) was maintained (tended to 
improve with large ES) in the IVDs treated with either LD- or HD-CXB-PEAMs. n=6 IVDs per group 
(n=24 for the non-induced IVDs).* p<0.05; a, medium effect size. Horizontal bar indicates median 
(categorical data) or mean (continuous data). 



Controlled	release	of	celecoxib	in	a	preclinical	IVDD	model	|	197	
 

 

	

 

Figure 6. Controlled release of celecoxib (CXB) inhibited progression of intervertebral disc 
degeneration (IVDD), the development of subchondral bone sclerosis and osteophyte formation, and 
the immunopositivity of nerve growth factor (NGF). Representative macroscopic images of non-
induced (N.I.), degenerated control, low dose (LD) CXB and high dose (HD) CXB IVDs, with the 
associated macroscopic (Thompson) degeneration score, showing less degeneration in discs treated 
with the CXB-loaded polyesteramide microspheres (PEAMs). Note the brown discoloration (b) in the 
induced IVDs which is absent on all CXB-treated IVDs. Controlled release of 280 µg/ 40 µL CXB-loaded 
PEAMs (HD-CXB-PEAM) resulted in less severe degeneration at the histologic level (overall Boos 
score). Detailed analysis of sub-scores of the Boos scores revealed less subchondral bone sclerosis 
and less new bone formation (black arrow). The arrowhead illustrates a typical example of 
subchondral bone sclerosis. Increased nerve growth factor (NGF) expression (* indicate 
immunopositive cell within the nucleus pulposus (NP)) was observed in degenerated control IVDs 
(both NP and annulus fibrosus (AF)), but not in IVDs treated with CXB-PEAMs. *p<0.05. n=6 IVDs per 
PEAM group; n=24 non-induced IVDs.  
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Macroscopic	and	microscopic	evaluation	of	the	IVDs	showed	a	beneficial	effect	of	celecoxib-
PEAMs	on	macroscopic	scoring	of	IVD	degeneration	
Post-mortem, macroscopic degeneration scores according to the Thompson scale were 
assigned to 55 IVDs (Fig. 6). The median Thompson score for the control degenerated discs 
was 3, which was significantly higher (p=0.017) than the score for the non-induced discs 
(median 2). The degenerated discs that were injected with CXB-loaded PEAMs did not 
statistically differ from the non-induced or the control degenerated discs.  

Histological scores ranged from 3 to 13 (Fig. 6), corresponding with slight to moderate 
degeneration (as the histological score ranges from 0-29). The overall histological scores in 
the degenerated discs treated with the unloaded PEAMs where higher than the non-induced 
discs and discs treated with the LD- and HD-CXB-PEAM (p=0.004; p=0.04; p=0.02, 
respectively). Interestingly, the amount of subchondral sclerosis and new bone formation on 
the ventral aspect of the vertebrae was increased in induced (control) degenerated discs 
(p<0.01, Fig. 6), but not in IVDs treated with CXB-loaded PEAMs. There were no differences 
in collagen type I or collagen type II deposition between the treatment groups. Collagen type 
X was absent in all of the investigated IVDs, while its presence was confirmed in positive 
controls (i.e. hypertrophic zone of a canine growth plate). The induction of IVD degeneration 
led to the increased immunopositivity of NGF in the NP (Fig. 6, p<0.001), dorsal (Fig. 6, 
p<0.001) and ventral AF (p<0.001, data not shown), which was effectively decreased by both 
the low (p<0.001, p=0.026 and p=0.004 for the NP, ventral and dorsal AF, respectively) and 
the high dose (p<0.001, p=0.002 and p=0.003 for the NP, ventral and dorsal AF, respectively) 
CXB-loaded microspheres. 

Controlled	release	of	celecoxib	resulted	in	decreased	PGE2	levels	and	prevented	GAG	loss	
Induction of IVD degeneration led to increased total PGE2 tissue levels in both the NP and AF 
(p=0.03, p=0.008, Fig. 7a). Celecoxib released from LD-CXB-PEAMs and HD-CXB-PEAMs 
reduced the PGE2/DNA levels in the NP with 52% and 73% respectively (p=0.09 and p=0.068; 
ES 0.49 and 0.50). This resulted in a borderline significantly lower PGE2/DNA (Fig. 7A; 
p=0.054; p=0.052; medium ES) compared to control degenerated tissues. In the AF, 
PGE2/DNA (Fig. 6B) tended to be higher in the control degenerated IVDs compared to the 
non-induced discs (p=0.06; ES 1.0) and HD-CXB-PEAMs (p=0.089; large ES). Also in the AF, 
PGE2 production was 63% and 76% suppressed by the LD- and HD-CXB-PEAMs respectively 
(p=0.007 and p=0.003). In the NP, the total GAG content and the GAG content corrected for 
DNA (Fig. 7C) were significantly lower in degenerated control IVDs compared to non-induced 
discs and both CXB-PEAM groups (p<0.05), while the latter two did not differ from the non-
induced IVDs. In the AF, the GAG/DNA levels were not affected by the application of any 
treatment (Fig. 7D). There seemed to be a decrease in total collagen content in the NP as a 
result of IVDD induction (Fig. 7E; p=0.036). DNA content of the AF increased due to IVDD 
induction (Fig. 7H; p=0.051, very large ES), but DNA content remained unchanged in the NP 
(Fig. 7G).   
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Figure 7. Celecoxib (CXB)-loaded microspheres inhibited prostaglandin E2 (PGE2) production and 
maintained glycosaminoglycan (GAG) content in comparison to control degenerated intervertebral 
discs (IVDs). PGE2/DNA (A,B), GAG/DNA (C,D), Collagen/DNA (E,F) and total DNA (G,H) of the nucleus 
pulposus (NP) and annulus fibrosus (AF) with indicated mean values ± SD. * p<0.05; a, medium ES; b, 
large ES; c, very large ES (>1.2). n=6 IVDs per group, n=24 for the non-induced IVDs (N.I.) group. N.I., 
non-induced; control, degenerated discs receiving unloaded microspheres; LD, low dose (1.05 
mg/mL) CXB-loaded microspheres; HD, high dose (35 mg/mL) CXB-loaded microspheres. 
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Discussion	
This study demonstrated that sustained release of celecoxib from PEA microspheres was 
able to (1) suppress in a sustained manner PGE2 production in vitro and in vivo and (2) 
counteract the detrimental effects of induced degeneration in vivo in a canine model of IVD 
degeneration. Intradiscal treatment with celecoxib-loaded PEA microspheres, resulting into 
an intradiscal dose of 280 µg, maintained T2 relaxation times on MRI and GAG content on 
biochemical level, improved the overall histological score of IVDs and inhibited early 
subchondral bone changes.  

The polymer applied was based on α-amino acids, aliphatic dicarboxylic acids and aliphatic 
α-ω diols. The polymer has been built of three di-amino monomers connected with di-acid 
like in a polycondensation reaction. The monomers were chosen to balance mechanical and 
barrier properties of the biomaterial, controlling hard to soft segment ratio. Furthermore, 
these polymers showed remarkable shelf life time and could be easy processed to variety of 
forms such as the injectable particles described in this paper. The synthesis of PEA yielded a 
random co-polymer of high molecular weight (typically above 70 kDa). This resulted in a very 
good consistency of the material barrier properties when derived from different batches. 

Release of celecoxib from PEAMs was shown for at least 28 days in vitro and suppressed 
PGE2 production in TNF-α-stimulated NP cells from degenerated canine IVDs during the 
entire culture period, without affecting DNA content. Moreover, the mRNA expression of 
matrix degrading enzymes (MMP13 and ADAMTS5) was inhibited and COL2aI and ACAN 
were enhanced. Controlled release of celecoxib with corresponding PGE2 inhibition was 
previously shown for celecoxib released from PLGA microspheres in human chondrocytes 
from degenerated cartilage: sustained celecoxib release was confirmed for over 100 days 
and PGE2 inhibition for 21 days 39. PLGA microspheres disintegration resulted in acidic end 
products, which could induce toxic local pH levels 40, 41. The more novel PEA platform does 
not result in toxic degradation products 26. Extended release of celecoxib from PEA 
microspheres has been demonstrated in PBS; after 80 days, almost 50% was released into 
the medium. In the same study, the release of small molecules from PEA microspheres has 
shown to be accelerated through serine proteases from neutrophil cell lysate 22, indicating a 
possible a discrepancy between in vitro and in vivo release. However, the in vitro release of 
celecoxib in the present study seemed not to be overtly influenced by the presence of NP 
cells stimulated with TNF-α. Considering that in vivo, even chronically degenerated IVDs do 
not contain an abundance of (inflammatory) cells and inflammation is usually low-grade 42, 
when compared to neutrophil like cell lysate, celecoxib release from PEAMs might also be 
more gradual in the degenerated disc environment.  

The applicability of celecoxib delivery in harnessing tissue inflammation and pain-parameters 
was also confirmed in vivo in a large animal model with experimentally induced IVD 
degeneration. In this study, PGE2 production associated with the induction of IVD 
degeneration was inhibited up to 53% and 73% on average by a loading dose of 8.4 µg and 
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280 µg celecoxib, respectively. In a previous study, sustained local delivery of 10-5M 
celecoxib in a pNIPAAM-based hydrogel in a canine model with spontaneous early IVD 
degeneration resulted in a maximal PGE2 decrease of 35% 27. This indicates that with 
increasing celecoxib loading dosages, there is more PGE2 suppression. However, both in the 
spontaneous as in the induced degeneration canine models, the degeneration score was 
mild to moderate, but without overt clinical signs. Although enhanced PGE2 production is 
known to increase with advancing degeneration, the most dramatic increase takes place 
when extrusion or protrusion of the IVD is present 42. Because in both animal models, 
degeneration of the IVDs was not accompanied by protrusion or extrusion of IVD tissue, nor 
clinical signs indicating symptomatic IVD disease, PGE2 levels were probably lower than in 
symptomatic IVDs as suggested earlier by retrospective analysis of symptomatic vs 
asymptomatic degenerated NP tissues 42. A larger effect on PGE2 levels could therefore be 
expected in symptomatic IVDs. In line with this thought, in canine patients suffering from 
spontaneous IVDD with low back pain, local injection of a controlled-release platform loaded 
with celecoxib corresponding with 10-5M at the NP level resulted in a decrease of clinical 
signs for up to two months 43. In addition to a decrease in PGE2 levels, in the present study 
the controlled release of celecoxib also resulted in a decrease in NGF expression. NGF not 
only stimulates development of sensory nerve endings in degenerating IVDs, it can also 
generate pain by directly influence nerve fibers to produce nociceptive neuropeptides and 
express receptors that are associated with inflammatory pain, and has been known to 
induce matrix degrading enzymes 8. Altogether, reduction of local PGE2 levels and NFG 
immunopositivity were effectuated after local delivery of the celecoxib-loaded PEAMs 
indicating promising disease-modifying effects of this platform for chronic back pain related 
to IVD degeneration.  

Interestingly, intradiscal application of celecoxib-loaded PEAMs prevented GAG loss in the 
degenerating NP indicative of structural repair. On MRI, induction of degeneration resulted 
in a decrease in signal intensity and T2 values indicating loss of proteoglycans and water, and 
thus advancing degeneration, which was confirmed by histology and biochemistry. Local 
application of HD-CXB-PEAMs reversed the degenerative process within the NP, where 
higher T2 values were detected, indicating preserved water content and integrity of collagen 
fibers. Accordingly, on biochemical level, there also appeared to be an improved GAG/DNA 
content and less overall collagen loss in the HD-CXB-PEAM treated IVDs. In line with these 
findings, in patients suffering from osteoarthritis, proteoglycan synthesis rate and retention 
of newly formed proteoglycans were significantly increased after oral celecoxib treatment 
compared to controls 44, 45, suggesting celecoxib as a disease-modifying drug. The 
mechanism of action of locally delivered celecoxib-loaded PEAMs could be dual: by 
harnessing inflammation and thereby limiting the amount of pain mediators and/or by 
inhibiting proteoglycan degradation. Both are mechanisms that inhibit ingrowth of neural 
and vascular tissue 8, 46.  



202 | Chapter	8	
 

 

Another source of back pain could be the subchondral endplate. Subchondral vertebral bone 
changes are common in chronic IVDD 3 and are referred to as Modic changes (MC) on MRI 47. 
All types of MC are associated with chronic low back pain and worse disease outcome 48. 
They are interconvertible and most probably reflect different disease stages 49. The present 
study demonstrated a low frequency of MC, most probably related to the relatively short 
term follow up (i.e. 12 weeks after induction), which was only present in degenerated 
untreated discs allowing for no concrete conclusions. However, histological analysis revealed 
that the controlled release of celecoxib was able to prevent early subchondral bone changes, 
i.e. subchondral vertebral sclerosis and early new bone formation on the ventral vertebral 
margins. Interestingly, subchondral bone pathology in IVD degeneration shows striking 
similarities to subchondral bone remodeling in osteoarthritis and its relation to joint pain 50, 

51. In OA, the effect of celecoxib on subchondral bone has been studied in more detail 52, as 
subchondral bone sclerosis and osteophytes are hallmarks of degenerative joint disease 53, 54. 
A daily oral dose of CXB significantly reduced osteophyte formation in a rat model of 
osteoarthritis 45, which was also seen after intra-articular injection of CXB in PEA 
microspheres in a preclinical OA rat model 55. As such, it is tempting to hypothesize that local 
sustained delivery of a COX-2 inhibitor not only improves structural integrity of the NP itself, 
it also has the potency to improve subchondral bone health benefiting thereby the affected 
spinal segment. 

Conclusions	
To conclude, the in vitro and in vivo results indicate that controlled release platforms based 
on PEA microspheres seem very promising for therapeutic application for chronic back pain 
related to IVD degeneration. Celecoxib incorporated in PEAMs was safely administered 
intradiscally in experimental dogs, and exerted anti-inflammatory and anti-degenerative 
effects. These findings imply that local sustained presence of celecoxib may have the ability 
to harness inflammation and by reducing pain mediators, such as PGE2 and NGF, may also 
result into less pain in a clinical setting. Follow-up studies focusing on pain and on a better 
understanding of how particle degradation and inherent drug release kinetics are influenced 
by the disease-state of the tissue are warranted to determine the efficacy of celecoxib-
loaded PEAMs in inhibiting low back pain. 
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Abstract 
Low back pain associated with intervertebral disc degeneration is a common clinical entity in 
both dogs and humans. Oral non-steroidal anti-inflammatory drugs are effective in 
alleviating pain but can be accompanied by side effects. Novel treatments for degenerative 
disc disease focus on local application of sustained released drug formulations. The aim of 
this prospective, randomized controlled study was to determine safety and efficacy of locally 
delivered celecoxib in polyesteramide microspheres. Thirty dogs with clinical and radiological 
OA will be included: 20 patients received celecoxib-loaded microspheres, 10 received 
unloaded microspheres (placebo). Force plate analysis is used to objectively assess weight 
bearing. Pain-related behaviour is be scored by the owner. Magnetic resonance imaging is 
used to assess local tissue effects through qualitative (Pfirrmann scoring) and quantitative 
measurements (T2 mapping, disc height index). In this setup, the dog can be used as a model 
for the development of novel treatment modalities in both canine and human patients with 
chronic low back pain. 
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Introduction 
Degeneration of the lumbosacral intervertebral disc (IVD) is strongly associated with low 
back pain (LBP) and in advanced stages causes neurologic deficits, leading to decreased 
quality of life in affected individuals 1, 2. Oral analgesics such as non-steroidal anti-
inflammatory drugs (NSAIDs) are often deployed to treat symptoms, but their (long term) 
use can be associated with adverse effects and insufficient pain relief 3. Orally administered 
drugs might not be as effective as locally applied drugs. Local delivery not only ensures 
optimal drug exposure to the target tissue, it also avoids drug binding to plasma components 
and drug modifications that can influence efficacy 4. Local administration of bioactive 
substances gain increasing attention for the treatment of degenerative joint diseases, both 
in human and veterinary medicine 5-9. Biomaterials can facilitate local drug delivery and 
extend treatment duration by prolonging the presence of drugs in the IVD 10, 11. Natural α-
amino acid based polyesteramide microspheres (PEAMs) have been safely administered to 
the IVD with small diameter needles 12. Translation of local controlled drug delivery to the 
veterinary and human patient with chronic back pain is scarce. Celecoxib was the first 
selective NSAID to be approved for use against musculoskeletal pain and its effectiveness 
upon oral administration against osteoarthritis- and low back pain has been demonstrated 13, 

14. In addition, preclinical studies employing celecoxib found beneficial effects on tissue level 
8, 15, 16, even postulating it as a disease-modifying drug 17. Indeed, PEAMs loaded with the 
COX-2 inhibitor celecoxib in a preclinical canine IVD degeneration model attenuated 
inflammatory mediators in the IVD and slowed down degenerative changes in the nucleus 
pulposus (NP) and adjacent subchondral bone of treated IVDs 18. These anti-degenerative 
effects seem very promising but results on clinical efficacy remain to be determined. Local 
celecoxib delivery in a PCLA-PEG-PCLA platform was considered safe via percutaneous 
administration and reduction in clinical signs was perceived by the owner in a preliminary 
study with veterinary patients with LBP due to degenerative lumbosacral stenosis (DLSS) 8. 
However, structural regenerative effects at the disc level were not demonstrated. This was 
most probably due to a combination of differential release profile between the two 
biomaterial platforms and the xx-fold lower loading dose of the PCLA-PEG-PCLA hydrogel. To 
this end, the aim of the present study was to evaluate the clinical efficacy of local delivery of 
celecoxib-loaded PEAMs compared to unloaded PEAMs (‘Placebo’) in canines suffering from 
low back pain due to DLSS.  

