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   1	
  

1. Introduction.	
  	
  	
  

Osteoarthritis	
  is	
  the	
  most	
  prevalent	
  form	
  of	
  joint	
  disease,	
  affecting	
  millions	
  of	
  people	
  in	
  the	
  US.	
  

It	
  is	
  estimated	
  that	
  80%	
  of	
  the	
  population	
  will	
  have	
  radiographic	
  osteoarthritis	
  by	
  the	
  age	
  of	
  65,	
  

and	
  of	
  those	
  60%	
  will	
  develop	
  symptoms	
  [	
  1].	
  Currently,	
  most	
  models	
  for	
  this	
  common,	
  yet	
  

complex	
  disease	
  have	
  focused	
  on	
  animal	
  studies	
  [	
  2].	
  Such	
  models	
  involve	
  inducing	
  

osteoarthritis	
  in	
  animals	
  and	
  studying	
  their	
  joints	
  for	
  physical	
  and	
  biochemical	
  changes.	
  Some	
  in	
  

vitro	
  models	
  have	
  also	
  been	
  constructed.	
  These	
  models,	
  however,	
  involve	
  using	
  either	
  limited,	
  

2D	
  monolayer	
  cultures	
  or	
  simply	
  extracting	
  animal	
  joints.	
  None	
  of	
  the	
  currently	
  available	
  

models	
  give	
  the	
  control,	
  reproducibility,	
  and	
  physiological	
  equivalence	
  necessary	
  for	
  a	
  

successful	
  model.	
  The	
  animal	
  models	
  lack	
  control,	
  are	
  expensive,	
  and	
  have	
  limited	
  availability.	
  

The	
  current	
  in-­‐vitro	
  models	
  are	
  not	
  much	
  better.	
  They	
  are	
  either	
  physiologically	
  irrelevant	
  (2D	
  

models)	
  or	
  suffer	
  from	
  the	
  same	
  problems	
  as	
  animal	
  models.	
  The	
  field	
  is	
  in	
  need	
  of	
  a	
  cheap	
  

model	
  that	
  can	
  satisfy	
  all	
  of	
  the	
  necessary	
  requirements.	
  With	
  a	
  realistic	
  and	
  robust	
  model,	
  

osteoarthritis	
  research	
  can	
  be	
  greatly	
  accelerated	
  and	
  the	
  lives	
  of	
  millions	
  of	
  people	
  can	
  be	
  

improved.	
  

This	
  study	
  was	
  conducted	
  to	
  provide	
  a	
  novel	
  model	
  system	
  that	
  will	
  significantly	
  improve	
  the	
  

predictive	
  power	
  and	
  realism	
  of	
  osteoarthritis	
  models.	
  The	
  proposed	
  system	
  involves	
  a	
  3D,	
  in	
  

vitro,	
  bone-­‐cartilage	
  coculture	
  that	
  can	
  reasonably	
  depict	
  native	
  joint	
  structure.	
  Osteoarthritis	
  

can	
  then	
  be	
  induced	
  and	
  studied	
  in	
  a	
  highly	
  controllable,	
  precise,	
  and	
  realistic	
  way.	
  	
  	
  

	
  

In	
  this	
  study,	
  a	
  potential	
  in-­‐vitro	
  osteoarthritis	
  model	
  was	
  successfully	
  implemented	
  and	
  tested.	
  

The	
  model	
  consisted	
  of	
  a	
  novel	
  osteoblast	
  scaffold	
  embedded	
  with	
  chondrocyte	
  alginate	
  beads.	
  

Osteoarthritis	
  was	
  induced	
  with	
  the	
  cytokines,	
  IL-­‐1β	
  and	
  TNF-­‐α,	
  which	
  have	
  been	
  shown	
  to	
  play	
  

a	
  significant	
  role	
  in	
  osteoarthritis	
  development	
  	
  [	
  3,	
  4,	
  5,	
  6].	
  Testing	
  concluded	
  that	
  the	
  

proposed	
  model	
  with	
  some	
  suggested	
  modifications	
  has	
  potential	
  in	
  simulating	
  osteoarthritis.	
  

However,	
  further	
  testing	
  and	
  design	
  modifications	
  are	
  necessary	
  before	
  any	
  conclusive	
  

statements	
  can	
  be	
  made	
  regarding	
  the	
  success	
  of	
  this	
  model.	
  	
  



	
  

	
   2	
  

2. Background	
  and	
  Past	
  Work	
  

2.1. Osteoarthritis	
  Pathology	
  and	
  Etiology	
  

Osteoarthritis	
  is	
  a	
  disease	
  that	
  can	
  affect	
  any	
  synovial	
  joint	
  in	
  the	
  

body	
  but	
  is	
  most	
  commonly	
  seen	
  in	
  the	
  hand,	
  hip,	
  and	
  knee	
  

joints.	
  In	
  general,	
  articular	
  joints	
  are	
  composed	
  of	
  the	
  epiphyseal	
  

end	
  of	
  a	
  bone,	
  articular	
  cartilage,	
  ligaments,	
  and	
  a	
  capsule	
  filled	
  

with	
  lubricating	
  synovial	
  fluid	
  (Figure	
  2.1)	
  [	
  7,	
  8].	
  	
  Osteoarthritis	
  

results	
  in	
  the	
  loss	
  of	
  hyaline	
  cartilage,	
  which	
  in	
  turn	
  causes	
  

extensive	
  remodeling	
  of	
  the	
  adjacent	
  bone.	
  	
  The	
  remodeling	
  

results	
  in	
  the	
  formation	
  of	
  bone	
  outgrowths	
  called	
  osteophytes	
  	
  	
  	
  

[	
  1,	
  9,	
  10].	
  This	
  remodeling	
  effort	
  is	
  most	
  likely	
  an	
  attempt	
  by	
  the	
  

body	
  to	
  compensate	
  for	
  the	
  structural	
  change	
  caused	
  by	
  cartilage	
  degradation.	
  However,	
  this	
  

compensation	
  mechanism	
  is	
  not	
  perfectly	
  effective	
  and	
  often	
  leads	
  to	
  symptomatic	
  

osteoarthritis,	
  which	
  leads	
  to	
  pain	
  and	
  inflammation	
  [	
  1].	
  Osteoarthritis	
  is	
  commonly	
  perceived	
  

as	
  a	
  “wear	
  and	
  tear”	
  disease.	
  However,	
  studies	
  have	
  shown	
  that	
  cartilage	
  from	
  osteoarthritis	
  

joints	
  has	
  decreased	
  proteoglycan	
  content	
  and	
  differs	
  from	
  healthy	
  tissue	
  biochemically,	
  

indicating	
  that	
  at	
  least	
  some	
  aspect	
  of	
  the	
  disease	
  is	
  not	
  linked	
  to	
  wear	
  and	
  tear	
  [	
  11].	
  

Furthermore,	
  these	
  components	
  of	
  the	
  pathology	
  indicate	
  that	
  both	
  cartilage	
  and	
  bone	
  are	
  very	
  

important	
  aspects	
  of	
  the	
  disease.	
  

	
  

On	
  a	
  cellular	
  level,	
  osteoarthritis	
  is	
  characterized	
  by	
  a	
  disturbance	
  in	
  the	
  normal	
  balance	
  of	
  

anabolism	
  and	
  catabolism	
  typically	
  seen	
  in	
  articular	
  cartilage	
  chondrocytes	
  [	
  12].	
  This	
  

disturbance	
  leads	
  to	
  increased	
  levels	
  of	
  certain	
  metalloproteinases	
  (MMPs)	
  and	
  aggrecanases	
  

(ADAMTS)	
  that	
  in	
  turn	
  cause	
  cartilage	
  degradation.	
  	
  Furthermore,	
  during	
  osteoarthritis	
  

development,	
  certain	
  anabolic	
  pathways	
  are	
  also	
  activated	
  resulting	
  in	
  the	
  formation	
  of	
  

aberrant	
  types	
  of	
  collagen	
  (type	
  X,	
  III,	
  and	
  VI)	
  [	
  12,	
  13].	
  This	
  further	
  leads	
  to	
  a	
  structural	
  change	
  

in	
  the	
  collagen	
  matrix,	
  which	
  may	
  cause	
  the	
  symptoms	
  associated	
  with	
  osteoarthritis.	
  	
  

	
  

Figure	
  2.1	
  –	
  A	
  depiction	
  of	
  the	
  
synovial	
  joint	
  [	
  7]	
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Many	
  of	
  these	
  catabolic	
  and	
  

anabolic	
  changes	
  are	
  associated	
  

with	
  proinflammatory	
  cytokines.	
  

Specifically,	
  TNF-­‐α	
  and	
  IL-­‐1β	
  have	
  

been	
  heavily	
  implicated	
  in	
  

osteoarthritis	
  development	
  [	
  14].	
  

It’s	
  been	
  established	
  that	
  IL-­‐1β	
  is	
  

capable	
  of	
  promoting	
  the	
  release	
  of	
  

nearly	
  every	
  proteinase	
  involved	
  in	
  

osteoarthritic	
  cartilage	
  degradation	
  

[	
  12,	
  15].	
  Furthermore,	
  IL-­‐1β	
  inhibits	
  

the	
  synthesis	
  of	
  proteoglycans	
  like	
  

aggrecan	
  and	
  Type	
  II	
  collagen	
  and	
  promotes	
  the	
  synthesis	
  of	
  nitric	
  oxide	
  via	
  nitric	
  oxide	
  

synthetase,	
  which	
  can	
  further	
  enhance	
  proteinase	
  production	
  (Figure	
  2.2	
  and	
  Figure	
  2.4)	
  [	
  16,	
  

17].	
  Nitric	
  Oxide	
  acts	
  an	
  autocrine	
  to	
  reduce	
  aggrecan	
  synthesis	
  and	
  stimulate	
  MMP	
  activity.	
  It	
  

has	
  been	
  found	
  in	
  increased	
  quantities	
  in	
  the	
  synovial	
  fluid	
  of	
  osteoarthritis	
  patients	
  [	
  18,	
  12,	
  

16].	
  Some	
  studies	
  suggest	
  that	
  IL-­‐1β	
  is	
  synthesized	
  by	
  chondrocytes	
  and	
  acts	
  as	
  an	
  autocrine	
  or	
  

paracrine.	
  TNF-­‐α	
  has	
  been	
  shown	
  to	
  have	
  similar	
  effects	
  to	
  IL-­‐1β	
  though	
  with	
  reduced	
  potency	
  [	
  

12,	
  15,	
  6,	
  14].	
  Because	
  of	
  these	
  widespread	
  osteoarthritic	
  effects,	
  TNF-­‐α	
  and	
  IL-­‐1β	
  have	
  

successfully	
  been	
  used	
  to	
  induce	
  osteoarthritis	
  in	
  previous	
  in	
  vitro	
  and	
  in	
  vivo	
  models	
  [	
  3].	
  

Figure	
  2.2	
  –	
  Summary	
  of	
  the	
  effects	
  of	
  IL-­‐1β	
  and	
  TNF-­‐α	
  on	
  osteoarthritic	
  
chondrocytes.	
  Green	
  arrows	
  with	
  +	
  symbols	
  represent	
  up-­‐regulation	
  and	
  
red	
  arrows	
  with	
   	
  symbols	
  represent	
  down-­‐regulation.	
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Another	
  proposed	
  component	
  of	
  the	
  pathogenesis	
  of	
  osteoarthritis	
  is	
  the	
  apoptotic	
  death	
  of	
  

chondrocytes	
  [	
  13,	
  19].	
  This	
  may	
  explain	
  the	
  hypocellularity	
  commonly	
  seen	
  in	
  osteoarthritis.	
  

Upregulation	
  of	
  caspases	
  by	
  various	
  mediators	
  such	
  as	
  TNF-­‐α	
  and	
  nitric	
  oxide	
  may	
  contribute	
  to	
  

this	
  aberrant	
  apoptosis	
  [	
  13,	
  16,	
  20].	
  	
  	
  

	
  

The	
  role	
  that	
  bone	
  plays	
  in	
  osteoarthritis	
  is	
  not	
  as	
  well	
  characterized	
  as	
  cartilage.	
  In	
  fact,	
  

therapies	
  considering	
  both	
  bone	
  and	
  cartilage	
  have	
  only	
  recently	
  been	
  investigated	
  [	
  9].	
  There	
  

is	
  increasing	
  evidence	
  that	
  the	
  relationship	
  between	
  subchondral	
  bone	
  and	
  articular	
  cartilage	
  

plays	
  an	
  important	
  role	
  in	
  osteoarthritis	
  development.	
  Notable	
  changes	
  in	
  the	
  subchondral	
  

bone	
  of	
  osteoarthritis	
  patients	
  include:	
  increased	
  turnover,	
  sclerosis,	
  osteophyte	
  formation,	
  

thinning,	
  and	
  reduction	
  in	
  elasticity	
  [	
  9].	
  The	
  interface	
  between	
  subchondral	
  bone	
  and	
  articular	
  

Figure	
  2.3	
  –	
  Broad	
  overview	
  showing	
  some	
  potential	
  pathways	
  involved	
  in	
  the	
  molecular	
  pathogenesis	
  of	
  osteoarthritis	
  [	
  19]	
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cartilage	
  is	
  simply	
  a	
  layer	
  of	
  calcified	
  cartilage	
  indicating	
  the	
  likeliness	
  of	
  bone-­‐cartilage	
  

intercommunication	
  [	
  9,	
  21,	
  10].	
  

	
  

While	
  the	
  pathology	
  of	
  osteoarthritis	
  after	
  its	
  development	
  is	
  more	
  or	
  less	
  understood,	
  its	
  

underlying	
  etiology	
  is	
  still	
  mostly	
  unknown.	
  A	
  wide	
  range	
  of	
  risk	
  factors	
  is	
  present	
  for	
  this	
  

complex	
  disorder.	
  	
