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I. Neuronal Gene Expression 
Extended dogma of molecular biology 

 
Gene expression in neurons 

- Neurogenesis 
- quiescent neuronal stem cell (NSC) → active NSC → intermediate progenitor 

(IP) → differentiated NSC 
- Neuronal wiring (axonal growth) 
- Synaptic plasticity 

- Anisomycin: blocker of mRNA translation 
- Actinomycin D: blocker of transcription 
- Long-lasting forms of synaptic plasticity require new transcription and 

translation 
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Gene regulatory mechanisms in synaptic plasticity 
- Ca-dependent synapse-to-nucleus signaling 
- Activity-dependent gene expression 
- (local) mRNA translation 
- Synaptic delivery/removal of plasticity proteins 
- Combination of local (fast) and nuclear (slow) 

mechanisms 
- Sources of intracellular calcium 

- NMDA receptors 
- Voltage-sensitive calcium channels (L-type) 
- ER-localized ryanodine receptors (RyR) 
 

Activation of Ca2+ /calmodulin dependent protein kinases: 
- T286 autophosphorylation → autonomous (Ca2+ /CaM 

independent) kinase 
- T305 autophosphorylation: inhibitory, stimulates dephosphorylation by PP2A 

 
Immediate early gene activation: c-fos 

- Does not need protein transcription for activation 
- Transient activation of CREB/SRF by 

phosphorylation 
- Recruitment of co-activators (Elk, CBP) 
- Activation of classical immediate-early genes 

(c-fos, c-jun, egr-1 → transcription factors) 
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Signaling pathways targeting CREB: 
 
 
- RAS-MAPK 
- CAMKK-CaMKIV 
- CAMKII 
- cAMP-PKA 
 
 
 
 
 
 

 
Late-response genes involved in the regulation of synapse function: BDNF 

- Neurotrophic peptide 
- Released upon activity 
- Binds to Trk receptors 
- Affects synapse function by multiple 

mechanisms 
- Ca2+-dependent BDNF activation: 

- MEF2 dephosphorylation 
- MeCP2 phosphorylation 

CaRF, Npas4, USF… 
 
 
Signaling pathways targeting MEF2 

- Myocyte enhancing factor 2 
- Activated by Calcineurin (Ca2+-dependent phosphatase)  
- Negative regulator of synaptic plasticity (promotes synapse pruning and LTD) 
- Regulates growth-inhibitory factors (Ube3a, FMRP, miRNAs) 
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Transcriptional regulation is coupled to synapse remodeling: 
- Activity stimulates MEF2 
- Increased synthesis of Arc (endocytosis) after 1 hr and 

Ube3a (protein degradation) after 6 hrs 
- Fine-tuning of AMPAR internalization 
- Defective if Ube3a is absent → Arc is not degraded → 

Angelman syndrome 
 
MECP2 

- Methyl-CpG binding protein 2 
- Recruits silencing complex to promoters containing 

methylated CpGs 
- Released upon phosphorylation 
- Important for activity-dependent BDNF expression 
- Mutated in Rett syndrome 

- Rare (1:10’000) X-linked neurodevelopmental 
disorder mostly affecting females (males die prenatal) 

- Normal early development (up to 3 y), afterwards 
stagnation and regression of cognitive skills (speech) 
→ high basal BDNF levels which cannot be increased 
further 

- Other symptoms; seizures, motor problems (“hand 
washing”), scoliosis, sleep disturbance 

- No cure or (pharmaco-) therapy available 
 
 
Neurological diseases linked to Ca2+-dependent transcription: 
 

  



         Seite 6 von 155 
 

Summary: 
- Neuronal activity stimulates gene expression at the level of transcription 
- Stimulation is conveyed to the nucleus via Ca2+-dependent and MAPK signaling 

cascades 
- Specific transcription factors (CREB, MEF2, MeCP2) regulate expression of 

downstream genes involved in synapse remodeling 
- Mutations in signaling components give rise to neurological disorders (autism, 

depression, epilepsy..) 
 