 

Material and methods 
Preparation of PEA microparticles 
PEA microparticles were synthesized according to previously reported protocols 12, 18. 
Suspensions of 35 PEAMs /mL for 20 wt% celecoxib-loaded (8 mg/mL celecoxib) and 
unloaded PEAMs were prepared. Directly prior to IA injection, PEAMs were re-suspended in 
3 mL 0.9% sterile saline. 
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Study design 
This study was conducted with the approval of the Ethical Committee of the Department of 
Clinical Sciences of Companion Animals, Utrecht University (trial number AVR 18-10, 
approval date 29-12-2017). It was conducted as a prospective, randomized, double-blinded, 
placebo-controlled clinical trial. All dogs were client-owned and written consent of the 
owner was obtained before study enrolment. A random number table was created for 30 
dogs (Excel 2016, Microsoft). A power analysis was performed on historical data from our 
institution a priori, to calculate minimal required group size with an α of 0.05, power of 0.9 
and an effect size of 1.32. Twenty dogs were allocated to the treatment group (35 mg/mL 
PEAMs with 20wt% celecoxib) and ten dogs were allocated to the control group (35 mg/mL 
PEAMs). Dogs were divided in weight groups to determine injection volume: 15-30; 30-45; 
>45 kg 75 µL, 100 µL, 125 µL. The owners and assessing veterinarians were unaware of group 
allocation. Seven days prior to the inclusion in the study and baseline measurements, the 
administration of all pain medications was discontinued. Follow-up visits were planned 6, 12 
and 24 weeks after intradiscal injection (Figure 1).  

Inclusion criteria 
Client-owned dogs that were presented at the Utrecht University Small Animal Clinic and 
met the inclusion criteria (table 1), were included. Prior to admission of the study, all dogs 
underwent a full clinical examination by a board-certified orthopaedic surgeon (BM), 
consisting of a general physical, orthopaedic and neurologic examination. To confirm the 
diagnosis of IVD degeneration, magnetic resonance images (MRI) were obtained. Written 
consent was obtained from all dog owners before study enrolment.  

 

Table 1. Inclusion- and exclusion criteria for participation in the prospective clinical study. 

Inclusion criteria Exclusion criteria 
History of low back pain for at least 6 weeks Previously performed surgery on IVD of interest 
Refractory to oral pain medication for at least 4 
weeks 

Active discospondylitis or active infection on surgical 
site (i.e. pyoderma) 

Side effects of oral pain medication Lumbosacral fracture 
Pfirrmann grade II-IV on T2-weighted MRI Spinal neoplasia 
Body weight > 15 kg Chondrodystrophic breed 

IVD, intervertebral disc. 

 



Controlled release of celecoxib in dogs with low back pain  | 213 

 
Figure 1. Flow chart of the prospective, randomized controlled study evaluating the clinical efficacy 
of intradiscal injection of celecoxib-loaded or unloaded polyesteramide microspheres. The study is 
ongoing, 21 patients have been included so far.  
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Intradiscal injection  
The intradiscal injection was performed under CT guidance. The entire procedure was 
carried out under general anaesthesia. Premedication consisted of intravenous (I.V.) 
administration of butorphanol (0.2 mg/kg) and dexmedetomedine (5 μg/kg), followed by 
induction of anaesthesia with I.V. administration of propofol (1 mg/kg). All dogs received an 
endotracheal tube, maintenance of anaesthesia was achieved by administration of 
isoflurane (2%). The dog was placed in sternal recumbency with flexion of the lumbosacral 
joint and extension of the hind limbs. The surgical site was clipped and prepared aseptically. 
The lumbosacral space was located through palpation of the iliac crests, the tuber coxae and 
the spinous process of L7 and sacrum. A 20G epidural needle (4509757-13, Braun) was 
inserted through the skin until bone or ligamentum flavum was encountered. The depth and 
placement of the needle was checked by CT Siemens Somatom Definition AS, Siemens 
Healthcare) and adjusted when necessary. The needle was then advanced through the 
ligamentum flavum until the dorsal annulus fibrosus (AF) was reached. When correct 
placement was again confirmed by CT, the stylet was removed and a 12 cm long, 27G needle 
(7803-01, Hamilton) was inserted in the epidural needle that acted as a guide to position the 
tip of the 27G needle on top of the AF. The 27G needle was subsequently advanced through 
the dorsal AF into the centre of the NP and the correct depth of the 27G needle was 
confirmed with CT. Finally, a 100 μL gastight syringe (7656-01, Hamilton) was connected to 
the 27G needle and the PEAM suspension was slowly injected. After the syringe was 
emptied, and prior to removal, CT was repeated to verify the correct position of the needle 
tip in the centre of the NP. The needle was then slowly retracted through the AF, allowing 
for the collagen fibres to close behind the needle to prevent leakage of hydrogel outside the 
NP compartment. Physical activity was limited to short leash walks on the first week after 
treatment. Thereafter, owners could gradually take up activity as before the start of the 
study, if the dog tolerated this. 

Magnetic resonance imaging 
Prior to and three months after intradiscal injection, high-field MRI were obtained using a 
Philips Ingenia 1.5T MRI (Philips, Eindhoven, The Netherlands). During the MRI procedures, 
dogs were fully anesthetized using standard protocols. The dogs were positioned in dorsal 
recumbency with the pelvic limbs extending caudally.  At all three time points, a T2 weighted 
Turbo Spin Echo, a T1 weighted Spectral Pre-Saturation with Inversion Recovery and T2 
mapping sequences were obtained. All images were assessed by a board-certified veterinary 
radiologist (MB). The L6-L7 IVD and the L7-S1 disc were graded according to the Pfirrmann 
grading system 19 on T2 weighted images obtained prior to injection. The amount of disc 
protrusion into the spinal canal was categorized as mild (<25% of spinal canal), moderate 
(25-50%) or severe (>50%) protrusion. Mean T2 relaxation times were determined in an oval 
region of interest (ROI) in the lumbosacral IVDs on midsagittal T2-mapping images. ROIs 
were also drawn in fat and muscle tissue to serve as an internal control. The disc height 
index (DHI) was measured on the MR images on all time points using the method of Masuda 
et al (TW) 20.  
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Kinetic gait analysis 
Prior to the intradiscal injection, and 6, 12 and 24 weeks after the intradiscal injection, 
ground reaction forces (GRF) were measured with a quartz crystal piezoelectric force plate 
(Kistler type 9261, Kistler Instrumente) together with the Kistler 9865E charge amplifiers as 
has been described previously 21, 22. Measurements were obtained with a frequency of 100 
Hz. The signals corresponded with the GRFs in the mediolateral (Fx), craniocaudal (Fy) and 
vertical (Fz) direction. The Fz was calibrated with a standard weight before each recording 
session. The velocity with which the dog walked on the runway was measured, using two 
photoelectric detectors. FPA recordings were automatically started and stopped by these 
photoelectric switches. Measurements in which both a thoracic limb and the ipsilateral 
pelvic limb had contact with the plate were included. A minimum of ten recordings of these 
recordings were used for data processing. All forces were normalized for body weight. Ratios 
between pelvic (P) and thoracic (T) limbs were calculated: P/T Fy-, P/T Fy+ and P/T Fz+. The 
obtained values were compared to values obtained from a cohort of orthopedically sound 
dogs 22. 

Owner assessment of pain related behaviour 
Questionnaires to owners regarding behaviour and function of the dog, assessed the 
outcome of treatment for low back pain in canine patients, previously validated and used in 
comparable studies 8, 21, 22 were supplied before treatment and at every follow-up visit 
(supplementary file 1). If owners perceived lameness that was of similar (or worse) severity 
compared to pre-treatment which lasted for at least 1-2 days, they were allowed to 
administer pain medication that the dog received prior to inclusion. The owner contacted 
the study coordinator (AT) for guidance by phone or email, and if necessary, could book an 
extra in-house check-up. The owners were asked to assess their dog at least twice a day and 
note down the severity of lameness and the administration of analgesic drugs in the log 
diary.  

Statistical analysis 
Inclusion of the patients is still ongoing and therefore the present data set has not yet been 
subjected to statistically analysis. Statistical software (IBM SPSS Statistics 24) was used for all 
comparisons. Normality of the data will be checked by assessing the Q-Q plots, histograms 
and Shapiro-Wilks tests. If normally distributed, a repeated-measures ANOVAs will be used 
to test for differences within the questionnaire and force plate analysis data, within group 
(CXB-PEAMs and unloaded PEAMs), between time points, and between groups within time 
points. In the case of non-parametric data, Friedman’s test, followed by Wilcoxon’s signed 
rank tests for each time point will be conducted. For the parameters ‘age’, ‘weight’, ‘DHI’ 
and T2 mapping values, a one-way ANOVA or Kruskal-Wallis tests followed by Mann-
Whitney U-tests will be applied. To compare the proportions of dogs that received additional 
pain relief medication between treatment- and placebo group, a Fisher’s exact test will be 
performed. P values <0.05 will be considered significant. 
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Supplementary file 1. Questionnaire to the owners of dogs before, at 6 weeks, 12 
weeks and 24 weeks after intradiscal application of polyesteramide 
microparticles with celecoxib.  

Types Questions 
YES or NO questions Did the symptoms disappear after surgery? 

Did the symptoms recur after surgery (after an initial improvement)? 
Open questions How is your dog after surgery? 

Does your dog refuse certain movements? 
Did your dog receive further treatment after surgery? 

Questions with a 10-
point scale 

Does your dog have pain in the pelvic limbs and shows lameness? 
Does your dog show weakness in the pelvic limbs? 
Does your dog have low back pain? 
Does your dog have difficulty rising up? 
Does your dog have difficulty lying down? 
How would you rate muscle volume in the pelvic limbs of your dog? 
How is your dog holding its tail? 
Is your dog able to wag its tail? 
Does your dog show loss of control of urination and defecation? 
Does your dog show pain when you touch the lower back? 
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Supplementary file 2. Signalment and history of the dogs included in the study to 
date. 

Dog Group Breed Sex Age (years) Body weight 
(kg) 

1 P Rhodesian Ridgeback FC 4 52 
2 P Labrador retriever M 1 31 
3 C Old English bulldog FC 1 33 
4 P Beagle MC 6 15 
5 C Labrador retriever M 10 39 
6 P Border Collie M 3 19 
7 C Labrador retriever FC 3 28 
8 P Labrador retriever MC 3 25 
9 C Labrador retriever MC 3 28 
10 C Labradoodle FC 6 23 
11 C Labradoodle MC 1 21 
12 C German Shepherd cross FC 6 28 
13 C Crossbreed FC 2 13 
14 P Golden retriever cross F 7 27 
15 C Weimaraner  FC 5 27 
16 C Rottweiler FC 1 40 
17 P Labrador retriever cross MC 1 33 
18 C Flatcoated retriever FC 7 26 
19 C German Shepherd dog MC 6 34 
20 C Golden retriever x German Shepherd MC 2 32 
21 C Perro de Agua Español  MC 9 25 

P, placebo; C, celecoxib; FC, female castrated; M, male; MC, male castrated; F, female. 
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Abstract 
Degenerative lumbosacral stenosis is a common problem in large breed dogs. For severe 
degenerative lumbosacral stenosis, conservative treatment is often not effective and surgical 
intervention remains as the last treatment option. The objective of this retrospective study 
was to assess the middle to long term outcome of treatment of severe degenerative 
lumbosacral stenosis with or without evidence of radiological discospondylitis. Twelve client-
owned dogs with severe degenerative lumbosacral stenosis underwent pedicle screw-rod 
fixation of the lumbosacral junction. During long term follow-up, dogs were monitored by 
clinical evaluation, diagnostic imaging, force plate analysis, and by using questionnaires to 
owners. Clinical evaluation, force plate data, and responses to questionnaires completed by 
the owners showed resolution (n=8) or improvement (n=4) of clinical signs after pedicle 
screw-rod fixation in 12 dogs. There were no implant failures, however, no interbody 
vertebral bone fusion of the lumbosacral junction was observed in the follow-up period. 
Four dogs developed mild recurrent low back pain that could easily be controlled by pain 
medication and an altered exercise regime. Pedicle screw-rod fixation offers a surgical 
treatment option for large breed dogs with severe degenerative lumbosacral stenosis with 
or without evidence of radiological discospondylitis in which no other treatment is available. 
Pedicle screw-rod fixation alone does not result in interbody vertebral bone fusion between 
L7 and S1.  
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Introduction 
Low back pain in dogs is a common problem and can be the result of different pathologies 1. 
Degenerative lumbosacral stenosis (DLSS) is the most common cause of caudal lumbar back 
pain in middle to large breed dogs 2. DLSS is characterized by bony and soft tissue changes 
leading to stenosis of the spinal canal and moderate to severe compression of the cauda 
equina. The intervertebral disc (IVD) is often degenerated and this results in a shift of load 
bearing from the IVD to surrounding structures. This may lead to spinal instability 2. Low 
back pain can also be caused by other conditions, such as discospondylitis 3, trauma (fracture 
and/or luxation), or neoplasia 3, 4. Discospondylitis is a bacterial infection of the IVD and 
adjacent intervertebral end plates and commonly originates from a primary urogenital 
infection via hematogenous spread 3. Discospondylitis can result in severe proliferation of 
fibrous tissue and bone, vertebral instability, subchondral bone resorption and secondary 
DLSS 5. Computed tomography (CT) and magnetic resonance imaging (MRI) are the most 
informative modalities to investigate the LS area 6, 7.  

Treatment of DLSS can be conservative or surgical. Low back pain in DLSS can be treated 
with non-steroidal anti-inflammatory drugs and/or opioids, body weight reduction, and an 
adjusted exercise pattern or physiotherapy. Epidural infiltration with methylprednisolone 
acetate has been reported as medical treatment for DLSS provided that the dog do not show 
urinary or fecal incontinence and proprioceptive deficits, and does not suffer from 
concurrent discospondylitis 8. In case of discospondylitis long term antibiotic drugs are the 
primary treatment. Surgical treatment of DLSS is accomplished by dorsal laminectomy or 
foraminotomy, and if indicated, partial discectomy and uni- or bilateral facetectomy. In the 
short-term, surgical intervention leads to improvement of clinical signs in 78-93% of cases 9, 

10 but in the long-term clinical signs recurred in 17-38% of cases 9, 10, which is also known as 
failed back syndrome 11, 12. Moreover, force plate analyses (FPAs) showed that the propulsive 
force of the pelvic limbs is not fully restored after decompressive surgery for DLSS 13. It has 
been postulated that decompressive surgery, and especially facetectomy, can worsen LS 
instability in some patients, resulting in further overall degeneration and recurrence or 
worsening of clinical symptoms 9, 14.  

