
dogs ($1.3bn), thus the importance of this

disease in veterinary clinics. 

The dog offers a translational animal model to

study the natural history of knee osteoarthritis

as it shares a risk of osteoarthritis secondary to

cruciate ligament tears similar to that of their

human counterparts.

Our team is mainly focused on cruciate

ligament injuries in dogs. Dogs undergo similar

treatments as humans, such as oral NSAID

therapy, intra-articular injections and

arthroscopic surgery. Although any breed may

be affected by cranial cruciate ligament

disease, large breed dogs and especially dogs

older than four years are significantly more

likely to develop cranial cruciate ligament

rupture. In addition, 30% of all dogs surgically

treated for cranial cruciate ligament rupture

ANanterior cruciate ligament tear is a common knee

injury, particularly among young and active

individuals. In addition, an increased lifetime risk of

knee osteoarthritis persists, particularly when associated with meniscal

damage. The lifetime burden of anterior cruciate ligament tears in the

USA, for example, was estimated to be between $7.6 and $17.7bn (~€6-

13.9bn) annually, depending on the treatment. 

Despite extensive research seeking the best therapeutic interventions

for ligament tears, there are still no proven disease-modifying treatments

for osteoarthritis. The major hurdles in osteoarthritis research include

elucidating the mechanisms of disease, determining methods for early

detection and developing strategies for intervention. 

Animal models
Animal models provide practical and clinically relevant ways to study

both the natural history and response to treatment of knee

osteoarthritis. Analogues to humans, dogs suffer from rupture of the

cranial cruciate ligament, which affects one out of 200 dogs and nearly

20% of dogs evaluated at university hospitals. The annual economic

impact of cranial cruciate ligament treatment is no less substantial in
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Cranial cruciate ligament rupture

The CABMM’s Professor David Spreng and Dr Simone Forterre
on cranial cruciate ligament rupture as a possible model for human medicine
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Fig. 1 Overview of the
dog’s skeletal anatomy
(left). Schematic
illustration of the stifle
joint with a rupture of
the cranial cruciate
ligament. The upper
bones show the distal
part of the femur and
the patella; the lower
bones represent the
tibia and the fibular



consists mainly of water and longitudinally running collagen fibres, with

a small amount of elastin, fibronectin, laminin and other proteoglycans.

The prominent cells are fibroblasts, often called ligamentocytes.

Complete ligament deficiency 
As demonstrated in Fig. 3, these are arranged in rows between the

collagen fibre bundles and follow the crimp waveform. They play an

important role in producing extracellular matrix, which is essential for

functionality and biomechanics. These cells continue to produce new

extracellular matrix throughout their lives, but their response to injury is

insufficient. Whereas collateral ligaments spontaneously heal with

minimal treatment, humans, as well as dogs, with a partial tear of the

subsequently sustained the same injury in the

contralateral leg. 

Degeneration
Rupture of the canine cranial cruciate ligament

(Figs. 1 and 2) is attributed predominantly to a

degenerative process and rarely to a traumatic

event, which is the main cause in humans.

However, human patients with osteoarthritis

show degeneration in cruciate ligaments as well,

which itself contributes to the progression of

osteoarthritis. Although a link between knee

osteoarthritis and cruciate ligament tears has

been established by many studies, the specific

details of the pathologic process are still unclear. 

To date, no consistently effective methods exist

to prevent the development of cranial cruciate

ligament degeneration or to slow its

progression, mostly due to incomplete

comprehension of the ethiopathogenesis. 

Several risk factors have been identified such

as breed, gender, bodyweight, stifle joint

conformation, ligament extracellular matrix

metabolism and joint inflammation, but none of

them alone can satisfactorily explain it.

However, mechanical factors have been

assumed to be the major cause of cruciate

ligament rupture, particularly in humans; the

true effect on the ethiopathogenesis of cruciate

ligament disease is currently unknown. It is

possible that abnormal biomechanics from

various causes initiates and perpetuates

abnormal ligament biology, sustaining a cycle

of joint organ failure.