Local postsynaptic mechanisms: mRNA translation 

 
 
Regulation of initiation: 5’ cap 

- MAPK pathway stimulates cap formation via Mnk1-eIF4E 
- PI3K/mTOR/ERK stimulate cap formation via inhibitory phosphorylation of 4E-BP → 

releases 4E → cap formation 
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Regulation of initiation: eIF2 
- Stress signals inhibit translation via inhibitory phosphorylation of eIF2 → inhibits 

eIF2B a GEF (GDP → GTP) 
- eIF2-GTP needed for tRNA delivery 

 
Signaling pathways activating translation initiation: growth factors 

- MAPK pathway 
- PI-3-Kinase/Akt/mTOR 
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Gene-specific control of mRNA translation: 
RNA-binding proteins (RBP) 

- Bind to specific sequence motifs in 
UTR (mostly 3’) 

- Inhibit translation by interfering with 
the 5’ cap under basal conditions 

- Inactivated by post-translational 
modifications (P) 

- Translation is stimulated by mRNA 
circularization 

- CPEB: cytoplasmic polyadenylation 
element binding protein 

 
 
Local mRNA translation in neuronal dendrites 

- Somatic synthesis 
- Dendritic synthesis (only in the stimulated synapse) 
- Local mGluR-mediated protein synthesis necessary for LTD: 

- mGluR → mTOR → protein synthesis (Arc, CaMKII) → AMPAR internalization 
- Regulators of mRNA translation are autism-candidate genes 

- FMRP = fragile-x-mental-retardation protein → mutation that prevent 
expression → LTD → severe intellectual disability 

- Local presynaptic translation 
 
Summary: 

- Regulation of mRNA translation is required for long-lasting synaptic plasticity 
- Subset of mRNAs are translated locally in dendrites 
- Involvement of general (5’ cap) and gene-specific (RBPs, miRNAs) mechanisms 
- Central role of MAPK and PI3-K/Akt/mTOR signaling pathways 
- Many translational regulators are candidate autism genes (FMRP) 

 
Non-coding RNA classes: 
76% of the genome is transcribed → only 1.5% proteins 
 

- snoRNA (small nucleolar) → rRNA modification, imprinting 
- snRNA (small nuclear) → splicing 
- antisense RNA → transcription inhibition via epigenetic modifications 
- siRNA (small interfering) → perfect match, mRNA degradation 
- miRNA (micro) → imperfect match, mRNA inhibition 
- lncRNA (long non-coding) 
- miscRNA (miscellaneous) 
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microRNAs (miRNAs) 
- 19-24 nucleotides long 
- Encoded in the genome as hairpin precursor RNA 
- Production dependent on the RNAseIII enzymes Drosha and Dicer 
- Incorporated into an RNAi-induced silencing complec (RISC) for ex. AGO 
- Humans have compared to other species more miRNA precursors 
- 2-8 nucleotides of miRNA (“seed”) are crucial for target recognition 

 
Biogenesis: 

- miRNA gene transcription → pri-miRNA → Drosha cuts out hairpin → pre-miRNA → 
Exportin-5/Ran-GTP mediated export into the cytosol → Dicer cuts loop → miRNA 
duplex → miRISC (miRNA + protein) → translational repression or mRNA cleavage 

 
 
miRNA mediated translational repression and mRNA decay: 

- Initiation block (40S ribosomal subunit, 40S/60S ribosome formation) 
- Post-initation block 
- Decapping and Deadenylation 
- Subsequent decay by an exonuclease 

 
miRNA and RBP interaction: 

- Pumillo-1 exposes AGO binding sites → activates miRNA repression 
- HuR binding activates miRNA repression 
- HuR oligomerization prevents binding of AGO → blocks miRNA repression 
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miRNA target regulation: 
- Bind mRNAs within miRISC by imperfect complementarity in the 3’ UTR 
- Can bind multiple different mRNAs 
- The miRNA “seed” region is crucial of target recognition 
- Repress target expression by a combination of translational blockade and mRNA 

decay 
- Activity can be regulated by external stimuli and RBPs 

 
Other miRNA functions: 

- Synaptic plasticity:  
- Inhibition of miRNA (ex. 5-HT) → CREB active → LTP → spine formation and 

growth 
- Lack of inhibition leads to spine shrinkage and elimination (LTD) 

- Behaviour: miR379-410 KO mice have an increased synapse density and more 
ionotropic glutamate receptors (LTP) in the hippocampus and a higher sociability 