Therefore, we previously investigated the feasibility of pedicle screw-rod fixation (PSRF) in a 
cadaver study 14, 15 and in an in vivo pilot study 14 in large breed dogs. Screw entry points and 
guideline values for safe insertion of pedicle screws into the canine L7 and S1 vertebrae have 
been determined in other studies 14, 16, 17. The purpose of spinal fixation and interbody fusion 
is to restore and maintain disc space height and to increase the stability of the operated 
segment 18, thereby making further ongoing degenerative changes clinically irrelevant. The 
aim of the present study is to report the long-term results of PSRF in 12 client-owned dogs 
with severe DLSS and also to assess whether PSRF leads to spinal fusion of the LS junction.  
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Materials and methods 
Dogs  
Twelve dogs with DLLS treated by PSRF were included in this retrospective study. The 
medical records of the dogs were systematically reviewed and the signalment, clinical 
history, findings on clinical examination, force plate data, radiographic, and CT- and/or MR 
imaging were retrieved (table 1). Due to the retrospective nature of the current study, no 
ethical approval was required. The owners consented to the use and disclosure of patient- 
and questionnaire data for the current study.  

Clinical examination 
All dogs underwent a full clinical examination, consisting of a general physical, orthopedic 
and neurological examination by a board-certified veterinary surgeon (BPM). Neurological 
deficits were graded based on the scale used by Griffith (modified by Sharp and Wheeler 
2005): grade 0 (normal), grade 1 (spinal pain only), grade 2 (ambulatory paraparesis), grade 
3 (non-ambulatory paraparesis), grade 4 (paralysis posterior with deep pain perception), and 
grade 5 (paralysis posterior without deep pain perception).  

Diagnostic imaging   
Ventrodorsal and lateral radiographic views were obtained with the LS spine in neutral 
position. CT- and MRI-scans were obtained under general anesthesia and dogs were 
positioned in sternal recumbency with the pelvic limbs extended caudally. CT-scans were 
obtained with a third-generation CT-scannera. Contiguous 2-mm-thick slices were acquired. 
MRI was performed with a 0.2 Tesla open magnetb. Contiguous 3-mm-thick sagittal T1- and 
T2-weighted images and transverse T1-weighted MR images were obtained. Pre-operatively, 
CT-scans and / or MRI scans were performed. The acquired diagnostic images were 
evaluated by a board-certified radiologist, a board-certified orthopedic surgeon (BPM), and a 
PhD student / DVM (ART). During surgery, correct position of the screws and the amount of 
distraction was verified by fluoroscopy. Post-operatively, the position of the pedicle screws, 
the amount of bony fusion and the development of adjacent segment pathology (ASP) were 
recorded by radiography or computed tomography on several occasions. In four dogs 
manual distraction was applied, and the amount of distraction was calculated by comparing 
the disc height indices prior to treatment with the PSRF device in place. The disc height index 
was calculated on the radiographs and midsagittal CT reconstructions by using the method 
described by Hoogendoorn et al 19. Imaging performed during follow up visits is summarized 
in Table 1. 

Force plate analysis (FPA) 
Ground reaction forces (GRFs) were measured using a quartz crystal piezoelectric force 
platec together with the Kistler 9865E charge amplifiers. The force plate itself was 60 cm 
wide and 40 cm long, and was mounted flush with the surface in the center of an 11 m long 
walkway. The middle 5 m of the runway was bordered by a 50-cm high fence to guide the 
dogs over the force plate. GRFs were measured by force transducers, which were located in 
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every corner of the plate. The amplifiers were connected to an analog-digital converter, 
interfaced with a computer that stored the signals. The sampling rate was 100 Hz. The 
signals corresponded with the GRFs in the mediolateral (Fx), craniocaudal (Fy) and vertical 
(Fz) direction. The Fz was calibrated with a standard weight before each recording session. 
Forward velocity of the dog was measured during FPA, using two photoelectric switches 
spaced 3 m apart and centered on the force plate and computer timing. FPA recordings were 
automatically started and stopped by these photoelectric switches. All dogs were guided 
over the force plate on a leash at a walking gait with an average speed of 1.08 m/s (standard 
deviation 0.08 m/s). Data recorded from measurements in which a thoracic limb and, after a 
short interval, the ipsilateral pelvic limb contacted the plate were considered valid. A 
minimum of eight recordings were used for data processing. All forces were normalized for 
body weight. Ratios between pelvic (P) and thoracic (T) limbs were calculated: P/T Fy-, P/T 
Fy+ and P/T Fz+. +. Obtained results were compared to previous FP results in normal dogs 
and dogs with low back pain 20. 

Surgical procedure and postoperative care 
All dogs were operated by the same ECVS board-certified surgeon (BPM). All dogs 
underwent a dorsal laminectomy 2 and several additional procedures before PSRF depending 
on the imaging and surgical findings. Discectomy yielded nucleus pulposus (NP) material that 
was cultured for bacteria in 10/12 dogs. The spinous processes of L7 and S1 and the lamina 
of L7 were preserved to serve as autologous bone transplant in ten dogs. In one dog (case 4) 
a cancellous bone transplant was obtained from the iliac crest. The bone chips and 
cancellous bone were packed into the intervertebral disc space up to 5 mm beneath the 
floor of the vertebral canal. An autologous fat transplant, harvested from free subcutaneous 
tissue, was placed ventral to the cauda equina, and a larger piece was deposited dorsally in 
the laminectomy site with the aim of preventing dural adhesions and new bone formation 2. 
In one dog the compression was severely lateralized necessitating a unilateral facetectomy 
(dog 5), in two other dogs bilateral facetectomy was necessary (dog 8 and 10). In dog 5 the 
left S1 nerve had an abnormal appearance and was completely resected and sent for 
histology. 

Thereafter, PSRF was performed as described by Smolders et al 14. Briefly, the entry points of 
L7 and S1 were identified and the corridors in the cancellous bone within the pedicle were 
prepared using a bone awl and probed. Once the ventral cortex was reached, the pedicle 
probe was removed from the screw corridor. To facilitate screw anchorage in the ventral 
vertebral cortex, predrilling of the ventral cortex was performed with a K-pin (1.2 mm). Four 
25 mm long, 4 mm wide titanium pedicle screwsd were inserted into the pedicle and 
vertebral body. Two 5 cm long, 6 mm wide titanium rods were used to connect the L7 
pedicle screw with the ipsilateral S1 pedicle screw. The rod was slightly adjusted with a rod 
bender to acquire a proper fit on both screw heads. Once a tight fit was obtained, the 
sleeves and nuts were applied and tightened.  
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Table 1. Overview of read out parameters in 12 dogs with lumbosacral degenerative stenosis 
(DLSS) treated with pedicle screw-rod fixation.  

Dog 
no 

Pre-op Intra-op Post-op Follow up period (months) 

< 3 mo < 6 mo > 6 mo 

1 CT, MRI  BC, HP RX CT  CT, RX (12 mo); CT, RX, 
FPA (46 mo) 

2 RX, CT  BC, HP RX RX  CT, FPA (40 mo) 

3 RX, CT BC, HP RX RX  RX, FPA (35 mo) 

4 CT, MRI BC, HP RX, CT RX   

5 CT, MRI BC, HP RX    

6 RX, CT BC RX  RX  

7 CT, MRI  RX   CT, FPA (10 mo) 

8 CT BC RX CT, RX, FPA CT, RX, FPA CT, FPA (7.5 mo) 

9 CT BC, HP RX RX   

10 CT, MRI BC, HP RX RX, FPA CT, FPA  

11 CT, RX, MRI  RX RX RX, CT  

12 CT BC, HP RX RX RX, FPA CR (14 mo) 

Abbreviations: Pre-op, pre-operative; intra-op, intra-operative; post-op, postoperative; mo, months; 
CT, computed tomography; MRI, magnetic resonance imaging; BC, bacteriologic culture; HP, 
histopathologic evaluation; RX, plain radiography; FPA, force plate analysis. 

 

Optimal screw anchorage was achieved by involving both the medial and lateral pedicle 
cortex. “Cortical encroachment” was identified when the pedicle cortex could not be 
visualized or as “frank penetration” when the screw was outside the pedicular boundaries 21-

23. Screw placement was considered optimal when screws involved the cortical bone and not 
fully penetrated the ventral vertebral cortex. Intraoperative fluoroscopy was used to verify 
correct placement of the screws. Four dogs underwent manual distraction as well because of 
intervertebral foraminal stenosis evident on pre-operative imaging. Manual distraction was 
applied to the base of the pedicle screws using a Gelpi retractor followed by tightening the 
screw heads to the rods. The amount of distraction was estimated based on the mobility of 
the LS segment and did not exceed 5 mm. Postoperative care consisted of leash restraint 
and exercise restriction for a period of six weeks and after that, the dogs were allowed to 
gradually return to their normal exercise regime within three months after surgery. 

Follow-up and questionnaires to owners 
Follow-up data were collected from the medical records, by using questionnaires 6, 13, 20 to 
owners, by interviewing the owners and by reexamination of the dogs. Questionnaires for 
follow-up evaluation (Table 2) were sent to all owners of dogs that had undergone PSRF 
within the last four years. Two dogs were lost in follow-up due to unrelated mortalities. The 
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questionnaires included questions regarding the history, clinical signs before surgery and the 
owner’s satisfaction with the outcome at three months and one year after surgery.   

Table 2. Questionnaire to the owners of dogs before, at three months and more than one 
year after pedicle screw-rod fixation for degenerative lumbosacral stenosis.  

Types Questions 
YES or NO questions Did the symptoms disappear after surgery? 

Did the symptoms recur after surgery (after an initial improvement)? 
Open questions How is your dog after surgery? 

Does your dog refuse certain movements? 
Did your dog receive further treatment after surgery? 

Questions with a 10-
point scale 

Does your dog have pain in the pelvic limbs and shows lameness? 
Does your dog show weakness in the pelvic limbs? 
Does your dog have low back pain? 
Does your dog have difficulty rising up? 
Does your dog have difficulty lying down? 
How would you rate muscle volume in the pelvic limbs of your dog? 
How is your dog holding its tail? 
Is your dog able to wag its tail? 
Does your dog show loss of control of urination and defecation? 
Does your dog show pain when you touch the lower back? 

 

Statistical analysis 
Statistical analysis was performed using software (SPSS 22 for Windows; SPSS Inc., Chicago, 
IL). Normal distribution of the data was checked by performing the Shapiro Wilks test. The 
reliability of the responses to the questionnaires was tested by calculation of Cronbach’s α 
where a value of >0.70 was considered reliable 24. Comparison of the mean scores of the 
questionnaires before surgery, at 6 months, and >1 year after surgery was conducted using 
the Friedman’s test. If there was a significant difference (P<0.05), post hoc tests were 
performed for each time point. The pre-operative Griffith score for neurological 
(dys)function was compared to the Griffith score appointed at the last follow up visit using 
the Wilcoxon signed rank test. Significance was set at P<0.05.  

Results  
Dogs  
Seven male (3 intact, 4 neutered) and five female (2 intact, 3 neutered) dogs with a median 
age of 8 years (1-12 years) and a median body weight of 32 kg (22- 55 kg) were included in 
the study (Table 3). All dogs were kept as companion animals. Four dogs had undergone 
previous decompressive surgery once but developed failed back syndrome.  
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Table 3. Overview of signalment, history and radiological diagnosis in 12 dogs with 
lumbosacral degenerative stenosis (DLSS) and / or discospondylitis that were treated with 
pedicle screw-rod fixation.  

Dog Breed Sex Age 

(yrs)  

History Radiological 

diagnosis 

1 Labrador retriever FC 5 LS pain, paraparesis  DLSS & DS 

2 Rottweiler M 8 LS pain DLSS & DS 

3 GSD FC 8 LS pain, paraparesis DLSS & DS 

4 GSD MC 11 LS pain, paraparesis; DL 6 yrs earlier DLSS & DS 

5 Rhodesian Ridgeback F 10 LS pain, left paraparesis, urinary 

incontinence; DL 6 months earlier 

DLSS & DS 

6 GSD M 12 LS pain, paraparesis  DLSS & DS 

7 Cane Corso MC 7 LS pain  DLSS 

8 American Bulldog M 5 LS pain DLSS & DS 

9 Border Collie MC 9 LS pain DLSS & DS 

10 Rhodesian Ridgeback FC 7 LS pain, paraparesis; DL 4 yrs earlier DLSS 

11 Vizsla MC 12 LS pain DLSS 

12 Am Staff terrier F 5 LS pain, left paraparesis; DL 3 yrs earlier DLSS 

Abbreviations: LS, lumbosacral; GSD, German Shepherd Dog; F, female; FC, female castrated; M, 
male, MC, male castrated; DS, discospondylitis; DL, dorsal laminectomy; yrs, years. 

 

Clinical examination 
All dogs presented with pelvic limb lameness and caudal lumbar pain; seven dogs also 
showed paraparesis. In all dogs pain was evoked upon pressure and extension of the LS 
spine and tail extension. One dog suffered from urinary incontinence. The neurological 
Griffith score before surgery was grade 1 (5 dogs), 2 (4 dogs) and 3 (3 dogs) (Table 3,4).  

Diagnostic imaging  
Imaging was performed pre-operatively using plain radiography (4 dogs), CT (12 dogs), and 
MRI (5 dogs) (Table 1). In all 12 dogs the final radiological diagnosis was DLSS with 
presumptive radiologic evidence of concurrent discospondylitis in eight dogs (Table 3). Pre-
operative radiologic and CT findings included spinal stenosis of the lumbosacral junction (Fig. 
1A) in 10 dogs, end plate sclerosis of both lumbosacral end plates (Fig. 2) in 11 cases, end 
plate osteolysis (Fig. 2C) in 7 cases, vacuum phenomenon in the IVD (Fig. 2a) in 3 cases, 
elongation of the sacral lamina up to or under the caudal end of the lamina of L7 as 
described by Suwankong et al 6 (Fig. 3A) in 4 cases and LS step formation (ventral 
subluxation of S1 with respect to L7) (Fig. 3A) in 4 cases. A narrowed IVD space was visible in 
two dogs. Non-bridging spondylosis deformans (Fig. 2A) was recorded pre-operatively in 
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nine dogs, bridging spondylosis in two dogs. Protrusion of the IVD was seen in all dogs; 
severe protrusion (>50% reduction of spinal canal width) (Fig. 2A) in ten dogs, a moderate 
compression (25-50% reduction of spinal canal width) in one dog and mild protrusion (<25% 
reduction of spinal canal width) in one dog. Dorsal displacement of the dural sac, combined 
with a decrease in the epidural fat signal dorsal to the dural sac at the level of L7-S1 was 
recorded in nine dogs on CT or MRI (Fig. 1,2). Thickening of spinal nerves was detected in 
four dogs. The signal intensity of the L7-S1 IVD on T2-weighted images was severely 
decreased in all five dogs which underwent MRI (Fig. 2B). Dog 4 had undergone dorsal 
laminectomy 6 years earlier (Table 1) and on MR a bulging LS disc was noted in combination 
with dorsal displacement of nerve tissue at the level of L7-S1. Calcifications in the IVD space 
were recorded as well. On the CT images there was marked ventral spondylosis deformans, 
IVD calcifications and vacuum phenomenon. Moreover, there was still severe central and 
right lateral disc protrusion present, leading to the right lateral nerve compression near the 
right facet joint. Dog 5 had undergone decompressive surgery 6 months earlier (Table 4). CT 
showed that the cauda equina was displaced dorsally as a consequence of bulging disc 
material. Both the L7 and S1 end plates were irregular and sclerotic. There was pronounced 
new bone formation around the lumbosacral junction, in the intervertebral foramina and 
around the sacroiliac joints. The left exiting spinal nerve was markedly enlarged, indicative 
for a peripheral nerve sheath tumor. There was severe muscle atrophy present in the left 
quadriceps and gluteus muscles. 

 

Figure 1A. Transverse CT image of the lumbosacral (LS) junction of a 9-year-old Border collie (dog 9) 
with degenerative lumbosacral stenosis and discospondylitis. Spinal stenosis and severe 
intervertebral disc (IVD) bulging are visible and there is gas accumulation (vacuum phenomenon) 
present in the center of the L7-S1 IVD. B. Transverse CT image at level of S1 of a dog (dog 1) with 
pedicle screw-rod fixation, four years after implantation. No bony fusion between the L7 and S1 
vertebrae was visible. 
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Table 4. Overview of surgery details and clinical outcome in 12 dogs with lumbosacral 
degenerative stenosis (DLSS) that were treated with pedicle screw-rod fixation.  