  It	
  is	
  more	
  prevalent	
  with	
  increased	
  age,	
  obesity,	
  with	
  previous	
  injury	
  and	
  

with	
  high	
  bone	
  density,	
  but	
  there	
  are	
  also	
  genetic	
  factors	
  involved.	
  It	
  is	
  important	
  to	
  note	
  that	
  

while	
  there	
  is	
  a	
  correlation	
  between	
  joint	
  wear	
  and	
  tear	
  (due	
  to	
  athleticism	
  and	
  age)	
  this	
  is	
  not	
  

necessarily	
  the	
  cause	
  of	
  the	
  disorder	
  as	
  demonstrated	
  by	
  many	
  cases	
  of	
  athletes	
  and	
  elderly	
  

who	
  have	
  not	
  developed	
  the	
  condition	
  [	
  1].	
  	
  

2.2. Past	
  Studies	
  –	
  Animal	
  Models	
  

In	
  an	
  effort	
  to	
  shed	
  more	
  light	
  on	
  this	
  complex,	
  multifaceted	
  disorder	
  scientists	
  have	
  built	
  

models	
  to	
  study	
  the	
  disease.	
  	
  Most	
  commonly,	
  murine	
  and	
  canine	
  animal	
  models	
  are	
  used	
  [	
  22].	
  

Such	
  models	
  work	
  well	
  to	
  show	
  some	
  of	
  the	
  long-­‐term	
  effects	
  of	
  the	
  disease	
  and	
  give	
  scientists	
  

a	
  way	
  to	
  study	
  the	
  disease	
  in	
  living	
  systems	
  without	
  harming	
  humans.	
  However,	
  there	
  are	
  many	
  

limitations	
  to	
  these	
  models.	
  Every	
  animal	
  that	
  is	
  used	
  is	
  different	
  in	
  some	
  way	
  and	
  thus	
  many	
  

uncontrollable	
  variables	
  are	
  introduced	
  into	
  the	
  experimental	
  system.	
  This	
  variability	
  has	
  led	
  to	
  

the	
  development	
  of	
  many	
  models	
  and	
  no	
  universal	
  gold	
  standard	
  exists	
  [	
  22].	
  This	
  makes	
  it	
  far	
  

more	
  difficult	
  to	
  get	
  accurate,	
  reproducible	
  results	
  and	
  much	
  harder	
  to	
  interpret	
  the	
  results	
  of	
  

other	
  researchers.	
  	
  

	
  

Another	
  limitation	
  is	
  the	
  lack	
  of	
  reliability	
  inherent	
  in	
  most	
  interspecies	
  comparisons.	
  The	
  

results	
  obtained	
  from	
  animal	
  systems	
  may	
  not	
  necessarily	
  apply	
  to	
  humans.	
  Many	
  important	
  

anatomical	
  and	
  physiological	
  differences	
  exist	
  between	
  humans	
  and	
  animals	
  so	
  things	
  learned	
  

from	
  animal	
  models	
  cannot	
  always	
  be	
  extrapolated	
  to	
  humans.	
  	
  

	
  

Furthermore,	
  animal	
  models	
  are	
  costly,	
  inefficient	
  and	
  limited	
  in	
  availability.	
  Some	
  of	
  the	
  more	
  

elaborate	
  and	
  realistic	
  animal	
  models	
  require	
  special	
  facilities	
  for	
  breeding	
  and	
  studying	
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animals.	
  This	
  limits	
  the	
  number	
  of	
  available	
  animal	
  models,	
  accessibility	
  to	
  researchers,	
  and	
  

efficiency.	
  Additionally,	
  the	
  cost	
  of	
  the	
  animals,	
  facilities	
  and	
  specialized	
  personnel	
  make	
  these	
  

models	
  far	
  more	
  expensive.	
  

	
  

	
  Finally,	
  an	
  often	
  overlooked	
  but	
  important	
  issue	
  to	
  consider	
  is	
  the	
  ethical	
  aspect	
  of	
  animal	
  

research.	
  Animal	
  research	
  is	
  subject	
  to	
  controversy,	
  especially	
  when	
  the	
  animals	
  are	
  sacrificed	
  

or	
  subjected	
  to	
  pain.	
  

2.3. Past	
  Studies	
  –	
  In	
  Vitro	
  Models	
  	
  

Many	
  of	
  the	
  issues	
  mentioned	
  with	
  animal	
  models	
  can	
  be	
  resolved	
  with	
  in	
  vitro	
  models.	
  

However,	
  due	
  to	
  the	
  difficulty	
  in	
  producing	
  accurate	
  in	
  vitro	
  models,	
  animal	
  models	
  are	
  far	
  

more	
  popular.	
  The	
  few	
  studies	
  that	
  have	
  been	
  conducted	
  have	
  focused	
  only	
  on	
  one	
  tissue	
  type	
  

or	
  one	
  part	
  of	
  the	
  complex	
  joint	
  system.	
  For	
  instance,	
  one	
  study	
  explored	
  an	
  in	
  vitro	
  model	
  

using	
  chondrocytes	
  from	
  infected	
  horse	
  joints.	
  In	
  this	
  study	
  the	
  cartilage	
  was	
  subjected	
  to	
  a	
  

single-­‐impact	
  load	
  and	
  the	
  resulting	
  effects	
  on	
  the	
  cartilage	
  were	
  monitored	
  [	
  23].	
  Similarly,	
  

another	
  study	
  used	
  2D	
  slices	
  of	
  human	
  osteoarthritic	
  cartilage	
  to	
  model	
  osteoarthritis	
  

metabolic	
  activity.	
  	
  Again,	
  only	
  cartilage	
  was	
  studied	
  [	
  24].	
  While	
  these	
  studies	
  were	
  successful	
  

in	
  that	
  the	
  observed	
  cartilage	
  degradation	
  patterns	
  were	
  similar	
  to	
  that	
  of	
  osteoarthritis,	
  they	
  

neglected	
  to	
  include	
  bone,	
  a	
  key	
  component	
  to	
  the	
  osteoarthritis	
  system	
  [	
  9,	
  21,	
  10].	
  

Furthermore,	
  these	
  models	
  and	
  most	
  other	
  in	
  vitro	
  models	
  have	
  used	
  2D	
  systems,	
  which	
  

grossly	
  impacts	
  their	
  predictive	
  power.	
  Joints	
  are	
  3-­‐dimensional,	
  highly	
  structured	
  constructs	
  

and	
  modeling	
  them	
  with	
  a	
  2D	
  system	
  is	
  inaccurate.	
  Other	
  studies	
  have	
  tried	
  making	
  in-­‐vitro	
  

models	
  by	
  extracting	
  entire	
  osteoarthritic	
  joints	
  from	
  animals	
  [	
  25].	
  Such	
  studies	
  are	
  only	
  

marginal	
  improvements	
  over	
  animal	
  studies	
  as	
  they	
  still	
  suffer	
  from	
  many	
  of	
  the	
  same	
  issues	
  

and	
  offer	
  only	
  slightly	
  more	
  control.	
  

2.4. An	
  Improved	
  Model	
  

If	
  in	
  vitro	
  models	
  are	
  to	
  succeed	
  and	
  offer	
  an	
  alternative	
  to	
  animal	
  models	
  they	
  must	
  offer	
  a	
  

more	
  thorough	
  and	
  robust	
  model	
  of	
  the	
  disease.	
  No	
  in	
  vitro,	
  osteoarthritis	
  models	
  have	
  been	
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developed	
  that	
  incorporate	
  every	
  relevant	
  part	
  of	
  the	
  system,	
  that	
  is:	
  osteoblasts,	
  

chondrocytes,	
  and	
  a	
  3D	
  matrix.	
  While,	
  the	
  structure	
  of	
  joints	
  is	
  far	
  more	
  complex	
  and	
  includes	
  

many	
  more	
  components,	
  a	
  system	
  with	
  just	
  these	
  parts	
  would	
  greatly	
  improve	
  the	
  current	
  state	
  

of	
  the	
  art.	
  If	
  such	
  a	
  model	
  could	
  be	
  created,	
  research	
  in	
  the	
  field	
  of	
  osteoarthritis	
  could	
  greatly	
  

be	
  accelerated.	
  This	
  would	
  provide	
  researchers	
  with	
  a	
  fully	
  controllable,	
  reliable,	
  and	
  flexible	
  

system.	
  	
  

	
  

Certain	
  aspects	
  of	
  this	
  improved	
  model	
  have	
  been	
  shown	
  to	
  be	
  possible	
  in	
  past	
  studies.	
  	
  One	
  

key	
  feature	
  necessary	
  for	
  this	
  modeling	
  system	
  is	
  an	
  osteochondral	
  

coculture.	
  As	
  mentioned	
  previously,	
  the	
  pathology	
  of	
  osteoarthritis	
  

not	
  only	
  involves	
  cartilage	
  degradation	
  but	
  also	
  a	
  complex	
  bone	
  

remodeling	
  response.	
  In	
  fact,	
  it	
  is	
  the	
  response	
  of	
  the	
  bone	
  to	
  

cartilage	
  degradation	
  that	
  often	
  leads	
  to	
  many	
  of	
  the	
  symptoms	
  that	
  

patients	
  may	
  experience.	
  Past	
  studies	
  have	
  shown	
  successful	
  

cocultures	
  of	
  osteocytes	
  and	
  chondrocytes	
  on	
  polycaprolactone	
  3D	
  

scaffolds	
  by	
  culturing	
  each	
  half	
  of	
  the	
  scaffolds	
  separately	
  (Figure	
  

2.4)	
  	
  [	
  26].	
  The	
  issue	
  with	
  methods	
  such	
  as	
  these	
  is	
  that	
  only	
  a	
  single	
  

2-­‐dimensional	
  osteochondral	
  interface	
  is	
  formed	
  which	
  is	
  harder	
  to	
  study	
  and	
  isn’t	
  as	
  accurate.	
  

However,	
  this	
  study	
  does	
  demonstrate	
  that	
  the	
  proposed	
  tissue	
  engineering	
  based	
  model	
  is	
  

possible	
  with	
  current	
  biomedical	
  technologies.	
  The	
  proposed	
  model,	
  unlike	
  this	
  study,	
  

optimizes	
  the	
  osteochondral	
  coculture	
  by	
  establishing	
  a	
  design	
  that	
  emphasizes	
  the	
  

osteochondral	
  interface	
  and	
  goes	
  one	
  step	
  further	
  by	
  using	
  this	
  3D	
  system	
  to	
  model	
  

osteoarthritis.	
  This	
  model	
  includes	
  a	
  simple	
  but	
  effective	
  way	
  to	
  induce	
  osteoarthritis	
  on	
  an	
  in	
  

vitro	
  system.	
  With	
  proper	
  refinement	
  and	
  testing	
  a	
  robust	
  model	
  of	
  osteoarthritis	
  should	
  be	
  

relatively	
  easy	
  to	
  develop.	
  

	
  

Once	
  developed,	
  this	
  system	
  will	
  significantly	
  improve	
  the	
  capacity	
  to	
  research	
  osteoarthritis.	
  

The	
  proposed	
  model	
  system	
  is	
  superior	
  to	
  existing	
  in	
  vitro	
  models	
  and	
  can	
  either	
  complement	
  

or	
  replace	
  animal	
  studies.	
  The	
  large	
  quantity	
  of	
  affected	
  osteoarthritis	
  patients	
  and	
  the	
  relative	
  

Figure	
  2.4	
  –	
  Split	
  
polycaprolactone	
  scaffolds	
  with	
  
osteocytes	
  cultured	
  on	
  one	
  side	
  
and	
  chondrocytes	
  on	
  the	
  other	
  	
  
[	
  26].	
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gap	
  in	
  understanding	
  of	
  the	
  disease	
  make	
  it	
  especially	
  important	
  to	
  develop	
  an	
  accurate,	
  

realistic,	
  and	
  highly	
  controllable	
  model	
  system.	
  	
  In	
  the	
  long	
  run	
  this	
  will	
  facilitate	
  the	
  production	
  

of	
  therapeutic	
  medications	
  and	
  preventative	
  measures	
  against	
  osteoarthritis,	
  which	
  can	
  

potentially	
  improve	
  the	
  lives	
  of	
  millions	
  of	
  osteoarthritis	
  patients.	
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3. Experimental	
  Design	
  

3.1. Specific	
  Aims	
  

The	
  long-­‐term	
  goal	
  of	
  this	
  study	
  is	
  to	
  make	
  an	
  in	
  vitro	
  model	
  for	
  osteoarthritis	
  that	
  will	
  be	
  

realistic,	
  cheap,	
  and	
  highly	
  controllable.	
  The	
  immediate	
  objective	
  of	
  this	
  study	
  is	
  the	
  

development	
  of	
  a	
  3D	
  system	
  that	
  can	
  be	
  induced	
  to	
  resemble	
  osteoarthritis.	
  The	
  successful	
  

development	
  of	
  such	
  a	
  system	
  is	
  an	
  important	
  first	
  step	
  to	
  this	
  goal.	
  The	
  central	
  hypothesis	
  was	
  

that	
  this	
  system	
  would	
  physiologically,	
  chemically,	
  and	
  structurally	
  mimic	
  the	
  joint	
  system	
  so	
  

that	
  eventually	
  it	
  can	
  be	
  used	
  to	
  model	
  joint	
  diseases,	
  in	
  particular,	
  osteoarthritis.	
  This	
  

hypothesis	
  aimed	
  to	
  test	
  the	
  physiological	
  realism	
  of	
  the	
  system	
  that	
  was	
  created	
  in	
  this	
  study.	
  