- Neurological diseases: miR137 associated with schizophrenia 
 
Summary: 

- Non-coding RNAs represent the vast majority of the cellular transcriptome 
- miRNAs are small non-coding RNAs that act as negative regulators of mRNA 

translation 
- miRNAs play important roles in neural circuit development and synaptic plasticity 
- miRNA are mutated or deregulated in neurological disorders 
- Research on other non-coding RNAs (lncRNAs, circRNAs) is still in its infancy 
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II. Synaptic Plasticity 
- Activity-dependent changes in the efficacy of synaptic transmission 
- Changes in the morphology (size and number of spines) and/or physiology (#AMPAR) 

of a synapse 
- Habituation: decrease in responsiveness upon repeated exposure to a meaningless 

stimulus  
- Sensitization: hypersensitivity to an intense or noxic stimulus 
- Habituation and sensitization are both forms of non-associative plasticity (not 

dependent on close temporal pairing) 
Short-term sensitization 

- Phosphorylation of K+ and Ca2+ channels leads to a bigger ion influx when activated 
by an AP → more intracellular Ca2+ → more glutamate exocytosis 

- Only as long PKA is active → quick reversal to baseline Ca2+ concentration 

 
Long-term sensitization 
Proteolytic degradation of regulatory PKA subunits → PKA is insensitive to cAMP → 
persistent activation 

 
 
 
 
 
 
 
 
 
 

Differences between short- and long-term sensitization: 
- Long lasting activation of PKA 
- New gene expression 
- Growth of new synaptic connections 
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Memory 
- Learning: the process by which new information is acquired and is observable by 

changes in behaviour 
- Memory: encoding, storage and retrieval of learned information 
- Synaptic plasticity is considered the neurophysiological mechanism for learning and 

memory (cannot be separated from each other) 
- General principles about plasticity and synaptic mechanisms 

- Timescale compatible with different categories of memory 
- Based on reversible biochemical changes (short-term) 
- Irreversible biochemical changes and new gene expression (long-term) 
- Associated with structural changes (growth and formation of new synaptic 

connections) 
Qualitative categories of memory: 

 
 
 
 
 
 
 
 
 
 
 
 
Temporal categories of memory: 

- Apply to both declarative and nondeclarative memory 
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Long term potentiation (LTP) 
Hippocampus 

- Well defined anatomy 
- Trisynaptic circuit based on excitatory glutamatergic 

neurotransmission 
- Associated with specific forms of learning 
- Essential for the formation and consolidation of working 

memories 
 
Glutamate receptors 

- Ionotropic: AMPA, NMDA, Kainate → mediate fast synaptic transmission 
- Metabotropic receptors: mGluR1-8 → mediate slow synaptic transmission (second 

messengers) and modulate fast synaptic transmission (G-protein-gated ion channel) 
 
Properties of LTP 

- Specificity: LTP is restricted to activated synapses rather than to all of the synapses 
on a given cell 

- Associativity: weak stimulation of a single pathway (normally insufficient to induce 
LTP) when coupled (timing!) with a strong stimulation of a different pathway will 
result in the induction of LTP at both pathways 

- Specificity and associativity are activity-dependent and depend on the simultaneous 
(almost, 100msec) activation of the pre- and postsynaptic cell 

- They follow Hebbs postulate: increase in synaptic efficacy arises from a presynaptic 
cells’s repeated and persistent stimulation of a postsynaptic cell (“neurons that fire 
together wire together”) 

- The only difference between A and B, is that in B the neuron has been recently active 
- Depolarization of the postsynaptic cell is the fastest and shortest cellular memory 

trace of a neuron recent activity 
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Molecular explanation 
NMDA receptors are the “coincidence detectors” that sense the activity of the pre- and 
postsynaptic cell and induce LTP 

 
 
Expression of LTP 
During the first 60-90 min → early LTP (E-LTP) 

- Temporal activation of CaMKII by Ca2+ /Calmodulin 
- Persistent activation of CaMKII 

- NMDAR induces the expression of NR2B, which stabilizes the active form of 
CaMKII 