Dog Surgery Bone graft Clinical outcome 

(follow-up (FU) period) 

Griffith score 

pre-op last 

FU 

1 L7-S1: DL, PD, PSRF Bone L7+S1 Excellent (4 yrs)  3 0 

2 L7-S1: DL, PD, PSRF Bone L7+S1 Excellent (4 yrs) 1 0 

3 L7-S1: DL, PD, PSRF Bone L7+S1 Excellent (3 yrs) 2 0 

4 L7-S1: rDL, PD, 

PSRF & Distraction 

Bone iliac crest. 

Osteostixis EPs 

Improved (euth. 6 mo heart 

disease)  

2 2 

 

5 L7-S1: rDL, PD, L Facetectomy, 

L Foraminotomy, Excision L7 

nerve, PSRF 

Bone L7+S1 Improved (euth. 15 mo, 

neoplasia) 

3 

 

3 

6 L6-S1: DL, L7-S1: DL, PSRF Bone L7+S1 Improved (1.5 years, euth. 

hemangiosarcoma) 

2 0 

7 L7-S1: DL, PD, L&R Facetectomy, 

PSRF & Distraction 

Bone L7+S1 Excellent (1 yr) 1 0 

8 L7-S1: DL, PD, PSRF Bone L7+S1 

Burring Eps 

Improved (euth. 8 mo) 3 1 

9 L6-S1: DL, L7-S1: PD; L&R 

Facetectomy,  

PSRF & Distraction 

Bone L7+S1 Excellent (6 mo)  1 0 

10 L7-S1: rDL, PD, PSRF Bone L7+S1  Excellent (6 mo) 2 0 

11 L6-S1: DL, L7-S1: PD 

PSRF & Distraction 

Bone L7+S1  Excellent (11 mo) 1 0 

12 rDL, Partial L Facetectomy, 

L Foraminotomy, PSRF 

None Excellent (6 mo) 1 0 

Excellent: resolution of clinical signs. Improved: decrease of clinical signs. Abbreviations: DL, dorsal 
laminectomy; rDL, revision DL; PD, partial discectomy; PSRF, pedicle-screw rod fixation; L, left; R, 
right; EPs, end plates; yrs, years; mo, months; euth., euthanized 

 

Surgical findings 
Following dorsal laminectomy and partial discectomy (Table 4), pedicle screws were inserted 
and were used to distract, realign and stabilize the LS segment.  In ten dogs, the protrusion 
of the IVD was considered severe, in one dog, there was moderate protrusion. The amount 
of epidural fat was decreased in ten dogs and absent in one dog. In six dogs, inflammation of 
the epidural fat was noticed by the surgeon. In 11 dogs thickening of neural tissue, especially 
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the S1 nerve roots, was visible. Two of ten disc tissue samples returned with a positive 
bacterial culture. Bacillus spp (dog 5) and Staphylococcus aureus (dog 8) were identified in 
two dogs. Histopathological examination of tissue samples collected during surgery showed 
degeneration of the annulus fibrosus and nucleus pulposus in all cases. Histopathological 
examination of the excised nerve (dog 5) showed an undifferentiated neurofibrosarcoma of 
the nerve root, characterized by round- and spindle shaped neoplastic cells.  

 

 

Figure 2A. Sagittal T2-weighted MR image of a 5-year-old Labrador retriever (dog 1) with 
degenerative lumbosacral stenosis and acute onset of discospondylitis. There is a hyperintense signal 
(exudate) visible in the intervertebral disc space. B. Sagittal T2-weighted MR image of dog 1 after 
three months of treatment with oral antibiotics. The inflammatory exudate has disappeared. C. 
Immediate postoperative radiograph of dog 1 after pedicle screw-rod fixation (PSRF) showing 
osteolysis of the L7 and S1 endplates. D. Radiograph of dog 1 at four years after PSRF. Spondylosis 
deformans has formed ventral to the LS junction. 
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Follow-up (imaging and clinical signs)  
Radiography or CT was performed to evaluate the position of the screws and the amount of 
interbody vertebral bone fusion. In the follow-up period after surgery imaging was 
performed at 4-6 weeks (radiography or CT, 7 dogs), at three months (radiography or CT, 4 
dogs), at six months (CT, 3 dogs), at one year (CT, 2 dogs), at three years (radiography or CT, 
2 dogs), and at four years (CT, 1 dog) (Table 1). Placement of the screws was considered to 
be correct 14 in 11 out of 12 dogs (92%) based on radiographic evaluation. In six dogs, CT was 
performed postoperatively (Fig.1b). Optimal screw anchorage was achieved by involving 
both the medial and lateral pedicle cortex. Cortical encroachment of the lateral pedicle wall 
was noticed on CT with the right L7 screw in two dogs. Penetration of the ventral cortex was 
recorded on CT in three dogs, involving four screws. No implant failures were seen. In eight 
dogs, there was complete resolution of clinical signs after surgery, in two dogs the severity 
of the clinical signs decreased. These two dogs (dog 4 and 5) had already undergone prior 
decompressive surgery by dorsal laminectomy. In two dogs (dog 6 and 8), the clinical signs 
recurred after initial remission. Plain radiographs and CT scans were obtained. No adverse 
advents as a result of the pedicle screw implantation surgery were noted. Neurologic 
dysfunction in dog 6 did not improve markedly after surgery and dragging with the left hind 
limb persisted. Dog 8 was euthanized at eight months after surgery at request of the owner, 
since low back pain recurred every time antibiotic treatment was ceased. After surgery, the 
Griffith neurological grading score was 0 (9 dogs), 1 (1 dog), 2 (1 dog) and 3 (1 dog) (Table 4). 
The median pre-operative Griffith score was 2 (with a range from 1-3), whereas the Griffith 
score obtained at the last follow up visit was 0 (with a range from 0 to 3). The Wilcoxon 
signed rank test revealed a significant improvement in Griffith scores before surgery and at 
the last follow up visit (p=0.004). The development of adjacent segment pathology was 
noticed in one dog after three years on plain radiographs (Fig. 3B), but the dog did not 
display signs of low back pain. At any time point after PSRF, in none of the other dogs ASP 
was noticed on diagnostic imaging nor clinically. In the four dogs that underwent manual 
distraction of the LS junction, the IVD space height increased by 67% (dog 4), 11% (dog 7), 
114% (dog 9), and 9% (dog 11) compared with the IVD height prior to surgery. Six months 
after surgery, distraction of the LS junction was still present in three dogs. In one dog (dog 
11) there was loss of distraction as evidenced by sudden low back pain at one week 
postoperatively, and radiographic evidence of collapse of the L7-S1 IVD space without 
implant failure. The pain was controlled with oral analgesics for two weeks.  
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Figure 3A. Pre-operative radiograph of an eight years old German shepherd dog (dog 3) diagnosed 
with degenerative lumbosacral stenosis. There is non-bridging spondylosis deformans, end plate 
sclerosis, lumbosacral step formation and elongation of the sacral lamina underneath L7. B. 
Radiograph showing dog 3 three years after pedicle screw-rod fixation with implants in correct 
position. At the level of L5-L6 and L6-L7, there is radiological evidence for adjacent segment 
pathology, seen by narrowing of the intervertebral foramen. No interbody fusion was present 
between L7 and S1. 
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Force plate analysis 
Pre-operative force plate analysis was performed in three dogs (dogs 8, 10 and 12) (Fig. 4). In 
two dogs (dogs 8 and 10), the P/T Fy- and P/T Fz+ ratios were lower than reference ranges 
described in a previous study 20. In dog 10, FPA was performed six months after surgery and 
values were still below reference ranges, this dog was lost for further follow up. Dog 7 
showed normal P/T Fy- values after 10 months. FPA performed in three dogs (dog 1, 2 and 3) 
more than three years after surgery showed P/T Fy- ratios comparable to normal dogs 20.  

 

Figure 4. P/T Fy- values of seven dogs (■=dog 12; ▲=dog 10;     =dog 8; ●=dog 7; □=dog 3; ○=dog 2; 
▼=dog 1). The grey area marks reference values for the average P/T Fy- value ±1 SD previously 
determined for healthy dogs 20.   

 

Owner questionnaires 
Eight out of twelve (67%) owners responded to the questionnaire. The follow-up period 
ranged from five months to more than four years. Prior to surgery, owners mentioned low 
back pain, hind limb lameness, and reluctance to perform certain movements as the most 
striking clinical signs. All owners reported that the clinical signs of their dog had disappeared 
after surgery. However, in four dogs the clinical signs recurred. In three dogs these signs 
were mild and could be treated effectively with NSAIDs. In the fourth dog, discospondylitis 
persisted despite aggressive long term (6 months) antibiotic therapy, for which the dog was 
eventually euthanized at eight months after PSRF. Six owners did not report any recurrences 
during the follow-up period; the long-term outcome of three dogs is unknown since they 
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were euthanized due to unrelated illnesses (i.e. heart failure, hemangiosarcoma). Three dogs 
showed concurrent orthopedic problems such as hip dysplasia (n=1) and osteoarthritis of the 
stifle joint (n=2) in the follow up period. Five dogs continued to receive intermittent pain 
medication, with four dogs receiving non-steroidal anti-inflammatory drugs (NSAIDs), one 
dog tramadol and one dog a combination of NSAIDs and neuromodulatory drugs 
(gabapentin).  

 

Table 5. Results (median and range) of responses to the questionnaires of dogs treated with 
PSRF before surgery, after 6 months and more than 1 year after surgery. * p<0.05, Friedman 
test, compared with value before surgery. † Group comparisons were borderline significant 
(p=0.061), individual comparisons of time points did show significant difference (p<0.05). 

Questions Before surgery After 6 months After more than 1 year 
Complaints of pelvic limbs 3 (1-4) 8 (4-10) * 7 (5-9) * 
Pelvic limb weakness 4 (1-10) 8 (6-10)  † 7 (6-10) † 
Caudal lumbar pain 1 (1-4) 7 (4-10) * 7 (5-9) * 
Difficulty rising up 4 (1-6) 8 (7-10)  * 7 (5-10) * 
Difficulty lying down 8 (1-6) 10 (8-10)  10 (5-10) 
Muscle volume of the pelvic limbs 4 (1-7) 7 (5-9) * 7 (6-7) * 
Position of the tail 3 (1-10) 9 (1-10)  9 (1-10) 
Movement of the tail 5 (2-10) 10 (3-10)  9 (3-10) 
Control of urination and defecation 10 (3-10) 10 (10-10) 10 (10-10) 
Hypersensitivity of the caudal spine 3 (1-10) 9 (3-10) † 10 (9-10) 

 

Before evaluating the answers of the owners to the questionnaire, the reliability of the 
answers was tested by calculating the Cronbach’s alpha value. The Cronbach’s alpha value of 
the responses to the questionnaire was 0.88, indicating that the answers were reliable. The 
data were normally distributed. All eight owners that had filled in the questionnaire 
reported that the clinical signs of low back pain had disappeared after surgery (100%). Three 
owners reported that the clinical signs of low back pain had recurred after an asymptomatic 
period of time (3/8 = 38%). Table 5 shows the results to the questionnaire before, six 
months, and more than one year after surgery. All data are expressed as the median and the 
range. The level of significance was set at P <0.05. There was a significant and sustained 
decrease in caudal limb lameness, caudal lumbar pain and difficulty in rising up more than 
six months after surgery. Moreover, muscle volume had significantly increased six months 
after surgery, compared to the pre-operative situation. There was a trend of decrease in 
pelvic hind limb lameness and hypersensitivity of the caudal spine (P=0.061) after six 
months. 
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Discussion 
The pilot study of Smolders et al (2012) 14 suggested that PSRF of the canine LS junction can 
be used as an addition to surgical decompression for dogs with LS disease and presumed 
instability of the LS joint. The results showed stability of the implants and improvement of 
hind limb function in Greyhounds with mild LS disease. The current study presented the 
follow-up of 12 client-owned dogs with severe DLSS treated with PSRF. With data retrieved 
from diagnostic imaging, FPAs and clinical examinations together with owner questionnaires, 
we conclude that PSRF can be a feasible treatment option for dogs with DLSS in which 
previous decompressive surgery failed and/or medical treatment is ineffective to control low 
back pain. The authors are aware of the limitations of this retrospective study. The study 
group is relatively small and due to the retrospective nature of the study, the follow up of 
the patients was not standardized. Not all owners were willing to attend control visits with 
their dog or had financial constraints. All cases were referred as severe and complicated 
cases, where conservative treatment or previous surgery had failed, or for which no other 
treatment was available. Even more, in several cases euthanasia was advised by the 
referring veterinarian, but the owner persisted for third opinion referral. 

Propulsive forces in the hind limb are decreased in dogs with DLSS as compared to healthy 
dogs 20. In the present study, the collected FPA data showed an initial worsening after 
surgery, but after six months overall results were improving, with values at six months after 
surgery higher than before surgery. Notably, ground reaction forces were comparable to 
normal dogs 20. These findings are in agreement with results from previous studies on FPA 
before and after decompressive surgery 20 and the in vivo pilot study on PSRF from the same 
group 14. Given that FPA is used to objectively measure ground reaction forces in both 
humans and dogs 20, 25-27, these findings indicate an overall clinical improvement in the long 
term.  

The percentages of dogs with clinical remission and recurrence found in our study were 
similar to those for dorsal laminectomy alone 20, although the dogs in the current study 
suffered from more severe LS disease than the average population undergoing 
decompressive surgery. Decompressive surgery has proven to be insufficient in a small 
percentage of cases, i.e., due to the development or worsening of LS instability after surgery 
9, 10, 14. In four dogs in this study a previous decompressive surgery was already performed 
with inadequate effect. In humans with low back pain due to end stage degenerative disc 
disease, spinal fusion using cages with or without pedicle screw fixation is currently the 
state-of-the-art 28-30, rather than decompressive surgery alone. Moreover, spinal fusion is 
often performed during revision surgery for failed back syndrome 12, 31, 32. 

Placement of the screws was considered to be correct 14 in 48/52 screws (92%) and no 
implant failures were seen. In three cases, cortical encroachment of the medial pedicle wall 
by four screws was detected but this did not result in clinical signs. Optimal screw anchorage 
is achieved by involving the cis- and trans-cortex, as well as the medial and lateral pedicle 
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wall. Full penetration of the ventral cortex was seen with seven screws in five dogs. Although 
full penetration carries the risk of damaging vascular structures, there was no indication that 
this happened. Full penetration is most likely the result of the fixed length of the screws. The 
pedicle screw rod fixation device that was used in this study was produced for paediatric 
human spinal fixation which apparently was still too large for some of the dogs, e.g. dog 
number 11 (Border collie). This underscores the need for the development and production 
of pedicle screws for the canine species.  

The aim of PSRF is to stabilize the LS junction. This is achieved in the short term by the 
inserted instrumentation and in the long term by fusion of the spinal segments. However, in 
this study no interbody vertebral bone fusion was achieved. Several authors have reported 
on surgical stabilization in the veterinary field as well. Mckee et al 33 have performed 
distraction-stabilization in dogs with discospondylitis by the method described by Slocum et 
al 34 and Auger et al 35 have performed articular facet joint distraction with an external 
fixator. More recently, Golini et al published a study about transarticular fixation as 
treatment for DLSS in dogs 36. In all abovementioned studies, a considerable number of 
implant failures was seen which in some cases required additional surgery. In the current 
study, there was no implant failure. The dogs recovered very well but there was no evidence 
for spinal fusion in the long-term follow-up. To achieve interbody fusion, additional methods 
are necessary. In the current study, we used autologous bone grafts in 11 cases but without 
success as far as bony fusion is concerned. Fitzpatrick and colleagues developed a dorsal 
fixation system, which uses a screw-rod construct in combination with a wedge-shaped 
screw. This screw is positioned in between the L7 and S1 vertebrae 37, 38. With this device, 
bone ingrowth was visible. In human medicine, interbody spinal fusion is promoted by 
several techniques. In addition to iliac crest autograft, metal and composite interbody cages, 
allograft bone dowels and bone grafts infused with recombinant bone morphogenetic 
proteins (BMPs) or bone marrow derived stem cells are readily available for human patients 
and show promising effects 18, 39. Moreover, in dogs the subchondral bone is relatively 
thicker than in humans whereas the canine end plates are thinner 40, 41. This may counteract 
bony fusion between the two vertebrae in canines. Therefore, more aggressive burring of 
the end plates to penetrate the subchondral bone would be appropriate in canines to 
achieve spinal fusion. Although bony fusion of the last lumbar vertebra and the sacrum is 
desired, there was no significant difference in outcome in human 32 and canine 35 patients 
that did show spinal fusion compared to patients that failed to develop interbody fusion 
after spinal fusion surgery 32, 35. 