The	
  rationale	
  for	
  this	
  study	
  was	
  to	
  establish	
  a	
  model	
  system	
  to	
  facilitate	
  the	
  study	
  of	
  

osteoarthritis.	
  	
  

To	
  achieve	
  the	
  objectives	
  outlined	
  in	
  this	
  study	
  the	
  following	
  specific	
  aims	
  were	
  attempted:	
  	
  

	
   Aim	
  1:	
  Develop	
  an	
  osteochondral	
  coculture	
  system	
  that	
  can	
  easily	
  be	
  manipulated	
  and	
  

studied	
  to	
  facilitate	
  osteoarthritis	
  modeling.	
  The	
  working	
  hypothesis	
  was	
  that	
  by	
  separately	
  

culturing	
  osteoblast	
  and	
  chondrocyte	
  scaffolds	
  and	
  combining	
  them	
  in	
  a	
  particular	
  way,	
  a	
  

coculture	
  system	
  could	
  be	
  made.	
  The	
  outcome	
  for	
  this	
  aim	
  was	
  a	
  3D	
  co-­‐culture	
  of	
  osteoblasts	
  

and	
  chondrocytes	
  mimicking	
  native	
  joints.	
  

	
   Aim	
  2:	
  Assess	
  the	
  effects	
  of	
  specific	
  cytokines	
  on	
  the	
  induction	
  of	
  osteoarthritis	
  like	
  

symptoms	
  on	
  a	
  3D	
  osteochondral	
  scaffold.	
  	
  The	
  working	
  hypothesis	
  was	
  that	
  osteoarthritis	
  

could	
  be	
  induced	
  in	
  vitro	
  by	
  exposing	
  the	
  coculture	
  system	
  to	
  specific	
  cytokines.	
  The	
  outcome	
  

of	
  this	
  aim	
  was	
  an	
  easy	
  way	
  to	
  induce	
  osteoarthritis	
  in	
  an	
  in	
  vitro	
  system	
  so	
  that	
  ultimately	
  it	
  

can	
  be	
  modeled.	
  

Use	
  optimized	
  osteochondral	
  

cocultures	
  in	
  aim	
  2	
  

Aim	
  1:	
  Create	
  a	
  robust	
  

osteochondral	
  coculture	
  system	
  

that	
  can	
  easily	
  be	
  manipulated	
  

and	
  studied	
  to	
  facilitate	
  

osteoarthritis	
  modeling.	
  

Aim	
  2:	
  Use	
  cytokines	
  to	
  

induce	
  osteoarthritis	
  in	
  

cocultures	
  

Figure	
  3.1	
  -­‐	
  Summary	
  of	
  aims	
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3.2. Experimental	
  Setup	
  and	
  Summary	
  

	
  

Table	
  3.1	
  –	
  Coculture	
  (Aim	
  1)	
  Experimental	
  and	
  Control	
  Groups	
  

Groups	
   Purpose	
   Abbreviation	
  

Osteochondral	
  coculture	
  in	
  coculture	
  medium	
   Experimental	
  Group	
   Coculture	
  

Chondrocytes	
  in	
  coculture	
  medium	
   Control	
  Group	
   Chondrocytes	
  

Osteoblasts	
  in	
  coculture	
  medium	
   Control	
  Group	
   Osteoblasts	
  

	
  

	
  

Figure	
  3.2	
  –	
  Overview	
  of	
  the	
  experiment,	
  outlining	
  all	
  the	
  steps	
  used	
  to	
  achieve	
  aims	
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Table	
  3.2	
  –	
  Osteoarthritis	
  Induction	
  (Aim	
  2)	
  Experimental	
  and	
  Control	
  Groups	
  

Groups	
   Purpose	
   Abbreviation	
  

IL-­‐1	
  β	
  stimulation	
  (50	
  pg/mL)	
  of	
  osteochondral	
  

coculture	
  in	
  coculture	
  medium	
  

Experimental	
  group	
   IL-­‐1	
  β	
  

TNF-­‐α	
  stimulation	
  (50	
  pg/mL)	
  of	
  osteochondral	
  

coculture	
  in	
  coculture	
  medium	
  

Experimental	
  Group	
   TNF-­‐α	
  

Osteochondral	
  coculture	
  in	
  coculture	
  medium	
   Control	
  Group	
   Coculture	
  

As	
  shown	
  in	
  Figure	
  3.2,	
  this	
  study	
  involved	
  growing	
  human	
  mesenchymal	
  stem	
  cells	
  (hMSCs),	
  

differentiating	
  them	
  into	
  osteoblasts	
  and	
  chondrocyte	
  beads,	
  and	
  combining	
  the	
  two	
  cell	
  types	
  

to	
  form	
  an	
  osteochondral	
  collagen	
  scaffold.	
  The	
  experimental	
  groups	
  (see	
  Table	
  3.2)	
  were	
  

stressed	
  with	
  the	
  proinflammatory	
  cytokines,	
  IL-­‐1β	
  and	
  TNF-­‐α.	
  To	
  check	
  the	
  success	
  of	
  the	
  

aims,	
  PCR,	
  a	
  nitrite	
  assay,	
  PicoGreen,	
  and	
  histology	
  were	
  performed.	
  Table	
  3.1	
  and	
  Table	
  3.2	
  

show	
  the	
  experimental	
  and	
  control	
  groups	
  made	
  to	
  establish	
  each	
  aim.	
  Note	
  that	
  the	
  

osteochondral	
  coculture	
  is	
  an	
  experimental	
  group	
  for	
  one	
  aim	
  and	
  a	
  control	
  group	
  for	
  the	
  

other.	
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3.3. Overview	
  of	
  Osteochondral	
  Scaffold	
  Design	
  

The	
  osteochondral	
  coculture	
  scaffold	
  was	
  designed	
  to	
  facilitate	
  osteoarthritis	
  research	
  while	
  

still	
  maintaining	
  realism	
  and	
  physiological	
  relevance.	
  As	
  shown	
  in	
  Figure	
  3.3,	
  a	
  collagen	
  matrix	
  

seeded	
  with	
  osteoblasts	
  was	
  embedded	
  with	
  chondrogenic	
  alginate	
  beads.	
  This	
  system	
  was	
  

thought	
  to	
  closely	
  simulate	
  in	
  vivo	
  conditions,	
  especially	
  regarding	
  the	
  interface	
  between	
  

osteocytes	
  and	
  chondrocytes.	
  Only	
  a	
  layer	
  of	
  calcified	
  cartilage	
  separates	
  osteocytes	
  and	
  

chondrocytes	
  in	
  native	
  joints	
  and	
  this	
  system	
  closely	
  mimics	
  this	
  [	
  16].	
  The	
  system	
  includes	
  a	
  3D	
  

matrix	
  with	
  both	
  osteoblasts	
  and	
  chondrocytes,	
  all	
  of	
  the	
  relevant	
  cell	
  types	
  in	
  osteoarthritis.	
  

Furthermore,	
  this	
  system	
  improves	
  upon	
  previous	
  coculture	
  methods	
  by	
  establishing	
  numerous	
  

osteochondral	
  interfaces	
  (between	
  each	
  bead	
  and	
  the	
  surrounding	
  collagen	
  matrix)	
  facilitating	
  

testing	
  and	
  studying	
  of	
  the	
  system.	
  To	
  further	
  enhance	
  studying	
  of	
  this	
  system,	
  both	
  the	
  

alginate	
  beads	
  and	
  the	
  surrounding	
  collagen	
  matrix	
  can	
  be	
  digested	
  with	
  sodium	
  citrate	
  and	
  

collagenase,	
  respectively	
  [	
  27,	
  28].	
  This	
  makes	
  it	
  possible,	
  in	
  theory,	
  to	
  first	
  digest	
  the	
  

surrounding	
  collagen	
  matrix	
  with	
  collagenase	
  and	
  then	
  isolate	
  the	
  beads	
  and	
  dissolve	
  them	
  in	
  

sodium	
  citrate.	
  Testing	
  can	
  then	
  be	
  performed	
  on	
  the	
  alginate	
  beads	
  and	
  the	
  collagen	
  matrix	
  

separately	
  to	
  study	
  the	
  effects	
  of	
  treatments	
  on	
  each	
  cell	
  type	
  individually.	
  This	
  will	
  give	
  

Figure	
  3.3	
  –	
  Osteochondral	
  scaffold	
  design	
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researchers	
  much	
  more	
  data	
  when	
  studying	
  osteoarthritis	
  with	
  this	
  model.	
  This	
  method	
  of	
  

studying	
  each	
  cell	
  type	
  separately	
  was	
  not,	
  however,	
  applied	
  in	
  this	
  study	
  because	
  of	
  structural	
  

concerns	
  and	
  smaller	
  than	
  expected	
  scaffolds	
  as	
  highlighted	
  below	
  in	
  section	
  6.1.	
  

3.4. Biomaterial	
  Choice	
  

Collagen	
  type	
  1	
  (Col	
  I)	
  and	
  alginate	
  were	
  chosen	
  as	
  biomaterials	
  because	
  they	
  are	
  natural	
  

polymers	
  found	
  natively	
  in	
  humans.	
  Col	
  I	
  is	
  a	
  major	
  component	
  of	
  the	
  ECM	
  of	
  natural	
  bone	
  

making	
  it	
  extremely	
  suitable	
  for	
  this	
  application	
  [	
  29].	
  Furthermore,	
  type	
  1	
  collagen	
  matrices	
  

have	
  been	
  shown	
  to	
  promote	
  osteogenic	
  differentiation,	
  growth,	
  adherence,	
  and	
  

mineralization	
  in	
  numerous	
  studies	
  [	
  29,	
  30,	
  31,	
  32].	
  Alginate	
  beads	
  have	
  been	
  shown	
  to	
  not	
  

only	
  support	
  chondrocyte	
  growth	
  but	
  also	
  maintain	
  the	
  chondrocyte	
  phenotype	
  for	
  prolonged	
  

periods	
  of	
  time	
  (up	
  to	
  8	
  months)	
  and	
  re-­‐differentiate	
  chondrocytes	
  that	
  have	
  dedifferentiated	
  	
  	
  

[	
  33].	
  The	
  alginate	
  encapsulation	
  also	
  allows	
  chondrocytes	
  to	
  respond	
  to	
  growth	
  factors	
  and	
  

cytokines	
  so	
  osteoblast-­‐chondrocyte	
  signaling	
  can	
  occur	
  [	
  33].	
  Furthermore,	
  previous	
  studies	
  

have	
  shown	
  that	
  alginate	
  beads	
  support	
  the	
  differentiation	
  of	
  human	
  mesenchymal	
  stem	
  cells	
  

(hMSC’s)	
  to	
  chondrocytes	
  and	
  that	
  by	
  18-­‐24	
  days	
  of	
  culture	
  the	
  gene	
  profiles	
  of	
  these	
  hMSC	
  

derived	
  chondrocytes	
  are	
  analogous	
  to	
  human	
  articular	
  cartilage	
  [	
  34].	
  	
  

These	
  biomaterials	
  are	
  also	
  very	
  easy	
  to	
  dissolve	
  or	
  digest.	
  Col	
  I	
  can	
  easily	
  be	
  enzymatically	
  

digested	
  with	
  the	
  protease,	
  Collagenase	
  Type	
  1	
  [	
  27],	
  facilitating	
  the	
  isolation	
  of	
  alginate	
  beads	
  

so	
  that	
  the	
  collagen	
  and	
  alginate	
  components	
  of	
  this	
  system	
  can	
  be	
  studied	
  and	
  tested	
  

separately.	
  Alginate	
  readily	
  dissolves	
  in	
  sodium	
  citrate	
  solution	
  to	
  free	
  cells	
  from	
  the	
  matrix	
  

making	
  it	
  easy	
  to	
  study	
  cells	
  embedded	
  in	
  alginate	
  [	
  28].	
  	
  

3.5. Cell	
  sources	
  

Osteoblasts	
  and	
  chondrocytes	
  were	
  differentiated	
  from	
  human	
  mesenchymal	
  stem	
  cells	
  

(hMSC’s)	
  in	
  this	
  study.	
  hMSC’s	
  were	
  chosen	
  because	
  they	
  are	
  readily	
  available,	
  proliferative,	
  

and	
  relatively	
  cheap.	
  They	
  are	
  multipotent	
  and	
  capable	
  of	
  differentiating	
  into	
  either	
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chondrocytes	
  or	
  osteoblasts	
  [	
  35].	
  Alternative	
  cell	
  sources,	
  including	
  native	
  chondrocytes	
  and	
  

osteoblasts	
  are	
  much	
  harder	
  to	
  obtain,	
  more	
  expensive,	
  and	
  not	
  as	
  proliferative.	
  	
  

3.6. Osteoarthritis	
  Induction	
  

The	
  cytokines,	
  IL-­‐1β	
  and	
  TNF-­‐α	
  were	
  chosen	
  to	
  induce	
  osteoarthritis	
  on	
  osteochondral	
  

cocultures	
  in	
  this	
  study.	
  These	
  cytokines	
  have	
  been	
  the	
  best	
  characterized	
  in	
  terms	
  of	
  their	
  role	
  

in	
  osteoarthritis	
  [	
  12,	
  15].	
  They	
  have	
  also	
  shown	
  the	
  most	
  promise	
  in	
  osteoarthritis	
  induction	
  in	
  

previous	
  studies	
  involving	
  chondrocytes	
  [	
  3].	
  

Other	
  methods	
  of	
  inducing	
  osteoarthritis	
  were	
  considered,	
  including	
  mechanical	
  stress	
  and	
  

macrophage	
  stimulation.	
  However,	
  due	
  to	
  time	
  constraints,	
  these	
  factors	
  were	
  not	
  included	
  in	
  

this	
  study.	
  