- Autophosphorylation at T286 
- Drives insertion of new AMPAR at a stimulated synapse 
- Potentiation of a synapse is accompanied by growth of the dendritic spine 

driven by actin polymerization within the spine 
- After 1 to 2 hrs LTP requires new gene expression 
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Input specificity of LTP 
How does a neuron deliver new proteins only to a single potentiated synapse between 
hundreds of synaptic connections → local translation of synaptic proteins via CaMKII, 
AMPAR subunits and Limk1 (cytoskelet) 
 
Summary: 

- LTP consists of molecularly distinct phases that fit to the timescale of different forms 
of memory 

- LTP offers specificity in which input leads to potentiation 
- LTP offers a cellular mechanism for integrating different inputs 
- Properties of LTP fit to the requisite of a neural plasticity mechanism for learning and 

memory 
 

Long Term Depression (LTD) 
- Weakening of synapses is as important as 

strengthening for memory formation in the 
hippocampus 

- A prolonged low frequency (weak) stimulation 
induces LTD 

- The nature of the intracellular calcium signal will 
determine of LTP or LTD is induced 

- Fast and big → LTP 
- Slow and small → LTD 

- Mechanism: phosphatases → dephosphorylation 
→ AMPAR internalization (endocytosis) 

 
Reward and addiction 

- Plasticity can be maladaptive 
- Pleasurable experiences drive release of dopamine 
- Environments associated with pleasurable experiences drive release of dopamine 
- One of the primary effects of cocaine is inhibiting dopamine reuptake in the Nc 

accumbens 
- But cocaine also induces LTP in the VTA 
- Blocking LTP in the VTA blocks: 

- Cocaine dependent dopamine release 
- Preference for environments associated with cocaine administration 
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III. Mechanical Injuries of the Skeleton 
Introduction 

- Rheumatoid Arthritis (RA): systemic, autoimmune disease affecting multiple joints 
- Osteoarthritis (OA): affects individual joints, multifactorial and linked to mechanical 

loading (a wear and tear disease), oldest known disease

 
- Radiographic picture of OA: 

- Joint narrowing 
- Osteophytes (compensatory peripheral bone formation) 
- Eburnation (bone sclerosis at site of cartilage loss) 
- Joint crepitus (crackling sound) 
- Outcome measure are not precise 
- Kellgren-Lawrence Grading scale (1-4) 

- Endstage of OA → total knee arthroplasty 
- Risk factors: 

- Systemic: age, gender, race, genes, nutrition 
- Loading: obesity, injurious physical activity 
- Intrinsic: meniscus and ACL injury 

- 60% of OA patients are women → low estrogen levels postmenopausal 
- Finger joints most affected → bouchard’s nodes in proximal and distal 

interphalangeal joints (PIP, DIP) 
- Profession with overload in specific joints highest risk 
- Obesity: low grade inflammation and not the weight drives pathogenesis 
- Increasing prevalence  
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Cartilage Anatomy 
- Bears loads 
- Absorbs mechanical shock and spreads load 
- Provides joints with excellent frictional, lubrication and wear characteristics 

 
Gradients in healthy articular cartilage 

 
 
Cartilage Structure 
Superficial Zone: 

- Collagen parallel to surface 
- Chondrocytes elongated 
- Lubricin responsible for low 

friction 
- 80% water content, softest 

layer 
Intermediate Layer: 

- Collagen unorganized 
- Chondrocytes are spherical 

Deep Layer: 
- Collagen vertical 
- Chondrocytes are spherical, in 

columns 
- Low water content (65%), 

stiffest layer 
Tidemark: 

- Calcified cartilage 
- Oxygen and nutrient barrier to above cartilage 
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Cartilage nutrition 
- No blood vessels 
- Diffusion 

- Synovial fluid 
- Only very small molecules (small pore size of superficial zine) 
- Slow diffusion rates (10 sec – 1h) 

 
 
Cartilage Extracellular Matrix 

- Collagen Type II 
- Alpha chain → triple helix → collagen molecule → collagen fibril (banding 

pattern in electron microscope) 
- Degraded by matrix metalloproteinases (MMPs) → collagenase 

- Aggrecan 
- Key and early event in human joint diseases is loss of aggrecan (major 

proteoglycan) 
- Aggrecanase-generated aggrecan fragments are in the synovial fluid of OA, RA 

and acute joint injury patients 
- Aggrecanase 1 (ADAMTS4) and aggrecanase 2 (ADAMTS5) cleave aggrecan 

within the interglobular domain (IGD) 
- Cleavage at the IGD results in functional loss 

