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Abstract	  

Mitochondrial	   dysfunction,	   glutamate	   excitotoxicity	   and	   neuroinflammation	   are	  

involved	  in	  the	  pathogenesis	  of	  numerous	  neurological	  disorders.	  It	  has	  been	  shown	  

that	  these	  deleterious	  aspects	  are	  interconnected	  and	  induced	  through	  an	  imbalance	  

in	   the	  Kynurenine	  pathway	   (KP)	  metabolism.	  The	  KP	   is	   the	  main	   catabolic	   route	  of	  

tryptophan	  (TRP)	  that	  ultimately	  leads	  to	  nicotinamide	  adenine	  dinucleotide	  (NAD+).	  

The	  KP	  is	  activated	  under	  inflammatory	  conditions,	  which	  leads	  to	  an	  increase	  in	  the	  

KP	   metabolite,	   L-‐kynurenine	   (KYN),	   in	   the	   periphery	   and	   central	   nervous	   system	  

(CNS).	   KYN	   is	   essential	   in	   regulating	   acute	   inflammatory	   responses,	   by	   mediating	  

tolerance.	   However,	   in	   the	   brain,	   increased	   levels	   of	   KYN	   can	   potentially	   lead	   to	  

neurotoxic	   KYN	   metabolites,	   predominantly	   through	   Kynurenine-‐3-‐monooxigenase	  

(KMO)	  driven	  degradation.	  Therefore,	  the	  initial	  acute	  anti-‐inflammatory	  response	  of	  

KP	  activation	  may	  thereafter	  contribute	  to	  neurodegeneration.	  Evidence	  is	  lacking	  on	  

how	  KYN	  could	  regulate	  neuroinflammation	   in	   the	  CNS	  and	  why	   the	  KP	  shifts	   from	  

being	  a	  protective	  response	  from	  the	  organism	  to	  exacerbate	  the	  CNS	  pathology.	  	  

The	  work	  presented	  in	  this	  thesis	  demonstrates	  that	  increased	  levels	  of	  KYN	  regulate	  

astrocytic	   responses	   to	   inflammation.	   Furthermore,	   abnormalities	   in	   KP	  metabolite	  

levels	   can	   promote	   neuroinflammatory	   responses.	  We	   also	   showed	   that	   one	   of	   the	  

causes	   of	   KMO	   driven	   KP	   dysregulation	   is	   mitochondrial	   dysfunction	   and	   that	   by	  

increasing	   mitochondrial	   complex	   IV	   activity	   we	   could	   potentially	   drive	   KYN	  

degradation	   through	   the	   Kynurenine	   amino	   transferase	   (KAT)	   branch,	   which	  

promotes	  the	  synthesis	  of	  neuroprotective	  metabolites.	  

In	  conclusion,	  neurological	  disorders	  involving	  neuroinflammation	  and	  mitochondrial	  

impairment,	  will	  favour	  the	  KMO	  branch	  of	  the	  KP.	  This	  may	  subsequently	  lead	  to	  the	  

long-‐term	  effect	  of	  KP	  imbalance,	  driving	  the	  KP	  towards	  the	  neurotoxic	  metabolites,	  

exacerbating	   oxidative	   stress	   glutamate	   excitotoxicity	   and	   neuroinflammation.	  

Therefore,	   limiting	   KMO	   activity,	   either	   with	   pharmacological	   inhibitors	   or	   by	  

restoring	   the	   metabolic	   balance,	   could	   moderate	   the	   KP-‐mediated	   neurotoxicity,	  

being	  a	  potential	  treatment	  for	  neurodegenerative	  diseases.	  
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Chapter	  1	  
Literature	  Review	  

The	   kynurenine	   pathway	   (KP)	   represents	   the	   main	   route	   for	   the	   catabolism	   of	  

tryptophan	  (TRP)	  that	  ultimately	  leads	  to	  nicotinamide	  adenine	  dinucleotide	  (NAD+).	  

TRP	   is	  an	  amino	  acid	   required	   for	  protein	  synthesis	  and	  other	   important	  metabolic	  

functions,	  but	  animals	  do	  not	  possess	  the	  enzymatic	  machinery	  to	  synthesize	  it	  and	  it	  

must	  be	  obtained	  from	  external	  sources.	  Tryptophan	  can	  be	  found	  in	  blood	  bound	  to	  

albumin,	   but	   only	   the	   free	   form	   can	   cross	   the	   blood-‐brain	   barrier	   (BBB)	   by	   the	  

competitive	  and	  nonspecific	  L-‐type	  amino	  acid	  transporter	  (1).	  In	  the	  nervous	  system	  

and	  gut,	  tryptophan	  is	  a	  required	  substrate	  for	  the	  synthesis	  of	  serotonin,	  whereas	  in	  

the	   pineal	   gland,	   it	   is	   required	   for	   the	   synthesis	   of	   melatonin.	   Also,	   when	   niacin	  

content	  in	  the	  diet	  is	  insufficient	  for	  metabolic	  requirements,	  tryptophan	  is	  necessary	  

for	  the	  synthesis	  of	  the	  essential	  cellular	  cofactor	  NAD+	  (2).	  	  
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Figure	  1.1:	  The	  Kynurenine	  Pathway	  	  

KP	  scheme	  showing	  the	  most	  relevant	  metabolites.	  Figure	  from	  Vecsei	  et	  al.	  (3)	  

1.1	   Modulators	  of	  the	  kynurenine	  pathway	  

The	   KP	   is	   regulated	   by	   several	   endogenous	   molecules	   that	   are	   related	   to	  

inflammation,	  energy	  metabolism,	  Redox	  balance	  and	  glutaminergic	  transmission.	  Its	  

complex	  regulatory	  mechanisms,	  together	  with	  its	  abnormalities	  being	  implicated	  in	  

many	  neurodegenerative	  diseases	  (section	  1.4	  ),	  highlight	  the	  importance	  of	  adequate	  

KP	  balance	  to	  maintain	  physiological	  homeostasis.	  	  
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1.1.1	   The	  KP	  switch:	  IDO-‐1,	  IDO-‐2	  and	  TDO	  

The	  enzyme	  that	  catalyses	  the	  first	  and	  rate	  limiting	  step	  of	  TRP	  catabolism	  is	  either	  

tryptophan	  2,3-‐dioxygenase	  (TDO)	  or	  indoleamine	  2,3-‐dioxygenase	  (IDO-‐1	  and	  IDO-‐

2)	   (4,	   5).	   Although	  TDO	   and	   IDO	   have	   identical	   biochemical	   activity,	   they	   share	   no	  

significant	  sequence	  homology	  (10%	  amino	  acid	  homology)	  (6).	  Moreover,	  TDO	  and	  

IDO	   have	   different	   substrate	   specificities.	   While	   IDO-‐1	   (and	   IDO-‐2,	   generally	   less	  

efficiently)	  can	  cleave	  several	  indole-‐containing	  compounds,	  including	  D-‐	  and	  L-‐TRP,	  

serotonin,	  tryptamine	  and	  5-‐hydroxytryptophan	  (7),	  TDO	  is	  enantiomer	  specific	  and	  

can	  only	  cleave	  L-‐TRP	  (8)	  

TDO	   is	   active	   as	   a	   homotetramer;	   the	   heme	   and	   L-‐TRP	   are	   necessary	   for	   its	  

oligomerization	   and	   activity.	   	   The	   complete	   formation	   of	   the	   active	   site	   requires	  

tetrameric	  organization,	  as	  the	  domains	  that	  form	  the	  active	  site	  are	  far	  apart	  in	  the	  

monomer	  (9).	  TDO	  is	  constitutively	  active	  in	  liver	  and	  can	  also	  be	  found	  in	  the	  brain	  

(9).	  Furthermore,	  it	  has	  been	  shown	  that	  TDO	  is	  expressed	  in	  glioma	  cells	  and	  other	  

cancer	   cells.	   In	   these	   cells,	   an	   increase	   in	   its	   expression	   is	  not	   only	   correlated	  with	  

malignancy	   and	   proliferation	   of	   the	   tumour	   cell,	   but	   also	   with	   a	   promotion	   of	  

tolerogenic	  immune	  response	  (10).	  Accordingly,	  studies	  have	  demonstrated	  that	  TDO	  

is	   important	   in	   controlling	   overreaction	   to	   LPS	   challenge,	   by	   regulating	   the	   pro-‐

inflammatory	   response	   to	   endotoxin	   (11).	   TDO	   is	   inducible	   by	   TRP	   and	  

glucocorticoids	   (12).	   It	   is	   responsible	   for	  modulating	   circulating	  TRP	   levels	   (13),	   as	  

well	   as	   the	   acute	   increase	   of	   systemic	   KYN/TRP	   ratio	   after	   an	   inflammatory	   insult	  

(11).	  	  

IDO-‐1	   is	   expressed	   in	   many	   cells	   including	   endothelial	   cells,	   smooth	   muscle	   cells,	  

fibroblasts,	   astrocytes,	   macrophages,	   microglia	   and	   dendritic	   cells	   (DCs).	   Its	   most	  

potent	   stimulant	   is	   interferon	   gamma	   (IFN-‐γ)	   (14),	   which	   induces	   both	   the	   gene	  

expression	  and	  enzymatic	  activity	  of	  IDO-‐1	  (15).	  IDO-‐1	  has	  been	  extensively	  studied	  

in	  immunology	  and	  its	  regulation	  is	  discussed	  in	  more	  detail	  below.	  	  

IDO-‐2	   can	  be	   found	  adjacent	   to	   the	   IDO-‐1	  gene	  on	  chromosome	  8	   in	  both	  mice	  and	  

humans.	   This	   suggests	   the	   gene	   arose	   via	   gene	   duplication	   (16).	   They	   share	  

significant	  identity	  at	  the	  amino	  acid	  level	  (43%	  in	  both	  human	  and	  mouse	  proteins)	  

(16),	  but	  phylogenetic	  analysis	  has	  revealed	  that,	  unlike	  IDO-‐1,	  an	  IDO-‐2	  like	  protein	  

can	  also	  be	  found	  in	  lower	  vertebrates	  including	  chickens,	  fish	  and	  frogs	  (17).	  IDO-‐2	  
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differs	  with	  IDO-‐1	   in	   its	  expression	  pattern	  and	  signalling	  pathway.	   It	   is	  detected	   in	  

human	   liver,	   epididymis	   and	   kidney	   (18).	   IDO-‐2	   has	   also	   been	   detected	   in	   gastric,	  

colon	  and	  renal	  tumours	  and	  its	  expression	  may	  be	  up	  regulated	  in	  response	  to	  IFN-‐γ	  

(19).	   Although	   IDO-‐2	   has	   been	   shown	   to	   enzymatically	   cleave	  TRP,	   it	   has	   very	   low	  

activity.	   In	   addition,	   it	   has	   been	   estimated	   that	   there	   are	   a	   high	   proportion	   of	  

individuals	   that	   possess	   single	   nucleotide	   polymorphisms	   that	   eliminate	   enzymatic	  

activity	  of	  IDO-‐2,	  without	  an	  evident	  pathology	  (5).	  Therefore,	  the	  physiological	  roles	  

of	  IDO-‐2,	  as	  well	  as	  its	  optimal	  activation	  conditions,	  are	  yet	  to	  be	  discovered.	  	  

Heme-‐mediated	  modulation	  of	  IDO	  and	  TDO	  	  

Both,	   IDO	   and	   TDO	   belong	   to	   the	   family	   of	   heme-‐containing	   oxidoreductases.	   The	  

ferrous	  form	  of	  the	  enzyme	  present	  at	  the	  centre	  of	  the	  heme	  ring	  inserts	  molecular	  

oxygen	  on	  the	  second	  and	  third	  carbons	  of	  the	  indole	  motif	  of	  TRP,	  which	  produces	  L	  

-‐N	   -‐formylkynurenine	   that	   subsequently	   degrades	   to	   KYN	   (Figure	   1.1).	   Regulatory	  

mechanisms	   by	   co-‐factors	   are	   likely	   to	   be	   shared	   by	   IDO	   and	   TDO.	   However,	   this	  

thesis	   will	   focus	   on	   IDO-‐1,	   due	   to	   the	   lack	   of	   knowledge	   regarding	   IDO-‐2	   and	   the	  

structural	  differences	  in	  TDO.	  

Positive	  regulators	  

IDO	  is	  a	  monomeric	  protein	  that	  contains	  protoporphyrin	  IX	  as	  its	  prosthetic	  group.	  

Activation	  of	  IDO	  requires	  reduction	  of	  its	  ferric	  (Fe3+)	  heme	  to	  ferrous	  (Fe2+)	  heme.	  

Several	   electron	   donors	   have	   been	   proposed	   as	   biological	   reductants	   of	   IDO.	  

Superoxide	  anion	  radical	  (O2-‐)	  is	  the	  most	  studied,	  and	  it	  has	  been	  shown	  that	  O2-‐	  not	  

only	  acts	  as	  a	  co-‐factor,	  but	  also	  as	  a	  substrate	  for	   IDO	  by	   incorporating	  the	  oxygen	  

into	   TRP	   (20).	   Superoxide	   dismutase	   (SOD),	  which	   catalyze	   the	   degradation	   of	   O2-‐,	  

can	   inhibit	   IDO	   activity	   (21),	   supporting	   O2-‐	   activity	   as	   a	   positive	   activator	   of	   IDO.	  	  

Conversely,	  O2-‐	   is	  not	  able	   to	  maintain	   the	  maximal	  steady	  state	  activity	  of	   IDO	  and	  

reduced	   flavine	  mononucleotide,	   biopterin	   (22)	   and	   cytochrome	  b5	   (23)	  have	  been	  

suggested	  as	  more	  likely	  electron	  donors	  for	  IDO.	  Additionally,	  NADH,	  under	  aerobic	  

conditions,	   can	   act	   as	   a	   reducing	   cofactor	   to	   form	   the	   dioxygen	   adduct	   of	   IDO.	  