3.7. Tests	
  and	
  assays	
  

RT-­‐PCR	
  was	
  used	
  to	
  quantify	
  gene	
  expression	
  in	
  order	
  to	
  determine	
  if	
  osteoarthritis	
  was	
  

successfully	
  induced	
  and	
  to	
  verify	
  osteogenic	
  and	
  chondrogenic	
  differentiation	
  in	
  the	
  

cocultures.	
  The	
  following	
  genes	
  were	
  analyzed:	
  ACAN,	
  ADAMTS5,	
  CASP3,	
  MMP3,	
  COL2A1,	
  

RUNX2,	
  and	
  SOX9.	
  

The	
  ACAN	
  gene	
  is	
  responsible	
  for	
  aggrecan	
  synthesis,	
  which	
  has	
  been	
  shown	
  to	
  be	
  down-­‐

regulated	
  in	
  osteoarthritic	
  tissue	
  [	
  5].	
  It	
  can	
  also	
  indicate	
  the	
  presence	
  of	
  chondrocytes	
  [	
  36].	
  

The	
  ADAMTS5	
  gene	
  encodes	
  an	
  aggrecanase	
  enzyme	
  that	
  has	
  been	
  shown	
  to	
  be	
  one	
  of	
  the	
  

most	
  up-­‐regulated	
  aggrecanases	
  in	
  osteoarthritic	
  tissue	
  [	
  37,	
  38].	
  The	
  MMP3	
  gene	
  encodes	
  the	
  

matrix	
  metalloproteinase-­‐3	
  enzyme,	
  which	
  is	
  responsible	
  for	
  digesting	
  ECM	
  proteins	
  and	
  has	
  

been	
  shown	
  to	
  be	
  one	
  of	
  the	
  most	
  up-­‐regulated	
  proteases	
  during	
  osteoarthritis	
  [	
  37].	
  The	
  

CASP3	
  gene	
  encodes	
  the	
  caspase-­‐3	
  enzyme,	
  which	
  is	
  implicated	
  in	
  apoptotic	
  pathways	
  and	
  thus	
  

up-­‐regulated	
  during	
  osteoarthritis	
  [	
  20].	
  The	
  COL2A1	
  gene	
  encodes	
  a	
  component	
  of	
  type	
  II	
  

collagen	
  and	
  a	
  chondrocyte	
  marker	
  [	
  36].	
  Type	
  2	
  collagen	
  synthesis	
  has	
  been	
  shown	
  to	
  be	
  

suppressed	
  in	
  osteoarthritic	
  tissue	
  [	
  3].	
  The	
  RUNX2	
  gene	
  encodes	
  a	
  transcription	
  factor	
  

responsible	
  for	
  osteoblast	
  differentiation	
  and	
  was	
  used	
  as	
  an	
  osteoblast	
  marker	
  [	
  39,	
  40,	
  41].	
  It	
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could	
  also	
  indicate	
  bone	
  remodeling	
  [	
  41].	
  The	
  SOX9	
  gene	
  encodes	
  a	
  transcription	
  factor	
  

responsible	
  for	
  chondrocyte	
  differentiation	
  and	
  was	
  used	
  as	
  a	
  chondrocyte	
  marker	
  [	
  42].	
  

In	
  addition	
  to	
  PCR,	
  nitrite	
  levels	
  were	
  assessed	
  with	
  a	
  Griess	
  reagent	
  Nitrite	
  assay.	
  Nitric	
  oxide	
  

has	
  been	
  implicated	
  in	
  the	
  osteoarthritis	
  pathogenesis	
  as	
  an	
  autocrine	
  that	
  reduces	
  aggrecan	
  

synthesis	
  and	
  stimulates	
  MMP	
  activity	
  [	
  12,	
  16]	
  and	
  thus	
  nitrite	
  levels	
  should	
  be	
  elevated	
  in	
  the	
  

osteoarthritis	
  induced	
  experimental	
  groups.	
  

Finally,	
  PicoGreen	
  analysis	
  was	
  conducted	
  to	
  quantify	
  DNA	
  levels	
  in	
  samples	
  3	
  weeks	
  after	
  

culture.	
  Hypocellularity,	
  possibly	
  due	
  to	
  apoptotic	
  death,	
  is	
  a	
  symptom	
  of	
  osteoarthritis	
  [	
  13]	
  so	
  

a	
  reduction	
  in	
  DNA	
  levels	
  should	
  be	
  seen	
  in	
  osteoarthritis	
  induced	
  experimental	
  groups.	
  

Furthermore,	
  PicoGreen	
  was	
  used	
  to	
  grossly	
  determine	
  cell	
  quantities	
  after	
  prolonged	
  culture.	
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4. Materials	
  and	
  Methods	
  

4.1. hMSC	
  Culturing	
  and	
  Expansion	
  

Bone	
  marrow	
  derived	
  hMSC’s	
  were	
  cultured	
  as	
  2	
  dimensional	
  monolayers	
  in	
  T-­‐185	
  tissue	
  

culture	
  flasks	
  in	
  expansion	
  medium	
  (88%	
  DMEM	
  w/	
  high	
  glucose	
  and	
  L-­‐glutamine,	
  1%	
  Non-­‐

essential	
  amino-­‐acids,	
  1%	
  Pen-­‐Strep-­‐Fungizone,	
  10%	
  FBS,	
  1	
  ng/mL	
  bFGF).	
  Medium	
  was	
  changed	
  

every	
  2-­‐3	
  days	
  and	
  cultures	
  were	
  passaged	
  upon	
  80%	
  confluency	
  until	
  enough	
  cells	
  were	
  

present	
  for	
  differentiation.	
  

4.2. Osteoblast	
  Differentiation	
  

After	
  p3	
  hMSC’s	
  were	
  about	
  80%	
  confluent,	
  hMSC	
  expansion	
  medium	
  was	
  replaced	
  with	
  

osteogenic	
  medium	
  (88%	
  DMEM	
  w/	
  high	
  glucose	
  and	
  L-­‐glutamine,	
  1%	
  Non-­‐essential	
  amino-­‐

acids,	
  1%	
  Pen-­‐Strep-­‐Fungizone,	
  10%	
  FBS,	
  100	
  nm	
  dexamethasone,	
  10	
  mM	
  β	
  Glycerol	
  

Phosphate,	
  0.05	
  mM	
  ascorbic	
  acid	
  [	
  43])	
  to	
  promote	
  osteogenic	
  differentiation.	
  Cells	
  were	
  

grown	
  under	
  these	
  conditions	
  for	
  3	
  weeks	
  to	
  ensure	
  fully	
  differentiated	
  osteoblasts.	
  

4.3. Chondrocyte	
  Alginate	
  Bead	
  Construction	
  and	
  Differentiation	
  

Alginate	
  beads	
  were	
  constructed	
  and	
  seeded	
  following	
  the	
  protocol	
  provided	
  with	
  the	
  Lonza	
  

alginate	
  solution	
  [	
  44].	
  P3	
  hMSC’s	
  grown	
  in	
  T-­‐185	
  tissue	
  culture	
  flasks	
  were	
  trypsinized	
  and	
  

counted	
  with	
  a	
  hemocytometer.	
  Trypsinized	
  cells	
  were	
  then	
  centrifuged	
  at	
  1250	
  RPM	
  for	
  10	
  

minutes	
  to	
  isolate	
  a	
  cell	
  pellet.	
  	
  The	
  pellet	
  (≈4.4*106	
  cells)	
  was	
  washed	
  once	
  with	
  155	
  mM	
  NaCl	
  

and	
  was	
  resuspended	
  in	
  11	
  mL	
  of	
  1.2%	
  sodium	
  alginate	
  making	
  an	
  alginate	
  solution	
  with	
  

approximately	
  4*105	
  cells/mL.	
  The	
  cell/alginate	
  solution	
  was	
  then	
  expressed	
  dropwise	
  through	
  

a	
  22	
  gauge	
  needle	
  into	
  4	
  volumes	
  (≈45	
  mL)	
  of	
  102	
  mM	
  CaCl2	
  solution	
  to	
  form	
  beads.	
  The	
  CaCl2	
  

solution	
  was	
  removed	
  and	
  the	
  beads	
  were	
  washed	
  5	
  times	
  with	
  4	
  volumes	
  (≈45	
  mL)	
  of	
  155	
  mM	
  

NaCl.	
  Finally,	
  the	
  beads	
  were	
  divided	
  evenly	
  into	
  24	
  well	
  plates	
  	
  (3-­‐4	
  beads	
  per	
  well)	
  to	
  produce	
  

36	
  samples	
  (9	
  samples	
  per	
  chondrocyte	
  containing	
  group	
  outlined	
  in	
  Table	
  3.1	
  and	
  Table	
  3.2)	
  

each	
  with	
  approximately	
  1.2*105	
  cells	
  (4.4*106	
  cells	
  total	
  ÷	
  36	
  wells).	
  The	
  beads	
  were	
  grown	
  in	
  

chondrogenic	
  medium	
  (95%	
  DMEM	
  with	
  high	
  glucose	
  and	
  L-­‐glutamine,	
  1%	
  Non	
  essential	
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amino-­‐acids,	
  2%	
  FBS,	
  1%	
  Pen-­‐Strep-­‐Fungizone,	
  1%	
  Insulin	
  –	
  Transferrin	
  -­‐	
  Selenium	
  (ITS+1),	
  100	
  

nM	
  Dexamethasone,	
  10	
  ng/mL	
  TGF-­‐	
  β,	
  50	
  μg/mL	
  ascorbic	
  acid,	
  40	
  μg/mL	
  proline	
  [	
  45])	
  for	
  3	
  

weeks.	
  The	
  medium	
  was	
  changed	
  every	
  2-­‐3	
  days.	
  

4.4. Osteochondral	
  collagen	
  scaffold	
  construction	
  

A	
  collagen	
  gel	
  was	
  produced	
  as	
  described	
  by	
  the	
  Invitrogen	
  protocol	
  provided	
  with	
  bovine	
  

collagen	
  I	
  [	
  46].	
  Briefly,	
  dH2O,	
  10X	
  Medium	
  199,	
  1N	
  NaOH,	
  and	
  5	
  mg/mL	
  bovine	
  collagen	
  I,	
  were	
  

mixed	
  together	
  in	
  that	
  order.	
  Formulas	
  provided	
  in	
  the	
  Invitrogen	
  protocol	
  were	
  used	
  to	
  

determine	
  the	
  quantities	
  of	
  each	
  component	
  so	
  that	
  a	
  firm	
  collagen	
  gel	
  mixture	
  with	
  a	
  pH	
  of	
  

7.0-­‐7.5	
  could	
  be	
  produced	
  [	
  46].	
  hMSC	
  derived	
  osteoblasts	
  were	
  then	
  trypsinized	
  and	
  counted	
  

with	
  a	
  hemocytometer.	
  Trypsinized	
  cells	
  were	
  centrifuged	
  at	
  1250	
  RPM	
  for	
  10	
  minutes	
  to	
  

isolate	
  a	
  cell	
  pellet.	
  The	
  pellet	
  was	
  then	
  resuspended	
  in	
  the	
  collagen	
  gel	
  mixture	
  at	
  2.4*105	
  

cells/mL.	
  0.5	
  mL	
  of	
  cell-­‐collagen	
  gel	
  mixture	
  or	
  collagen	
  gel	
  without	
  cells	
  was	
  placed	
  into	
  each	
  

well	
  of	
  a	
  24-­‐well	
  plate	
  already	
  filled	
  with	
  chondrocyte	
  beads	
  (see	
  section	
  4.3	
  above)	
  to	
  produce	
  

9	
  replicates	
  of	
  each	
  of	
  the	
  5	
  groups	
  outlined	
  in	
  Table	
  3.1	
  and	
  Table	
  3.2.	
  At	
  this	
  point	
  each	
  well	
  

contained	
  1.2*105	
  osteoblasts	
  and	
  1.2*105	
  chondrocytes	
  or	
  only	
  2.4*105	
  osteoblasts	
  or	
  only	
  

2.4*105	
  	
  chondrocytes.	
  

4.5. Cytokine	
  Stimulation	
  

After	
  3	
  days	
  of	
  culture	
  in	
  regular	
  coculture	
  medium,	
  coculture	
  medium	
  supplemented	
  with	
  50	
  

pg/mL	
  of	
  IL-­‐1β	
  or	
  50	
  pg/mL	
  of	
  TNF-­‐α	
  was	
  added	
  to	
  the	
  appropriate	
  experimental	
  groups	
  (see	
  

Table	
  3.1	
  and	
  Table	
  3.2).	
  These	
  concentrations	
  were	
  determined	
  by	
  past	
  studies	
  showing	
  that	
  

these	
  concentrations	
  were	
  capable	
  of	
  inducing	
  changes	
  in	
  gene	
  expression	
  consistent	
  with	
  

osteoarthritis	
  in	
  chondrocytes	
  [	
  5].	
  Furthermore,	
  the	
  synovial	
  fluid	
  of	
  patients	
  with	
  

osteoarthritis	
  has	
  cytokine	
  levels	
  that	
  fall	
  within	
  this	
  range	
  [	
  15].	
  

4.6. RNA	
  extraction,	
  reverse	
  transcription	
  and	
  RT-­‐PCR	
  

Scaffolds	
  were	
  lysed	
  with	
  lysis	
  buffer	
  provided	
  in	
  a	
  Qiagen	
  RNeasy	
  Mini	
  Kit	
  (Qiagen,	
  Valencia,	
  

CA)	
  and	
  homogenized	
  by	
  passing	
  through	
  a	
  22-­‐gauge	
  needle	
  repeatedly	
  (≈10	
  times)	
  [	
  47].	
  After	
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homogenization,	
  RNA	
  was	
  purified	
  with	
  the	
  Quiagen	
  RNeasy	
  Mini	
  Kit	
  as	
  described	
  in	
  the	
  

protocols	
  provided	
  with	
  the	
  kit	
  [	
  47].	
  	