 
 
 
 

 



         Seite 19 von 155 
 

Water content: 
- Aggrecan attracts water 
- Osmotic pressure: Na+ and Ca2+ ions attracted to neutralize negative charged PG 

(carboxy and sulfonyl groups of the GAGs) 
- Electrostatic repulsive forces between fixed negative charge → swelling pressure of 

cartilage 
- Pressurized fluid is the load-supporting mechanism: high fluid flow on top and no 

fluid flow at the bottom 
- High water content and low permeability (water does not flow easily) provide 

compressive strength 
 

Experiments 
In vitro 

- Precise control of loading 
- Models of cartilage injury: drop towers and cyclic compression 
- Apoptotic cells increase with increasing pressure (TUNEL staining of DNA fragments) 
- Injured cartilage gets softer and swells more 

 
In vivo 

- Dog and human intensive running studies (physiological loading) 
- Intensive running causes permanent knee cartilage damage (dogs) 

- Training causes disruption of the cartilage surface and collagen network, 
fibrillation, and chondrocyte clusters 

- Increased MMP serum levels with training 
- Articular cartilage thickness unchanged with extreme running (humans) 

- Thickness is not a sensitive measurement for OA as swelling needs to be 
extreme for it to show 

- T2 relaxation of MRI increased → tissue is more hydrated 
- Why the different results? 

- Joints investigated (ankle vs. knee) 
- Type of analysis (in dogs possible to look at cartilage) 
- Selection of subjects (humans were trained/ genetic condition for such 

extreme activity) 
- Running regime 

- Interpretation 
- Intense, continued repetitive loading causes rapid destruction of cartilage 

surface 
- High magnitude loads soften the matrix, making the tissue more susceptible 

to further damage (downward spiral) 
- High loads can cause cell death through apoptosis and necrosis 
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IV. Molecular Mechanisms of Injury 
1. Fully intact articulate cartilage → Injury → fibrillation on the surface → affects 

surrounding tissues (thicker synovium, bone, synovial fluid) 
2. Graduate loss of cartilage 
3. Bone rubs on bone due to complete loss of cartilage → eburnation 

 
 

Mechanical Damage of Joints 
- Inflammatory cytokines are associated with OA (inflammation but not as big as in 

RA) 
- Direct Damage: mechanical overload → instant killing of cells and destruction of ECM 
- Indirect Damage: inflammation → cell death, MMP → matrix breakdown days after 
- Two-Hit hypothesis: combination of inflammatory and mechanical insults in the joint 
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Necrosis and Apoptosis 
- Increasing Pressure (= compression) 

causes increasing cell death 
- High impact loads cause both necrosis 

(immediate) and apoptosis (after some 
time) 

 
Damage-Associated Molecular Patterns (DAMPs) 

- Produced by Necrosis 
- Production of innate, sterile extracellular DAMPs leads to softening of the ECM 
- DAMPs can be fragments of hyaluronic acid, collagen, aggrecan, fibronectin 
- Bacterial endotoxin (lipopolysaccharide from gram negative bacterial cell wall) 

arrives in the joints by way of the “leaky” gut 
- The gut-joint axis plays an important role in OA 
- LPS in synovial fluid associated with: knee osteophyte severity, knee joint space 

narrowing and total WOMAC score  
- DAMPs bind to Toll-like Receptors (TLRs) and trigger the NFkB pathway 

 



         Seite 22 von 155 
 

NF-kB Signaling 
- Essential pathway of inflammation and matrix degradation 
- Activated through TLR binding of DAMPs, IL1β, TNFα 

 
1. Resting state: NFkB is inhibited by inhibitor proteins called IkBα 
2. IkB kinase (IKK) phosphorylates IkBα 
3. IkBα is degraded via polyubiquitination in the proteasome 
4. Active NFkB translocates to the nucleus and binds to coactivator proteins 
5. Turns on target genes including inflammatory cytokines and MMPs 

 