Interestingly,	   considering	   that	   KP	   leads	   to	   the	   formation	   of	   NAD,	   a	   relationship	  

between	   NAD	   and	   TRP	  metabolism	   is	   observed.	   NADH	   activates	   the	   first	   and	   rate	  

limiting	  reaction	  in	  the	  KP	  that	  leads	  to	  its	  own	  formation	  (24).	  	  
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Negative	  regulators	  

On	  the	  other	  hand,	  hydrogen	  peroxide	  (H2O2)	  inactivates	  IDO	  by	  oxidizing	  the	  heme	  

iron	  to	  ferric.	  There	  is	  evidence	  that	  NOS-‐derived	  nitric	  oxide	  (NO)	  may	  regulate	  IDO	  

expression.	   NO	   reduces	   the	   IDO	   protein	   content	   by	   accelerated	   proteasomal	  

degradation	   and	   NO	   adducts	   of	   IDO	   are	   believed	   to	   be	   involved	   in	   decreasing	   IDO	  

catalytic	  activity	  by	  binding	  to	  its	  heme	  group	  (25).	  NO	  could	  also	  inhibit	  TDO	  activity	  

in	   a	   similar	   mechanism	   to	   that	   of	   IDO	   by	   out-‐competing	   O2	   for	   the	   vacant	  

coordination	   site	   (26).	   IFN-‐γ	   not	   only	   induces	   IDO	   but	   also	   L-‐arginine	  metabolism	  

through	   nitric	   oxide	   synthase	   (NOS),	   producing	   NO,	   which	   in	   turn	   down	   regulates	  

IDO.	   It	   is	   important	   to	   note	   that	   by	   activating	   the	  Arginase	   I-‐dependent	   L-‐Arginine	  

metabolism,	   immune	   regulatory	   functions	   are	   enhanced.	   Activation	   of	   Arginase	   I	  

would	  decrease	  L-‐Arginine	  available	  for	  NO	  synthesis	  and	  the	  reduction	  of	  NO	  could	  

increase	   IDO	   activity,	   favouring	   tolerance.	   However,	   much	   NO-‐mediated	  

pathogenicity	  depends	  of	  peroxynitrite.	  Peroxynitrite	  is	  formed	  by	  the	  combination	  of	  

NO	   and	   superoxide	   produced	   by	   inflammatory	   cells	   to	   defend	   against	   pathological	  

insults.	   Peroxynitrite	   more	   strongly	   inhibits	   IDO	   activity	   by	   nitration	   of	   different	  

tyrosines,	  oxidation	  of	  cysteine	  residues,	  or	  sulfhydryl	  oxidation	  (27).	  

Immune	  regulators	  of	  IDO-‐1	  

Many	  soluble	  and	  membrane-‐bound	  factors	  mediate	  IDO-‐1	  induction,	  but	  IFN-‐γ	  (Type	  

II)	  is	  the	  main	  inducer	  of	  IDO-‐1	  in	  the	  majority	  of	  cell	  types.	  Type	  I	  interferons	  (IFN-‐α	  

and	   IFN-‐β)	  have	  also	  been	  reported	   to	   induce	   IDO-‐1	  (14,	  28).	   Interferon-‐dependent	  

IDO	  induction	  is	  mediated	  by	  IFN-‐regulatory	  factor	  (IRF)-‐1	  and	  signal	  transducer	  and	  

activator	  of	  transcription	  (STAT)-‐1	  (29).	  	  

Additional	   cytokines	   can	   regulate	   IDO-‐1	   expression,	   mainly	   acting	   as	   positive	  

regulators	  of	  IFN-‐dependent	  mechanisms.	  These	  include	  tumor	  necrosis	  factor	  (TNF)-‐

α	  (30),	  interleukin	  (IL)-‐2	  and	  IL-‐12	  (31).	  	  

IDO	   IFN-‐independent	   induction	   is	  mediated	   by	   the	   p38	   and	   JNK	  mitogen-‐activated	  

protein	  kinase	  (MAPK),	  phosphatidylinositol	  3-‐kinase	  (PI3K),	  and	  the	  nuclear	  factor-‐

κB	  (NF-‐κB)	  pathways.	  This	  has	  been	  shown	  in	  lipopolysaccharide	  (LPS),	  TNF-‐α,	  IL-‐6	  

or	  IL-‐1β	  –mediated	  IDO	  induction	  (32,	  33).	  	  
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Toll-‐like	   receptors	   (TLRs)	   play	   an	   essential	   role	   in	   the	   generation	   of	   innate	   and	  

adaptive	   antimicrobial	   immune	   responses	   through	   recognition	   of	   conserved	  

pathogen-‐associated	   molecular	   patterns.	   	   After	   elimination	   of	   the	   pathogen,	   anti-‐

inflammatory	   signals	   are	  necessary	   to	   restore	  homeostatic	  balance.	   IDO-‐1	   seems	   to	  

be	   the	   down-‐stream	   effector	   of	   the	   secondary	   regulatory	   mechanism	   of	   TLRs	  

activation.	  TLR-‐3	  activation,	  with	  dsRNA	  (34,	  35),	  TLR-‐4	  activation	  by	  LPS	  (36),	  TLR-‐

7	   with	   unmethylated	   oligodeoxynucleotides	   (ODN)	   sequences	   containing	  

unmethylated	  GpC	  motifs	   (37),	  TLR-‐9	  with	  ODN-‐CpG	   (37,	  38)	  or	  Thymosin	  α1	   (39)	  

induce	   IRF-‐3,	   stimulating	   the	   production	   of	   type	   I	   INF	   and	   consequently	   IDO	  

expression.	  	  Targeting	  TLR-‐2	  and-‐5	  also	  leads	  to	  the	  expression	  of	  IDO	  (40).	  

Other	   IDO	   inducers	   involved	   in	   immunity	   include	  CD28	  and	  cytotoxic	  T-‐lymphocyte	  

antigen	  4	  (CTLA4)	  molecules	  from	  T	  cells	  through	  binding	  CD80/	  CD86	  in	  DC	  (41-‐44),	  

CD40	   (45),	   soluble	  CD200	   (a	   cell	   surface	   glycoprotein	  highly	   expressed	  on	  myeloid	  

cells)	   (46),	   anti-‐	   FcεRI	   (receptor	   for	   IgE)	   (47),	   dexamethasone	   inducer	   of	  

glucocorticoid	   inducer	   tumor	   necrosis	   factor	   receptor	   ligand	   (GITR-‐L)	   and	  

glucocorticoids	   (48),	   prostaglandin	   E2	   (49),	   cyclooxygenases	   (COXs)	   (50)	   and	  

hemeoxigenase	  -‐1	  (HO-‐1)	  (51).	  

Additionally	   inflammatory	   mediators	   released	   from	   necrotic	   cells,	   a	   mechanism	   to	  

alert	  the	  immune	  system	  of	  abnormal	  cell	  death,	  also	  enhance	  IDO	  expression.	  These	  

include	  adenosine	  triphosphate	  (ATP)	  (52)	  and	  hemoglobin	  (53).	  	  

Interestingly,	  IDO-‐1	  has	  been	  shown	  to	  have	  not	  only	  TRP	  catalytic	  function,	  but	  also	  

to	   act	   as	   an	   intracellular	   signal	   transducer	   that	  mediates	   long-‐term	   tolerance.	   This	  

activity	   involves	   transforming	   growth	   factor	   (TGF)-‐β	   signalling,	   which	   induces	  

phosphorylation	   of	   IDO.	   Phosphorylated	   IDO	   then,	   acting	   as	   a	   signal	   transducer,	  

activates	  the	  non-‐canonical	  NF-‐kB	  pathway	  and	  the	  nuclear	  translocation	  of	  p52-‐RelB	  

to	   its	   target	   genes	   (IDO,	   TGF-‐β	   and	   type	   I	   interferons),	   thus	   promoting	   a	   stable	  

regulatory	  phenotype	  in	  DCs	  (54).	  	  

On	   the	   other	   hand,	   IDO	   can	   be	   post	   transcriptionally	   down	   regulated	   through	   the	  

suppressor	   of	   cytokine	   signalling	   (SOCS)-‐3.	   Autocrine	   or	   paracrine	   IL-‐6	   activates	  

SOCS-‐3,	   which	   binds	   to	   IDO,	   targeting	   it	   for	   ubiquitination	   and	   subsequent	  
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proteasome	  degradation,	  and	  thereby	  promoting	  immunity	  (55).	  Additional	  negative	  

regulators	   include	   IL-‐4,	  which	  has	  been	  previously	  described	   an	   inhibitor	   of	   IFN-‐γ-‐

mediated	  IDO	  induction	  (56)	  

	  

Figure	  1.2:	  The	  complexity	  of	  IDO-‐1	  control	  by	  immune	  regulators	  	  

IFN-‐γ	   drives	   intense	   enzymatic	   (catalytic)	   IDO	   activity,	   resulting	   in	   high-‐level	  
production	   of	   KYN.	   TGF-‐β	   can	  maintain	   an	   IDO-‐dependent	   regulatory	   environment	  
with	  IDO	  mainly	  functioning	  as	  a	  signalling	  molecule.	  Both	  mechanisms	  are	  abruptly	  
interrupted	  by	  IL-‐6,	  which	  drives	  IDO	  degradation.	  Figure	  from	  Fallarino	  et	  al.	  (57).	  

Overall,	   the	   majority	   of	   the	   stimuli	   known	   to	   activate	   IDO-‐1	   are	   closely	   related	   to	  

inflammatory	  processes,	  being	  involved	  in	  innate	  and	  adaptive	  immunity	  (57).	  Acute	  

IDO-‐1	   activation	   prevents	   exaggerated	   inflammatory	   responses	   in	   the	   host	   against	  

pathogens	   or	   an	   inflammatory	   trigger	   (11,	   58),	   and	   long-‐term	   activation	   prevents	  

different	   forms	   of	   autoimmunity	   and/or	   immunopathology	   (59,	   60).	   Therefore,	   its	  

acute	   and	   chronic	   activation	   in	   neurological	   diseases	   where	   immunity	   plays	   an	  

important	   pathological	   role,	   such	   as	   MS,	   could	   be	   a	   defence	   response	   from	   the	  

organism	  (61,	  62).	  	  

Activation	  of	   the	  KP	  and	  IDO	  activity	   in	  the	  periphery	   is	  a	  common	  feature	  of	  many	  

non-‐autoimmune	  neurological	  disorders.	  This	  supports	  the	  idea	  that	  there	  is	  also	  an	  

inflammatory	  component	  to	  these	  pathologies	  (63-‐66).	  Nevertheless,	  what	  remains	  to	  

be	   elucidated	   is	   whether	   IDO	   activation	   in	   the	   periphery	   is	   a	   reflection	   of	   the	  

neuroinflammatory	   processes	   happening	   in	   the	   CNS	   or	   the	   neurodegenerative	  
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disease	  has	  its	  origins	  outside	  the	  CNS.	  	  

Either	  way,	  what	  seems	  to	  direct	  the	  course	  of	  the	  neurological	  pathology	  is	  whether	  

the	   branch	   of	   the	   KP	   through	   KYN	   is	   further	   metabolised	   (67)	   (Figure	   1.1).	  

Endogenous	   mediators	   are	   involved	   in	   directing	   the	   KYN	   through	   its	   different	  

options.	  	  

1.1.2	   First	  option:	  Kynurenine	  3-‐Monooxygenase	  branch	  

Kynurenine	  3-‐Monooxygenase	  (KMO)	   is	   the	   first	  enzyme	  of	   the	  “neurotoxic”	  branch	  

of	   the	   KP.	   KMO	   is	   an	   oligomeric	   protein	   that	   contains	   non-‐covalently	   bound	   flavin	  

adenine	  dinucleotide	  (FAD).	  It	  belongs	  to	  the	  monooxygenase	  family	  and	  it	  is	  located	  

in	  the	  outer	  mitochondrial	  membrane	  where	  it	  converts	  KYN	  to	  3-‐hydroxykynurenine	  

(3-‐HK).	  

KMO	   catalyses	   the	   incorporation	   of	   one	   atom	   of	  molecular	   oxygen	   into	   KYN	   in	   the	  

presence	   of	   nicotinamide	   adenine	   dinucleotide	   phosphate	   (NADP)H	   as	   an	   electron	  

donor.	   The	   reaction	   is	   comprised	   of	   two	   half-‐reactions:	   (1)	   During	   the	   reductive	  

reaction,	  the	  prosthetic	  group	  FAD	  is	  reduced	  to	  FADH2	  by	  NADPH,	  and	  (2)	  during	  the	  

oxidative	  reaction,	  FADH2	  acts	  as	  an	  electron	  donor	  and	  is	  oxidised	  by	  oxygen	  to	  FAD,	  

with	  the	  subsequent	  hydroxylation	  of	  KYN	  (68).	  Therefore,	  NADPH,	  O2	  and	  KYN	  are	  

the	  substrates	  for	  KMO.	  

	  

Figure	  1.3:	  The	  hydroxylation	  of	  KYN	  	  

Oxygen	  transfer	  from	  the	  flavin	  hydroperoxide	  of	  KMO	  first	  forms	  the	  hydroxiflavin-‐
non-‐aromatic	   intermediate,	   which	   decays	   rapidly	   to	   the	   oxidised	   flavin-‐product	  
complex.	  Figure	  from	  Palfey	  et	  al.	  (69).	  



9	  
	  

Studies	  on	  the	  recombinant	  enzyme	  showed	  that	  the	  optimum	  pH	  for	  KMO	  activity	  is	  

7.5.	   In	   addition,	   KMO	   is	   highly	   specific	   for	   L-‐Kynurenine,	   and	   is	   not	   able	   to	  

hydroxylase	   other	   hydroxyl	   acceptors,	   such	   as	   kynurenic	   acid,	   anthranilic	   acid,	  

tryptophan,	  p-‐hydroxybenzoate	  and	  the	  d-‐isomer	  of	  kynurenine	  (70)	  

The	  aromatic	  substrate,	  KYN,	  acts	  as	  an	  effector	  for	  NADPH	  by	  modulating	  the	  rate	  at	  

which	  NADPH	  reduces	   the	   flavin.	  This	   (1)	  couples	  aromatic	  substrate	  acquisition	   to	  

hydride	  transfer,	  and	  ultimately	  hydroxylation,	  and	  (2)	  prevents	  the	  reduction	  of	  the	  

flavin	   in	   the	   absence	  of	   the	   aromatic	   substrate	   that,	   in	  FAD	  enzymes,	   results	   in	   the	  

loss	   of	   reducing	   equivalents	   and	   in	   the	   formation	   of	   hydrogen	   peroxide	   during	   re-‐

oxidation	  of	  the	  FAD	  cofactor	  (68).	  However,	  the	  product	  of	  the	  reaction	  (3-‐HK)	  can	  

also	  act	  as	  an	  effector	  for	  NADPH,	  which	  will	  reduce	  FAD	  to	  FADH2,	  but	  as	  3-‐HK	  is	  not	  

the	  substrate	  of	  the	  reaction,	  the	  following	  FADH2	  oxidation	  will	  lead	  to	  the	  formation	  

of	   hydrogen	   peroxide	   and	   subsequent	   neurotoxic	   effects	   of	   3-‐HK	   overproduction	  

(70).	  In	  addition,	  the	  NADPH-‐dependent	  reduction	  of	  FAD	  is	  not	  specific	  for	  the	  native	  

substrate	  (KYN),	  but	   it	  can	  recognize	  substrate-‐like	  molecules.	  This	  should	  be	  taken	  

into	   account	   when	   designing	   KMO	   inhibitors	   because,	   aside	   from	   inhibiting	   3-‐HK	  

production,	  they	  could	  also	  increase	  hydrogen	  peroxide	  formation,	  depending	  on	  the	  

mechanism	  of	  action	  (68).	  