  

RNA	
  was	
  then	
  spectroscopically	
  quantified	
  with	
  a	
  nanodrop	
  spectrometer	
  (ND-­‐3300,	
  Nanodrop	
  

Technologies,	
  USA).	
  Using	
  this	
  quantification	
  data,	
  50	
  ng	
  of	
  RNA	
  from	
  each	
  sample	
  was	
  diluted	
  

to	
  50	
  μL	
  in	
  RNase	
  free	
  water.	
  Then	
  with	
  a	
  High-­‐Capacity	
  cDNA	
  Archive	
  Kit,	
  (Applied	
  Biosystems,	
  

Carlsbad,	
  CA)	
  reverse	
  transcriptase	
  master	
  mix	
  was	
  prepared	
  with	
  the	
  following	
  components:	
  

nucleotide	
  free	
  water	
  (21	
  μL/sample),	
  10x	
  RT	
  Buffer	
  (10	
  μL/sample),	
  25x	
  dNTPs	
  (4	
  μL/sample),	
  

10x	
  random	
  primers	
  (10	
  μL/sample)	
  and	
  Multiscribe	
  (5	
  μL/sample).	
  The	
  components	
  were	
  

added	
  in	
  that	
  order.	
  Then,	
  cDNA	
  was	
  reverse	
  transcribed	
  by	
  adding	
  50	
  μL	
  of	
  reverse	
  

transcriptase	
  master	
  mix	
  to	
  the	
  50	
  μL	
  of	
  50	
  ng	
  RNA	
  aliquoted	
  before	
  and	
  running	
  these	
  samples	
  

through	
  a	
  thermocycler	
  with	
  the	
  following	
  program:	
  25°	
  C	
  for	
  10	
  minutes,	
  37°C	
  for	
  120	
  minutes,	
  

4	
  °C	
  for	
  24	
  hours.	
  

TaqMan	
  Gene	
  Expression	
  assay-­‐on-­‐demand	
  (AoD)	
  kits	
  (Applied	
  Biosystems,	
  Carlsbad,	
  CA)	
  and	
  

2x	
  TaqMan	
  Universal	
  PCR	
  Mix	
  (Applied	
  Biosystems,	
  Carlsbad,	
  CA)	
  were	
  used	
  to	
  make	
  a	
  PCR	
  

master	
  mix	
  (17.5	
  μL/sample	
  H2O,	
  2.5	
  μL/sample	
  AoD	
  kit,	
  25	
  μL/sample	
  Taqman	
  Univ.	
  PCR	
  Kit).	
  

45	
  μL	
  of	
  this	
  PCR	
  master	
  mix	
  was	
  added	
  to	
  5	
  μL	
  of	
  cDNA	
  in	
  a	
  PCR	
  plate	
  for	
  each	
  sample	
  and	
  

each	
  gene.	
  3	
  biological	
  and	
  2	
  technical	
  replicates	
  (total	
  of	
  6	
  replicates)	
  were	
  run	
  for	
  each	
  of	
  the	
  

5	
  experimental	
  and	
  control	
  groups	
  (see	
  Table	
  3.1	
  and	
  Table	
  3.2).	
  Quantitative	
  PCR	
  was	
  run	
  on	
  

the	
  plates	
  using	
  an	
  Mx	
  3000	
  Real	
  Time	
  PCR	
  system	
  (Stratagene,	
  CA).	
  Transcriptional	
  levels	
  of	
  

the	
  following	
  TaqMan	
  AoD	
  genes	
  were	
  analyzed:	
  ACAN,	
  ADAMTS5,	
  CASP3,	
  MMP3,	
  COL2A1,	
  

RUNX2,	
  SOX9,	
  and	
  GAPDH.	
  PCR	
  statistical	
  and	
  data	
  analysis	
  was	
  performed	
  as	
  described	
  below	
  

in	
  section	
  4.9.	
  

4.7. Nitric	
  Oxide	
  Measurement	
  

The	
  Griess	
  reagent	
  kit	
  (Molecular	
  Probes,	
  Eugene,	
  OR)	
  for	
  nitrite	
  determination	
  was	
  used	
  to	
  

determine	
  the	
  nitric	
  oxide	
  content	
  of	
  supernatants	
  from	
  all	
  groups	
  collected	
  1	
  week	
  and	
  2	
  

weeks	
  after	
  cytokine	
  stimulation.	
  Manufacturer	
  provided	
  protocols	
  were	
  followed	
  [	
  48].	
  Briefly,	
  

20	
  μL	
  of	
  Griess	
  reagent	
  was	
  mixed	
  with	
  150	
  μL	
  of	
  each	
  sample	
  and	
  130	
  μL	
  of	
  deionized	
  water.	
  



	
  

	
   19	
  

Serial	
  dilution	
  was	
  employed	
  to	
  create	
  8	
  sodium	
  nitrite	
  standards	
  ranging	
  from	
  0-­‐100	
  μM.	
  The	
  

mixtures	
  were	
  incubated	
  for	
  30	
  minutes	
  at	
  room	
  temperature	
  and	
  absorbance	
  was	
  measured	
  

at	
  548	
  nm	
  in	
  a	
  microplate	
  reader	
  (VERSAmax).	
  Nitrite	
  concentrations	
  were	
  determined	
  by	
  a	
  

standard	
  curve	
  (See	
  Appendix	
  9.1).	
  3	
  biological	
  replicates	
  and	
  2	
  technical	
  replicates	
  of	
  each	
  

group	
  were	
  used.	
  

4.8. PicoGreen	
  

A	
  Quant-­‐iTTM	
  PicoGreen®	
  dsDNA	
  kit	
  (Invitrogen,	
  Carlsbad,	
  CA)	
  was	
  used	
  to	
  quantify	
  sample	
  

dsDNA.	
  Scaffolds	
  were	
  lysed	
  with	
  500	
  μL	
  of	
  lysis	
  buffer	
  (5	
  mM	
  MgCl2	
  solution	
  with	
  .2%	
  (v/v)	
  

Triton	
  X-­‐100)	
  and	
  chopped	
  to	
  small	
  bits	
  with	
  scissors.	
  The	
  scaffold/cell	
  samples	
  were	
  

centrifuged	
  at	
  12000	
  rpm,	
  10	
  min,	
  4	
  °C	
  and	
  the	
  DNA	
  containing	
  supernatant	
  was	
  collected	
  and	
  

stored	
  on	
  ice.	
  75	
  μL	
  of	
  the	
  collected	
  supernatant	
  from	
  each	
  sample	
  was	
  mixed	
  with	
  25	
  μL	
  of	
  1x	
  

TE	
  Buffer	
  in	
  a	
  96	
  well	
  plate.	
  Standards	
  were	
  prepared	
  by	
  diluting	
  the	
  lambda	
  DNA	
  standard	
  

provided	
  in	
  the	
  PicoGreen	
  kit	
  with	
  1x	
  TE	
  Buffer	
  to	
  make	
  7	
  standards	
  with	
  concentrations	
  

ranging	
  from	
  0	
  ng/mL	
  to	
  250	
  ng/mL.	
  Each	
  well	
  was	
  then	
  loaded	
  with	
  100	
  μL	
  of	
  Quant-­‐iT	
  

PicoGreen	
  dsDNA	
  reagent	
  provided	
  in	
  the	
  kit.	
  Plates	
  were	
  incubated	
  at	
  room	
  temperature	
  for	
  

2-­‐5	
  minutes	
  and	
  shaken	
  for	
  60	
  seconds.	
  Fluorescence	
  was	
  measured	
  with	
  an	
  excitation	
  

wavelength	
  of	
  480	
  nm	
  and	
  an	
  emission	
  wavelength	
  of	
  520	
  nm	
  in	
  a	
  microplate	
  reader	
  

(VERSAmax).	
  DNA	
  concentrations	
  were	
  determined	
  by	
  a	
  standard	
  curve	
  (See	
  Appendix	
  9.2).	
  3	
  

biological	
  replicates	
  and	
  2	
  technical	
  replicates	
  of	
  each	
  group	
  were	
  used.	
  

4.9. Data	
  analysis	
  and	
  Statistics	
  

All	
  quantitative	
  data	
  was	
  measured	
  using	
  3	
  biological	
  replicates	
  and	
  2	
  technical	
  replicates	
  (n=3)	
  

unless	
  otherwise	
  noted.	
  Statistical	
  significance	
  was	
  determined	
  if	
  p<.05	
  in	
  any	
  comparison	
  of	
  

means.	
  All	
  error	
  bars,	
  as	
  noted	
  on	
  the	
  graphs,	
  indicate	
  +/-­‐	
  2	
  standard	
  errors	
  (SE’s).	
  

For	
  rtPCR	
  analysis,	
  first,	
  any	
  data	
  point	
  that	
  did	
  not	
  have	
  a	
  Ct	
  value	
  was	
  set	
  to	
  51.	
  The	
  PCR	
  

machine	
  was	
  set	
  to	
  do	
  50	
  cycles	
  and	
  by	
  assuming	
  the	
  next	
  cycle	
  (the	
  51st	
  cycle)	
  was	
  the	
  Ct	
  point	
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for	
  this	
  null	
  data,	
  statistical	
  analysis	
  could	
  be	
  performed	
  while	
  minimizing	
  any	
  falsely	
  significant	
  

statistical	
  differences.	
  

rtPCR	
  data	
  was	
  analyzed	
  using	
  the	
  	
  ΔΔCt	
  method.	
  	
  Each	
  data	
  point	
  was	
  first	
  normalized	
  with	
  

GAPDH,	
  an	
  endogeneous	
  reference	
  gene,	
  yielding	
  ΔCt=Ct	
  sample-­‐Ct	
  GAPDH.	
  Each	
  ΔCt	
  was	
  then	
  

normalized	
  again	
  with	
  the	
  mean	
  ΔCt	
  of	
  all	
  replicates	
  of	
  a	
  control	
  group	
  yielding	
  	
   	
   	
  

ΔΔC!   =   ΔC!  !"#$%&   − ΔC!  !"#$%"& ,  the	
  ΔΔCt	
  of	
  the	
  control	
  group	
  was	
  defined	
  to	
  be	
  0	
  since	
  

ΔC!  !"#$%"& − ΔC!  !"#$%"& = 0.	
  Three	
  different	
  ΔΔCt’s	
  were	
  calculated	
  for	
  each	
  replicate	
  by	
  

normalizing	
  with	
  each	
  of	
  three	
  different	
  controls	
  (osteochondral	
  coculture,	
  chondrocytes	
  only,	
  

and	
  osteoblasts	
  only).	
  For	
  experimental	
  and	
  control	
  group	
  setup	
  see	
  Table	
  3.1	
  and	
  Table	
  3.2.	
  

Then,	
  since	
  PCR	
  is	
  an	
  exponential	
  growth	
  process	
  and	
  Ct	
  represents	
  a	
  linear	
  cycle	
  number,	
  RQ,	
  

the	
  relative	
  quantity	
  of	
  each	
  gene	
  was	
  calculated	
  with	
  the	
  formula	
  !" = 2!!!!!.	
  Note,	
  that	
  

since	
  the	
  ΔΔCt	
  of	
  the	
  control	
  group	
  to	
  which	
  the	
  rest	
  of	
  the	
  data	
  was	
  normalized	
  is	
  defined	
  to	
  

be	
  0,	
  the	
  RQ	
  of	
  the	
  control	
  group	
  is	
  defined	
  to	
  be	
  1	
  (20=1).	
  A	
  significant	
  deviation	
  above	
  1	
  then	
  

represents	
  up-­‐regulation	
  of	
  a	
  gene	
  relative	
  to	
  the	
  control	
  and	
  a	
  significant	
  deviation	
  below	
  1	
  

represents	
  down-­‐regulation	
  of	
  a	
  gene	
  relative	
  to	
  the	
  control.	
  

Finally,	
  the	
  mean	
  RQ	
  of	
  the	
  2	
  technical	
  replicates	
  for	
  each	
  of	
  the	
  3	
  biological	
  replicates	
  was	
  

calculated	
  and	
  entered	
  into	
  SPSS	
  (SPSS	
  19.0,	
  Chicago,	
  Illinois)	
  to	
  perform	
  statistical	
  analysis.	
  

Statistical	
  significance	
  was	
  calculated	
  on	
  log2	
  transformed	
  RQ	
  data	
  using	
  a	
  one-­‐way	
  ANOVA	
  test	
  

as	
  recommended	
  by	
  past	
  studies	
  on	
  the	
  statistical	
  analysis	
  of	
  PCR	
  [	
  49].	
  Since	
  ANOVA	
  assumed	
  

equal	
  variances,	
  Levene’s	
  test	
  was	
  employed	
  to	
  test	
  for	
  homogeneity	
  of	
  variances	
  and	
  any	
  test	
  

failing	
  the	
  homoscedasticity	
  assumption	
  was	
  tested	
  again	
  with	
  a	
  non-­‐parametric	
  Kruskal-­‐Wallis	
  

test.	
  Then	
  a	
  post-­‐hoc	
  multiple	
  comparison	
  test	
  was	
  performed	
  using	
  Tukey’s	
  test.	
  P	
  values	
  less	
  

than	
  .05	
  were	
  considered	
  statistically	
  significant.	
  	