OA Therapies 
- Pro-inflammatory cytokines: TNFα and IL-1 
- Anti-inflammatory cytokines or cytokine inhibitors: soluble TNFα receptor, IL-10, IL-1 

receptor antagonist  
 
IL-1 receptor antagonist 

- IL-1RA prevents NFkB signaling only if > 90% of the receptors are occupied (not when 
80% occupied) 

- Rabbit study: 
- Knee OA induced by medial collateral ligament and medial meniscus 

transection (ligament stabilizes the joint, when injured loads applied to the 
cartilage increase) 

- Synoviocytes transduced with cDNA for IL-1RA 
- Cells injected in the OA joint 
- Prevention of surface fibrillation and aggrecan degradation 

- Human study: 
- Single intraarticular injection of anakinra 
- Evaluated with the WOMAC score (index with everyday activities) 
- Well-tolerated but ineffective 

- Interpretation: different load, acute vs. chronic, stable over time -> not only one dose 
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Reactive oxygen species (ROS) 
 

 
- Oxidative stress: imbalance between pro-oxidant and antioxidant systems 

- Increase: injury, inflammation, drugs, UV, radiation, metals 
- Decrease: antioxidant enzymes (super oxide dismutase, catalase), antioxidant 

vitamins (C, E, β-carotene), metal sequestration 
- Hydrogen Peroxide (H2O2): present at highest concentration, most stable 
- Hydroxyl radical (•OH): most reactive and damaging  
- In cartilage, nitric oxide (•NO) and superoxide anion (•O2-) are the most abundant 

ROS and lead to degradation and oxidation of molecules and cellular contents in the 
synovial fluid, which in turn leads to inflammation of the synovial membrane 

- ROS lead to DNA damage, lipid peroxidation, oxidation of amino acids and advanced 
glycation products 
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Antioxidants 
- Donate electron to stabilize harmful oxygen species 
- Protection from drop tower injuries (in vitro) 
- N-Acetylcysteine: reduces cell death from impact loading            

→ protection from apoptosis and not necrosis 
 
Superoxid dismutase (SOD) 

- Transgenic models 
- SOD KO causes more severe OA and an increase in pro-

inflammatory cytokines (IL1β, TNFα) 
- SOD overexpression improves outcome 

 
Resveratrol 

- Protection from surgical knee destabilization (in vivo) 
- Inhibits NFkB activation 
- Present in red wine 
- Helps in regeneration of damaged cartilage 
- Lower cartilage destruction, apoptosis and NO 

 
Outlook: 

- Apply drug locally to avoid system effects 
- Match treatment to specific OA phenotype (cartilage, bone, inflammatory synovium) 
- Address multiple targets not single targets 
- Develop better outcome measures 
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V. Cell and Tissue based Therapies 
- Overall prevalence of knee cartilage lesions in athletes = 36% 
- Cartilage injuries lead inexorably to OA 
- Knee arthroplasty:  

- Successful surgery → no pain 
- Designed for elderly patients → implants have a certain lifespan after which 

there will be inflammation and young patients are more active 
- Second implantation is difficult → not enough bone left for stabilization 

- Therapy pillars: 1st = chemical drugs, 2nd = biological drugs, 3rd = cells 
 

Cell sources for treatment of cartilage lesions to prevent post-traumatic OA (PTOA) 
Cell type 
Differentiated chondrocytes 

- Permanent cartilage sites: Rib, Nasal, Ear, Trachea, Articular 
- Nasal chondrocytes: neural crest derivatives, self-renewal, plasticity 
- Tissue engineered cartilage: hyaline, mechanically stable, adaptive to load 
- Ear and nose cartilage grows continuously 

- Problems with autologous articular chondrocytes 
- Cells/Tissue are limited 
- Tissue may have defects (limited potency) 
- Expansion required (= induced proliferation) → causes dedifferentiation 

- Changes in morphology/phenotype 
- Collagen type II replaced by collagen type I (more fibrotic) 

Stem cells 

- Induced pluripotent stem cells (iPSC) 
- Embryonic stem cells (ESC) 
- Neural cres derived stem cells (NCSC) 
- Adult mesenchymal stem cells (MSCs) 