KMO:	  from	  gene,	  to	  cellular	  protein	  localization,	  to	  tissue	  

The	   KMO	   (KMO;	   EC	   1.14.13.9)	   gene	   contains	   at	   least	   15	   exons,	   spanning	  

approximately	   68	   kilobase	   (Kb).	   By	   genomic	   sequence	   it	   has	   been	   determined	   that	  

the	  KMO	  gene	  overlaps	  with	  the	  OPN3	  gene	  on	  chromosome	  1q43	  and	  that	  the	  two	  

genes	  are	   transcribed	   from	  opposite	  strands	   (71).	  At	   least	   three	   isoforms	  produced	  

by	  alternative	  splicing	  have	  been	  described	  for	  KMO.	  However,	  two	  of	  them	  are	  only	  

based	   on	   cDNA	   data	   and	   just	   one	   isoform	   (canonical	   sequence)	   has	   been	  

characterised	   at	   the	   protein	   level	   (486	   aa).	   The	   two	   alternative	   isoforms	   (473	   and	  

452	  aa	  respectively)	  differ	   from	  the	  canonical	   sequence	  by	  missing	   the	  amino	  acids	  

between	  positions	  367	  and	  400.	  This	  region	  has	  been	  demonstrated	  to	  be	  important	  

for	   the	   subcellular	   localization	   of	   the	   enzyme,	   but	   not	   for	   the	   enzymatic	   activity.	   A	  

single	   amino	   acid	   polymorphism	   (SAP)	   has	   been	   described	   for	   KMO,	   involving	   a	  

change	   from	  arginine	   to	  cysteine	  at	  position	  452	  (70,	  72).	  Arginine	  confers	  positive	  

charge	  at	  the	  C-‐terminus,	  which	  is	  essential	  for	  mitochondrial	  targeting.	  Furthermore,	  

it	  has	  been	  shown	  that	  a	  mutation	  of	  the	  C-‐terminus	  Arginine	  in	  pig	  KMO	  decreases	  
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KMO	   activity	   by	   40	   %	   (73).	   Changes	   in	   the	   c-‐terminus	   region	   will	   affect	   cellular	  

localization	   of	   KMO	   but	   they	   do	   not	   necessarily	   result	   in	   loss	   of	   activity	   (73).	  

Therefore,	  KMO	  derived	   from	   the	   canonical	   sequence	  will	  be	   localised	  on	   the	  outer	  

mitochondrial	  membrane.	  However,	  alternative	  splicing	  or	  SAP	  have	  been	  described	  

in	  the	  literature	  leading	  to	  cytosolic	  KMO,	  which	  may	  or	  may	  not	  be	  as	  active	  as	  the	  

canonical	  KMO.	  	  	  

Brain	   contains	   low	   activity	   of	   KMO	   equally	   distributed	   in	   all	   regions.	   The	   highest	  

specific	  KMO	  activity	  is	  detected	  in	  liver	  and	  kidney	  (74)	  

Negative	  regulators	  of	  KMO	  

KMO	  is	  sensitive	  to	  inhibition	  by	  anions	  in	  both	  half-‐reactions.	  It	  appears	  to	  bind	  one	  

or	  more	  ions	  in	  the	  proximity	  of	  the	  active	  site.	  This	  has	  direct	  influence	  on	  the	  flavin	  

conformational	  changes	  (68).	  Cl-‐	  ions	  compete	  with	  NADPH	  for	  the	  enzyme	  sites	  that	  

interact	  with	  the	  pyrophosphate	  moiety	  of	  NADPH,	  thereby	  decreasing	  its	  affinity.	  By	  

interacting	  with	  a	  second	  phosphate-‐binding	  site,	  different	  from	  NADPH,	  pyridoxal-‐5	  

phosphate	  (PLP),	  the	  active	  form	  of	  vitamin	  B6,	  can	  also	  decrease	  NADPH	  affinity	  for	  

the	  enzyme	  (70).	  	  

Positive	  regulators	  of	  KMO	  

The	  first	  positive	  regulator	  to	  consider	  is	  its	  substrate.	  Binding	  of	  KYN	  stimulates	  the	  

first	  half	  reaction	  rate	  by	  ≈	  2500-‐fold	  (69).	  	  

KMO	   expression	   can	   also	   be	   activated	   under	   inflammatory	   stimuli,	   IFN-‐γ	   being	   the	  

most	  common	  stimulus	  because	  of	  its	  ability	  to	  induce	  IDO	  (75).	  Moreover,	  LPS	  (76)	  

and	   IL1-‐β	   (77)	   can	   also	   induce	   KMO	   expression	   independently	   of	   IFN-‐γ.	   These	  

inflammatory	  molecules	  are	  well-‐described	   IDO-‐1	  activators,	  and	  activation	  of	  KMO	  

occurs	   after	   IDO	   activation.	   This	   indicates	   that	   the	   IDO-‐mediated	   increase	   of	   KYN	  

could	   be	   responsible	   for	   KMO	   activation,	   instead	   of	   direct	   activation	   by	   cytokines.	  

Further	   characterization	   of	   specific	   physiological	   activators	   of	   KMO	   is	   required	   in	  

order	  to	  better	  understand	  its	  role	  on	  different	  pathologies.	  

1.1.3	   Second	  option:	  Kynurenine	  aminotransferase	  branch	  	  	  

Kynurenine	  amino	  transferases	  (KATs)	  are	  the	  enzymes	  responsible	  for	  the	  first	  step	  

in	   the	   “neuroprotective”	   branch	   of	   the	   KP.	   KATs	   catalyse	   the	   irreversible	  

transamination	  of	  KYN	  to	  produce	  Kynurenic	  acid	  (KYNA).	  KYNA	  synthesis	   involves	  



11	  
	  

two	   steps:	   (1)	   KYN	   transamination	   to	   a	   side	   chain	   α-‐ketoacid	   intermediate	   that	   is	  

unstable	  and	  (2)	  rapid	  intramolecular	  cyclization	  of	  the	  intermediate	  to	  KYNA,	  being	  

only	   the	   first	   step	   dependent	   on	   KATs	   (Figure	   1.4).	   Consequently,	   the	   equilibrium	  

always	   proceeds	   to	   KYNA	   formation.	   Four	   KATs	   are	   considered	   to	   be	   involved	   in	  

KYNA	   synthesis	   in	   the	   central	   nervous	   system:	   KAT-‐1,	   -‐2,	   -‐3	   and	   -‐4.	   In	   addition	   to	  

their	  role	  in	  KYNA	  production,	  KATs	  exhibit	  transaminase	  activity	  with	  many	  amino	  

acids,	  and	   they	  can	  use	  several	  α-‐keto	  acids	  as	  amine	  acceptors.	   	  The	  specificity	   for	  

the	  amino	  acid	  and	  α-‐keto	  acid	  is	  different	  depending	  on	  the	  KAT.	  	  

	  

Figure	  1.4:	  Reaction	  for	  KYNA	  synthesis	  	  

Figure	  from	  Han	  et	  al.	  (78).	  	  

KAT-‐1	  is	  also	  known	  as	  glutamine	  transaminase	  K	  (GTK)	  or	  cysteine	  conjugate	  beta-‐

lyase	  (CCBL)-‐1,	  as	   it	  has	   transaminase	  activity	   for	  several	  substrates.	  However,	   it	   is	  

more	   specific	   for	   large,	   neutral/aromatic/sulphur-‐containing	   amino	   acids,	   such	   as	  

glutamine,	  phenylalanine,	  leucine,	  KYN,	  methionine,	  tyrosine,	  histidine,	  cysteine,	  and	  

aminobutyrate	  (79).	  Even	  though	  mice	  and	  human	  KAT-‐1	  behave	  similarly,	  they	  show	  

differences	   in	   substrate	   preference.	   For	   example,	   while	  mice	   KAT	   is	  more	   efficient	  

towards	   phenylalanine,	   human	   KAT	   prefers	   glutamine	   (80).	   Among	   different	   α-‐

ketoacids,	   α-‐Ketoleucine,	   glyoxylate,	   phenylpyruvate,	   mercaptopyruvate,	   α-‐

ketobutyrate,	   mecaptopyruvate,	   oxaloacetate	   and	   pyruvate	   are	   the	   more	   efficient	  

amino-‐acceptors	  for	  KAT-‐1.	  
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Additional	   major	   biological	   roles	   of	   KAT-‐1	   include	   closing	   the	   methionine	   salvage	  

pathway	  (81)	  and	  maintaining	  the	   levels	  of	  phenylpyruvate.	  KAT-‐1	  has	  high	  affinity	  

for	   phenylpyruvate	   as	   a	   co-‐substrate	   and	   can	   catabolize	   its	   degradation	   in	   the	  

presence	   of	   KYN	   (80,	   82).	   Phenylpyruvate	   is	   associated	   with	   phenylketonuria	  

pathology	   and	   its	   accumulation	   can	   produce	   brain	   damage	   (83).	   KAT-‐1	   can	   also	  

catalyse	  the	  non-‐physiological	  beta-‐elimination	  reactions	  with	  cysteine	  S-‐conjugates	  

containing	   a	   good	   leaving	   group	   attached	   at	   the	   sulphur	   (84).	   These	   elimination	  

reactions	   may	   lead	   to	   the	   bioactivation	   of	   certain	   sulphur-‐containing	   fragments,	  

resulting	  in	  toxicity	  to	  brain.	  Indeed	  it	  has	  been	  proposed	  as	  a	  contributing	  factor	  to	  

cell	   death	   in	   the	   substantia	   nigra	   observed	   in	   Parkinson’s	   Disease	   (PD)	   (85).	  

Increased	   levels	   of	  KYN	  would,	   therefore,	   be	   a	  mechanism	  of	  neuroprotection.	  This	  

would	  not	  only	  avoid	  accumulation	  of	  phenylpyruvate,	  but	  also	  competitively	  inhibit	  

the	  CCBL-‐1-‐mediated	  production	  of	  neurotoxic	  fragments.	  

KAT-‐2	   is	   also	   a	  multifunctional	   aminotransferase,	   localised	   in	   the	  mitochondria.	   It	  

was	   first	   named	   aminoadipate	   aminotransferase	   (AADAT),	   and	   it	   catalyses	   the	  

transamination	  of	  both	  KYN	  and	  aminoadipate	   (aminoadipate	  being	   the	  best	  amino	  

acid	   substrate	   for	   KAT-‐2),	   but	   also	  methionine	   and	   glutamate.	   Aminoadipate	   is	   the	  

degradation	  product	  of	  the	  amino	  acid	  lysine,	  and	  can	  occur	  naturally	  in	  the	  brain.	  It	  

can	  act	  as	  a	  selective	  toxin	  for	  glial	  cells	  (86)	  and	  at	  high	  concentrations	  it	  enhances	  

glutamate	  excitotoxicity	  (80).	  Therefore,	  KAT-‐2	  neuroprotective	  activity	  could	  be	  due	  

to	   a	   combination	   of	   KYNA	   synthesis	   and	   aminoadipate	   neutralization.	   KAT-‐2,	   like	  

other	  KATs,	   can	  use	  many	  α-‐keto	   acids	   as	   its	   amino	  group	  acceptors,	   but	   the	  more	  

efficient	   ones	   are	   α-‐oxoglutarate,	   α-‐oxocaproic	   acid,	   phenylpyruvate	   and	   α-‐oxo-‐	   γ-‐

methiol-‐butyric	  acid	  (80,	  87).	  	  

KAT-‐2	  is	  considered	  to	  be	  the	  principal	  isoform	  responsible	  for	  KYNA	  synthesis	  in	  the	  

brain	  because,	  among	  all	  the	  KATs,	  this	   is	  the	  one	  that	  shows	  the	  highest	  selectivity	  

for	  KYN	  (88,	  89).	  Cerebral	  KAT-‐2	  is	  located	  mainly	  in	  astrocytes,	  which	  are	  the	  major	  

source	  of	  KYNA	  in	  the	  brain	  (90)	  

KAT-‐3	   or	   cysteine	   conjugate	  beta-‐lyase	   (CCBL)-‐2,	   has	  high	   sequence	   identity	   and	  a	  

similar	   transaminase	  profile	   to	  KAT-‐1.	  However,	   it	   differs	   in	   some	  biochemical	   and	  

structural	  properties.	  KAT-‐3	  is	  efficient	  in	  catalysing	  the	  transamination	  of	  glutamine,	  

histidine,	   methionine,	   phenylalanine,	   asparagine,	   cysteine,	   and	   KYN.	   Differently	   to	  
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KAT-‐1,	   KAT-‐3	   prefers	   hydrophilic	   substrates	   (such	   as	   asparagine)	   (91).	   KAT-‐3	   can	  

use	   13	   α-‐keto	   acids	   as	   co-‐substrates	   (92),	   with	   glyoxylate,	   α-‐ketocaproic	   acid,	  

phenylpyruvate,	  α-‐ketobutyrate,	  α-‐keto-‐methylthiobutyric	  acid,	  α-‐ketovalerate,	  indo-‐

3-‐pyruvate,	   p-‐hydroxy-‐phenylpyruvate,	   mercaptopyruvate,	   and	   oxaloacetate	   being	  

the	  best	  amino	  group	  acceptors	   for	  mKAT-‐3	  (91).	  Similar	   to	  KAT-‐1,	  KAT-‐3	  was	  also	  

reported	  to	  have	  cysteine	  conjugate	  beta-‐lyase	  activity	  (91).	  