  

Similarly,	
  for	
  PicoGreen	
  and	
  Nitrite	
  assays	
  after	
  DNA	
  concentrations	
  and	
  Nitrite	
  concentrations	
  

of	
  each	
  replicate	
  were	
  calculated	
  from	
  the	
  standard	
  curve,	
  the	
  2	
  technical	
  replicates	
  were	
  

averaged	
  for	
  each	
  of	
  the	
  3	
  biological	
  replicates	
  and	
  ANOVA,	
  Levene’s	
  test,	
  and	
  Tukey’s	
  post	
  hoc	
  

multiple	
  comparison	
  test	
  were	
  employed	
  to	
  statistically	
  analyze	
  the	
  data.	
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5. Results	
  

5.1. ACAN	
  RT-­‐PCR	
  Results	
  

	
  

Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  the	
  untreated	
  osteochondral	
  coculture	
  scaffolds	
  

showed	
  significantly	
  more	
  aggrecan	
  production	
  than	
  the	
  chondrocyte	
  only	
  control	
  scaffolds	
  

(p<.0005)	
  as	
  evidenced	
  by	
  the	
  up-­‐regulation	
  of	
  the	
  ACAN	
  gene.	
  	
  No	
  significant	
  differences	
  were	
  

seen	
  when	
  compared	
  with	
  the	
  osteoblast	
  only	
  control	
  scaffold.	
  In	
  both	
  cases	
  there	
  is	
  a	
  very	
  

large	
  standard	
  error	
  (Figure	
  5.1).	
  

	
  

	
  

	
  

	
  

Figure	
  5.1	
  –	
  Transcriptional	
  levels	
  of	
  aggrecan	
  in	
  osteochondral	
  coculture	
  scaffolds	
  normalized	
  with	
  osteoblast	
  only	
  scaffolds	
  (on	
  
left)	
  and	
  chondrocyte	
  only	
  scaffolds	
  (on	
  right).	
  Significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  otherwise	
  specified.	
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Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  aggrecan	
  synthesis	
  was	
  significantly	
  down-­‐regulated	
  in	
  

IL-­‐1β	
  stimulated	
  (p=.04)	
  osteochondral	
  cocultures	
  compared	
  to	
  untreated,	
  coculture	
  controls.	
  

TNF-­‐α	
  stimulated	
  osteochondral	
  cocultures,	
  however,	
  showed	
  no	
  significant	
  differences	
  with	
  

the	
  coculture	
  control	
  and	
  a	
  very	
  large	
  standard	
  error	
  (Figure	
  5.2).	
  

Figure	
  5.2	
  –	
  Transcriptional	
  levels	
  of	
  human	
  aggrecan	
  in	
  osteochondral	
  coculture	
  under	
  cytokine	
  
stimulated	
  conditions	
  (IL-­‐1β	
  and	
  TNF-­‐α)	
  and	
  un-­‐stimulated	
  conditions	
  (coculture	
  control).	
  Data	
  was	
  
normalized	
  to	
  coculture	
  control	
  and	
  significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  otherwise	
  
specified. 
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5.2. ADAMTS5	
  PCR	
  Results	
  

Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  un-­‐stimulated	
  osteochondral	
  coculture	
  scaffolds	
  had	
  

significantly	
  higher	
  levels	
  of	
  ADAMTS5	
  (an	
  aggrecanase	
  gene)	
  transcription	
  than	
  the	
  

chondrocyte	
  only	
  control	
  scaffolds	
  (p=.003),	
  though	
  there	
  was	
  a	
  large	
  standard	
  error.	
  No	
  

significant	
  difference	
  was	
  seen	
  between	
  the	
  untreated	
  coculture	
  scaffold	
  and	
  the	
  osteoblast	
  

only	
  control	
  scaffold	
  (Figure	
  5.3).	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  5.3	
  –	
  Transcriptional	
  levels	
  of	
  the	
  aggrecanase,	
  ADAMTS5	
  in	
  osteochondral	
  coculture	
  scaffolds	
  normalized	
  with	
  
osteoblast	
  only	
  scaffolds	
  (on	
  left)	
  and	
  chondrocyte	
  only	
  scaffolds	
  (on	
  right).	
  Significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  
otherwise	
  specified.	
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Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  ADAMTS5	
  synthesis	
  was	
  significantly	
  up-­‐regulated	
  in	
  

both	
  IL-­‐1β	
  stimulated	
  (p<.0005)	
  	
  and	
  TNF-­‐α	
  stimulated	
  (p<.0005)	
  osteochondral	
  coculture	
  

scaffolds	
  when	
  compared	
  to	
  untreated	
  coculture	
  scaffolds.	
  IL-­‐1β	
  stimulated	
  coculture	
  scaffolds	
  

showed	
  significantly	
  more	
  up-­‐regulation	
  compared	
  to	
  the	
  coculture	
  control	
  than	
  TNF-­‐	
  α	
  

(significance	
  not	
  shown	
  on	
  graph)	
  (Figure	
  5.4).	
  

Figure	
  5.4	
  –	
  Transcriptional	
  levels	
  of	
  the	
  aggrecanase,	
  ADAMTS5	
  in	
  osteochondral	
  coculture	
  under	
  
cytokine	
  stimulated	
  conditions	
  (IL-­‐1β	
  and	
  TNF-­‐α)	
  and	
  un-­‐stimulated	
  conditions	
  (coculture	
  control).	
  
Data	
  was	
  normalized	
  to	
  coculture	
  control	
  and	
  significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  
otherwise	
  specified. 
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5.3. MMP3	
  PCR	
  Results	
  

Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  un-­‐stimulated	
  osteochondral	
  cocultures	
  showed	
  

significantly	
  less	
  Matrix	
  Metalloproteinase	
  3	
  (MMP3)	
  transcription	
  than	
  both	
  the	
  chondrocyte	
  

only	
  (p=.002)	
  and	
  osteoblast	
  only	
  control	
  scaffolds	
  (p<.0005)	
  (Figure	
  5.5).	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  5.5	
  –	
  Transcriptional	
  levels	
  of	
  the	
  metalloproteinase,	
  MMP3	
  in	
  osteochondral	
  coculture	
  scaffolds	
  normalized	
  with	
  
osteoblast	
  only	
  scaffolds	
  (on	
  left)	
  and	
  chondrocyte	
  only	
  scaffolds	
  (on	
  right).	
  Significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  
otherwise	
  specified. 
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Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  MMP3	
  synthesis	
  in	
  osteochondral	
  cocultures	
  was	
  

significantly	
  up-­‐regulated	
  under	
  both	
  IL-­‐1β	
  stimulation	
  (p<.0005)	
  and	
  TNF-­‐α	
  stimulation	
  

(p<.0005)	
  compared	
  to	
  un-­‐stimulated	
  coculture	
  controls	
  (Figure	
  5.6).	
  	
  

	
  

Figure	
  5.6	
  –	
  Transcriptional	
  levels	
  of	
  the	
  metalloproteinase,	
  MMP3	
  	
  in	
  osteochondral	
  
coculture	
  under	
  cytokine	
  stimulated	
  conditions	
  (IL-­‐1β	
  and	
  TNF-­‐α)	
  and	
  un-­‐stimulated	
  
conditions	
  (coculture	
  control).	
  Data	
  was	
  normalized	
  to	
  coculture	
  control	
  and	
  
significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  otherwise	
  specified 
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5.4. CASP3	
  PCR	
  Results	
  

Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  un-­‐stimulated	
  osteochondral	
  cocultures	
  showed	
  

significantly	
  higher	
  expressions	
  of	
  caspase	
  3	
  than	
  the	
  osteoblast	
  only	
  control	
  scaffolds	
  (p=.014)	
  

but	
  no	
  significant	
  differences	
  with	
  chondrocyte	
  only	
  control	
  scaffolds	
  (Figure	
  5.7).	
  In	
  both	
  cases	
  

there	
  was	
  a	
  large	
  standard	
  error.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  5.7	
  –	
  Transcriptional	
  levels	
  of	
  caspases	
  3	
  in	
  osteochondral	
  coculture	
  scaffolds	
  normalized	
  with	
  osteoblast	
  only	
  scaffolds	
  (on	
  left)	
  and	
  
chondrocyte	
  only	
  scaffolds	
  (on	
  right).	
  Significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  otherwise	
  specified	
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Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  no	
  significant	
  differences	
  were	
  seen	
  in	
  caspase	
  3	
  

expression	
  between	
  IL-­‐1β	
  stimulated	
  osteochondral	
  cocultures,	
  TNF-­‐α	
  stimulated	
  

osteochondral	
  cocultures	
  and	
  un-­‐stimulated	
  cocultures	
  (Figure	
  5.8).	
  	
  

Figure	
  5.8	
  –	
  Transcriptional	
  levels	
  of	
  caspase	
  3	
  in	
  osteochondral	
  coculture	
  under	
  
cytokine	
  stimulated	
  conditions	
  (IL-­‐1β	
  and	
  TNF-­‐α)	
  and	
  un-­‐stimulated	
  conditions	
  
(coculture	
  control).	
  Data	
  was	
  normalized	
  to	
  coculture	
  control	
  and	
  significance	
  was	
  
determined	
  at	
  p<.05,	
  n=3	
  unless	
  otherwise	
  specified. 
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5.5. RUNX2	
  PCR	
  Results	
  

Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  un-­‐stimulated	
  cocultures	
  showed	
  significantly	
  more	
  

RUNX2	
  transcription	
  than	
  both	
  the	
  chondrocyte	
  only	
  (p<.0005)	
  and	
  osteoblast	
  only	
  control	
  

scaffolds	
  (p<.0005).	
  Under	
  both	
  conditions,	
  however,	
  there	
  is	
  a	
  large	
  amount	
  of	
  standard	
  error	
  

(Figure	
  5.9).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  5.9	
  –	
  Transcriptional	
  levels	
  of	
  RUNX2	
  in	
  osteochondral	
  coculture	
  scaffolds	
  normalized	
  with	
  osteoblast	
  only	
  scaffolds	
  (on	
  left)	
  
and	
  chondrocyte	
  only	
  scaffolds	
  (on	
  right).	
  Significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  otherwise	
  specified.	
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Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  the	
  osteoblast	
  transcriptional	
  factor,	
  RUNX2,	
  was	
  

significantly	
  up-­‐regulated	
  in	
  osteochondral	
  cocultures	
  under	
  IL-­‐1β	
  stimulation	
  (p=.036)	
  and	
  

down-­‐regulated	
  under	
  TNF-­‐α	
  stimulation	
  (p=.029)	
  (Figure	
  5.10)	
  compared	
  to	
  un-­‐stimulated	
  

cocultures.	
  	
  

	
  

Figure	
  5.10	
  –	
  Transcriptional	
  levels	
  of	
  RUNX2	
  in	
  osteochondral	
  coculture	
  under	
  
cytokine	
  stimulated	
  conditions	
  (IL-­‐1β	
  and	
  TNF-­‐α)	
  and	
  un-­‐stimulated	
  conditions	
  
(coculture	
  control).	
  Data	
  was	
  normalized	
  to	
  coculture	
  control	
  and	
  significance	
  was	
  
determined	
  at	
  p<.05,	
  n=3	
  unless	
  otherwise	
  specified. 
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5.6. SOX9	
  PCR	
  Results	
  

Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  un-­‐stimulated	
  cocultures	
  showed	
  significantly	
  more	
  

transcription	
  	
  of	
  the	
  chondrocyte	
  differentiation	
  factor,	
  SOX9,	
  than	
  both	
  the	
  chondrocyte	
  

(p<.0005)	
  and	
  osteoblast	
  controls	
  (p=.002).	
  Under	
  both	
  conditions,	
  however,	
  there	
  is	
  a	
  large	
  

amount	
  of	
  standard	
  error	
  (Figure	
  5.11).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  5.11	
  –	
  Transcriptional	
  levels	
  of	
  SOX9	
  in	
  osteochondral	
  coculture	
  scaffolds	
  normalized	
  with	
  osteoblast	
  only	
  scaffolds	
  (on	
  left)	
  and	
  
chondrocyte	
  only	
  scaffolds	
  (on	
  right).	
  Significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  otherwise	
  specified.	
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Quantitative	
  RT-­‐PCR	
  results	
  showed	
  that	
  no	
  significant	
  differences	
  were	
  seen	
  in	
  SOX9	
  

transcription	
  between	
  IL-­‐1β	
  stimulated	
  osteochondral	
  cocultures,	
  TNF-­‐α	
  stimulated	
  

osteochondral	
  cocultures,	
  and	
  un-­‐stimulated	
  cocultures	
  cocultures	
  (Figure	
  5.12).	
  	
  

	
  

	
  

	
  

Figure	
  5.12	
  –	
  Transcriptional	
  levels	
  of	
  SOX9	
  in	
  osteochondral	
  coculture	
  under	
  cytokine	
  
stimulated	
  conditions	
  (IL-­‐1β	
  and	
  TNF-­‐α)	
  and	
  un-­‐stimulated	
  conditions	
  (coculture	
  control).	
  
Data	
  was	
  normalized	
  to	
  coculture	
  control	
  and	
  significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  
unless	
  otherwise	
  specified. 
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5.7. COL2A1	
  PCR	
  Results	
  

COL2A1	
  showed	
  no	
  detectable	
  expression	
  in	
  any	
  of	
  the	
  samples	
  or	
  groups.	
  These	
  anomalous	
  

results	
  are	
  discussed	
  below	
  in	
  chapter	
  6	
  (Discussion).	
  

5.8. Picogreen	
  Results	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

PicoGreen	
  analysis	
  conducted	
  3	
  weeks	
  after	
  cytokine	
  stimulation	
  showed	
  no	
  significant	
  

differences	
  in	
  DNA	
  concentration	
  between	
  any	
  groups.	
  Mean	
  DNA	
  quantities	
  were	
  small	
  and	
  

ranged	
  between	
  7-­‐13	
  ng	
  per	
  sample	
  (.67	
  mL	
  of	
  DNA	
  solution	
  per	
  sample*DNA	
  concentration	
  

from	
  graph)	
  (Figure	
  5.13).	
  