Recurrence of clinical signs after PSRF stabilization could be related to ASP. ASP can be 
defined as degeneration or other pathologic processes occurring cranial or caudal to a region 
of vertebral column fusion, the most common pathology being IVD degeneration 42. In the 
current study, only two vertebrae were fixated. One of the dogs (dog 3) in this study showed 
signs of ASP on radiography at three years after surgery. This dog was not painful on the 
lumbar region during clinical examination and also the force plate data showed no signs of 
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lumbar pain. ASP has been found in humans after spinal fusion surgery 43 and also in dogs 
after cervical fusion 44, 45. Lumbar spinal fusion in humans resulted in radiologic evidence of 
ASP in 10-80% after 10 years. Loss of motion in the fused segment leads to increased 
workload and altered biomechanics in adjacent segments 46. However, at this moment it is 
unclear if ASP is a natural degenerative process or if ASP is the result of fusion surgery 47. 
Clinically relevant ASP was only noted in 6-26.1% of the human patients, with radiologic 
confirmed ASP, after ten years 46. ASP does not seem a frequent clinical problem in dogs, 
most likely since they may not live long enough to develop adjacent segment pathology. In 
humans, the increasing number of fused vertebrae is associated with an increased risk of 
developing ASP. Additionally, dorsal laminectomy adjacent performed to the fused segment, 
pre-existent IVD degeneration and pre-existent facet degeneration in the adjacent segment 
are also risk factors associated with the development of clinical ASP 46, 48.  

Only two of the ten bacterial cultures showed a positive result, even though in eight dogs, 
there was radiological evidence for discospondylitis. It remains also unclear whether in these 
eight dogs discospondylitis was the primary etiology or whether it was superimposed on pre-
existent DLSS since the end stage of severe lumbosacral discospondylitis is usually DLSS. 
Making the definitive diagnosis of discospondylitis is also challenging, for the detection of 
bacteria in the IVD can be rather difficult. Extensive degenerative changes in the IVD could 
also resemble discospondylitis. Urine and blood cultures only give positive results in 29 to 
78% of the cases 49, 50 and due to antibiotic treatment prior to culture, bacterial cultures 
often remain negative 50, 51. This could also be the case in our study, as five dogs were 
treated for discospondylitis conservatively with antibiotics prior to the collection of disc 
material for bacterial culture. Interestingly, the topic of bacteria in IVDs causing low back 
pain has received considerable attention in recent years in the field of spine research in 
humans and has since been the subject of heated debate 52-54. This debate was initiated by 
reports by Albert et al (2008) 55 on findings of bacteria in IVD material harvested during 
spinal surgery 56 and publication of a randomized clinical trial showing successful treatment 
of humans with chronic low back pain using long term oral antibiotics 57. In the light of these 
findings in humans, the positive bacterial cultures in our canine patients with low back pain 
which has been reported by our group previously 6 are not surprising. It may even be 
questioned whether the environment of the degenerated IVD in dogs with DLSS is more 
prone to settling of bacteria originating from low grade urogenital infections or that bacteria 
indeed play a much more important role as the initiating factor in the process of IVD 
degeneration in dogs.       

Distraction of the IVD space results in widening of the foramina and thereby results in 
indirect decompression of the exiting L7 spinal nerves, it will limit motion and permit fusion 
18. Moreover, distraction can normalize disc height and pressure 58. A combination of spinal 
fixation through PSRF and distraction without concurrent discectomy could potentially show 
a beneficial effect on stability and IVD physiology in dogs, as is seen in human patients 
suffering from end stage knee osteoarthritis. After two months of applied distraction of the 
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knee joint, clinical improvement and the formation of cartilage-like tissue in the distracted 
knee were evident for at least two years 59. In the current study, PSRF in combination with 
discectomy and distraction was performed in four dogs. Postoperative radiography showed 
successful distraction in all four cases. In three dogs the LS joint remained distracted for at 
least six months postoperatively. The fourth dog became very painful three days after 
surgery and radiography showed collapse of the L7-S1 IVD space. The dog was treated with 
pain medication and clinical signs resolved. This case demonstrates that distraction alone 
with PSRF in dogs with severe DLSS exerts strain on the interface between bone and pedicle 
screws and this may be solved by the use of an vertebral interbody cage. In dogs with caudal 
cervical spondylomyelopathy, a combination of vertebral stabilization and intervertebral 
implants tend to be more effective in gaining bony fusion and can also maintain distraction 
44. In spinal surgery in human patients with low back pain, intervertebral cages are also 
frequently used (with or without vertebral stabilization) 60-62.  Aggressive abrasion of the end 
plates together with a spinal cage may also promote spinal fusion. The use of a cage as a 
stand-alone-device or in combination with PSRF (and the effect on spinal fusion) needs to be 
investigated in future studies.   

PSRF can be an effective therapy option for dogs with severe DLSS disease with or without 
radiological evidence of discospondylitis, in which no other treatment is available. PSRF 
alone does not result in interbody vertebral bone fusion between L7 and S1. 
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Background	
Osteoarthritis (OA) and low back pain (LBP) due to intervertebral disc (IVD) degeneration are 
the most common musculoskeletal conditions and pose a large socioeconomic burden on 
society. With ageing of the population, sedentary and unhealthy lifestyles, the incidences are 
expected to rise further 1, 2. Also in companion animals such as dogs, cats and horses, 
degenerative joint diseases are a major health problem, and there are striking similarities in 
etiologies and disease presentations among species 3-5. Regardless of the species, current 
treatments are mostly aimed at reducing symptoms. They broadly consist of conservative 
management with oral analgesics and lifestyle/ exercise modifications, or surgical 
intervention whereby diseased tissue is removed or replaced. Research within the field of 
regenerative medicine focuses on the development of innovative therapies that do not only 
provide pain relief and improvement in function, but also restore the properties of the 
affected tissues. Therefore, it would be favourable to start diagnostic and therapeutic 
intervention at an early stage, to prevent disease progression. As current therapies do not 
alter the course of degenerative joint disease, salvage strategies need to be optimised as 
well.  

In light of the ‘One Medicine’ principle, in which human and veterinary medicine can benefit 
from each other, outcomes of research in this field can ideally be applied to both man and 
companion animals. Considering that the progressive nature of these diseases requires long-
term treatment, the development of drugs suitable for prolonged treatment with minimal 
side effects is desirable. In this respect, biomaterial carriers could function as a local delivery 
vehicle, and drug release can thereby be tapered. Previous research has appointed low-
grade inflammation as one of the driving factors in both OA as IVDD 6-9. Therefore, in this 
thesis the application of locally administered anti-inflammatory drugs, embedded in 
biomaterials that provide gradual drug release, were investigated, aimed at improvement of 
clinical signs and regeneration of diseased joint and IVD tissues. For terminal stages of 
degenerative joint diseases, an extensive pallet of salvage procedures has been developed 
for human patients, but have not yet been extensively applied in canine patients. Within this 
context, in this thesis long-term follow-up of canine patients suffering from severe and 
chronic LBP were treated with salvage procedures inspired from the human fields. Results 
and future/ clinical perspectives of these two treatment strategies, i.e. regeneration and 
salvage, for early and terminal stages of degenerative joint diseases are discussed below. 

 

Differences	between	dog	breeds	with	regard	to	joint	homeostasis	
The dog is frequently used as a large animal model to study the numerous aspects of 
degenerative joint diseases, from molecular facets of disease origination to the evaluation of 
novel treatments 10-13. However, within the canine species there is a large variety in body 
conformation. The short-legged, chondrodysplastic statures of Dachshunds, Basset hounds 
and Welsh Corgis, among others, is caused by a retrogene insertion of the FGF4 gene on 
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CFA18, causing overactivation of FGFR3 receptor signalling 14, which leads to disorganization 
and premature closure of the growth plates of long bones. These chondrodystrophic (CD) 
dogs have different clinical presentations of IVD disease 15. In the NP of CD dogs, the 
notochordal cells disappear at an early age, which is accompanied by early degenerative 
changes 16. In these dogs acute disc disease can occur at several levels (mainly located in the 
cranial cervical or thoracolumbar region) at a relatively young age. Recently, a second FGF4 
retrogene insertion on CFA12 was associated with skeletal dysplasia and IVD disease across 
dog breeds 17. In non-chondrodystrophic (NCD) dogs, the notochordal cells remain the 
dominant cell type throughout the majority of life, maintaining disc health. In these dogs, 
disc disease mainly occurs in a single level as a result of anatomical abnormalities or physical 
overload. They often present with chronic progressive clinical signs, mainly located at the 
lower back or caudocervical spine.  

Differences in several signalling pathways between CD and NCD IVDs including the canonical 
Wnt pathway have been associated with advancing IVD degeneration 18. These observations 
sprouted the hypothesis that articular cartilage might also differ between CD and NCD dogs. 
It is widely accepted that OA mostly occurs in large- and giant breed dogs 4. To our 
knowledge, not much is known regarding differences in OA susceptibility between CD and 
NCD dogs. Therefore, in chapter 2, we aimed to identify possible differences in joint 
homeostasis and OA susceptibility with a focus on the canonical Wnt pathway, since it was 
previously found that Wnt and FGF signalling cooperate in the suppression of chondrocyte 
differentiation 19. With the aid of ex vivo explant cultures and the retrospective evaluation of 
histological and biochemical samples from experimentally induced OA joints, we discovered 
that CD cartilage is better capable of retaining GAGs than NCD derived cartilage. Moreover, 
and surprisingly, in healthy NCD-derived cartilage and synovial tissues, there was a higher 
degeneration and inflammation grade compared to healthy CD tissues, although the average 
age of CD donors was twice as high. With the induction of experimental OA, these 
differences in cartilage damage and synovial inflammation were aggravated. No clear 
differences in Wnt signalling could be detected between healthy cartilage tissue and primary 
chondrocytes derived from healthy cartilage. These findings indicate that CD dogs might be 
protected against OA development, but Wnt signalling may not be the main driver herein. 
Interestingly, anecdotal clinical evidence for this was provided in a study where it was found 
that the Welsh Corgi, a typical CD dog breed, despite having features of hip dysplasia, had a 
low frequency of conventional OA 20. Moreover, humans affected by chondrodysplasia due 
to aberrant FGFR3 signalling, also exhibit a low incidence of OA, despite having bone and 
joint abnormalities 21. Hence, although the exact molecular mechanisms remain to be 
discovered, there is a difference in joint homeostasis caused by chondrodystrophy in dogs. 
To have a better understanding of the underlying OA-protective mechanisms of 
chondrodystrophy, further assessment of molecular pathways in CD and NCD-derived tissues 
from osteoarthritic joints is indicated. The Wnt signalling is known to be altered with OA 22-24 
and the current findings do not yet exclude Wnt signalling as one of the players in the 
observed differential OA susceptibility. In addition to interacting with the FGF pathway, Wnt 
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is also associated with other pathways in chondrocytes, such as BMP/TGF-β and PTHrP 
signalling 25-27.  

Related to this, the assay that was used to determine canonical Wnt activation highlighted 
differences between primary chondrocytes from female and male donors. It has previously 
been shown that both the Wnt signalling pathway and sex hormones play an important role 
in the development of bone and joint tissue 27. During the development of OA sex hormones 
might also play a part 28-30, as females are more frequently affected by OA than men 31, 32. As 
early as 1952 it was recognised that post-menopausal women have a higher risk of 
developing OA, suggesting hormonal influence on the progression of the disease. Later 
research confirmed this, as in a young female population hand OA was more common in 
those after menopause, even after correction for age 33. Osteoporosis is another common 
musculoskeletal disorder in elderly women, caused by declining oestrogen levels after 
menopause. There seems to be an inverse relationship between the occurrence of OA and 
osteoporosis and studies have confirmed roles for Wnt-associated molecules in both OA and 
osteoporosis 34, 35. Knock-out of the Wnt antagonist Frizzled related protein (FRZB) was 
associated with increased OA severity after experimental OA induction, and also with an 
increased bone mass, suggesting increased susceptibility to OA with higher Wnt levels 36. 
Most of these findings were described in humans or mice. In dogs, similar effects on bone 
parameters were found after ovariectomy in bitches, although this seldom leads to clinical 
problems in canines 37-39. Of interest is that both females and bitches have cranial cruciate 
ligament injury and OA more frequently than men and male dogs 40, 41. Moreover, in both 
species, OA development and progression are aggravated with declining hormonal influence 
(i.e. menopause in females, ovariectomy in bitches) 40, 42-45 . Overall, there are indications 
that sex hormones can influence both Wnt signalling and OA development also in the canine 
species and this remains a fascinating area for future research. In clinical veterinary practice, 
these differences should also be considered, as should body weight and activity level. The 
prognosis for OA in CD dogs might be different, and also diagnostic findings should be 
interpreted with caution, as also the macroscopic joint conformation can be different from 
NCD dogs 20, 33, 46.   

 

Development	of	novel	treatment	strategies	for	OA	
It has become increasingly clear that OA is not just characterized by “wear-and-tear” driven 
cartilage degeneration, but that surrounding tissues such as the synovial lining and the 
subchondral bone all play an important role  6, 47, 48.  The recognition of OA as a disease 
involving the whole joint offers new opportunities to identify novel disease-modifying drugs 
(DMOADs) that can target specific joint tissues. In line with this, differentiating OA 
phenotypes has gained increasing attention as different phenotypes might benefit from 
selected treatments. A ‘personalized medicine’ approach, in which a distinction is made 
between OA phenotypes might improve patient stratification, increase the success rate of 
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DMOADs and eventually be cost-effective 49, 50.  A similar approach could be beneficial for 
veterinary patients, as the response to treatment and the course of OA may differ between 
genders and CD and NCD dogs as discussed above.  

To achieve this objective, researchers can use several animal models that aid researchers in 
studying specific aspects of OA. In chapter 3, 4 and 5 a novel treatment strategy was 
explored with the use of both a preclinical model of surgically induced OA and canine 
patients suffering from spontaneous OA. The applicability and disease-modifying actions on 
tissue level of an intra-articular (IA) injection of a drug delivery platform was described in 
chapter 3, while clinical efficacy in canine OA patients was demonstrated in chapters 4 and 
5, in which two different anti-inflammatory drugs were loaded into the drug delivery 
platform.     

In chapter 3 the disease-modifying properties of the COX-2 inhibitor celecoxib were 
investigated, gradually released from polyesteramide microspheres (PEAMs). In line with 
previous studies 51, protective effects of the prolonged celecoxib release were not detected 
on cartilage histology. The absence of protective effects of celecoxib on cartilage may in part 
be explained by the type of OA model used. In fact, surgical procedures themselves may 
introduce confounding factors that affect downstream bone remodelling 52. ACL transection 
with partial medial meniscectomy (ACLT+pMMx) is a commonly used method of OA 
induction in the rat which gives rise to uniform and predictable changes within 4-12 weeks 
53, 54. Although within several weeks post-operatively, the knee joint partly regains stability 
and weight bearing of the operated limb is no longer affected, quick irreversible changes on 
tissue level occur 10. It has been argued that the rapid onset of lesions after surgery may 
make surgical models less responsive to interventions 10. In line with this, ACLT+pMMx 
induced a significant decrease in weight bearing of the operated limbs of the rats in chapter 
3 of this thesis. However, three weeks after surgery, static weight bearing normalized. 
Hereby, we were unable to determine the analgesic effects of the PEAMs loaded with 
celecoxib. Little et al (2012) proposed that the molecular mechanisms of both structural 
damage and pain may be distinct in different animal models and therefore, depending on 
the research question, different or multiple animal models should be used 54. In the study of 
Ferland et al (2011), the ACLT+pMMx model did not induce significant changes in gait 
parameters and pain-related behaviour, measured by the CatWalk and von Frey tests 55. On 
the contrary, the more severe monoiodoacetate (MIA) model did result in clear changes, and 
orally administered celecoxib did have an effect on gait parameters in the beginning of the 
study and an alleviating effect on mechanical allodynia throughout the study. Altogether, 
this could indicate that the ACLT model in our study did not cause substantive chronic 
changes in hind paw weight distribution, that could be counteracted by IA celecoxib.  