KAT-‐4	   is	   also	   called	  mitochondrial	   aspartate	   aminotransferase	   (ASAT)	   or	   glutamic	  

oxaloacetic	   transaminase	   (GOT)-‐2.	   KAT-‐4	   is	   localised	   in	   the	   mitochondria	   and	  

catalyses	   the	   reversible	   transamination	   of	   oxaloacetate	   to	   aspartate	   (93).	   This	  

reaction	   is	   an	   essential	   component	   of	   the	   malate-‐aspartate	   shuttle,	   which	   is	   a	   key	  

mechanism	  for	  transferring	  reducing	  equivalents	  from	  the	  cytosol	  into	  mitochondria	  

in	  brain.	  Mitochondrial	  aspartate	  can	  be	  transported	  to	  the	  cytosol	  to	  eventually	  form	  

malate.	  Malate	  can	  carry	  electrons	   into	   the	  mitochondria	  and	  produce	  NADH,	  when	  

oxidised	   to	   oxaloacetate.	   	   KAT-‐4	   –mediated	   transamination	   of	   oxaloacetate	   to	  

aspartate	   allows	   the	   shuttle	   to	   restart	   (83).	   	   In	   conjunction,	   KAT-‐4	   catalyses	   the	  

conversion	  of	  glutamate	  to	  α-‐ketoglutarate	  (94).	  This	  reaction	  allows	  the	  glutamate	  to	  

enter	   into	   the	   tricarboxylic	  acid	  cycle,	  as	  well	  as	   the	  re-‐synthesis	  of	  glutamate	   from	  

tricarboxylic	   acid	   cycle	   intermediates.	   KAT-‐4	   shows	   high	   transamination	   activity	  

towards	  glutamate,	  aspartate,	  phenylalanine,	  tyrosine,	  and	  cysteine.	  However,	  it	  only	  

has	  detectable	  activity	  towards	  KYN;	  therefore,	  its	  role	  in	  de-‐novo	  synthesis	  of	  KYNA	  

in	  the	  brain	  is	  controversial	  (89,	  95).	  	  

KAT	  positive	  regulators	  

Even	   though	  KYN	   is	  not	  a	  positive	  activator	  of	  KAT,	   the	  high	  Km	  values	  of	  all	  KATs	  

will	  assure	  that	  rising	  levels	  of	  endogenous	  KYN	  result	   in	  a	  proportional	   increase	  of	  

KYNA	  (78).	  	  

KAT-‐catalysed	   transamination	   requires	   the	   co-‐substrate	   PLP.	   Administration	   of	  

vitamin	  B6	  has	  been	   shown	   to	   increase	  plasma	   levels	  of	  KYNA	   (96).	   Several	  α-‐keto	  

acids	   are	   also	   necessary	   as	   a	   co-‐substrate	   for	   KAT	   activity,	   and	   increased	   levels	   of	  

those	  in	  cortical	  slices	  have	  been	  found	  to	  increase	  KYNA	  turnover	  (82).	  However,	  it	  

should	  be	  taken	  into	  account	  that	  some	  α-‐ketoacids	  can	  also	  be	  the	  product	  of	  KAT-‐

mediated	   amino	   acid	   transamination,	   and	   may	   act	   as	   inhibitors	   when	   they	  

accumulate.	  	  	  
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KAT	  negative	  regulators	  

KATs	   catalyse	   transamination	   of	   several	   amino	   acids;	   therefore,	   concentrations	   of	  

these	   substrates	   should	   be	   considered	   when	   studying	   KAT	   activity,	   as	   they	   may	  

competitively	  inhibit	  KYNA	  synthesis.	  Studies	  has	  shown	  that	  tryptophan,	  glutamine,	  

phenylalanine,	  or	   cysteine	   inhibit	  human	  KAT-‐1	  activity	  at	   the	   low	  milimolar	   range	  	  

(79).	  Similarly,	  methionine,	  histidine,	  glutamine,	  leucine,	  cysteine,	  phenylalanine	  and	  

3-‐HK	  can	  significantly	  decrease	  mouse	  KAT-‐3	  activity	  (91).	  Aminoadipate,	  asparagine,	  

glutamate,	  histidine,	  cysteine,	  lysine,	  3-‐HK,	  and	  phenylalanine	  decrease	  human	  KAT-‐2	  

activity.	  However,	  none	  of	  them	  are	  effective	  competitive	  inhibitors	  in	  the	  presence	  of	  

KYN,	   as	   KAT-‐2	   has	   strong	   affinity	   for	   KYN	   (80).	   On	   the	   other	   hand,	   mouse	   KAT-‐4	  

catalysed	   KYNA	   production	   can	   be	   competitively	   inhibited	   by	   aspartate	   and	  

glutamate	   due	   to	   the	   high	   selectivity	   of	   KAT-‐4	   for	   these	   amino	   acids	   (95).	   Since	  

aspartate	  and	  glutamate	  are	  the	  most	  abundant	  proteinogenic	  amino	  acids	  in	  mouse	  

brains,	   the	   contribution	   of	   KAT-‐4	   to	   KYNA	   formation	   in	   mouse	   brains	   would	   be	  

limited	  (95).	  	  

Some	   α-‐keto	   acids	   can	   also	   inhibit	   KAT.	   Han	   et	   al	   found	   that	   indo-‐3-‐pyruvate	  

significantly	  inhibits	  KAT-‐2	  (80),	  but	  not	  KAT-‐3	  (91).	  

Mitochondrial	   inhibition	  may	  also	   affect	  KAT	  activity.	   1-‐methyl-‐4-‐phenylpyridinium	  

(MPP+)	  and	  3-‐nitropropionic	  acid	  (3-‐NPA),	  inhibitors	  of	  mitochondrial	  complex	  I	  and	  

II	  respectively,	  decrease	  KYNA	  synthesis	  in	  rat	  brain.	  Whereas	  MPP+	  seemed	  to	  affect	  

only	   KAT-‐2	   (97),	   3-‐NPA	   impaired	   the	   activity	   of	   both	   KAT-‐1	   and	   KAT-‐2	   (98).	   The	  

dramatic	  decrease	  of	  KYNA	  in	  rat	  brain	  after	  glucose	  depravation	  (99),	  gives	  further	  

evidence	   that	   impaired	  cellular	  energy	  metabolism	  can	  down	  regulate	  KAT	  activity.	  

Glucose	  availability	  is	  required	  for	  the	  synthesis	  of	  α-‐keto	  acids,	  which	  are	  necessary	  

co-‐substrates	   in	   the	   enzymatic	   KYN	   transamination	   process	   of	   KAT	   (100).	  

Furthermore,	   astrocytic	   KYNA	   formation	   is	   reduced	   by	   neuronal	   signals	   such	   as	  

glutamate	  and	  other	  depolarizing	  stimuli.	  This	  could	  be	  related	  to	  the	  higher	  energy	  

demand	   associated	   with	   restoring	   the	   resting	   membrane	   potentials	   and	   the	  

consequent	  decrease	  of	  co-‐substrate	  availability	  for	  KATs	  (99).	  

1.1.4	   The	  forgotten	  option:	  Kynureninase	  

The	  enzyme,	  Kynureninase	  (KYNU),	  is	  a	  member	  of	  the	  aminotransferase	  superfamily	  

(known	   as	   KATs)	   with	   homodimeric	   structure	   and	   containing	   PLP	   as	   a	   co-‐factor	  
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(101).	  KYNU	  can	  catalyse	  the	  hydrolysis	  of	  KYN	  to	  give	  anthranilic	  acid	  (AA),	  but	  its	  

main	   activity	   is	   catalysing	   the	   hydrolysis	   of	   3-‐HK	   to	   produce	   3-‐hydroxyanthranilic	  

acid	  (3-‐HAA).	  Both	  reactions	  produce	  L-‐alanine	  as	  a	  second	  product.	  

Human	  KYNU	  has	   approximately	   a	   100-‐fold	   preference	   for	   3-‐HK	   compared	   to	  KYN	  

(102)	  and,	  therefore,	  KYN	  will	  preferably	  undergo	  the	  KMO	  or	  KAT	  branch	  depending	  

on	  the	  cell	  type.	  Nevertheless,	  KYN	  degradation	  through	  KYNU	  should	  be	  considered	  

in	   cells	   that	   do	   not	   express	   active	   KMO	   (such	   astrocytes)	   (103),	   as	   there	   is	   no	  

competition	  with	  3-‐HK	  for	  the	  enzyme.	  	  

1.2	   Neuroactive	  metabolites	  of	  the	  KP	  

Alterations	  to	  the	  branch	  that	  predominantly	  metabolises	  KYN	  will	  affect	  the	  levels	  of	  

the	   different	   neuroactive	   KP	   metabolites	   (Figure	   1.1).	   Each	   KP	   metabolite	   has	   a	  

specific	  activity	  in	  the	  CNS	  and	  understanding	  these	  functions	  is	  necessary	  in	  order	  to	  

relate	   KP	   abnormalities	   with	   a	   particular	   pathology.	   Table	   1.1	   summarise	   KP	  

metabolites	   involvement	   in	   glutamate	   excitotoxicity,	   inflammation	   and	   oxidatite	  

stress.	  	  

1.2.1	   L-‐Kynurenine	  	  

L-‐Kynurenine	  (KYN)	  is	  the	  first	  stable	  metabolite	  of	  the	  KP.	  Studies	  have	  shown	  that	  

is	  taken	  up	  into	  brain	  at	  a	  significant	  rate	  by	  the	  large	  neutral	  amino	  acid	  carrier	  (L-‐

system)	  of	  the	  BBB	  (104).	  This	  should	  be	  taken	  into	  account	  when	  looking	  at	  the	  KYN	  

concentration	   in	   cerebrospinal	   fluid	   (CSF),	   as	   its	   up	   regulation	   in	   the	   periphery	   is	  

quickly	  reflected	  in	  CNS.	  In	  fact,	  only	  40%	  of	  the	  KYN	  is	  locally	  generated	  in	  the	  CNS,	  

whereas	  60%	  is	  taken	  up	  from	  the	  blood	  (105).	  	  

Transfer	  of	  KYN	  across	  the	  BBB	  is	  saturable,	  suggesting	  that	  molecules	  competing	  for	  

the	   same	   transporter	   (such	  3-‐HK)	  may	  each	   contribute	   significantly	   to	   the	   cerebral	  

pool	  of	  KYN	  (104).	  

In	   addition	   to	   its	   function	   as	   a	   precursor	   of	   other	   kynurenines,	   KYN	   has	  

immunomodulatory	   activity.	   Tryptophan	   catabolism	   activation	   in	   several	   antigen-‐

presenting	   cells	   (APCs)	   has	   been	   shown	   to	   suppress	   allogeneic	   T-‐cell	   proliferation	  

and	  differentiate	  naïve	  T	  cells	  into	  regulatory	  T	  cells	  (Tregs).	  This	  effect	  is	  mediated	  

by	  both	  TRP	  starvation	  and	   increase	  of	  kynurenines	   (106-‐109).	  Moreover,	  KYN	  has	  
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been	  found	  to	  selectively	  induce	  apoptosis	  in	  effector	  T	  cells	  (110),	  thus,	  favouring	  an	  

immunosuppressive	  response.	  The	  mechanisms	  underlying	  KYN	  immunosuppressive	  

action	   were	   largely	   unknown,	   until	   recent	   studies	   demonstrated	   that	   KYN	   is	   an	  

endogenous	   Aryl	   hydrocarbon	   receptor	   (AhR)	   agonist	   (10,	   11).	   AhR	   is	   a	   ligand-‐

activated	  transcription	  factor	  that	  regulates	  several	  immune	  processes	  (described	  in	  

detail	  in	  section	  1.3	  ).	  Activation	  of	  AhR	  by	  KYN	  has	  different	  effects	  depending	  on	  the	  

cell	   type.	  While	   it	   can	  promote	  cell	   survival	  and	  motility	   in	  glioblastoma,	   it	   reduces	  

leukocyte	   proliferation,	   suppressing	   cellular	   and	   humoral	   immune	   responses	   (10).	  

Additional	   immunoregulatory	   activities	   of	   KYN-‐mediated	   AhR	   activation	   include:	  

differentiation	  of	  naïve	  T	  cells	  to	  Foxp3+	  Tregs	  (111),	  and	  increase	  of	  IL-‐10	  cytokine	  

production	  and	  IDO-‐1	  expression	  in	  response	  to	  TLR	  ligands	  in	  bone	  marrow	  DCs	  and	  

splenic	   DCs	   (58).	   Vogel	   at	   al	   showed	   that	   IDO-‐1	   may	   also	   be	   induced	   by	   AhR	  

activation	   in	  vivo	  (112).	  IDO-‐1	  catalyses	  KYN	  synthesis,	  which	  in	  turn	  activates	  AhR.	  

Overall,	   this	   results	   in	   a	   positive	   feedback	   loop	   that	   prolongs	   AhR	  

immunosuppressive	   activity.	   Findings	   from	   a	   recent	   study	   also	   support	   the	   role	   of	  

KYN-‐mediated	   AhR	   activation	   in	   down	   regulating	   inflammatory	   responses.	   It	   was	  

found	  that	  both	  KYN	  and	  AhR	  are	  essential	  in	  primary	  endotoxemia	  resistance	  (11).	  	  

In	   addition	   to	   its	   role	   in	   immune	   regulation,	   KYN	   has	   also	   been	   observed	   to	  

participate	  in	  cellular	  redox	  balance;	  thus,	  by	  acting	  as	  an	  antioxidant,	  it	  may	  prevent	  

neurotoxicity	  (113).	  	  

1.2.2	   Kynureninic	  acid	  	  

KYNA	   is	   a	   downstream	  product	   of	  KYN,	   produced	  by	   the	   action	   of	  KATs.	   The	  most	  

relevant	   targets	   for	  KYNA	  are	   in	   the	  CNS;	  however,	   it	   cannot	   cross	   the	  BBB	  and	   its	  

presence	   in	   the	   brain	   relies	   on	   its	   production	  by	   astrocytes	   (104).	   	   KYNA	  was	   first	  

described	   as	   a	   competitive	   antagonist	   of	   glutamate	   receptors	   (GluR),	   equally	  

inhibiting	  the	  three	  ionotropic	  excitatory	  receptors:	  NMDA	  receptor	  (NMDAR),	  AMPA	  

receptors	  (AMPAR)	  and	  kainite	  receptors	  (114).	  However,	  this	  activity	  requires	  high	  

micromolar	   concentrations	   of	   KYNA	   (115).	   Its	   activity	   as	   an	   endogenous	   NMDAR	  

inhibitor	   requires	   lower	   concentrations	   when	   targeting	   the	   glycine-‐binding	   site	  

(116),its	  main	  target.	  Additional	  targets	  have	  been	  described	  for	  KYNA.	  Alongside	  its	  

activity	   on	   NMDAR	   in	   the	   CNS,	   it	   has	   an	   important	   role	   as	   a	   negative	   allosteric	  

modulator	  of	  the	  α-‐7-‐nicotinic	  acethylcholine	  receptors	  (nAChRs)	  (117).	  nAChRs	  are	  

expressed	  in	  the	  pre-‐synaptic	  axonal	  terminals	  of	  the	  striatum	  and	  mediate	  glutamate	  
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release.	   KYNA,	   at	   low	  micromolar	   range,	   suppresses	   presynaptic	   glutamate	   release	  

(118).	   Although	   synaptic	   communication	   requires	   glutamate,	   excessive	   glutamate	  

release	   and	   signalling	   through	   ionotropic	   GluR	   leads	   to	   excitotoxicity.	   KYNA-‐

mediated	   suppression	   of	   glutamate	   release,	   synergistically	   with	   its	   activity	   on	  

NMDAR,	  potentiates	  its	  neuroprotective	  role	  on	  glutamate	  excitotoxicity.	  On	  the	  other	  

hand,	   it	   should	   be	   taken	   into	   consideration	   that,	   under	   non-‐excitotoxic	   conditions,	  

inhibition	  of	  NMDAR	  by	  KYNA	  in	  brain	  specific	  regions	  could	  affect	  cognitive,	  learning	  

and	  memory	  functions	  (119).	  