Figure	
  5.13	
  –	
  Mean	
  dsDNA	
  concentration	
  in	
  cytokine	
  stimulated	
  osteochondral	
  
scaffolds	
  (IL-­‐1β	
  and	
  TNF-­‐α),	
  untreated	
  coculture	
  scaffolds,	
  chondrocytes	
  only,	
  
and	
  osteoblast	
  only	
  scaffolds.	
  Significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  
otherwise	
  specified. 
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5.9. Nitrite	
  Assay	
  Results	
  

Nitrite	
  assays	
  showed	
  significantly	
  higher	
  levels	
  of	
  nitrite	
  in	
  IL-­‐1β	
  stimulated	
  osteochondral	
  

cocultures	
  compared	
  to	
  all	
  other	
  groups	
  after	
  1	
  week	
  of	
  cytokine	
  stimulation	
  (p<.002	
  for	
  

comparisons	
  with	
  all	
  other	
  groups).	
  No	
  significant	
  differences	
  in	
  nitrite	
  concentration	
  were	
  seen	
  

between	
  any	
  of	
  the	
  other	
  groups	
  after	
  1	
  week.	
  No	
  significant	
  differences	
  were	
  seen	
  between	
  

any	
  groups	
  after	
  2	
  weeks	
  of	
  cytokine	
  stimulation	
  (Figure	
  5.14).	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  5.14	
  –	
  Nitrite	
  concentration	
  in	
  supernatant	
  medium	
  taken	
  from	
  cytokine	
  stimulated	
  osteochondral	
  scaffolds	
  (IL-­‐1β	
  and	
  TNF-­‐α),	
  
untreated	
  coculture	
  scaffolds,	
  chondrocyte	
  only,	
  and	
  osteoblast	
  only	
  scaffolds.	
  Medium	
  taken	
  at	
  week	
  1	
  is	
  shown	
  on	
  the	
  left	
  and	
  week	
  
is	
  shown	
  on	
  the	
  right.	
  Significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  otherwise	
  specified.	
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A	
  week	
  by	
  week	
  comparison	
  of	
  nitrite	
  levels	
  shows	
  that	
  a	
  significant	
  decrease	
  in	
  nitrite	
  

concentrations	
  was	
  seen	
  between	
  weeks	
  1	
  and	
  2	
  in	
  IL-­‐1β	
  stimulated	
  osteochondral	
  cocultures	
  

(p<.0005)	
  (Figure	
  5.15).	
  No	
  significant	
  differences	
  in	
  nitrite	
  concentrations	
  were	
  seen	
  between	
  

weeks	
  1	
  and	
  2	
  for	
  any	
  of	
  the	
  other	
  groups.	
  

	
  

	
  

	
  

Figure	
  5.15	
  –	
  Week	
  by	
  week	
  comparison	
  of	
  nitrite	
  concentration	
  in	
  supernatant	
  medium	
  taken	
  from	
  cytokine	
  
stimulated	
  osteochondral	
  scaffolds	
  (IL-­‐1β	
  and	
  TNF-­‐α),	
  untreated	
  coculture	
  scaffolds,	
  chondrocyte	
  only,	
  and	
  
osteoblast	
  only	
  scaffolds.	
  Significance	
  was	
  determined	
  at	
  p<.05,	
  n=3	
  unless	
  otherwise	
  specified.	
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6. Discussion	
  

6.1. Osteochondral	
  Scaffold	
  –	
  Mechanical	
  and	
  cell	
  population	
  concerns	
  

Osteochondral	
  collagen	
  scaffolds,	
  qualitatively,	
  showed	
  weak	
  mechanical	
  properties.	
  Scaffolds	
  

had	
  fragile,	
  soft	
  structures	
  very	
  unlike	
  the	
  structure	
  of	
  native	
  joints.	
  Furthermore,	
  the	
  collagen	
  

gels	
  shrunk	
  after	
  incubation	
  yielding	
  much	
  smaller	
  scaffolds	
  than	
  expected.	
  The	
  scaffolds	
  also	
  

degraded	
  quickly,	
  becoming	
  smaller	
  over	
  time.	
  These	
  mechanical	
  properties	
  can	
  most	
  likely	
  be	
  

attributed	
  to	
  the	
  collagen	
  matrix.	
  It	
  may	
  be	
  possible	
  to	
  improve	
  these	
  properties	
  by	
  altering	
  the	
  

collagen	
  concentration	
  and	
  the	
  pH	
  of	
  polymerization	
  [	
  50].	
  Alternatively,	
  another	
  biomaterial	
  

with	
  better	
  structural	
  properties	
  could	
  be	
  substituted	
  or	
  copolymerized	
  with	
  collagen.	
  For	
  

instance,	
  studies	
  have	
  shown	
  that	
  silk	
  scaffolds	
  cultured	
  with	
  MSC	
  derived	
  chondrocytes	
  have	
  

structural	
  properties	
  resembling	
  articular	
  cartilage,	
  which	
  could	
  make	
  silk	
  an	
  ideal	
  substitute	
  for	
  

collagen	
  in	
  this	
  study	
  [	
  51].	
  

Another	
  concern	
  about	
  the	
  osteochondral	
  coculture	
  system	
  is	
  the	
  low	
  number	
  of	
  cells	
  after	
  

prolonged	
  culture.	
  PicoGreen	
  data	
  from	
  3	
  weeks	
  showed	
  DNA	
  content	
  ranging	
  from	
  about	
  7-­‐13	
  

nanograms	
  per	
  sample.	
  Assuming	
  about	
  7	
  pg	
  of	
  dsDNA	
  content	
  in	
  each	
  human	
  cell	
  [	
  52],	
  this	
  

means	
  the	
  mean	
  cell	
  number	
  per	
  sample	
  ranged	
  from	
  about	
  1000-­‐2000	
  cells	
  after	
  3	
  weeks.	
  

Considering	
  that	
  the	
  samples	
  were	
  seeded	
  with	
  2.4*105	
  cells,	
  this	
  is	
  a	
  considerable	
  reduction	
  in	
  

cell	
  number.	
  This	
  may	
  have	
  been	
  caused	
  by	
  scaffold	
  degradation	
  over	
  time.	
  As	
  mentioned	
  

previously,	
  the	
  scaffolds	
  became	
  appreciably	
  smaller	
  each	
  day.	
  Using	
  a	
  more	
  stable	
  biomaterial	
  

like	
  silk	
  may	
  address	
  this	
  issue.	
  Cell	
  death	
  could	
  also	
  be	
  an	
  indication	
  of	
  inadequate	
  coculture	
  

media.	
  To	
  resolve	
  this,	
  different	
  coculture	
  medium	
  formulations	
  could	
  be	
  tested	
  until	
  cell	
  

survival	
  rates	
  increase.	
  

6.2. Osteochondral	
  Scaffold	
  –	
  Osteoblast	
  and	
  Chondrocyte	
  Marker	
  Expression	
  

Osteoblast	
  and	
  chondrocyte	
  gene	
  markers	
  showed	
  ambiguous	
  levels	
  of	
  expression	
  relative	
  to	
  

controls	
  in	
  osteochondral	
  coculture	
  scaffolds.	
  Unexpectedly,	
  a	
  chondrocyte	
  marker,	
  aggrecan,	
  

was	
  not	
  significantly	
  up-­‐regulated	
  compared	
  to	
  osteoblast	
  only	
  control	
  scaffolds	
  but	
  was	
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significantly	
  up-­‐regulated	
  compared	
  to	
  chondrocyte	
  only	
  control	
  scaffolds	
  giving	
  no	
  clear	
  

indication	
  about	
  the	
  presence	
  of	
  chondrocytes	
  in	
  the	
  osteochondral	
  coculture	
  (Figure	
  5.1).	
  The	
  

chondrogenic	
  transcriptional	
  factor,	
  RUNX2,	
  showed	
  up-­‐regulation	
  relative	
  to	
  both	
  osteoblast	
  

and	
  chondrocyte	
  controls	
  (Figure	
  5.9).	
  Upregulation	
  relative	
  to	
  osteoblast	
  controls	
  was	
  

expected,	
  as	
  chondrocyte	
  markers	
  should	
  be	
  up-­‐regulated	
  in	
  chondrocytes	
  compared	
  to	
  other	
  

cell	
  types	
  including	
  osteoblasts.	
  Upregulation	
  relative	
  to	
  chondrocyte	
  controls,	
  however,	
  was	
  

unexpected,	
  as	
  the	
  chondrocyte	
  control	
  scaffold	
  was	
  seeded	
  with	
  twice	
  the	
  number	
  of	
  

chondrocytes	
  as	
  the	
  coculture	
  scaffold	
  so,	
  if	
  anything,	
  there	
  should	
  have	
  been	
  down-­‐regulation	
  

compared	
  to	
  the	
  chondrocyte	
  controls,	
  not	
  up-­‐regulation.	
  This	
  could	
  indicate	
  the	
  presence	
  of	
  

chondrocytes	
  in	
  cocultures	
  and	
  possibly	
  some	
  interaction	
  between	
  osteoblasts	
  and	
  

chondrocytes	
  that	
  results	
  in	
  increased	
  levels	
  of	
  expression	
  even	
  relative	
  to	
  chondrocytes	
  

cultured	
  alone.	
  Another	
  chondrocyte	
  marker,	
  COL2A1	
  showed	
  no	
  expression	
  in	
  any	
  sample	
  

including	
  the	
  controls.	
  This	
  could	
  possibly	
  be	
  caused	
  by	
  feedback	
  inhibition	
  of	
  the	
  collagen	
  

scaffold,	
  though	
  past	
  studies	
  have	
  shown	
  COL2A1	
  expression	
  in	
  collagen	
  scaffolds	
  so	
  this	
  is	
  

unlikely	
  [	
  53].	
  Another	
  possibility	
  is	
  that	
  the	
  TaqMan	
  probes	
  used	
  to	
  quantify	
  COL2A1	
  were	
  

defective	
  or	
  over	
  saturated	
  with	
  light	
  with	
  previous	
  use.	
  It	
  may	
  be	
  useful	
  to	
  run	
  quantitative	
  

PCR	
  again	
  on	
  COL2A1	
  with	
  new	
  TaqMan	
  probes	
  to	
  confirm.	
  

The	
  osteogenic	
  transcriptional	
  factor,	
  RUNX2,	
  was	
  up-­‐regulated	
  in	
  osteochondral	
  coculture	
  

scaffolds	
  relative	
  to	
  both	
  osteoblast	
  only	
  and	
  chondrocyte	
  only	
  control	
  scaffolds	
  (Figure	
  5.11).	
  

This	
  is	
  the	
  same	
  behavior	
  that	
  was	
  seen	
  in	
  the	
  chondrogenic	
  transcriptional	
  factor,	
  SOX9.	
  Again,	
  

this	
  could	
  indicate	
  the	
  presence	
  of	
  osteoblasts	
  in	
  cocultures	
  and	
  some	
  interaction	
  between	
  

osteoblasts	
  and	
  chondrocytes	
  that	
  results	
  in	
  increased	
  levels	
  of	
  expression	
  even	
  relative	
  to	
  

osteoblasts	
  cultured	
  alone.	
  The	
  up-­‐regulation	
  of	
  transcriptional	
  factors	
  might	
  also	
  indicate	
  

trans-­‐differentiation	
  between	
  the	
  three	
  possible	
  cell	
  types	
  in	
  the	
  final	
  osteochondral	
  construct:	
  

hMSC’s,	
  chondrocytes,	
  and	
  osteoblasts.	
  This	
  has	
  been	
  shown	
  to	
  occur	
  in	
  past	
  studies	
  [	
  54].	
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6.3. Osteochondral	
  Scaffold	
  -­‐	
  Proteinase	
  Expression	
  

Interestingly,	
  the	
  matrix	
  metalloproteinase,	
  MMP3,	
  was	
  down-­‐regulated	
  in	
  the	
  osteochondral	
  

coculture	
  compared	
  to	
  both	
  osteoblast	
  only	
  and	
  chondrocyte	
  only	
  control	
  scaffolds	
  (Figure	
  5.5).	
  

The	
  aggrecanase,	
  ADAMTS5,	
  on	
  the	
  other	
  hand	
  was	
  up-­‐regulated	
  in	
  osteochondral	
  cocultures	
  

compared	
  to	
  the	
  chondrocyte	
  control	
  (Figure	
  5.3).	
  MMP3	
  down-­‐regulation	
  could	
  indicate	
  

remodeling	
  and	
  the	
  construction	
  of	
  more	
  ECM	
  proteins	
  upon	
  coculturing.	
  ADAMTS5	
  up-­‐

regulation	
  relative	
  to	
  chondrocyte	
  only	
  control	
  scaffolds	
  but	
  not	
  osteoblast	
  only	
  control	
  

scaffolds	
  might	
  simply	
  indicate	
  that	
  osteoblasts	
  show	
  elevated	
  levels	
  of	
  ADAMTS5	
  compared	
  to	
  

chondrocytes.	
  The	
  presence	
  of	
  osteoblasts	
  in	
  the	
  coculture	
  would	
  then	
  result	
  in	
  the	
  up-­‐

regulation	
  of	
  ADAMTS5	
  in	
  cocultures	
  compared	
  to	
  chondrocyte	
  controls	
  that	
  was	
  seen.	
  