Another reason for the lack of differences with the static weight bearing method could be 
that the method was not sensitive enough to capture subtle differences in weight bearing, 
even though it has been reported to produce reproducible results 56. Static weight bearing 
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on each limb is measured when the rats are standing on their hind legs in the experimental 
setup. Weight bearing in a more natural position (i.e. on four legs) could lead to less 
variation and more sensitive measurements. A dynamic weight bearing system could provide 
more accurate weight bearing assessment. In a mice arthritis model, dynamic weight bearing 
could detect an increase in weight bearing when the mice were treated with oral celecoxib, 
as compared to untreated controls 57. Additionally, movement and exercise cannot be 
restricted in rats. Celecoxib-loaded PEAMs may have provided adequate analgesia, which 
resulted in restored use of the OA joint. Lastly, rodents are prey animals. Because of that, 
they have the tendency to disguise any gait deficiencies, as that could attract the attention 
of predators in the wild 56, which could explain the lack of differences. 

To truly assess analgesic effects of prolonged celecoxib release in a clinically relevant animal 
model, we moved forward to client-owned dogs with naturally occurring OA, as a model for 
their own species and human OA patients. Chapter 4 and 5 provided clinical evidence that 
locally applied prolonged celecoxib or triamcinolone acetonide release improved pain-
related behaviour and quality of life in dogs with clinically relevant OA. Clinical trials in 
(veterinary) patients are challenged by the fact that patient variability is relatively large and 
environmental factors are more difficult to control than in experimental animals. At the 
same time, this is also an advantage, as humans and pets are exposed to similar 
environments, which can aid in translation to the general population. Post hoc analyses can 
be performed to investigate whether certain subpopulations respond different to the 
investigated treatment. In the described studies, however, this was not possible due to the 
small patient numbers used typical for a phase I/II clinical study. From our own observations, 
it seemed that patients with severe OA accompanied by extremely large osteophytes 
responded less obvious to the treatment. In these subjects, the range of motion was 
restricted by the peri-articular new bone formed in the natural course of OA. Unfortunately, 
the force plate analysis and the owner can often not distinguish mechanical lameness from 
pain in these patients. For example, some owners did report their dog to behave more 
‘cheerful’ and active after IA injection of PEAMs loaded with one of the two anti-
inflammatory drugs, suggestive for a decrease in pain, but did not observe much difference 
in lameness after any treatment (IA PEAM injection or oral analgesics). Moreover, in some 
dogs, lameness shifted to the contralateral leg on account of bilateral OA and owners found 
it hard to appreciate the difference. These examples illustrate the importance of owner 
questionnaires and ‘subjective’ assessment by the attending veterinarian. Furthermore, it 
would be helpful to educate owners in assessing the mobility of their pet. A clinical design 
including (veterinary) patients limits the possibilities of several outcome measurements, 
such as (frequent) sampling of tissues or bodily fluids, or the possibility of acquiring tissue 
samples by more invasive techniques. In line with this, sufficient synovial fluid was not 
acquired in all dogs at all time-points, thereby limiting the power of the subsequent synovial 
fluid analyses.   
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Upregulation	of	pro-inflammatory	mediators	in	canine	IVDD		
The involvement of low-grade inflammation in OA is well described in literature and 
scientific attention for inflammatory mediators in the process of IVD degeneration is 
increasing. As most reports focus on human subjects, we investigated the inflammatory 
status of healthy and diseased canine IVDs. These results could serve as a basis for the dog 
as a translational model for anti-inflammatory therapies for both canine and human IVD 
disease.   

In Chapter 6, cytokine and chemokine profiles of the degenerating IVD were described. It 
appeared that PGE2 and CCL2 were upregulated in the NPs of degenerated and herniated 
IVDs, compared to non-degenerated or non-herniated IVDs. Moreover, COX-2 expression in 
both the NP and annulus fibrosus (AF) increased with advancing degeneration. Enhanced 
COX-2 expression was also found in surgically obtained NP tissues from dogs with 
symptomatic IVD disease, as was demonstrated in chapter 7. These findings indicate that in 
canine IVD disease, similar to the situation in man, there is a low-grade inflammation, which 
drives degenerative changes inside the NP and IVD. They also justify anti-inflammatory drugs 
as a treatment for clinical IVD disease, for they are capable of inhibiting inflammatory pain. 
This was already demonstrated in clinical trials in man, wherein subjects with LBP show 
(short-term) pain relief from intradiscal injections with IL-6 or TNF-α antagonists 58, 59. 
Clinical results of targeting specific cytokines have been mixed, which might in part be 
explained by the complexity of the cytokine signalling pathways involved in IVDD. Targeting 
COX-2 might have the benefit of directly decreasing downstream PGE2 levels, thereby 
directly influencing nociceptive pathways and LBP and indirectly influencing other 
inflammatory signalling pathways 60. If properly balanced and properly timed, the 
inflammatory response may also contribute to tissue repair 7. This balance between 
inflammation and regeneration has been illustrated in mice lacking IL-1β and TNF-α that 
show decreased M1 macrophage recruitment and impaired axonal regeneration after sciatic 
nerve injury 61. Moreover, biomaterials based on the pro-inflammatory fibrinogen showed 
enhanced MSC recruitment and stimulation of growth factor production, while 
downregulating inflammatory cytokines for bone regeneration in vitro 62, 63.  These findings 
suggest that regeneration goes parallel with (a low level of) inflammation. Notwithstanding, 
pro-inflammatory mediators play a pivotal part in the development of post-traumatic OA, 
that develops after acute injury to the joint. For post-traumatic OA, anti-inflammatory 
therapy seems to attenuate progression of DJD  64, 65. Similar conclusions can be drawn from 
ex vivo models of post-traumatic IVDD 66, 67. Timing, duration and type of disease could also 
make a difference, as the role of pro-inflammatory mediators are helpful to repair acute 
tissue damage after injury, but feed the vicious cycle in a chronic degenerative state. 
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Development	of	novel	treatment	strategies	for	low	back	pain		
Since IVDD is driven by catabolic and anti-anabolic actions of pro-inflammatory mediators, a 
sensible regenerative approach would be the local delivery of anabolic or anti-inflammatory 
factors 68. However, systemically administered drugs often fail to reach sufficient drug 
concentrations in the poorly vascularised NP, and effects are often short-lived 69, 70. Even 
locally delivered drugs, growth factors or MSCs are only short-acting, thereby limiting their 
regenerative effects 68. Drug delivery platforms based on biodegradable polymers can 
facilitate safe and prolonged local delivery of bioactive substances into the degenerated IVD 
71-73. Our group has previously demonstrated in vivo biocompatibility of a pNIPAAM-based 
hydrogel, a PCLA-PEG-PCLA hydrogel and a polyesteramide microsphere platform as part of 
the BioMedical Materials (BMM) program IDiDAS (Fig. 1) 74-76.  

Historically, several strategies have been explored using biomaterials to regain a functional 
spinal unit. Earlier research focused on metallic or non-metallic devices that mimicked 
biomechanical properties of the disc 77, 78. However, the use of these prosthetic discs 
requires surgery and has been associated with implant migration and the lack of sustained 
stresses 72. More recent studies have focused on polymer-based biomaterials, to either 
substitute the NP in late stages of degeneration or to function as a carrier/ scaffold for 
biomolecules and cells in early disease, without necessarily immediately reconstituting the 
biomechanical properties of the treated disc 71, 79. In the latter, minimally invasive 
procedures are preferred, and degradation of polymers should result in non-toxic products.  

In this thesis, the intradiscal application of the previously studied biomaterials was explored 
further. The PCLA-PEG-PCLA hydrogel described in chapter 7 is liquid at room temperature 
but becomes viscous at body temperature, thereby facilitating local injection through a long 
(epidural) small diameter needle. In addition, it reduces the risk of leakage from the disc into 
the epidural space, considering the fact that in IVDD also the AF, that constrains the NP, is 
degenerated and loses its biomechanical properties. In this study, small quantities of 
hydrogel were injected acting as a drug carrier, without increasing intradiscal pressure, 
facilitating the local and extended delivery of celecoxib.  

As the goal was to restore the functional disc tissue in an early to moderately degenerated 
IVD (in addition to pain relief), care was taken not to inflict iatrogenic damage with local 
injections. In a clinical setting, reinjections should be kept to a minimum and injections 
should be performed with small Gauge needles and small injection volumes 80. Minimally 
invasive percutaneous intradiscal injections are already being performed on a regular basis 
in patients with low back pain. For example, ablation with oxygen-ozone (O2-O3) to aid in 
retropulsion and digestion of disc tissue was described in a large group of patients with 
lumbar disc herniation 81. Moreover, methylene blue has been applied intradiscally in LBP 
patients on account of its neurolytic properties 82. Although clinical outcomes were 
favourable for both therapies, they are not aimed to restore disc homeostasis. In contrast, 
the aim of prolonged local exposure to celecoxib was to exert an anti-inflammatory and 
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ideally also regenerative effect on tissue level. The intradiscal application of celecoxib-
loaded PCLA-PEG-PCLA hydrogel resulted in long-term reduction of LBP in the majority of the 
treated dogs, although no regenerative effects were perceived on MRI at the relatively short 
term follow up period of 3 months. We cannot exclude that next to finding the optimal 
loading dose of the anti-inflammatory drug in order to achieve the optimal balance in the 
interplay of inflammation and regeneration, considerably longer term follow up may be 
needed to observe structural regenerative effects at the disc level.  

 

 

Figure 1.  Intradiscal delivery of anti-inflammatory medication incorporated in microspheres (left) or 
hydrogels (right) that provide sustained release, could enhance repair of the degenerated 
intervertebral disc.  Adapted from ©BMM / Rogier Trompert Medical Art. 

 

In order to further optimise the intradiscal delivery of celecoxib, higher loading dosages 
were investigated in a preclinical canine IVD model in chapter 8. In addition to a reduction of 
inflammation, a single injection of celecoxib-loaded microspheres resulted in significantly 
higher signal intensity on qualitative and quantitative MRI, and preservation of disc height, 
as compared to treatment with unloaded PEAMs. In line with this, less degenerative changes 
were present on histological and biochemical analysis, indicative of an inhibitory effect of 
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celecoxib on the degenerative process. A decrease in two pain mediators, PGE2 and neuronal 
growth factor (NGF) were found, but no assessments on pain could be performed in this 
study, due to the fact that multiple levels per dog were injected. Therefore, in chapter 9 the 
setup of an ongoing prospective study is described in which the clinical effect of an 
intradiscal injection with celecoxib-PEAMs in client-owned dogs with degenerative 
lumbosacral (DLSS) is being assessed taking into consideration also the placebo effect.  

Local application of anti-inflammatory drugs is only suitable for therapeutic intervention in 
early to moderate stage IVD disease. When severe degenerative changes have occurred in 
the lumbosacral region, surgery is often the only option. Dorsal laminectomy, the preferred 
procedure in canine patients, includes partial removal of the laminar bone of L7 and S1, 
followed by the removal of degenerated disc material (nuclectomy). Facetectomy and 
foraminotomy can achieve further decompression of neural tissue, although it can lead to 
increased lumbosacral instability 83. In the short-term, surgical intervention leads to clinical 
improvement in 78-93% of patients, but in the long term, clinical signs recurred in 17-38% 84, 

85.  Chapter 10 reported on the use of pedicle screw-rod fixation (PSRF) of the lumbosacral 
junction in 12 dogs with severe DLSS, as an adjunctive treatment to dorsal laminectomy, or 
in case of revision surgery.  Screw placement was considered correct in 93% of the screws. 
The implants used were the smallest PSRF implant set available for paediatric human 
procedures, which fitted in medium- to large sized dogs. However, penetration of the ventral 
cortex was reported for four screws, three of them in the two smallest dogs. In the future, 
customized veterinary implants or 3D printed implants could optimise implant size for each 
patient, if necessary. Another strategy to further improve screw placement could consist of 
3D-printed virtual drill guides, based on the pre-operatively performed CT scan, as described 
for the placement of cervical transpedicular screws in dogs. These drill guides could reduce 
surgical time and optimise screw placement, although the percentage correct screw 
placement was not higher than in our study 86.  

The described salvage procedure of PSRF can be further improved considering the clinical 
representation and related biomechanics. In 4/12 dogs treated with PSRF, distraction of the 
LS junction was performed to increase the neuroforaminal apertures of L7-S1, hypothetically 
leading to more decompression of exiting spinal nerves. Distraction of the lumbosacral IVD 
space was maintained in 3 out of 4 dogs, while in 1 dog, there was radiographic evidence of 
IVD space collapse 1 week post-operatively (resulting in aggravated low back pain). To 
prevent collapse of the disc space, an intervertebral cage can be added to the PSRF 
construct, or used as a stand-alone device to increase spinal stability and restore disc height, 
in combination with dorsal laminectomy 87. A larger decrease in range of motion was seen 
when PSRF and a cage were combined, as compared to a cage alone. Whether this 
difference is clinically relevant remains to be explored in canine patients with long-term 
follow-up. From studies on lumbar spinal fusion in man, it has become clear that although 
there is a significant increase in radiographic adjacent segment pathology (ASP), the 
incidence of clinical signs related to ASP is substantially lower and does not correlate well 
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with radiographic findings 88. One systematic review found an increase of ASP after lumbar 
fusion compared to (motion sparing) total disc replacement, with an increased risk 
attributed to fusion of 5.8% 89. Another meta-analysis compared lumbar fusion with lumbar 
pedicular dynamic stabilisation and concluded that both techniques did not differ in terms of 
functional recovery and motion preservation, although they did find higher complication 
rates and ASP development in the patients treated with fusion 90. It should be noted that 
ASP rates are low and therefore, the overall statistical ‘strength’ is low to moderate. 
Moreover, several confounding factors such as fusion length, age, obesity and pre-existing 
degenerative changes feed the existing controversy regarding the true aetiology of ASP 88, 91. 
In canines, evidence of ASP is limited to one report on outcome after transarticular fixation 
in dogs with DLSS, in which no ASP was radiographically observed after a median follow-up 
time of 12 months 92. Whether ASP is also clinically relevant in canines with DLSS needs to be 
evaluated, as dogs have shorter lifespan than their human counterparts, and they load their 
(lumbosacral) spine in a different way.  	

	

Considerations	and	future	perspectives		
Several therapeutic strategies are being investigated in order to regenerate the diseased 
joint or IVD 71, 79. Most studies focus on tissue regeneration via gene therapy, stem cells  or 
the application of growth factors, with a subset targeting inflammation in order to reduce 
clinical signs and halt degeneration 93-96. A less invasive, more economic and more uniform 
approach could be the local delivery of well-known anti-inflammatory drugs 97. 
Corticosteroids have shown to provide short-term pain relief in patients with OA and LBP, 
but are also associated with reduced tissue healing and negative effects at tissue level 98-100. 
Selective NSAIDs are also effective in inhibiting pain and inflammation, and have favourable 
safety profiles. However, to date their application remains oral or topical, no formulations 
for local NSAID injection are available, yet. When combined with suitable biomaterials, 
dosage and release of small-molecule anti-inflammatory drugs can be tailored to the specific 
needs of the target tissues, thereby providing long-term pain relief even after a single 
injection. Re-injections could be provided, if necessary. Therefore, the biomaterials should 
be biodegradable and result in non-toxic degradation products. Moreover, in inflammatory 
diseases, drug delivery platforms can be designed to behave autoregulatory, as the levels of 
proteases that breakdown the biomaterial are correlated with the presence of inflammation 
51. If there is a low level of inflammatory mediators present, release will be more gradual 
than in tissues with a higher inflammatory profile. In the latter, higher local drug 
concentrations can be required.  

The ultimate goal is tissue regeneration in an early disease state, to postpone or even 
replace more invasive therapies. In this extent, is it imperative to assess the joint or the IVD 
as an organ 101, and consider not only cartilage or NP, but also take into account adjacent 
bone and connective tissues. By targeting synovial inflammation or delay progressive bony 
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changes, overall disease progression can be decelerated 6, 58, 102-105. When bringing this closer 
to the patient, imaging modalities that help form guidelines on staging and phenotyping the 
patient will help instruct and design appropriate therapeutic treatment strategies. Those 
may for example entail, dependent on the stage of the disease, at an early stage the 
sustained release of anti-inflammatory drugs, while at intermediate stages of the disease a 
combination thereof with cell- and/or growth factor-based strategies.  