Neuroinflammation	   mediated	   by	   resident	   or	   infiltrating	   immune	   cells	   is	   another	  

factor	   to	   consider	   in	   synaptic	   alterations.	   It	   has	   been	   shown	   that	   activation	   of	  

metabotropic	  GluR	  4	   in	   immune	  cells	   induces	  a	   tolerogenic	   immune	  response	   in	  an	  

experimental	   autoimmune	   encephalomyelitis	   (EAE)	  mouse	  model	   (120).	   Therefore,	  

in	   some	   neurodegenerative	   disease	   where	   neuroinflammation	   plays	   a	   crucial	   role,	  

increase	  of	  KYNA	  (with	  subsequent	  decrease	  of	  glutamate	  on	  the	  inflammatory	  site)	  

could	  exacerbate	  inflammation	  and	  synaptic	  pathology.	  

KYNA	  is	  also	  the	  endogenous	  ligand	  of	  the	  G-‐protein	  coupled	  receptor	  35	  (GPR35).	  By	  

activating	   GPR35	   in	   astrocytes,	   KYNA	   has	   been	   found	   to	   modulate	   Ca2+	   fluxes	  

affecting	   the	   release	   of	   synaptic	   transmitters,	   with	   an	   overall	   effect	   of	   decreasing	  

excitatory	   synaptic	   currents	   in	   neuronal	   circuits	   (121).	   This	   finding	   further	  

potentiates	  its	  neuroprotective	  role,	  especially	  under	  excitotoxic	  conditions.	  GPR35	  is	  

also	  expressed	   in	   immune	  cells	  and	   the	  gastrointestinal	   tract.	  Moreover,	  Wang	  et	  al	  

demonstrated	  that	  its	  activation	  with	  KYNA	  modulates	  the	  immune	  response	  of	  these	  

cells	   (122).	  However,	   further	   characterization	  of	  GPR35	   function	  and	   localization	   is	  

needed	  to	  attribute	  new	  physiological	  activities	  of	  KYNA.	  Another	  described	  target	  of	  

KYNA	  in	  the	  periphery	  is	  AhR.	  Activation	  of	  AhR	  by	  KYNA	  in	  inflammatory	  conditions	  

can	   increase	   IL-‐6	   production	   with	   the	   same	   pattern	   as	   dioxin	   (123).	   Activation	   of	  

GPR35	  and	  AhR,	  as	  well	  as	  expression	  of	  glutamate	  receptors	  in	  immune	  cells,	  points	  

towards	  a	  possible	  role	  of	  KYNA	  in	  immune	  regulation.	  

Finally	  KYNA	  also	  has	  antioxidant	  properties,	  as	  it	  can	  scavenge	  hydroxyl,	  superoxide	  

anion	  and	  other	  free	  radicals	  (124).	  	  
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Table	  1.1:	  Physiological	  activity	  of	  KP	  metabolites	  

	  

1.2.3	   Quinolinic	  acid	  	  

Quinolinic	  acid	  (QUIN)	  is	  one	  of	  the	  downstream	  products	  of	  the	  KMO	  branch	  and	  is	  

the	  reason	  why	  this	  branch	  is	  named	  “neurotoxic”.	  QUIN	  is	  an	  excitotoxin	  due	  to	   its	  

selective	  stimulation	  of	  NMDAR,	  which	  is	  primarily	  expressed	  in	  neuronal	  cells	  (125).	  

However,	  QUIN	  has	  more	  affinity	   for	   some	  NMDAR	  subunits,	  making	   its	   excitotoxic	  

properties	  selective	  for	  the	  subgroup	  containing	  NR2A	  and	  NR2B	  subunits.	  As	  these	  

subunits	  are	  more	  concentrated	   in	  some	  regions	  of	   the	  brain	   (for	  example	  NR2B	   in	  

the	   forebrain),	  QUIN	  mainly	  affects	   these	  same	  areas	  (126).	  QUIN	  can	  potentiate	   its	  

own	   toxicity	   and	   that	   from	   other	   excitatory	   amino	   acids	   under	   energy	   deprived	  

conditions	   (127).	   In	   addition,	   QUIN	   contributes	   to	   excessive	   microenvironment	  

glutamate	   concentrations	   by	   stimulation	   of	   synaptosomal	   glutamate	   release	   by	  
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neurons	  (128)	  and	   inhibition	  of	  astrocytic	  glutamate	  up	  take	   from	  the	  synapsis	  and	  

glutamate	   to	   glutamine	   recycling	   by	   inhibiting	   glutamine	   synthase	   (129).	  QUIN	  has	  

also	   been	   shown	   to	   increase	   the	   reactive	   oxygen	   species	   (ROS)	   nitric	   oxide	   and	  

superoxide	   by	   NMDAR-‐dependent	   Ca2+	   entry	   (130).	   This	   induces	   NOS	   and	   reduces	  

SOD	  activity	  (131).	  QUIN	  has	  also	  been	  show	  to	  interact	  with	  some	  metals,	  increasing	  

oxidative	   damage.	   It	   reduces	   copper	   and	   zinc-‐dependent	   SOD	   activity	   and	   forms	  

complexes	  with	  Fe2+,	  which	  induce	  hydroxyl	  radical	  formation.	  It	  is	  also	  responsible	  

for	   lipid	   peroxidation	   (132,	   133),	   DNA	   damage,	   activation	   of	   poly	   (ADP-‐ribose)	  

polymerase	   (PARP)	   and	   NAD+	   depletion	   (134).	   Activated	   astrocytes	   and	  microglia	  

become	   associated	   with	   damaged	   neurons	   and	   QUIN	   can	   induce	   an	   inflammatory	  

cascade	   in	   those	   cells.	   It	   has	   been	   demonstrated	   that	   QUIN	   induces	   astrogliosis	   by	  

NMDA	  activation	  (135)	  and	  local	   inflammation	  by	  inducing	  cytokine	  and	  chemokine	  

production,	   particularly	   monocytic	   chemoattractant-‐1	   (MCP-‐1),	   IL-‐8,	   C-‐X-‐C	  

chemokine	   receptor	   (CXCR)-‐4,	   C-‐C	   chemokine	   receptor	   (CCR)-‐5	   and	   IL-‐1β	   by	  

astrocytes	   and	   monocytic	   lineage	   (136,	   137).	   MCP-‐1	   production	   by	   astrocytes	   is	  

highly	   activated	   by	   QUIN,	   which	   leads	   to	   further	   recruitment	   of	  monocytic	   lineage	  

cells	  and	  activation	  of	  the	  inflammatory	  cascade	  (138).	  

Additional	  neurotoxic	  activity	  by	  QUIN	  includes	  induction	  of	  astrocytic	  and	  neuronal	  

apoptosis	   by	   a	   caspase-‐3-‐dependent	   mechanism	   and	   a	   decrease	   of	   neuronal	   and	  

astrocytic	  autophagy	  (Reviewed	  in	  (139)).	  	  

Conversely,	  QUIN	  activity	   can	  be	  protective	   in	   the	  periphery,	  where	   it	  has	  a	   role	   in	  

maintaining	  peripheral	  tolerance	  by	  inducing	  selective	  thymocyte	  and	  Th1	  cell	  death,	  

but	   not	   Th2	   (140).	   Additionally,	   it	   can	   confer	   tolerogenic	   properties	   to	   DCs	   (141).	  

QUIN	  cannot	  cross	   the	  BBB,	  so	  changes	   in	   the	  periphery	  are	  unlikely	   to	   increase	   its	  

neurotoxic	  activity	  (104).	  

1.2.4	   3-‐Hydroxykynurenine,	   3-‐Hydroxyanthranilic	   acid	   and	  
Anthranilic	  acid	  	  

Electrophysiological	  studies	  of	  3-‐HK,	  3-‐HAA	  and	  AA	  have	  shown	  no	  direct	  effects	  of	  

these	  metabolites	  on	  neuronal	  activity	  (142).	  They	  primarily	  behave	  as	  pro-‐	  and	  anti-‐

oxidants	  in	  the	  brain.	  
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3-‐HK	  is	  the	  first	  downstream	  product	  of	  the	  KMO	  branch.	  It	  has	  been	  described	  as	  a	  

powerful	   generator	   of	   ROS	   and	   a	   potentially	   endogenous	   neurotoxin.	   Studies	   in	  

neuronal	   cultures	   in	   vitro	   showed	   that	   3-‐HK	   induces	   ROS-‐dependent	   apoptosis	   of	  

neurons	  through	  H2O2	  production,	  as	  oxidative	  stress	  can	  be	  suppressed	  by	  addition	  

of	  Catalase	  but	  not	  SOD	  (143).	  3-‐HK-‐mediated	  H2O2	  generation	  can	  be	  a	  consequence	  

of	   autoxidation	   (144)	   or	   activation	   of	   neuronal	   xanthine	   oxidase,	   which	   catalyses	  

xanthine	   or	   hypoxanthine	   oxidation,	   thereby	   generating	   H2O2	   (145).	   On	   the	   other	  

hand,	  Wang	  et	  al	  observed	  that	  the	  source	  of	  ROS	  induced	  by	  3-‐HK	  in	  endothelial	  cells	  

is	  superoxide,	  as	  this	  was	  reduced	  by	  SOD.	  In	  this	  study,	  3-‐HK	  increased	  the	  activity	  of	  

nicotinamide	  adenine	  dinucleotide	  phosphate	   [NAD(P)H]	  oxidase,	  which	   is	   involved	  

in	  the	  innate	  immune	  response	  by	  generating	  superoxide	  products	  against	  pathogens	  

(146).	  In	  both	  cases,	  the	  final	  result	  is	  high	  ROS	  production,	  which	  involves	  the	  uptake	  

of	  3-‐HK	  by	  sodium-‐dependent	  neutral	  amino	  acid	  transporters	  (147).	  	  

Other	   studies	   show	   that	   3-‐HK	  may	   induce	   toxicity	   via	   downstream	  mechanisms	   of	  

ROS,	  and	  that	  cellular	  uptake	  is	  not	  needed	  (144).	  However,	  larger	  amounts	  of	  3-‐HK	  

are	  required	  to	  generate	  pathological	  extracellular	  levels	  of	  ROS.	  It	  has	  been	  proposed	  

that	   3-‐HK	   mediated	   toxicity	   involves	   pathological	   calcium	   release	   from	   the	  

endoplasmic	  reticulum	  (ER),	  likely	  through	  ROS-‐mediated	  inhibition	  of	  Ca2+	  -‐ATPase	  

in	  the	  ER.	  This	  would	  lead	  to	  increased	  cytosolic	  Ca2+	  levels,	  which	  are	  then	  taken	  up	  

by	  mitochondria,	  causing	  a	  collapse	  of	  the	  mitochondrial	  membrane	  potential	  (144).	  	  

Nevertheless,	   it	   is	   important	   to	   note	   that	   3-‐HK	   pro-‐oxidant	   activity	   has	   only	   been	  

shown	   at	   non-‐physiological	   concentrations.	   At	   physiological	   or	   pathological	  

concentrations	   3-‐HK	   seems	   to	   be	   responsible	   for	   maintaining	   cellular	   redox	  

homeostasis.	   It	   can	   prevent	   oxidative	   damage	   from	   O2-‐,	   OH	   and	   NO	   through	   its	  

scavenging	   activity.	   Furthermore,	   both	   3-‐HK	   and	   3-‐HAAO	   can	   inhibit	   spontaneous	  

lipid	   peroxidation	   in	   supernatants	   from	   cerebral	   cortex	   rats	   (148).	   More	   evidence	  

regarding	  the	  3-‐HK	  concentration-‐dependent	  activity	  has	  been	  provided	  using	  human	  

primary	  astrocytes	  and	  neurons,	  where	  lower	  concentrations	  of	  3-‐HK	  increase	  NAD+,	  

but	  high	  concentrations	  have	  opposite	  effect	  (149).	  However,	  when	  evaluating	  3-‐HK	  

neurotoxic	   activity	   in	   vivo,	   it	   should	   be	   considered	   that	   3-‐HK	   and	   QUIN	   can	  

synergistically	   induce	   NMDAR	   activation	   and	   ROS	   production,	   thus	   reducing	   the	  

pathological	  concentrations	  of	  QUIN	  and	  3-‐HK	  (150).	  
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An	   additional	   activity	   of	   3-‐HK	   is	   the	   amelioration	   of	   clinical	   symptoms	   in	   allergic	  

airway	   inflammation	   (151)	   and	   in	   chronic	   Chagas	   disease	   (152),	   thus	   suggesting	   a	  

possible	  role	  in	  immunoregulation.	  

3-‐HK	  can	  cross	  the	  BBB	  through	  the	  large	  neutral	  amino	  acid	  carrier	  (the	  same	  way	  as	  

KYN);	  therefore,	  an	  increase	  of	  this	  metabolite	  in	  the	  periphery	  will	  be	  reflected	  in	  the	  

CNS	   (104).	   Some	   studies	   propose	   that,	   once	   in	   the	   brain,	   3-‐HK	   is	   sequestered	   and	  

degraded	   into	   the	   neurotoxic	   QUIN	   (153).	   A	   recent	   review	   describes	   in	   detail	   the	  

properties	  and	  biological	  activities	  of	  3-‐HK	  (154).	  