- Adherent to tissue culture plastic 
- Express CD105, CD73, CD90 
- Lack expression of CD45 
- Tri-lineage differentiation: adipocytes, 

osteocytes, chondrocytes 
- Differentiation controlled by Sox9/Runx2 

ratio 
- Perichondrium as a novel stem cell source 

- Chondrogenic NOT osteogenic 
- Location: around elastic and hyaline cartilage, NOT around articular cartilage 

and fibrocartilage 
- Composition: dense connective tissue with an outer fibrous layer and an inner 

chondrogenic layer with progenitor cells 
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Age 
- Embryonic, fetal, juvenile, adult 
- MSCs lose cartilage potential with time 
- Fetal cartilage in sheep has been observed to regenerate completely 
- Ability to regenerate decreases very rapidly 
- Ability of cartilage chondrocytes to produce sulfated GAGs: not even chondrocytes 

from a young child might be potent enough to produce the ECM-components 
necessary for normal chondrocyte development.  

- Possible explanations are:  
- Reduced growth factor response  
- Cellular senescence  
- Mitochondrial stress  
- Reduced anti-oxidation  

Donor 
- allogeneic (donor to patient) or 

autologous (patient to patient) 
- Risks of allogenic cells → Immune 

response 
- MHC molecules on donor cells 
- APC take up donor proteins 
- Foreign MHC presented to T- cells 

- Joint is an immune privileged site and 
can accept allografts (lack of lymph 
drainage and barrier around 
chondrocytes) 

 
Clinical Treatments for cartilage lesions 
Chondrocytes 
Adult autologous 

Matrix-Assisted Autologous Chondrocyte Implantation 
(MACI) 

I. Biopsy is taken from a non-bearing part of the 
patients joint  

II. Piece of cartilage is sent to a lab  
III. Incubation with enzymes that break up the ECM  
IV. Expansion of the chondrocytes in a monolayer culture  
V. Cells are seeded onto a scaffold (ACI: without scaffold matrix)  

VI. Engineered implant is sent back to the surgeon  
VII. Surgery with debridement of the injured cartilage followed by implantation of the 

scaffold, glued on with fibrin glue 
→ Disadvantage: many steps, multiple surgeries, long procedure → expensive!  
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Tissue Transplantation – Mosaicplasty: 
- Multiple cartilage-cylinders are extracted from a non-bearing part of the joint and are 

used to fill up the lesion (like a mosaic) 
- Disadvantage: every cylinder is a little lesion itself, only a limited number can be 

extracted!  
Cartilage Autologous Implantation System (CAIS): 

1. Debridement of the cartilage lesion (cleaning up)  
2. Removed particles are used to regenerate cartilage  
3. Glued onto a template  
4. Template introduced into injury  
5. Cells grow out of particles and repair cartilage  

 
Juvenile Allogenic 

Cartilage from juveniles has a higher regenerative potential 
 

Cartilage Particles - DeNovo Natural Tissue Graft:  
- Combine juvenile cartilage pieces with fibrin glue to form a graft which can be 

implanted into the lesion 
- Cells can then migrate into the damaged cartilage 
- Since the joint is immune privileged, no rejection is to be expected.  
- Advantage: single product to treat anybody, potency of juvenile chondrocytes. 
- Disadvantage: issues with stability of the implant.  

 
Mesenchymal Stem cells (MSC) 
Autologous (microfracture) 

1. Debrisment of lesion, scrape away calcified cartilage layer  
2. Poke holes into the subchondral bone  
3. Close the lesion with a clot in the hope that stem cells will travel up from the bone 

and cultivate it to grow back cartilage  
→ Disadvantage: 80% failure rate, formation of fibrous tissue (formation of non-hyaline 
cartilage) 
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Adult Autologous (injection) 

1. Extraction of MSCs from a goat fetus two weeks before birth  
2. Mechanical disruption of ACL and meniscus after birth  
3. Goat is encouraged to exercise to worsen the lesions  
4. Intra-articular injection of previously extracted MSCs  
- No sign of cartilage damage in MSC injected goats!  
- MSCs were not found in the knee participating in the damage repair, they were 

found to have regenerated the meniscus which had been removed → neo-meniscus 
- Cartilage protection from degradation 

 
Favorite therapies: 

- Cell source: chondrogenic, juvenile, autologous 
- (M)ACI and mosaicplasty better than microfractures 
- Future: CRISPR/Cas9 to change iPSC to resist inflammation 

 
 

 
 
 