Studies in this thesis have shown that local delivery of celecoxib has both analgesic, anti-
inflammatory at the joint and disc level and even regenerative effects at the disc level. 
Clinical improvement of OA patients was also perceived after local extended delivery of 
triamcinolone acetonide. Future research should focus on which treatment is suitable for 
which patient, and in which stage. Local injections can be used in young individuals to 
postpone invasive surgery if there is no acute surgical indication but can also be applied in 
(veterinary) patients with end stage disease that are refractory to surgical treatment or 
suffer from comorbidities that make surgical intervention undesirable. In case of DLSS, 
however, some patients might benefit more from surgery, for example if there are 
indications of neuroforaminal stenosis or severe compression of the cauda equina. Similar 
considerations should be made regarding spinal fusion, since it is known that certain dogs 
have recurrence of clinical signs after standard decompressive surgery. The optimisation of 
more advanced diagnostic modalities (i.e. dynamic MRI) could provide additional 
information to the surgeon to decide on the surgical approach. 

With the advancement of biomedical knowledge and (veterinary) health care, the emphasis 
will shift to personalized medicine. By performing an extended diagnostic workup and 
subsequently applying the most optimal treatment for each individual patient, treatment 
efficacy and eventually costs will improve.  
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Key	points	of	this	thesis	
 

Development	of	novel	treatment	strategies	for	OA	
• In healthy cartilage there are differences between dog breed types, presumably 

caused by chondrodystrophy. NCD-derived cartilage seemed to be more sensitive to 
pro-inflammatory stimuli than cartilage from CD dogs, possibly predisposing NCD 
dogs to the development of OA.  

• Local sustained release of celecoxib from polyesteramide microspheres (PEAMs) in a 
preclinical OA rat model demonstrated inhibition of synovial inflammation and 
subchondral bone changes.  

• Sustained celecoxib release from PEAMs in the presence of canine primary 
chondrocytes was confirmed for 28 days and suppressed PGE2 during the entire 
culture period, without negatively influencing cellular homeostasis.  

• A randomized controlled trial confirmed clinical efficacy of local application of 
celecoxib-loaded PEAMs in client-owned dogs with OA: there was improvement in 
lameness and pain-related behaviour, accompanied by decreased PGE2 levels in the 
synovial fluid.  

• Sustained intra-articular release of triamcinolone acetonide from PEAMs resulted in 
less lameness and pain-related behaviour in 12 client-owned dogs suffering from OA.  
 

Development	of	novel	treatment	strategies	for	low	back	pain		
• Levels of pro-inflammatory mediators PGE2 and CCL2 in degenerated and herniated 

IVDs were significantly higher compared with non-degenerated and non-herniated 
canine IVDs. COX-2 expression in the NP and AF, and reactive changes in the AF 
increased with advancing degeneration stages.  

• The safety and feasibility of intradiscal delivery of the COX-2 inhibitor celecoxib 
loaded on a thermoresponsive hydrogel were demonstrated in vivo, in both 
experimental Beagles with naturally occurring IVDD and in a clinical setting with 
canine patients suffering from chronic low back pain.  

• In vitro, celecoxib release from PEAMs was shown for over 28 days resulting in 
prolonged inhibition of PGE2 production, and anti-catabolic effects in NP cells from 
degenerated IVDs on gene expression level.  

• Celecoxib incorporated in PEAMs was safely administered intradiscally in 
experimental dogs, exerted anti-inflammatory and anti-degenerative effects, and 
reduced expression of inflammatory- and pain mediators PGE2 and NGF.  

• PSRF offered a surgical treatment option for large breed dogs with severe in which no 
other treatment was available. 
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The main aim of the research reported in this thesis was to develop novel treatment 

strategies for osteoarthritis (OA) and intervertebral disc (IVD) disease, in order to prevent or 

delay disease progression. To this end, anti-inflammatory drugs loaded in controlled release 

platforms were delivered via intra-articular (IA) or intradiscal injection directly into the 

degenerated joint or IVD tissue, in preclinical models as well as in phase I/II studies in 

veterinary patients. In addition, for cases of severe disc degeneration, when both 

conservative and standard-of-care surgical treatment fail, the feasibility and efficacy of 

instrumented fusion of the affected spinal unit were explored in veterinary patients.  

 

Background 
Degenerative joint diseases, such as OA and IVD degeneration are clinical entities in both 

human beings and companion animals. The joint and IVD share many similarities regarding 

extracellular matrix organization and the cascade of degenerative events. Both healthy 

articular cartilage and the nucleus pulposus, which resides in the core of the IVD, are 

avascular and aneural tissues, but with advancing degeneration, there is invasion of 

inflammatory cells, blood vessels and nociceptive nerve endings. Pro-inflammatory 

mediators produced by both resident and invading cells promote catabolic tissue changes 

and sensitization to pain. Underlying bone interacts on a molecular level and gives rise to 

osteophytes, bone cysts and eventually becomes sclerotic. All these changes can cause 

clinical symptoms such as pain and reduced mobility. 

 

Current therapies for OA and IVD degeneration can be divided into conservative and surgical 

modalities. Conservative disease management broadly consists of oral (non-steroidal) anti-

inflammatory drugs, optimal body weight maintenance, altered exercise regime and physical 

therapy, which can be supplemented by oral analgesics such as opioids and GABA-agonists, 

and nutraceuticals. There is a variety of surgical techniques available, depending on the 

involved joint and severity of degenerative changes. They can involve removal of abnormal 

tissue, altering biomechanics, joint-stabilizing techniques or joint replacement. However, 

these therapies do not restore biomechanical function or homeostasis of the extracellular 

matrix and resident cells and hence can still lead to progression of degenerative joint 

disease. IA or intradiscal injections are a safe and elegant way to directly deliver drugs into 

the diseased tissue. Biomaterials play an important role in local drug applications. 

Biomaterial characteristics can be tapered to guarantee safe delivery and sustained and 

controlled release of the encapsulated drug. In view of the inflammatory character of joint 

and disc degeneration, studies on minimally invasive local application of anti-inflammatory 

drugs were undertaken for early disease stages. Prolonged exposure of anti-inflammatory 

drugs was hypothesized to provide analgesia and to slow down the progression of 

degeneration on tissue level. Safety and efficacy of biomaterials releasing anti-inflammatory 

drugs were first evaluated in vitro and in vivo in preclinical studies. The optimised 

medication was further translated in the veterinary clinic utilizing the canine OA and low 
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back pain patient as a research model for translation of treatments for veterinary and 

human patients. For end stage IVD disease, long-term follow-up of surgical stabilization of 

the lumbosacral junction in canine patients inspired from ongoing surgical procedures 

employed in human patients was described.  

 

Part I: Development of novel treatment strategies for OA  

Dog breeds vary greatly in size and body conformation and one-size-fits-all might not apply. 

Differences in pathophysiology and clinical presentation of IVD disease confirm that this is 

indeed the case. For that reason, Chapter 2 explored whether there are intrinsic differences 

in cartilage and synovial tissues derived from chondrodystrophic (CD) and non-

chondrodystrophic (NCD) dogs, and if so, whether they could account for a differential 

susceptibility to OA development. It appeared that in macroscopic healthy joints of young 

adult NCD dogs, unlike in those of CD dogs, there were already early signs of cartilage 

degeneration and synovial inflammation. Meta-analysis of retrospective data from 

standardized experimental canine OA models revealed that NCD dogs responded with more 

severe osteoarthritic changes and synovial inflammation than CD dogs. On a biochemical 

level, CD dogs were also better capable of retaining GAGs inside the cartilage. No differences 

were found regarding canonical Wnt signalling in healthy cartilage. These findings have 

implications for future fundamental and translational research, since the type of dog used in 

preclinical research might influence study outcomes. Empirical evidence indicates that 

clinical OA is more prevalent in NCD dogs. If epidemiological studies confirm these 

differences, different diagnostic and therapeutic protocols could be developed for different 

dog breeds (i.e., personalised veterinary medicine). 

To cater to the increasing need for minimally invasive treatments for OA in both people and 

companion animals, the research has focused on local controlled delivery systems for novel 

or well-known medications. COX-2 inhibitors such as celecoxib are known to be effective 

against OA pain and are postulated to possess disease-modifying properties. The long-term 

use of oral NSAIDs, which is inevitable in certain patient populations due to the chronic 

progressive nature of OA, can lead to undesirable side effects. Intra-articular delivery of a 

drug platform that provides prolonged celecoxib release is a promising strategy for OA 

patients: it reduces systemic drug exposure and can enhance treatment efficacy. Modern 

drug delivery systems are mostly based on biodegradable polymer carriers, for example as 

injectable hydrogels or microparticles that provide constant gradual drug release. The study 

reported in Chapter 3 shows promising preclinical findings of celecoxib-loaded 

polyesteramide microspheres in a surgical OA rat model. Although no protective effects on 

cartilage pathology could be assessed, the prolonged IA presence of celecoxib did effectively 

reduce important OA hallmarks, i.e., synovial inflammation, subchondral bone changes (i.e. 

subchondral sclerosis, bone cysts) and osteophyte formation.  

 

For that reason, the step from bench to the veterinary bedside was made in Chapter 4. A 

prospective, randomized controlled clinical study confirmed safety and clinical efficacy of 
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locally injected celecoxib-loaded microspheres in companion dogs with clinical OA. Only in 

the group that received celecoxib-loaded microspheres was a reduction of clinical signs 

perceived. In line with the findings reported in Chapter 3, attenuation of synovial 

inflammation was seen with celecoxib-loaded microspheres; no effects on radiological read 

out parameters were found during the two-month follow up period. In Chapter 5, 

preliminary safety of IA administration of microspheres loaded with triamcinolone acetonide 

was investigated in a patient population with moderate to severe OA. Objective kinetic gait 

analysis and owner questionnaires show that in the majority of client-owned dogs  

prolonged IA triamcinolone acetonide release led to improvement. Unloaded microspheres 

and microspheres loaded with celecoxib or triamcinolone acetonide were applied without 

substantial adverse clinical or radiological effects. These results are promising for the 

translation of local drug delivery platforms in both human and veterinary medicines. 

 

Part II: Development of novel treatment strategies for low back pain  

The second part of the research reported in this thesis focused on innovative therapies for 

chronic low back pain. Studies on human tissue show that in IVD degeneration, as in OA, pro-

inflammatory cytokines drive the degenerative cascade. Whether these pro-inflammatory 

mediators are also associated with canine IVD degeneration, and in which stage of the 

disease, was not previously investigated in detail. For that reason, inflammatory profiles in 

canine IVD degeneration were assessed in Chapter 6. Levels of pro-inflammatory cytokines 

prostaglandin E2 and CLL2 were higher in degenerated and herniated IVDs, compared to 

non-degenerated IVDs in situ. COX-2 protein expression, the enzyme that mediates 

prostaglandin E2 production, in the NP and AF and reactive changes in the AF increased with 

advancing degeneration stages. These findings indicate first that similar inflammatory 

factors are involved in IVD in canine and human discs, justifying the use of canines as a 

suitable pre-clinical or clinical model to investigate novel therapies. Second, by targeting 

inflammation in an early disease stage, the degenerative process could be halted or even 

reversed after local delivery of anti-inflammatory drugs, in both people and dogs.  

 

For that reason, local application of celecoxib, delivered in a thermoresponsive PCLA-PEG-

PCLA hydrogel (Chapter 7), and α-amino-acid based biodegradable polyesteramide 

microspheres (Chapter 8) were studied. Both controlled release platforms were based on 

biodegradable polymers with non-toxic degradation products and favourable sustained drug 

release profiles in previously published in vitro or in vivo studies. Both drug delivery systems 

showed good biocompatibility and did not influence tissue homeostasis upon intradiscal 

injection in an experimental canine IVD degeneration model. Percutaneous intradiscal 

administration of the celecoxib-loaded PCLA-PEG-PCLA hydrogel showed favourable clinical 

results in a preliminary safety study in companion dogs suffering from degenerative 

lumbosacral stenosis. Chapter 9 describes the setup of a prospective, randomized, 

controlled clinical study to provide clinical evidence of applicability of percutaneous 

intradiscal injection of celecoxib-loaded microspheres. The study is ongoing.  
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Low back pain resulting from degenerative lumbosacral stenosis (DLSS) frequently occurs in 

large breed dogs and is associated with degeneration and protrusion of the IVD and spinal 

instability. When conservative management is insufficient, surgical decompression is 

indicated. Although short-term outcome is high, recurrence of clinical signs is reported in up 

to 38% of cases, presumably caused by worsening of LS instability. Chapter 10 concludes this 

thesis with promising medium to long-term follow-up of 12 client-owned dogs with severe 

low back pain. When DLSS has progressed and conservative and surgical methods have 

proven insufficient, PSRF with or without spinal distraction should be considered as a 

suitable treatment strategy. With PSRF alone, no interbody fusion of L7 and S1 was 

achieved. To achieve bony fusion of the lumbosacral junction, extensive burring of both end 

plates, the application of an (autologous) bone graft and/ or the application of growth 

factors should be further investigated. 
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Het overkoepelende doel van de studies beschreven in dit proefschrift is het ontwikkelen 

van behandelingen voor gewrichtsslijtage (artrose) en slijtage (degeneratie) van de 

tussenwervelschijf (TWS) in een vroeg stadium van de aandoening, om pijn te bestrijden en 

het ziekteverloop te vertragen, bij zowel mens als hond. Hierdoor kunnen meer belastende 

medicamenteuze of chirurgische behandelingen uitgesteld of zelfs voorkomen worden. In 

het kader hiervan zijn studies uitgevoerd waarin de werkzaamheid onderzocht werd van een 

lokale injectie in het aangedane gewricht of de aangedane tussenwervelschijf, met 

biocompatibele en biologisch afbreekbare gecontroleerde afgiftesystemen, die geleidelijk 

ontstekingsremmende medicatie aan het omringende weefsel afgeven. Voor honden met 

ernstige lage rugpijn door TWS slijtage, waarbij de gangbare therapieën onvoldoende effect 

hebben, is de effectiviteit van chirurgische fusie van de lage rug met implantaten 

onderzocht. 

 

Achtergrond 
Degeneratieve gewrichtsziekten zoals artrose en lage rugpijn als gevolg van TWS degeneratie 

zijn veelvoorkomende klinische problemen bij zowel mensen als gezelschapsdieren. Het 

gewricht en de TWS vertonen veel overeenkomsten op weefsel- en celniveau, en ook wat 

betreft de pathologische veranderingen van het weefsel. Zowel gewrichtskraakbeen als de 

kern van de TWS, de nucleus pulposus, bevatten in een gezond stadium geen bloedvaten of 

zenuwuiteinden. Met het proces van degeneratie dringen vaten en zenuwen wel het weefsel 

binnen, samen met ontstekingscellen. De ontstekingsmediatoren geproduceerd door zowel 

de natieve cellen als de inkomende ontstekingscellen stimuleren afbraak van het 

omringende weefsel, en zorgen voor het genereren van pijnsignalen. Het onderliggende bot 

doet ook mee aan dit degeneratieproces, en uiteindelijk ontstaan er botveranderingen zoals 

osteofyten (benige uitsteeksels). Al deze veranderingen kunnen resulteren in pijn en 

verminderde mobiliteit. De huidige therapie-opties voor artrose en TWS degeneratie kunnen 

verdeeld worden in conservatieve en chirurgische modaliteiten. Conservatieve therapie 

bestaat globaal uit orale (non-steroïdale) ontstekingsremmers, gewichtsmanagement, een 

aangepast bewegingsregime en fysiotherapie, eventueel aangevuld met opioïd-achtige 

pijnstillers en/ of voedingssupplementen zoals omega-3 vetzuren. Er zijn veel verschillende 

chirurgische behandelmethoden beschikbaar, afhankelijk van onder andere de lokalisatie, de 

ernst en de aard van de aandoening. Zo kan men chirurgisch afwijkend weefsel verwijderen, 

bijvoorbeeld bij een hernia, of in een vergevorderd geval het gewricht of de rug met 

implantaten stabiliseren, of het gewricht vervangen door een prothese. Deze therapieën 

herstellen echter niet de homeostase van het weefsel en de cellen, en kunnen daarom 

progressie van degeneratie niet voorkomen.  