3-‐HAA	  can	  be	  produced	  from	  AA	  by	  a	  non-‐specific	  hydroxylation,	  but	  also	  from	  3-‐HK	  

through	  KYNU.	   3-‐HAA	   has	   a	   similar	   structure	   to	   3-‐HK	   and	   shares	   its	   ROS-‐inducing	  

and	   antioxidant	   properties	   (148,	   155).	   As	   an	   antioxidant,	   it	   can	   inhibit	   low-‐density	  

lipoprotein	   (LDL)	   oxidation	   (156).	   However,	   the	  most	   relevant	   role	   of	   3-‐HAA	   is	   in	  

inflammation,	  where	  it	  regulates	  the	  inflammatory	  response	  to	  tolerance.	  It	  has	  pro-‐

apoptotic	  activity	  in	  activated	  T	  cells	  (157)	  with	  specificity	  for	  Th1	  (140).	  It	   inhibits	  

antigen	  specific	  proliferation	  in	  an	  early	  phase	  of	  lymphocytes	  (158)	  and	  it	  converts	  

naïve	  T	  cells	   into	  Foxp3+	  Treg	  (108).	  Moreover,	   it	   induces	  TGF-‐β	  expression	   in	  DCs,	  

which	   in	   turn	  promotes	  Treg	   formation	   (61).	  Of	  more	   relevance	   in	   the	  CNS,	   3-‐HAA	  

has	  been	  shown	  to	  suppress	  glial	   inflammatory	  cytokine	  and	  chemokine	  production	  

by	  inducing	  the	  expression	  of	  HO-‐1	  (159).	  	  

3-‐HAA	   does	   not	   readily	   cross	   the	   BBB,	   therefore	   it	  must	   be	   locally	   produced	   to	   be	  

active	  in	  the	  brain	  (104).	  

AA	   is	  synthetised	  from	  KYN	  by	  KYNU	  through	  an	  alternative	  arm	  of	  the	  KP.	  AA	  also	  

has	   immunomodulatory	   activity	   by	   interacting	   with	   copper	   and	   forming	   anti-‐

inflammatory	   complexes	   that	   remove	   the	   hydroxyl	   radicals	   from	   the	   inflammatory	  

site	   (160).	   However,	   its	   regulatory	   properties	   have	   been	   further	   studied	   using	   its	  

synthetic	   derivate	   N-‐(3,4-‐dimethoxycinnamonyl)	   anthranilic	   acid	   (Tranilast).	   This	  

drug	  has	  been	  found	  to	  inhibit	  the	  activation	  of	  myelin-‐specific	  Th1	  and	  Th17	  cells	  in	  

EAE	  mice	   model	   (161),	   attenuate	   inflammation	   in	   collagen-‐induced	   arthritis	   (162)	  

and	  it	   is	  approved	  in	  the	  U.S.	   for	  treatment	  of	  allergic	  rhinitis,	  atopic	  dermatitis	  and	  

some	  forms	  of	  asthma	  (163).	  
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AA	   can	   cross	   the	   BBB	   through	   passive	   diffusion	   at	   a	   significant	   rate;	   however,	   its	  

transfer	  appears	  to	  be	  limited	  by	  plasma	  protein	  binding	  (104).	  

1.2.5	   Picolinic	  acid	  

Picolinic	  acid	  (PIC)	  is	  a	  downstream	  product	  of	  3-‐HAA.	  The	  enzyme	  implicated	  in	  its	  

production	   is	   amino-‐ß-‐carboxymuconate-‐semialdehyde	   decarboxylase	   (ACMSD).	   At	  

high	   concentrations	   PIC	   can	   have	   antiviral	   and	   anti-‐microbial	   activity	   (164,	   165).	  

Studies	   show	   that	   PIC	   also	   exhibits	   neuroprotective	   activity	   through	   its	   metal	  

chelator	   properties,	   reducing	   the	   neurotoxic	   effect	   of	   QUIN-‐Fe2+	   complexes	  

(Reviewed	  at	  (166)).	  Additionally,	   in	  vitro	  studies	  suggest	  that	  PIC	  can	  influence	  the	  

immune	  response	  by	  enhancing	  IFN-‐γ	  mediated	  NOS	  expression	  and	  induction	  of	  the	  

macrophage	  inflammatory	  proteins	  (MIP)-‐1α	  and	  1β	  in	  macrophages	  (167).	  	  

1.2.6	   Nicotinamide	  Adenine	  Dinucleotide	  	  

Nicotinamide	  adenine	  dinucleotide	   (NAD+)	   is	   the	   final	  product	  of	   the	  KP.	  Quinolinic	  

acid	   phosphoribosyl	   transferase	   (QPRT)	   converts	   QUIN	   to	   nicotinic	   acid	   adenine	  

ribonucleotide,	  which	  is	  further	  metabolised	  to	  NAD+.	  NAD+	  has	  been	  identified	  as	  an	  

essential	  cofactor	   for	  several	  enzyme-‐catalysed	  oxidative	  reactions.	   It	  also	  serves	  as	  

an	   electron	   transporter	   in	   the	  mitochondrial	   electron	   transport	   system	   to	   produce	  

ATP,	   and	   plays	   a	   key	   role	   in	   glutathione	   metabolism	   and	   the	   NADPH-‐dependant	  

thioredoxin	   system.	   These	   activities	   are	   all	   involved	   in	   antioxidant	   defence	   and	  

detoxification.	   Further	   implications	   include	   DNA	   repair,	   gene	   silencing	   and	   cellular	  

energy	  sensing	  (Reviewed	  in	  (168)).	  Promotion	  of	  NAD+	  synthesis	  may	  be	  of	  interest	  

in	   oxidative	   stress	   conditions,	   where	   NAD+	   is	   depleted,	   in	   order	   to	   maintain	  

mitochondrial	  function	  and	  neuronal	  energy	  supply.	  	  	  

1.2.7	   New	  players	  of	  the	  KP:	  Cinnabarinic	  acid,	  Xanturenic	  acid	  and	  
Quinaldic	  acid	  

Xanturenic	  acid	  (XA)	  is	  a	  metabolite	  of	  the	  3-‐HK	  via	  the	  intermediate	  4-‐(2-‐amino-‐3-‐

hydroxyphenyl)	  2,4–	  dioxobutanoate	  through	  the	  action	  of	  KAT-‐1	  and	  -‐2.	  It	  has	  been	  

identified,	  in	  vitro	  and	  in	  vivo,	  as	  an	  allosteric	  agonist	  of	  endogenous	  Group	  II	  (mGlu2	  

and	   mGlu3)	   metabotropic	   GluR,	   which	   is	   predominantly	   distributed	   in	   the	  

presynaptic	   region,	   consistent	   with	   its	   role	   as	   inhibitory	   receptor	   (169).	   Group	   II	  

mGluRs	  play	  a	  role	  in	  the	  pathogenesis	  of	  schizophrenia	  and	  some	  of	  its	  agonists	  are	  a	  
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potential	  new	  class	  of	  antipsychotics	  (170).	  In	  addition,	  XA	  has	  also	  been	  reported	  to	  

be	   a	   vesicular	   glutamate	   transporter	   (VGLUT)	   inhibitor,	   which	   is	   important	   in	   the	  

uptake	   of	   glutamate	   into	   vesicles	   in	   the	   presynaptic	   terminal	   (171).	   Either	   by	  

activating	  mGluR2/3	  or	  by	  blocking	  VGLUT,	  the	  final	  effect	  of	  XA	  is	  sensory	  inhibition	  

of	   the	   glutamatergic	   transmission	   with	   reduction	   of	   excitatory	   postsynaptic	  

potentials.	   Therefore,	   XA	   dysregulation	   should	   be	   taken	   into	   consideration	   in	   the	  

pathophysiology	  of	  neurological	  and	  psychiatric	  disorders	  (172).	  

Cinnabarinic	   acid	   (CA)	   is	   a	   metabolite	   of	   the	   3-‐HAA.	   In	   neurons,	   it	   can	   partially	  

activate	   type	   4	   metabotropic	   GluR-‐4	   and	   non-‐identified	   off-‐target	   pathways,	  

providing	   neuroprotection	   against	   excitotoxic	   stimuli	   (173).	   Moreover,	   mGlu4	  

receptors	  are	  also	  expressed	  in	  peripheral	  cells	  and	  their	  activation	  in	  dendritic	  cells	  

drive	  naïve	  T	  cells	  to	  Treg	  (120).	  In	  accordance,	  a	  recent	  study	  found	  that	  activation	  

of	  mGlu4	  receptor	  by	  CA	  confers	  full	  protection	  against	  EAE	  by	  boosting	  a	  tolerogenic	  

immune	  response	  (174).	  However,	  CA	  protection	  against	  EAE	  does	  not	  fully	  account	  

for	   mGlu4	   receptor	   activation;	   therefore,	   new	   targets	   for	   CA	   with	   implications	   in	  

immune	  response	  are	  yet	  to	  be	  elucidated.	  

Quinaldic	   acid	   (QA)	   is	   formed	   by	   the	   de-‐hydroxylation	   of	   KYNA	   (Figure	   1.5);	  

nevertheless,	   the	   enzyme	   catalysing	   the	   reaction	   is	   unknown.	   Few	   studies	   have	  

investigated	  QA	   and	   its	   physiological	   function	   remains	   highly	   unknown.	   Our	   group	  

has	  observed	  alterations	  of	  QA	  in	  CSF	  and	  serum	  in	  different	  pathologies.	  Moreover,	  it	  

can	  be	  produced	  by	  human	  primary	  neurons	  and	  affect	  their	  susceptibility	  towards	  a	  

neurotoxic	  challenge	  (Lee	  J.M.,	  et	  al.,	  unpublished	  data).	  These	  findings	  indicate	  that	  

QA	  may	  have	  an	  effect	  on	  neuronal	  activity.	  

	  

Figure	  1.5:	  	  Proposed	  reaction	  for	  QA	  production	  	  

QA	  is	  formed	  by	  the	  de-‐hydroxylation	  of	  KYNA.	  However,	  the	  enzyme	  mediating	  this	  
process	  remains	  to	  be	  elucidated.	  	  
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1.3	   Aryl	  hydrocarbon	  receptor.	  Target	  for	  KP	  metabolites	  

AhR	   (Aryl	   hydrocarbon	   receptor)	   is	   a	   ligand-‐operated	   transcription	   factor,	   which	  

belongs	   to	   the	   basic	   helix-‐loop-‐helix	   (bHLH)	   Per-‐ARNT-‐Sim	   (PAS)	   superfamily	   that	  

can	   be	   activated	   by	   a	   broad	   array	   of	   synthetic	   and	   natural	   ligands.	   It	   was	   initially	  

described	   as	   the	   receptor	   mediating	   the	   toxicological	   effects	   of	   dioxins	   and	   other	  

pollutants.	   However,	   the	   immune	   and	   liver	   defects	   observed	   in	   AhR	   deficient	  mice	  

suggested	   that	   AhR	   has	   a	   physiological	   role	   and	   also	   reveals	   that	   endogenous	   AhR	  

ligands	   may	   be	   involved	   on	   its	   activity	   (175,	   176).	   Several	   dietary	   compounds,	  

endogenous	  metabolites	  and	  products	  of	  the	  commensal	  microbiota	  have	  been	  shown	  

to	  activate	  AhR	  signalling	  (177)	  and	  the	  type	  of	  signalling	  is	  ligand-‐specific	  (178).	  In	  

Table	   1.2,	   we	   summarize	   some	   of	   those	   ligands	   and	   their	   AhR-‐mediated	   activity.	  

Ligands	  of	  our	  interest	  are	  the	  group	  of	  tryptophan	  metabolites,	  especially	  products	  

of	  the	  KP	  (KYN,	  KYNA	  and	  XA)	  (10,	  11,	  123,	  179).	  But	  additional	  indoles	  derivates	  of	  

TRP	  have	  also	  shown	  to	  activate	  AhR	  (111,	  180,	  181).	  Additionally,	  potential	  new	  AhR	  

ligands	  will	  be	  elucidated	  soon.	   	  
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Table	  1.2:	  AhR	  ligands	  and	  AhR-‐mediated	  activity	  

Family	   Molecules	   Endogenous	  
source	  

AhR-‐mediated	  physiological	  activity	  

Tryptophan	  
metabolites	  

L-‐kynurenine	   Kynurenine	  
pathway	  

Suppresses	   cellular	   and	   humoral	   immune	  
response	   and	   mediates	   primary	   endotoxemia	  
resistance	  (10,	  11).	  

	   Xanthurenic	  
acid	  

Kynurenine	  
pathway	  

Not	  described	  (123).	  

	  
	   Kynurenic	  acid	   Kynurenine	  

pathway	  
Induces	  production	  of	   inflammatory	  cytokines	  
(IL-‐6)	  (123).	  

	   Triptamine	   Triptophan	  
metabolism	  

Weak	  activation.	  Only	   relevant	   in	  pathological	  
conditions	  (179).	  

	   ITE	   Lung	  tissue	  
(mucosal)	  

In	   DCs	   promote	   the	   differentiation	   of	   FoxP3+	  
Treg	  in	  a	  RA-‐dependent	  manner	  (111).	  

	   FICZ	   UV-‐B	  photo	  
derivate	  

Local	   activation	   of	   AhR	   in	   the	   skin	   after	  
ultraviolet-‐B	   exposure	   mediates	   cellular	  
response	  to	  UV-‐oxidative	  stress	  (180).	  

	   	  IALD	   Anaerobic	  
intestinal	  bacteria	  
(ex.	  lactobacilli)	  

In	  the	  gastrointestinal	  tract,	  promotes	  local	  IL-‐
22	   production	   by	   innate	   lymphoid	   cells,	  
promoting	  antifungal	  resistance	  (181).	  

Heme-‐derived	  
molecules	  

Biliverdin	  

Bilirubin	  

Heme	  metabolism	  
Effects	   in	   liver	   or	   spleen	   (heme	   rich	   organs),	  
activating	   canonical	   AhR	   signal	   transduction,	  
with	  detoxification	  purposes	  (177).	  

Arachidonic	  
acid	  
metabolites	  

Prostaglandins	  

Leukotriens	  

Dihidroxyeicosa
trienoic	  acid	  
Lipoxin	  

CYP1A1	  and	  COX2	  
metabolism	  of	  
arachidonic	  acid	  

Inflammatory	   responses	   after	   xenobiotic	  
activation	   of	   AhR.	   This	   induces	   CYP1A1	   and	  
COX-‐2	   expression	   and	   synthesis	   of	   the	  
inflammatory	   arachidonic	   acid	   metabolites.	  
Those	  amplifying	  AhR	  response	  (182).	  