Research of the biological components has

received more emphasis in the last 15 years.

Developmental or immune-mediated disorders

and genetic components, as well as cell and

matrix disorders, were held responsible for the

structural failure of the ligament. These

intrinsic alterations are presumed as an

ethiopathogenic factor leading to cranial

cruciate ligament disease rather than a

consequence of ligament rupture. 

The cranial cruciate ligament has a hierarchical

architecture comprised of a population of cells

and an extracellular matrix which influences

mechanical properties. The extracellular matrix
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Fig. 2 Macroscopic
view of a canine stifle

joint after
experimental

transection of the
cranial cruciate

ligament with marked
cartilage degeneration
of the femur, meniscal

damage and 
strong vascular

reaction of the cranial
cruciate ligament

Fig. 3 Photomicrograph
of a longitudinal

paraffin section of
intact cranial cruciate

ligament from a six-
year-old Beagle.

Specimen has been
stained with

Hematoxylin and
Eosin. Notice parallel
rows of fusiform and
ovoid ligamentocytes

and collagen fibre
bundles with crimp

waves; the
extracellular matrix in
the core region of the

cranial cruciate
ligament is partially

disorganised,
demonstrating a form

of degeneration
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Moreover, in vitro stimulations of cruciate

ligaments by imitating an osteoarthritic

situation lead to increased amounts of nitric

oxide as well as matrix metalloproteinases.

Furthermore, ligamentocytes from the cranial

cruciate ligament produce more nitric oxide

compared to other ligaments such as the

medial collateral and femural head ligament.

Matrix metalloproteinases are zinc-dependent

endopeptidases, which are collectively capable

of degrading all kinds of extracellular matrix

proteins and can process a number of

bioactive molecules. Matrix metalloproteinases

and nitric oxide are known to play a major role

on cell behaviours such as cell proliferation,

migration and differentiation as well as

apoptosis. The results of our stimulation

experiments have increased our interest in

apoptosis in ligaments. 

Apoptosis 
Apoptosis is a physiological process and is a

highly selective way to eliminate aged and

injured cells. Normal tissue homeostasis

requires a constant rate of cell death and new

cell formation to maintain matrix production in

a steady state. As expected, apoptosis was

present in healthy and injured cruciate

ligaments, but the apoptotic activity was greater

in injured ligaments.

However, it was not clear whether cell death

was caused by direct trauma or by an intrinsic

process during cranial cruciate ligament

degeneration. In a subsequent study, we

detected apoptotic cells in both grossly intact

parts and ruptured parts of partially ruptured

anterior or cranial cruciate ligament, respectively, progress to complete

ligament deficiency. The reasons for this incapacity of the cruciate

ligament to heal are unknown, but the discrepancy offers a unique

opportunity to study the reasons for differences. 

Early studies have identified a fibrocartilaginous transformation (Fig. 4)

of the ligamentocytes during degeneration, particularly in the core region,

and a disruption of the hierarchical architecture of collagen fibres with

loss of the crimps. 

Nitric oxide: an activating factor?
Subsequent research compared altered cruciate ligaments at their cellular

and tissue level for various factors. An interesting factor in physiological

and pathophysiologic pathways of osteoarthritis is nitric oxide. 

Although the exact signalling cascade of nitric oxide in osteoarthritis is

unknown, it has been shown that nitric oxide mediates the expression

of inflammatory cytokines and inhibits the synthesis of proteoglycans

and collagen by the upregulation of matrix metalloproteinases.

Assessments of nitric oxide production in ligament tissue, especially in

ruptured cranial cruciate ligament, are difficult. Specimens of naturally

diseased cruciate ligaments are usually retrieved from dogs as veterinary

patients during surgical treatment, leading to the problem that highly

traumatised tissue is examined without knowing if measured production

of metabolites is triggered by the original pathology or is only a

consequence of the mechanical trauma of ligament disruption.