 

Intra-articulaire of intradiscale injecties zijn een veilige en elegante manier om medicijnen 

direct in het aangetaste weefsel toe te dienen.  Biomaterialen kunnen zo gemaakt worden 

dat ze injecteerbaar zijn door een dunne naald, en ze geleidelijke afgifte van 
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geïncorporeerde bio-actieve stoffen kunnen faciliteren. Vanwege het inflammatoire karakter 

van artrose en TWS degeneratie zijn er studies uitgevoerd om een minimaal-invasieve lokale 

toediening van anti-inflammatoire medicatie te optimaliseren. De hypothese was dat 

langdurige lokale blootstelling aan anti-inflammatoire medicatie zorgt voor analgesie 

(pijnstilling) en ook het ziekteproces op weefselniveau afremt. De veiligheid en effectiviteit 

van de gecontroleerde afgifte van anti-inflammatoire medicijnen uit biomaterialen werden 

eerst geëvalueerd in preklinische studies, zowel in vitro als in vivo. De geoptimaliseerde 

medicatie werd verder vertaald naar de veterinaire kliniek, waarbij cliëntgebonden honden 

met artrose en lage rugpijn als gevolg van TWS degeneratie behandeld werden. In dit geval 

diende de hond zowel als model voor zijn eigen species, alsook als model voor de mens. 

Voor honden met vergevorderde TWS degeneratie, refractair op zowel conservatieve als 

chirurgische interventie, is chirurgische stabilisatie van de lumbosacrale overgang verder 

onderzocht.  

 

Deel I: de ontwikkeling van nieuwe behandelstrategieën voor artrose  

Hondenrassen variëren aanzienlijk in grootte en lichaamsbouw, en one-size-fits-all gaat hier 

niet altijd op. Een mooi voorbeeld hiervan is TWS degeneratie en daaruit voortvloeiend de 

hernia nuclei pulposi. De pathofysiologie en klinische presentatie van deze aandoening zijn 

beduidend anders in kortpotige chondrodystrofe (CD) en normaal geproportioneerde niet-

chondrodystrofe (NCD) honden. Omdat de korte poten bij CD honden veroorzaakt worden 

door een verstoring van de enchondrale verkalking (de transitie van kraakbeen naar bot), 

werd in hoofdstuk 2 onderzocht of er intrinsieke verschillen zijn in het kraakbeen en 

synovium van CD en NCD honden, en of dit verschil invloed heeft op de gevoeligheid voor 

het ontwikkelen van artrose. Meta-analyse van retrospectieve data van gestandaardiseerde 

artrose-inductie in honden in experimentele setting toonde een hogere mate van artrotische 

veranderingen en synoviale inflammatie in NCD kraakbeen dan in kraakbeen van CD honden. 

Op biochemisch niveau was het CD kraakbeen beter in staat om glycosaminoglycanen in het 

kraakbeen te behouden tijdens een kweekperiode van 21 dagen. Er werden geen verschillen 

in Wnt signalering gevonden in gezond kraakbeen van CD en NCD honden. Desalniettemin 

hebben bovenstaande bevindingen implicaties voor toekomstig onderzoek, omdat het type 

hond dat gebruikt wordt in preklinisch onderzoek de studieresultaten kan beïnvloeden. 

Empirisch bewijs indiceert ook dat in de veterinaire praktijk artrose vaker voorkomt in NCD 

honden, al is hier nooit gericht onderzoek naar verricht. Epidemiologische studies hiernaar 

zouden kunnen leiden tot andere diagnostische en therapeutische protocollen voor de 

verschillende hondenrassen (een soort gepersonaliseerde diergeneeskunde). 

 

Om aan de toenemende vraag naar minimaal invasieve behandelingen voor degeneratieve 

gewrichtsziekten bij mens en hond te voldoen, is steeds meer onderzoek gericht op lokaal 

injecteerbare afgifte systemen voor nieuwe of al geregistreerde medicijnen. Bestaande COX-

2 remmers zoals celecoxib zijn effectief in de bestrijding van gewrichts- en lage rugpijn, en 

hebben wellicht ook gunstige effecten op het ziekteverloop van artrose en TWS degeneratie. 
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Langdurig oraal gebruik van NSAIDs kan echter leiden tot ongewenste systemische 

bijwerkingen. Lokale toediening van een platform dat gedurende langere tijd celecoxib 

afgeeft aan het omringende weefsel zou bijwerkingen kunnen omzeilen en de lokale 

effectiviteit verhogen. Innovatieve afgiftesystemen zijn gebaseerd op biologisch afbreekbare 

polymeren, bijvoorbeeld in de vorm van injecteerbare hydrogelen of micropartikels, die een 

constante afgifte van medicijnen garanderen gedurende langere tijd (weken tot maanden). 

De gecontroleerde afgifte van celecoxib uit micropartikels is onderzocht in een artrose 

model in hoofdstuk 3. Hoewel er geen beschermend effect op kraakbeen niveau zichtbaar 

was, werden er wel minder botveranderingen en synoviale ontsteking gezien. In hoofdstuk 4 

is daarom de stap gemaakt naar de toepassing in veterinaire patiënten. Een prospectieve, 

gerandomiseerde placebogecontroleerde studie bevestigde de klinische effectiviteit van een 

intra-articulaire injectie met celecoxib-geladen microsferen in cliëntgebonden honden met 

artrose. In overeenstemming met hoofdstuk 3 was er een reductie van synoviale ontsteking. 

In hoofdstuk 5 zijn de resultaten beschreven van een preliminaire studie naar de intra-

articulaire toepassing van microsferen geladen met het corticosteroïd triamcinolone 

acetonide in cliëntgebonden honden met ernstige artrose. De behandeling leidde in de 

meerderheid van de patiënten tot klinische verbetering, afgelezen aan objectieve gangen 

analyse en vragenlijsten aan de eigenaar. Zowel de ongeladen microsferen als de 

microsferen geladen met celecoxib of triamcinolone acetonide leidden niet tot ongewenste 

bijeffecten. Deze resultaten zijn veelbelovend in de vertaling van lokale afgiftesystemen met 

ontstekingsremmende medicatie naar de humane en veterinaire kliniek.  

 

Deel II: de ontwikkeling van nieuwe behandelstrategieën voor lage rugpijn 

Het tweede deel van deze dissertatie is gericht op innovatieve behandelmethoden voor lage 

rugpijn. Uit studies met humane patiënten is naar voren gekomen dat bij TWS degeneratie 

er een belangrijke rol is weggelegd voor pro-inflammatoire mediatoren. Of dit ook het geval 

is in honden, was nog niet eerder in detail onderzocht op weefselniveau. In hoofdstuk 6 zijn 

dan ook de pro-inflammatoire profielen van de verschillende stadia en uitingsvormen van 

TWS degeneratie in kaart gebracht. De concentraties van het pro-inflammatoire 

prostaglandine GE2 en het chemokine CCL2 waren hoger in gedegenereerde en gehernieerde 

TWS dan in niet-gedegenereerde en niet gehernieerde tussenwervelschijven. De 

eiwitexpressie van COX-2 en de reactieve veranderingen van het weefsel waren hoger 

naarmate de degeneratie toenam. Deze bevindingen wijzen erop dat er overeenkomstige 

pro-inflammatoire factoren aanwezig zijn in TWS degeneratie bij de hond. Hiermee wordt 

het gebruik van de hond in een experimentele setting gerechtvaardigd in de ontwikkeling 

van nieuwe therapieën voor chronische rugpijn. Tevens is het streven om ook voor honden 

dergelijke therapieën aan te bieden.  

 

Op basis van bovengenoemde resultaten is de lokale toediening van celecoxib, 

geïncorporeerd in een thermoresponsieve PCLA-PEG-PCLA hydrogel (hoofdstuk 7) en 

polyesteramide microsferen (hoofdstuk 8) onderzocht. Beide gecontroleerde 
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afgiftesystemen zijn biologisch afbreekbare polymeren met een gunstig afgifteprofiel en 

zonder toxische afvalproducten, zoals beschreven in eerdere in vitro als in vivo studies. Beide 

gecontroleerde afgiftesystemen lieten een goede biocompatibiliteit zien na intradiscale 

injectie bij Beagles met experimenteel opgewekte TWS degeneratie. Zowel het biomateriaal 

alleen als het biomateriaal met celecoxib beïnvloedden de weefselhomeostase niet. 

Percutane intradiscale toediening van de PCLA-PEG-PCLA hydrogel met celecoxib resulteerde 

in gunstige klinische resultaten in honden met lage rugpijn door degeneratieve lumbosacrale 

stenose (hoofdstuk 7). In hoofdstuk 9 is de opzet van een prospectieve, gerandomiseerde 

placebogecontroleerde studie beschreven waarmee het klinische effect van een percutane 

intradiscale injectie met microsferen met celecoxib wordt geëvalueerd.  

 

Lage rugpijn komt vaak voor bij honden van grote rassen en is geassocieerd met degeneratie 

en protrusie van de TWS en met spinale instabiliteit. Voor honden die niet voldoende (meer) 

reageren op de conservatieve therapie, is chirurgische decompressie geïndiceerd. Hoewel 

het grootste gedeelte van de honden significante klinische verbetering vertoont na de 

operatie, wordt recidive van de klachten gezien in ruim een derde van de behandelde 

honden. Wellicht is het verergeren van de spinale instabiliteit een gevolg van de chirurgische 

ingreep een belangrijke oorzaak van deze recidiverende klachten. Bij honden die al dan niet 

geopereerd zijn, waarbij lumbosacrale instabiliteit een belangrijke rol in het klinische 

klachtenpatroon lijkt te spelen, zou chirurgische stabilisatie van de lumbosacrale overgang 

een geschikte therapeutische strategie kunnen zijn. In hoofdstuk 10 werd daarom een 

cohort van 12 cliëntgebonden honden met ernstige degeneratieve lumbosacrale stenose 

beschreven die zijn behandeld met pedikelschroeffixatie en voor langere tijd zijn gevolgd. Uit 

de resultaten van deze retrospectieve studie kon worden geconcludeerd dat 

pedikelschroeffixatie, met of zonder spinale distractie, een veilige en effectieve behandeling 

is voor honden waarbij eerder conservatief en chirurgisch ingrijpen niet afdoende was. 

Alleen fixatie met het pedikelschroeven systeem gaf in dit cohort honden geen direct benige 

fusie tussen L7 en S1.  
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ACAN   Aggrecan 
AC   Articular cartilage cell 
ACL   Anterior cruciate ligament 
ACLT   Anterior cruciate ligament transection 
ACS   Autologous conditioned serum 
ADAMTS5  A disintegrin and metalloproteinase with thrombospondin motifs 5  
AF   Annulus fibrosus 
AIC   Akaike Information Criterion 
Asap   Ascorbic acid 2-phosphate 
ASC   Adipose-derived stem cell 
ASI   Asymmetry index 
ASP   Adjacent segment pathology 
AXIN-2   Axin-related protein 
BAX   B-cell lymphoma-2 associated X 
BCL2   B-cell lymphoma-2 
BCS   Body condition score 
bFGF   Basic fibroblast growth factor 
BML   Bone marrow lesion 
BMP   Bone morphogenetic protein 
Bp   Base pairs 
BSA   Bovine serum albumin 
BW   Body weight 
CASP3   Caspase 3 
Cav-1   Caveolin-1 
CCL2   Chemokine (C-C) motif ligand 2 
CCND1   Cyclin D1  
CD   Chondrodystrophic 
CD68   Cluster of differentiation 68 
CI    Confidence interval 
CK   Cytokeratin 
CLC   Chondrocyte-like cell 
COL1A1  Collagen type 1 alpha 1 
COL2A1  Collagen type 2 alpha 1 
COL10   Collagen type X 
COX   Cyclooxygenase 
CRI   Constant rate infusion 
CS   Corticosteroid 
Ct   Cycle threshold 
CT   Computed tomography 
CXB   Celecoxib 
CXC-1   C-X-C Motif Chemokine Ligand 1 
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DEC   Dier experimenten commissie 
DH   Disc height 
DHI   Disc height index 
DJD   Degenerative joint disease 
DL   Dorsal laminectomy 
DLSS   Degenerative lumbosacral stenosis 
DMEM   Dulbecco’s modified Eagle’s medium 
DMMB   Dimethylmethylene blue 
DMOAD  Disease-modifying osteoarthritis drug 
DNA   Deoxyribonucleic acid 
ECM   Extracellular matrix 
ED   Elbow dysplasia 
EDTA   Ethylenediaminetatraacetic acid 
ELISA   Enzyme Linked Immunosorbent Assay 
EP   End plate 
EP4   Prostaglandin E2 receptor 4 
ES   Effect size 
FasL   Fas ligand 
FBS   Foetal bovine serum  
FCP   Fragmented coronoid process 
FGF4   Fibroblast growth factor 4 
FGFR3   Fibroblast growth factor receptor 3 
FOV   Field of view 
FPA   Force plate analysis 
FR-β   Folate receptor beta 
FRZB   Frizzled related protein 
Fy-   Peak propulsive force 
Fy+   Peak braking force 
Fz+   Peak vertical force 
GABA   Gamma-aminobutyric acid 
GAG   Glycosaminoglycan 
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 
GDP   Gross domestic product 
GM-CSF  Granulocyte-macrophage colony-stimulating factor 
GRF   Ground reaction force 
HD   Hip dysplasia 
Hg-DMEM  High glucose Dulbecco’s modified Eagle’s medium 
HPRT   hypoxanthine-guanine phosphoribosyl-transferase 
HRP   Horseradish peroxidase 
HYP   Hydroxyproline  
IA   Intra-articular 
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IHC   Immunohistochemistry 
IL-1ß   Interleukin 1 beta 
IL-10   Interleukin 10 
IM   Intramuscular 
iNOS   Inducible nitric oxide synthase 
IP-10   Interferon-inducible protein 10 
ITS   Insulin-transferrin-selenium 
IV   Intravenous 
IVD   Intervertebral disc 
IVDD   Intervertebral disc degeneration 
LBP   Low back pain 
LS   Lumbosacral 
µ-CT   micro-computed tomography 
Mab   Monoclonal antibody 
MC   Modic changes 
MCD   Medial coronoid disease 
MCP-1   Monocyte chemoattractant protein 1 
MIA   Monosodium Iodoacetate 
MMP13  Matrix metalloproteinase 13 
MRI   Magnetic resonance imaging 
mRNA   Messenger ribonucleic acid 
MSC   Mesenchymal stromal cell 
N/A   Not available  
NBF   Neutral buffered formalin 
NC   Notochordal cell 
NCD   Non-chondrodystrophic 
NCCM   Notochordal cell-conditioned medium 
NGF   Nerve growth factor 
NF-κβ   Nuclear factor kappa-light-chain-enhancer of activated B cells 
NMR   Nuclear magnetic resonance 
NO   Nitric oxide 
NP   Nucleus pulposus 
NPC   Nucleus pulposus cell 
N.S.   Not significant 
NSAID   Non-steroidal anti-inflammatory drug 
OA   Osteoarthritis 
OARSI   Osteoarthritis Research Society International 
P1   Passage 1 
Pab   Polyclonal antibody 
PBS   Phosphate buffered saline 
PD   Partial discectomy 
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PDI   Polydispersity Index 
PEG-PCLA-PEG poly(ε‐caprolactone‐co‐lactide)‐b‐poly(ethylene glycol)‐

bpoly(ε‐caprolactone‐colactide) 
PEA   Polyesteramide 
PEAM   Polyesteramide microsphere 
PGE2   Prostaglandin E2 

PLGA   Poly lactic-co-glycolic acid 
PMMx   Partial medial meniscectomy 
pNIPAAM  Poly-N-isopropylacrylamide 
PO   Per os 
PML   Polymorphonuclear 
PPF   Peak propulsive force 
PRP   Platelet rich plasma 
p/s   Penicillin/streptomycin 
PSRF   Pedicle screw-rod fixation 
P/T   Pelvic/thoracic 
PTHrP   Parathyroid hormone related peptide  
PVF   Peak vertical force 
ROI   Region of interest 
RPS19   40S ribosomal protein S19 
RT   Room temperature 
RT-qPCR  Reverse transcriptase quantitative polymerase chain reaction 
SD   Standard deviation 
SDHA   Succinate dehydrogenase complex subunit A  
SEM   Scanning electron microscopy 
SF   Synovial fluid 
T   Brachyury 
T1rho   Application of T1 in rotating frame 
T2W   T2-weighted 
TA   Triamcinolone acetonide 
TBP   TATA-Box binding protein 
TBS   Tris buffered saline 
TCF   T-cell factor 
Tg   Glass transition temperature 
TGF-β   Transforming growth factor beta 

TIMP1   Tissue inhibitor of metalloproteinases 
TNF-α   Tumour necrosis factor alpha 
TPO   Triple pelvic osteotomy 
TSE   Turbo spin echo 
TWS   Tussenwervelschijf 
VI   Vertical force 
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