	  
ITE:	  2-‐(1’Hindole-‐3’-‐carbonyl)-‐thiazole-‐4-‐carboxylic	  acid	  methyl	  ester	  	  
FICZ:	  6-‐formylindolo[3,2-‐b	  ]carbazole	  	  
IALD:	  Indole-‐3-‐aldehyde	  	  

1.3.1	   Aryl	  Hydrocarbon	  Receptor	  activation	  

When	   inactive,	   AhR	   is	   located	   in	   the	   cytoplasm	   as	   part	   of	   a	   chaperone	   protein	  

complex	   that	   includes	   the	   90-‐kDa	   heat	   shock	   protein	   (HSP90),	   the	   c-‐src	   protein	  

kinase	  and	  the	  AhR	  interacting	  protein	  Ara9	  (also	  known	  as	  AIP1	  or	  XAP-‐2)	  (183).	  It	  

has	  been	  reported	  that	  specific	   ligands	  can	  trigger	  different	  AhR-‐mediated	  activities	  

(178).	   The	   interaction	   of	   AhR	   with	   its	   specific	   ligands	   can	   lead	   to	   two	   different	  

responses:	   genomic	   and	   non-‐genomic.	   Additionally,	   cell-‐dependent	   AhR	   protein	  

interactions	  will	  also	  influence	  the	  final	  response	  (Figure	  1.6).	  
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Figure	  1.6:	  AhR	  activation	  can	  affect	  genomic	  and	  non-‐genomic	  pathways	  

Figure	  from	  Quintana	  et	  al.	  (184)	  

Genomic	  pathway	  

The	  interaction	  of	  AhR	  with	  its	   ligand	  allows	  its	  translocation	  to	  the	  nucleus,	  where	  

AhR	   form	   a	   heterodimer	   with	   the	   AhR	   nuclear	   translocator	   (ARNT)	   and/or	   other	  

transcription	  factors	  (183).	  The	  AhR:ARNT	  heterodimer	  interacts	  with	  a	  specific	  DNA	  

sequence	  motif	   referred	   as	   canonical	   AhR	   binding	   site,	   Aryl	   hydrocarbon	   response	  

element	  (AHRE)	  or	  Dioxin	  response	  element	  (DRE).	  This	  modulates	  the	  expression	  of	  

detoxifying	  enzymes	  such	  as	  cytochrome	  P450	  family.	  However,	  once	  bound	  to	  DNA,	  

recruitment	  of	  different	  co-‐regulator	  proteins	  can	  result	   in	  variations	  of	   target	  gene	  

expression	  (185).	  

Additionally,	   AhR	   can	   act	   via	   non-‐canonical	   AhR	   responsive	   sites	   (non-‐AHRE)	   as	   a	  

dimer	  with	  ARNT.	  This	  phenomenon	  is	  mediated	  by	  ligand-‐specific	  mechanisms	  that	  

result	   in	   altered	   DNA-‐binding	   specificity	   and/or	   recruitment	   of	   different	   co-‐

activators.	  Moreover,	  overlapping	  binding	  profiles	  of	  ligand-‐activated	  AhR	  and	  ARNT,	  

suggest	  that	  AhR	  can	  bind	  to	  non-‐AHRE	  DNA	  regions	  without	  requiring	  ARNT	  (186)	  

and	  by	   interacting	  with	  other	   transcription	   factors.	  Additional	  mechanisms	   for	  AhR	  
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activity	   include	   competition	   for	   co-‐factors	   with	   other	   transcription	   factors	   or	  

receptors	   (187).	   Overall,	   AhR	   has	   shown	   to	   cross-‐talk	   or	   interact	   with	   several	  

transcription	   factors,	   such	   as	   early	   growth	   response	   1	   (EGR-‐1),	   activator	   protein	  

family	   (AP-‐1,	   AP-‐2),	   estrogen	   receptor,	   HIF,	   NRF2	   (186)	   RelA	   and	   RelB	   (188)	   and	  

various	  intracellular	  signalling	  pathways,	  including	  protein	  kinases,	  receptor	  tyrosine	  

kinases,	   MAPK,	   c-‐src	   kinase,	   phosphodiesterase	   2A,	   NF-‐κB	   signalling,	   and	   others;	  

altogether	  leading	  to	  a	  wide	  range	  of	  transcription	  profiles	  (178)	  (Figure	  1.7),	  	  

Differences	  on	  co-‐regulator	  proteins	  and	  co-‐factors	  among	  cell	  types	  will	  lead	  to	  cell-‐

specific	  gene	  expression	   in	  response	   to	  AhR	  (described	   in	  more	  details	  below).	  The	  

best-‐known	   interactions	   of	   AhR	   are	   with	   the	   nuclear	   hormone	   receptor	   signalling,	  

mainly	  with	  estrogen	  receptor	  and	  with	  the	  cell	  cycle	  signalling	  pathways	  (for	  better	  

description	  see	  review	  (189)).	  AhR	  can	  also	  interact	  with	  the	  NF-‐κB	  pathway,	  this,	  of	  

particular	   interest	   in	   inflammatory	   responses.	   NF-‐κB	   includes	   five	   different	  

transcription	   factors	  RelA	   (p65),	  RelB,	   c-‐Rel,	  p50	  and	  p52,	  which	  are	   inactive	  when	  

bound	   to	   their	   inhibitory	   IκB	   subunits.	   Once	   released	   from	   IκB	   subunits,	   the	  

transcription	   factors	   forms	   homo-‐or	   hetero-‐dimers	   and	   translocates	   to	   the	   nuclei	  

regulating	   target	   gene	   expression	   (190).	   Several	   points	   of	   interaction	  between	  AhR	  

and	  NF-‐κB	  have	  been	  described.	  	  

Activation	   of	   the	   NF-‐κB	   under	   LPS	   inflammatory	   stimuli	   induces	   RelA-‐dependent	  

activation	  of	  AhR	  expression	  and	  activity	  (191).	  Besides	  LPS,	  additional	  inflammatory	  

insults	  have	  also	  shown	  to	  promote	  AhR	  expression,	   those	   including	  CD40	  and	  CpG	  

(192).	   Interestingly,	  AhR	  can	  directly	   interact	  with	  Rel	  A	  to	   form	  a	  transcriptionally	  

inactive	   AhR:RelA	   dimer,	  which	   repress	   canonical	  NF-‐κB	   activation	   (193).	   This	   has	  

been	  proposed	  as	  a	  mechanism	  that	  controls	  inflammatory	  response.	  	  

AhR	  can	  also	   interact	  with	  RelB,	  producing	  a	  AhR:RelB	  complex,	  which,	   in	  this	  case,	  

can	  bind	  to	  a	  DNA	  recognition	  site	  and	  stimulate	   interleukine-‐8	  transcription	  (188).	  

Besides	  IL-‐8,	  other	  RelB:AhR	  responsive	  elements	  have	  been	  found	  in	  targets	  of	   the	  

non-‐canonical	  NF-‐	  κB	  pathway,	  such	  as	  B-‐cell	  activating	  factor	  of	  the	  tumor	  necrosis	  

factor	  family	  (BAFF),	  CC-‐chemokine	  ligand	  (CCL)-‐1	  and	  the	  transcription	  factor	  IFR3	  

(194).	   Overall,	   AhR	   seems	   to	   have	   trans-‐repressive	   activity	   in	   the	   canonical	   NF-‐κB	  

signalling.	  
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Figure	  1.7:	  Mechanisms	  of	  action	  of	  the	  AhR	  and	  AhR	  ligands.	  	  

The	   AhR	   has	   been	   observed	   to	   bind	   to	   alternative	   DRE	   elements	   as	   a	   dimer	   with	  
either	  ARNT	  or	  other	   transcription	   factors	  resulting	   in	  activation	  (i.e.,	  with	  RelB)	  or	  
repression	   (with	  ARNT	  at	   iDREs)	  of	   transcription.	  Ligand	  specific	  mechanisms	  have	  
been	   described	   that	   result	   in	   altered	   AhR:ARNT	   DNA-‐binding	   specificity	   and/or	  
recruitment	  of	  alternative	   co-‐activators.	   Independently	  of	  AhR	  binding	   to	  DNA,	  AhR	  
(or	   AhR:ARNT)	  may	   act	   as	   a	   co-‐activator,	   and	   it	  may	   sequester	   other	   transcription	  
factors	   (RelA)	   and/or	   target	   them	   for	   degradation.	   Additional	   mechanisms	   include	  
AhR-‐dependent	   competition	   for	   ARNT	   or	   co-‐activators	   used	   by	   other	   transcription	  
factors	  and	  receptors,	  resulting	  in	  squelching	  of	  their	  dependent	  transcription.	  Figure	  
from	  Denison	  et	  al.	  (189).	  

Non-‐genomic	  pathway	  

In	  addition	  to	  its	  activity	  as	  a	  transcription	  factor,	  AhR	  can	  control	  different	  cellular	  

processes	  through	  non-‐genomic	  signalling.	  	  

AhR	   has	   been	   shown	   to	   control	   the	   proteasome-‐dependent	   degradation	   of	   specific	  

transcription	   factors.	   The	   proteasome	   system	   catalyses	   the	   degradation	   of	  

ubiquitinylated	  proteins.	  Ubiquitin	  is	  covalently	  attached	  to	  target	  proteins	  through	  a	  

series	   of	   reactions	   catalysed	   by	   ubiquitin	   activating	   enzyme	   (E1),	   ubiquitin	  

conjugating	  enzyme	  (E2)	  and	  ubiquitin	  protein	  ligase	  (E3).	  E3	  controls	  the	  specificity	  
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of	  the	  ubiquitinylation	  reaction	  (195).	  AhR	  is	  a	  ligand	  dependent	  E3	  ubiquitin	  ligase	  

involved	   in	   the	  degradation	  of	  AhR	   interacting	  proteins	  as	   the	  estrogen	  receptor	  or	  

androgen	  receptor	  (196).	  AhR	  is	  also	  involved	  in	  maintaining	  RelB	  expression	  (197)	  

and	   lack	  of	  AhR	  results	   in	  accelerated	  degradation	  of	  RelB	   (198).	  Opposite	   to	  other	  

NF-‐κB	   transcription	   factors	  basal	  polyubiquitinylation	  of	  RelB	   is	  not	   linked	  with	   its	  

proteolysis.	  Not	  only	  that,	  but	  its	  polyubiquitinylation	  increases	  its	  transactivational	  

potential,	  independently	  of	  the	  IKK	  complex	  (199).	  The	  ubiquitin	  E3	  ligases	  involved	  

in	  RelB	  polyubiquitinylation	  have	  not	  been	   identified.	  However,	   taking	   into	  account	  

that	  (1)	  absence	  of	  AhR	  leads	  to	  accelerated	  RelB	  degradation	  (198)	  and	  (2)	  that	  AhR	  

is	  a	  E3	  ubiquitin	  ligase,	  AhR	  could	  be	  an	  E3	  ubiquitin	  ligase	  for	  RelB.	  	  

Another	   AhR	   non-‐genomic	   activity	   involves	   c-‐src	   activation.	   Ligand-‐binding	   to	   AhR	  

releases	   the	   c-‐src	   from	   the	   AhR/HSP90/c-‐src	   complex	   enabling	   c-‐src	   to	   then	  

phosphorylate	  and	  activate	  different	  cellular	  targets	  (200).	  Src	  kinase	  is	  ubiquitously	  

expressed	  and	  needs	  to	  be	  phosphorylated	  in	  order	  to	  be	  active.	  Because	  of	  its	  role	  in	  

cell	   differentiation,	   proliferation,	   survival,	   cell	   adhesion,	   cell	   morphology,	   and	  

motility,	  its	  activation	  is	  tightly	  regulated	  (201).	  While	  forming	  a	  complex	  with	  AhR,	  

c-‐src	  remains	  inactive,	  but	  ligand	  activation	  of	  AhR	  induces	  c-‐src	  phosphorylation	  and	  

activity	   (202).	   Therefore,	   AhR	   is	   necessary	   to	   maintain	   c-‐src	   inactive,	   but	   ligand-‐

mediated	  AhR	  activation	  can	  induce	  c-‐src	  cascade.	  Release	  and	  auto-‐phosphorylation	  

of	   c-‐src	   after	   AhR	   activation	   has	   been	   shown	   to	   phosphorylate	   IDO-‐1	   (11).	   IDO-‐1	  

phosphorylation	   confers	   non-‐enzymatic	   properties	   to	   IDO-‐1.	   Once	   IDO-‐1	   is	  

phosphorylated,	   it	   can	  activate	   the	  non-‐canonical	  NF-‐κB	  pathway	  and	   induce	  TGF-‐β	  

production	   (59).	   In	   addition,	   c-‐src	   can	   further	   participate	   in	   the	   TGF-‐β	   pathway	  

through	   its	   interaction	   with	   the	   endopeptidase	   furin	   (203).	   Activation	   of	   furin	   is	  

dependent	   of	   c-‐src,	   and	   this	   may	   have	   a	   potential	   role	   in	   the	   regulation	   of	   furin-‐

mediated	   maturation	   of	   its	   substrates	   (204).	   TGF-‐β	   is	   synthesised	   as	   precursor	  

polypeptide,	  which	  dimerises	  and	  needs	  to	  be	  proteolytically	  cleaved	  by	  furin	  prior	  to	  

be	  secreted	  as	  a	   latent	  (inactive)	  TGF-‐β	  (205).	  c-‐	  src,	   together	  with	  other	  kinases,	   is	  

also	   involved	   in	   the	   non-‐canonical	   Smad-‐TGF-‐β	   signalling,	   which	   involves	   the	  

phosphorylation	  of	  the	  Smad	  linker	  region.	  This	  process	  can	  regulate	  the	  stability	  and	  

transcriptional	  activity	  of	  Smads	  and	  is	  differently	  regulated	  depending	  on	  the	  type	  of	  

kinase	  involved	  (206).	  	  
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Cell-‐dependent	  AhR	  activation	  	  

AhR	   function	   has	   been	   mainly	   studied	   in	   immune	   cells.	   Its	   function	   can	   vary	  

depending	  on	  the	  cell	   type.	   In	  regulatory	  T	  cells	  (Foxp3+/CD4+),	  AhR	  participates	   in	  

both,	  the	  induction	  of	  Treg-‐specific	  genes	  (such	  as	  FoxP3	  and	  SMAD1)	  (207)	  and	  the	  

inhibition	  of	  genes	  associated	  with	  effector	  T	  cell	  function	  (such	  as	  IL-‐2)	  (208).	  AhR	  is	  

also	  necessary	  for	  the	  differentiation	  of	  type	  1	  regulatory	  T	  cells	  (Tr1)	  (CD4+/	  Foxp3-‐