Interestingly, investigations by our group have found that normal cruciate

ligaments produce more nitric oxide than normal cartilage, a tissue

which is known to produce high amounts of nitric oxide under

osteoarthritic conditions. Numerous ligamentocytes in the cranial

cruciate ligament show positive staining of the enzyme iNOS that

produces nitric oxide (Fig. 5). 
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Fig. 4 Transmission
electron micrographs

of a typical fusiform
ligamentocyte (left)

and a chondroid
metaplastic cell 

(right) from cranial
cruciate ligament 

after transformation

Fig. 5 Photomicrograph
of a longitudinal
paraffin section of an
intact but degenerated
cruciate ligament.
Specimen has
been stained
immunohistochemically
for inducible nitric
oxide synthetase
(iNOS), an enzyme that
is responsible for nitric
oxide production.
Positive cells show a
brown staining



promising inhibitor. The interruption of nitric oxide cell signalling by using

different mitogen-activated protein kinase inhibitors was not effective,

but inhibiting tyrosine kinase significantly reduced cell death. 

Beside the direct cytotoxic effect, nitric oxide is able to induce cell death

through transformation to different reactive oxygen species. Scavengers

were able to attenuate apoptosis significantly in our experiments.

Reactive oxygen species formation appeared to be one of the key

regulators of nitric oxide-induced cell death in canine ligamentocytes.

This can be translated to human osteoarthritis, where the uncontrolled

production of free radicals is considered an important factor in the

pathogenesis of osteoarthritis.

Current investigations
With the support of the CABMM, we are currently investigating the role

of the infrapatellar fat in the context of cranial cruciate ligament rupture

and osteoarthritis. Activated adipose tissue plays an important role in this

context because it is a major source of cytokines, chemokines and

metabolically active mediators called adipokines. Considering its intra-

articular location, the infrapatellar fat pad has become increasingly

recognised as an active endocrine organ in patients with osteoarthritis

that releases pro-inflammatory cytokines and adipokines. 

While there is a wide range of data in the field of endocrinology and

cardiovascular physiopathology, little is known about the role of adipose

tissue and adipokines in articular degenerative diseases. In addition,

adipokines upregulate the production of nitric oxide in chondrocytes.

CCLs, suggesting that apoptosis may be an

intrinsic initiating factor leading to cranial

cruciate ligament degeneration rather than a

consequence of acute rupture of the ligament.

How cells die is of great importance because

its prevention by specific inhibitors offers

therapeutic interventions. We have therefore

investigated the apoptotic pathways in

ligamentocytes. In general, two main

pathways were distinguished: the internal

(mitochondrial) pathway which triggers

apoptosis mainly in response to cytotoxic

stress, and the extrinsic pathway that is

activated by cell surface death receptors. 

Results from our in vitro experiments have

demonstrated that ligamentocytes die either by

stimulating the cell surface receptor (for

example through Fas ligand) or by activation of

the mitochondrial apoptotic pathway through

nitric oxide or chemotherapeutics. In a

following step, we wanted to prevent

ligamentocytes from apoptosis, which has

been shown to be possible in cartilage. Using

the same inhibitor for ligamentocytes, only a

limited outcome was visible. While apoptosis

triggered by Fas-Fas ligand binding was

reduced, no significant protection against other

apoptosis inducers such as nitric oxide or

peroxynitrite was achieved.

Because ligamentocytes are not only the sites

of nitric oxide production but also targets for

nitric oxide, we were interested in more details

of cell signalling by nitric oxide to find a
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Fig. 6 Photomicrograph
of a longitudinal
section of a biopsy
from the intact part of
a partially ruptured
cranial cruciate
ligament from a six-
year-old Labrador
Retriever. Specimen
was stained for active
caspase-3 by
immunohistochemistry.
Positive brown
staining demonstrates
that the cell
undergoes apoptosis