6.4. Cytokine	
  Stimulation	
  –	
  Protein	
  and	
  Proteoglycan	
  Expression	
  

As	
  expected,	
  aggrecan	
  synthesis	
  was	
  significantly	
  down-­‐regulated	
  upon	
  IL-­‐1β	
  stimulation.	
  As	
  

discussed	
  previously	
  (Section	
  2.1),	
  this	
  is	
  expected	
  in	
  osteoarthritic	
  tissue.	
  TNF-­‐α	
  stimulation,	
  

on	
  the	
  other	
  hand,	
  did	
  not	
  show	
  significant	
  aggrecan	
  down-­‐regulation	
  but	
  this	
  may	
  be	
  

explained	
  by	
  TNF-­‐α’s	
  lower	
  potency	
  [	
  12,	
  15,	
  6]	
  	
  (Figure	
  5.2).	
  A	
  higher	
  concentration	
  of	
  TNF-­‐α	
  

should	
  be	
  tested	
  to	
  see	
  if	
  the	
  same	
  effects	
  as	
  IL-­‐1β	
  are	
  elicited.	
  The	
  significant	
  aggrecan	
  down-­‐

regulation	
  seen	
  here	
  suggests	
  that	
  cytokine	
  stimulation	
  is	
  effective	
  at	
  inducing	
  osteoarthritis	
  

like	
  symptoms	
  on	
  these	
  coculture	
  scaffolds.	
  	
  

Since	
  no	
  COL2A1	
  expression	
  was	
  seen	
  in	
  any	
  sample,	
  nothing	
  can	
  be	
  said	
  about	
  the	
  effects	
  of	
  

cytokine	
  stimulation	
  on	
  collagen	
  II	
  expression.	
  	
  

6.5. Cytokine	
  Stimulation	
  –	
  Proteinase	
  and	
  Nitric	
  Oxide	
  Expression	
  

As	
  expected,	
  ADAMTS5	
  (aggrecanase	
  gene)	
  and	
  MMP3	
  (metalloproteinase	
  gene)	
  both	
  showed	
  

significant	
  up-­‐regulation	
  after	
  both	
  IL-­‐1β	
  and	
  TNF-­‐α	
  cytokine	
  stimulation	
  (Figure	
  5.4	
  and	
  Figure	
  

5.6).	
  As	
  discussed	
  previously	
  (Section	
  2.1),	
  this	
  is	
  expected	
  in	
  osteoarthritis	
  tissue.	
  IL-­‐1β	
  

stimulated	
  samples	
  also	
  showed	
  significantly	
  greater	
  up-­‐regulation	
  than	
  TNF-­‐α	
  stimulated	
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samples	
  (Figure	
  5.4	
  and	
  Figure	
  5.6)	
  (significance	
  not	
  shown	
  on	
  graphs),	
  which	
  is	
  consistent	
  with	
  

studies	
  that	
  have	
  reported	
  on	
  TNF-­‐α’s	
  lower	
  potency	
  [	
  12,	
  15,	
  6].	
  	
  

After	
  one	
  week	
  of	
  culture,	
  nitrite	
  levels	
  were	
  significantly	
  higher	
  after	
  IL-­‐1β	
  stimulation	
  but	
  not	
  

TNF-­‐α	
  stimulation	
  (Figure	
  5.14),	
  which	
  again	
  can	
  be	
  explained	
  by	
  TNF-­‐	
  α’s	
  lower	
  potency.	
  

Interestingly,	
  after	
  2	
  weeks	
  of	
  culture	
  there	
  was	
  no	
  longer	
  a	
  significant	
  difference	
  in	
  nitrite	
  

levels	
  between	
  any	
  groups	
  (Figure	
  5.14)	
  and	
  in	
  fact,	
  nitrite	
  levels	
  decreased	
  significantly	
  from	
  

week	
  one	
  in	
  the	
  IL-­‐1β	
  stimulated	
  cocultures	
  (Figure	
  5.15).	
  A	
  decrease	
  in	
  nitrite	
  levels	
  over	
  time	
  

might	
  indicate	
  that	
  the	
  effects	
  of	
  these	
  cytokines	
  is	
  temporary	
  or	
  that	
  additional	
  factors	
  are	
  

necessary	
  to	
  sustain	
  nitric	
  oxide	
  production	
  in	
  osteoarthritic	
  tissue.	
  	
  Testing	
  gene	
  expression	
  at	
  

later	
  time	
  points	
  as	
  well,	
  points	
  might	
  help	
  to	
  reveal	
  some	
  more	
  of	
  the	
  long	
  term	
  effects	
  of	
  

cytokine	
  stimulation	
  on	
  these	
  cocultures.	
  

Proteinase	
  and	
  nitrite	
  up-­‐regulation	
  is	
  characteristic	
  of	
  osteoarthritic	
  tissue	
  [	
  18,	
  12,	
  15]	
  

indicating	
  that	
  these	
  cytokines	
  are	
  effective	
  at	
  inducing	
  osteoarthritis	
  like	
  symptoms	
  at	
  least	
  in	
  

the	
  short	
  term.	
  

6.6. Cytokine	
  Stimulation	
  –	
  Apoptosis	
  

No	
  significant	
  differences	
  were	
  seen	
  in	
  caspase-­‐3	
  expression	
  between	
  cytokine	
  stimulated	
  

groups	
  and	
  control	
  groups	
  (Figure	
  5.8).	
  Also,	
  PicoGreen	
  data	
  showed	
  no	
  significant	
  differences	
  

in	
  DNA	
  content	
  between	
  any	
  groups,	
  indicating	
  no	
  differences	
  in	
  cell	
  numbers	
  (Figure	
  5.13).	
  

The	
  lack	
  of	
  caspase-­‐3	
  up-­‐regulation	
  and	
  hypocellularity	
  indicates	
  that	
  apoptosis	
  was	
  not	
  

induced	
  in	
  the	
  cytokine	
  stimulated	
  cocultures.	
  It	
  is	
  likely	
  that	
  additional	
  factors	
  like	
  macrophage	
  

stimulation	
  are	
  necessary	
  to	
  induce	
  osteoarthritic	
  apoptosis.	
  	
  

6.7. Cytokine	
  Stimulation	
  –	
  Transcriptional	
  Factors	
  

Interestingly,	
  the	
  osteoblast	
  transcriptional	
  factor,	
  RUNX2	
  was	
  significantly	
  up-­‐regulated	
  after	
  

IL-­‐1β	
  stimulation	
  and	
  down-­‐regulated	
  after	
  TNF-­‐α	
  stimulation	
  (Figure	
  5.10).	
  Up-­‐regulation	
  of	
  

osteoblast	
  transcription	
  after	
  IL-­‐1β	
  stimulation	
  might	
  suggest	
  increased	
  bone	
  remodeling	
  which	
  

has	
  been	
  seen	
  to	
  occur	
  in	
  osteoarthritic	
  tissue	
  [	
  9].	
  The	
  inhibition	
  seen	
  in	
  RUNX2	
  synthesis	
  by	
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TNF-­‐α	
  is	
  also	
  consistent	
  with	
  past	
  studies	
  that	
  have	
  shown	
  RUNX2	
  down	
  regulation	
  by	
  TNF-­‐α	
  	
  	
  	
  	
  	
  

[	
  55].	
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7. Conclusion	
  

The	
  success	
  of	
  the	
  osteochondral	
  collagen-­‐alginate	
  bead	
  scaffold	
  is	
  unclear.	
  Its	
  weak	
  structural	
  

properties	
  suggest	
  that	
  design	
  improvements	
  need	
  to	
  be	
  made	
  such	
  as	
  supplementation	
  of	
  the	
  

collagen	
  matrix	
  with	
  silk.	
  The	
  low	
  cell	
  counts	
  after	
  prolonged	
  culture	
  and	
  rapid	
  degradation	
  are	
  

concerning.	
  Furthermore,	
  gene	
  expression	
  analysis	
  hinted	
  at	
  the	
  presence	
  of	
  osteoblasts	
  and	
  

chondrocytes	
  but	
  was	
  largely	
  ambiguous.	
  Aggrecan,	
  a	
  chondrocyte	
  marker,	
  wasn’t	
  up-­‐regulated	
  

relative	
  to	
  osteoblast	
  controls	
  but	
  was	
  up-­‐regulated	
  relative	
  to	
  chondrocyte	
  controls.	
  The	
  other	
  

markers,	
  RUNX2	
  (osteoblast	
  marker)	
  and	
  SOX9	
  (chondrocyte	
  marker)	
  were	
  up-­‐regulated	
  

relative	
  to	
  both	
  chondrocytes	
  and	
  osteoblasts.	
  Collagen	
  II	
  showed	
  no	
  expression	
  in	
  any	
  group.	
  

This	
  unclear	
  data	
  does	
  not	
  definitively	
  show	
  the	
  presence	
  of	
  chondrocytes	
  and	
  osteoblasts	
  in	
  

the	
  final	
  coculture.	
  

Osteoarthritis	
  induction	
  in	
  this	
  system	
  by	
  cytokines	
  was	
  for	
  the	
  most	
  part,	
  successful.	
  IL-­‐1β	
  

induced	
  cocultures	
  had	
  significantly	
  decreased	
  levels	
  of	
  aggrecan,	
  increased	
  matrix	
  

metalloproteinase	
  levels,	
  increased	
  aggrecanase	
  levels,	
  increased	
  nitrite	
  levels,	
  and	
  possibly	
  

increased	
  bone	
  remodeling	
  (RUNX2	
  up-­‐regulation)	
  as	
  expected	
  for	
  osteoarthritic	
  tissue.	
  Nitrite	
  

levels	
  after	
  two	
  weeks	
  of	
  culture,	
  however,	
  were	
  significantly	
  reduced	
  which	
  might	
  indicate	
  

that	
  these	
  effects	
  are	
  temporary	
  but	
  additional	
  testing	
  is	
  necessary	
  to	
  confirm	
  this.	
  No	
  

significant	
  differences	
  were	
  seen	
  in	
  caspase	
  expression	
  or	
  cell	
  number	
  indicating	
  that	
  apoptosis	
  

was	
  not	
  occurring,	
  contrary	
  to	
  what	
  would	
  be	
  expected	
  in	
  osteoarthritic	
  tissue.	
  It	
  is	
  possible	
  

that	
  additional	
  factors	
  are	
  necessary	
  to	
  induce	
  apoptosis.	
  TNF-­‐α	
  showed	
  a	
  similar	
  trend	
  as	
  IL-­‐1β	
  

but	
  with	
  less	
  pronounced	
  differences.	
  This	
  was	
  expected	
  as	
  past	
  studies	
  have	
  reported	
  that	
  

TNF-­‐α	
  is	
  less	
  potent	
  than	
  IL-­‐1β.	
  

As	
  a	
  realistic,	
  in-­‐vitro,	
  osteoarthritis	
  model,	
  this	
  system	
  shows	
  potential	
  but	
  needs	
  to	
  be	
  

modified	
  to	
  address	
  some	
  of	
  the	
  issues	
  revealed	
  in	
  this	
  study.	
  	
  A	
  similar	
  system	
  with	
  a	
  different	
  

biomaterial,	
  such	
  as	
  silk,	
  may	
  address	
  many	
  of	
  these	
  issues	
  and	
  result	
  in	
  a	
  more	
  successful	
  

model.	
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8. Future	
  Directions	
  

Future	
  studies	
  should	
  try	
  different	
  forms	
  of	
  stimulation	
  to	
  induce	
  osteoarthritis.	
  For	
  instance,	
  

past	
  studies	
  have	
  reported	
  that	
  macrophages	
  are	
  another	
  essential	
  component	
  in	
  osteoarthritis	
  

pathology	
  and	
  important	
  in	
  cartilage	
  degradation	
  [	
  4,	
  56].	
  Combination	
  approaches	
  using	
  IL-­‐1β,	
  

TNF-­‐α,	
  and	
  macrophages	
  may	
  further	
  improve	
  the	
  realism	
  of	
  the	
  model.	
  	
  

Culturing	
  the	
  cells	
  in	
  a	
  bioreactor	
  to	
  simulate	
  mechanical	
  stress	
  is	
  another	
  logical	
  step	
  for	
  this	
  

study.	
  Mechanical	
  stress	
  on	
  joints	
  greatly	
  increases	
  the	
  likelihood	
  of	
  developing	
  osteoarthritis	
  	
  	
  

[	
  1,	
  57]	
  and	
  is	
  thus	
  an	
  essential	
  component	
  in	
  a	
  good	
  osteoarthritis	
  model.	
  

Once	
  this	
  model	
  has	
  been	
  further	
  developed,	
  a	
  more	
  extensive	
  biochemical	
  analysis	
  should	
  be	
  

conducted	
  and	
  compared	
  with	
  a	
  biochemical	
  analysis	
  of	
  osteoarthritic	
  tissue.	
  If	
  successful,	
  the	
  

living,	
  in	
  vitro	
  model	
  might	
  provide	
  researchers	
  with	
  more	
  clues	
  about	
  the	
  underlying	
  causes	
  

behind	
  this	
  disease.	
  Furthermore,	
  therapeutic	
  drugs	
  could	
  be	
  tested	
  and	
  studied	
  with	
  this	
  

model	
  in	
  a	
  more	
  efficient	
  and	
  realistic	
  way	
  than	
  existing	
  models.	
  

	
  



	
  

	
   43	
  

9. Appendix	
  

9.1. Nitrite	
  Assay	
  Standard	
  Curve	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

9.2. Picogreen	
  Standard	
  Curve	
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Figure	
  9.1	
  –	
  Standard	
  curve	
  made	
  to	
  determine	
  nitrite	
  concentration	
  using	
  the	
  
Griess	
  reagent.	
  Standards	
  were	
  run	
  in	
  duplicate	
  and	
  averaged.	
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Figure	
  9.2	
  –	
  Standard	
  curve	
  used	
  to	
  determine	
  dsDNA	
  concentration	
  using	
  PicoGreen.	
  
Standards	
  were	
  run	
  in	
  duplicate	
  and	
  averaged.	
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