/	  IL-‐10+).	   	   It	   is	   functionally	   linked	  to	  several	  of	  the	  transcription	  factors	  reported	  to	  

participate	   in	   Tr1	   differentiation.	   AhR	   can	   physically	   interact	   with	   c-‐maf	   to	  

cooperatively	   trans	   activate	   the	   IL-‐10	   and	   IL-‐21	   promoter	   (209)	   and	   IL-‐21	   can	  

further	  promote	  IL-‐10	  production	  (184).	  In	  addition,	  AhR	  could	  also	  interact	  with	  the	  

transcription	  factor	  STAT3	  and	  favour	  the	  transcriptional	  activity	  of	  IL-‐10	  promoter	  

(184).	  In	  Th17	  cells	  (RORgammaT+/CD4+)	  AhR	  increases	  the	  production	  of	  IL-‐21	  and	  

IL-‐22	   (210).	   However,	   on	   those	   cells	   AhR	   does	   not	   directly	   activate	   the	   IL-‐17	  

promoter,	   but	   regulates	   the	   inhibitory	   effects	   of	   IL-‐2	   on	   early	   stages	   of	   Th17	  

differentiation	  (211).	  AhR	  can	  supress	  the	  IL-‐2-‐	  mediated	  STAT5	  activation	  (210)	  and	  

also	  the	  TGF-‐β	  plus	  IL-‐6-‐mediated	  STAT1	  activation	  (212).	  Both	  STATs	  inhibit	  Th17	  

differentiation.	  Further	  involvement	  of	  AhR	  in	  T	  cell	  activation	  is	  through	  its	  activity	  

in	  dendritic	  cells	  (DCs).	  DCs	  play	  a	  central	  role	  in	  the	  control	  of	  T	  cell	  polarisation	  in	  

vivo	  and	  AhR	  can	  control	  the	  differentiation	  and	  function	  of	  DCs.	  Therefore	  AhR	  plays	  

a	   direct	   and	   indirect	   role	   in	   T	   cell	   activation.	   AhR	   activation	   in	   DCs	   decreases	   the	  

expression	  of	  class	  II	  major	  histocompatibility	  complex	  and	  co-‐stimulatory	  molecules	  

as	  well	  as	  the	  production	  of	  Th1	  and	  Th17	  polarizing	  cytokines	  (58).	  In	  addition,	  AhR	  

has	   shown	   to	  up	   regulate	   IDO-‐1	   expression	   in	  DCs	   (58),	   resulting	   in	   an	   increase	  of	  

kynurenines	  production.	  Activation	  of	  the	  KP	  in	  DC	  mediates	  immunosuppression	  by	  

(1)	  tryptophan	  starvation–mediated	  T	  cell	  apoptosis	  and	  (2)	  kynurenines	  production	  

inducing	   Tregs	   differentiation	   (111,	   213).	   Recently,	   KYN	   was	   described	   as	   an	  

endogenous	  ligand	  for	  AhR	  (11)	  creating	  a	  positive	  feedback	  loop.	  
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Figure	  1.8:	  AhR	  activity	  is	  ligand	  and	  cell	  dependent	  	  	  

Activation	  of	  AhR	  induces	  different	  pathways	  depending	  on	  the	  T	  cell	  subset.	  Figure	  
from	  Quintana	  et	  al.	  (214).	  	  

In	  contrast	  with	  the	  immune	  system,	  AhR	  role	  in	  the	  brain	  has	  not	  been	  extensively	  

explored.	   However,	   AhR	   has	   shown	   to	   be	   expressed	   in	   neurons,	   astrocytes	   and	  

probably	   resident	  microglia	   (if	   it	   is	  acceptable	   to	  compare	   them	  with	  monocytes	  as	  

they	  both	  come	  from	  monocyte	  lineage).	  

In	   neurons,	   AhR	   have	   shown	   to	   play	   an	   important	   role	   in	   NMDA-‐mediated	  

excitotoxicity.	  AhR	  can	  bind	  to	  the	  NR2A	  gene	  promoter	   inducing	  NMDA	  expression	  

and	   activity	   (215).	   In	   addition,	   abnormal	   AhR	   activity	   by	   xenobiotic	   molecules	   or	  

genetic	   depletion	   leads	   to	   impaired	   neurogenesis	   and	   cognitive	   function.	   This	  

suggests	  that	  AhR	  can	  have	  functional	  implications	  in	  neuronal	  development,	  as	  well	  

as,	  that	  activation	  with	  toxic	  ligands	  can	  affect	  its	  physiological	  role	  (216).	  Additional	  

roles	  of	  AhR,	   include	  regulation	  of	   the	  circadian	  rhythm	  (217)	  and	  definition	  of	   the	  

cell	  fate	  of	  GABAergic	  neurons	  (218).	  

AhR	  has	  also	  been	  shown	  to	  be	  expressed	  and	  active	  in	  mice	  foetal	  astrocytes	  (219).	  

However,	  studies	  of	  its	  activity	  have	  only	  been	  done	  in	  glioblastoma	  cell	  lines,	  which	  
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could	  differ	  considerably	   from	  primary	  astrocytes.	  The	  effects	  of	   the	  AhR	  agonist	  β-‐

naphtoflavone	  (β-‐NF)	  have	  been	  studied	  in	  C6	  cell	  line,	  a	  glioblastoma	  cell	  line	  used	  to	  

study	   astrocyte	   differentiation	   mechanisms	   upon	   stimulation	   with	   cyclic	   AMP	  

(cAMP).	  cAMP-‐mediated	  activation	  of	  protein	  kinase	  A	  (PKA)	  increases	  IL-‐6	  secretion,	  

which	   activates	   STAT3	   translocation	   to	   the	   glial	   fibrillary	   acidic	   protein	   (GFAP)	  

promoter	   and	   subsequently	   astrocyte	  differentiation	   (220).	   β-‐NF,	   probably	   through	  

AhR	  activation,	  decreases	  cAMP	  induced	  IL-‐6	  production	  (221).	  This	  could	  decrease	  

astrocyte	  differentiation	  and	  astrogliosis,	  both	  processes	  related	  with	  IL-‐6	  activity	  in	  

astrocytes.	  In	  glioma	  cells,	  AhR	  has	  shown	  to	  mediate	  their	  malignant	  phenotype	  (10).	  

Constitutive	  AhR	  is	  necessary	  for	  TGF-‐	  β	  production	  and	  its	  inhibition	  decrease	  both	  

TGF-‐	  β	  production	  and	  signalling	  (222).	  The	  malignant	  phenotype	  of	  glioblastoma	  is	  

dependent	   on	   TGF-‐	   β,	   indicating	   that	   AhR	   activation	   of	   those	   cells	   promotes	  

proliferation,	  clonogenicity	  and	  invasiveness.	  However,	  in	  astrocyte	  cell	  line	  AhR	  has	  

opposite	  function	  and	  its	  constitutive	  expression	  is	  necessary	  for	  negative	  control	  of	  

TGF-‐	  β	  pathway	  (222).	  Therefore,	  abnormalities	  in	  AhR	  function	  in	  astrocytes	  would	  

increase	  TGF-‐	  β	   signalling	   and	   its	   effects	   related	  with	   astroglial	   scar	   formation	   and	  

fibrosis	  (223).	  

In	  macrophages	  (and	  maybe	  relevant	  for	  monocyte	  CNS	  infiltrate),	  AhR	  is	  necessary	  

to	  negatively	  regulate	  inflammatory	  response.	  Some	  of	  its	  effects	  include	  interaction	  

with	  STAT-‐1	  with	  the	  consequent	  blockage	  of	  IL-‐6	  promoter	  (224,	  225)	  and	  inhibition	  

of	  NLRP3	  inflammasome	  under	  LPS	  activation	  (226).	  

1.4	   	  Implication	  of	  the	  KP	  in	  neurodegenerative	  diseases	  

There	   is	   increasing	   evidence	   of	   altered	   KP	   metabolites	   in	   different	   neurological	  

pathologies,	   showing	   a	   positive	   correlation	   between	   imbalance	   towards	   the	   KMO	  

branch,	  excitotoxicity	  and	  oxidative	  stress.	  Table	  1.3	  summarise	  abnormalities	  of	  the	  

KP	  found	  in	  some	  neurodegenerative	  diseases.	   	  
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Table	  1.3:	  KP	  alterations	  in	  different	  neurodegenerative	  diseases	  

Adapted	  from	  Vecsei	  et	  al.	  (3).	  
	  

	  
Neurotoxic	  insult	  characteristic	  from	  each	  disease:	  
Glut:	  glutamate	  excitotoxicity	  	  
Mito:	  mitochondria	  impairment	  
Immune:	  inflammation	  

1.4.1	   Huntington	  Disease	  

Huntington	   Disease	   (HD)	   is	   a	   fatal	   inherited	   neurodegenerative	   disorder	  

characterised	  by	  the	  progressive	  loss	  of	  neurons	  in	  the	  striatum	  and	  cortex	  affecting	  

motor	   movements,	   personality	   and	   cognition	   (227).	   HD	   shows	   closer	   associations	  

with	   metabolic	   KP	   disturbances	   within	   the	   brain	   compared	   to	   other	  

neurodegenerative	   disorders	   due	   to	   excitotoxicity	   playing	   a	   central	   role	   in	   its	  

pathogenesis.	   Neurotoxic	   effects	   of	   the	   mutant	   protein	   Huntingtin,	   can	   be	   further	  
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potentiated	  when	  there	  is	  imbalance	  of	  glutamate	  homeostasis.	  Therefore,	  alterations	  

of	  some	  of	  the	  endogenous	  NMDA	  agonists	  or	  antagonist	  through	  the	  KP	  could	  have	  

an	   important	   role	   in	   its	   pathology.	   The	   first	   observation	  was	   a	   study	   showing	   that	  

intra-‐striatal	  administration	  of	  quinolinic	  acid	  evokes	  HD-‐like	  pathology	  (228).	  Levels	  

of	   3-‐HK	   and	   QUIN	   are	   increased	   in	   the	   neostriatum	   and	   cortex	   of	   early	   stage	   HD	  

patients	   (229).	   Recent	   studies	   showed	   increased	   KMO	   activity	   and	   lower	  

Kynureninase	   in	   the	   brain	   of	   HD	   transgenic	  mice	  model	   (230).	   Exacerbating	   these	  

effects,	   KAT	   activity	   and	   KYNA	   levels	   are	   significantly	   reduced	   in	   the	   striatum	   and	  

cortex	  of	  HD	  patients	  (231).	  In	  addition,	  studies	  in	  yeast	  show	  higher	  toxicity	  by	  the	  

mutant	  huntingtin	  protein	  when	  KAT	  was	  ablated	  whereas	  improvement	  when	  there	  

is	   lack	   of	   KMO	   (232).	   Collectively,	   these	   findings	   support	   the	   hypothesis	   that	   the	  

increased	  flux	  through	  the	  central	  neurotoxic	  branch	  of	  the	  KP	  may	  play	  an	  important	  

role	  in	  HD	  pathology.	  

1.4.2	   Alzheimer’s	  Disease	  

Alzheimer’s	  Disease	  (AD)	  is	  a	  progressive	  neurodegenerative	  disorder	  characterised	  

by	  the	  accumulation	  of	  senile	  plaques	  in	  the	  brain	  consisting	  of	  misfolded	  β-‐Amyloid	  

peptides	  (Aβ)	  and	  neurofibrillary	  tangles	  composed	  of	  phosphorylated	  tau	  aggregates	  

(233).	  

Many	  studies	  have	  demonstrated	  that	  KP	  is	  directly	  or	  indirectly	  involved	  in	  AD.	  The	  

most	   relevant	   evidence	   comes	   from	   observations	   of	   increased	   QUIN	   and	   IDO	  

immunoreactivity	  in	  the	  hipocampus	  of	  AD	  brain	  sections	  (63).	  Interestingly,	  QUIN	  is	  

remarkably	   increased	   in	   the	   surroundings	  of	  Aβ	   plaques	   and	  neurofibrilary	   tangles	  

(63,	  234).	  The	  involvement	  of	  QUIN	  in	  these	  pathological	  hallmarks	  has	  been	  further	  

studied	   in	   vitro.	   Aβ	   1–42,	   in	   both	   monomeric	   and	   aggregated	   forms,	   leads	   to	  

significantly	   increased	   IDO	   activity	   and	   production	   of	   QUIN	   in	   human	   primary	  

microglia	   and	   macrophages	   (138).	   Considering	   that	   amyloid	   plaques,	   which	   are	  

closely	   associated	   with	   blood	   vessels,	   are	   surrounded	   by	   activated	   microglia	   and	  

infiltrating	   macrophages	   (235),	   these	   cells	   could	   be	   responsible	   for	   the	   increased	  

levels	   of	   QUIN	   in	   AD	   brain	   sections.	   Moreover,	   QUIN	   induces	   tau	  

hyperphosphorylation	   in	   human	   primary	   neurons	   (236),	   which	   supports	  

observations	   by	   Guillemin	   et	   al	   of	   QUIN	   co-‐localization	   with	   the	   neurofibrillary	  

tangles	   (234).	   Therefore,	   it	   has	   been	   proposed	   that	   Aβ	   plaques	   induce	   QUIN	  

production	   by	   microglia	   and	   infiltrate	   macrophages.	   Furthermore,	   the	   increase	   of	  
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QUIN	   promotes	   tau	   hyperphosphorylation	   and	   neurofibrillary	   tangles	   (63,	   234).	  

QUIN	   can	   also	   potentiate	   neurotoxicity	   by	   promoting	   further	   oxidative	   stress,	  

excitotoxicity,	  astrocyte	  activation	  and	  apoptosis	  (237).	  

Looking	   at	   the	   neuroprotective	   branch	   of	   the	   KP,	   KYNA	   concentrations	   in	   CSF	   and	  

serum	  samples	  from	  AD	  patients	  are	  lower	  (238).	  However,	  elevated	  concentrations	  

of	   KYNA	   have	   only	   been	   shown	   in	   caudate	   nucleus	   and	   putamen	   of	   AD	   patients,	  

accompanied	  by	   increased	  KAT-‐1	  activity	   (239).	  This	   indicates	   that	  KYNA-‐mediated	  

excessive	  NMDA	  inhibition	  in	  these	  regions	  may	  be	  responsible	  for	  impaired	  memory,	  

learning	   and	   cognition	   in	   AD	   patients.	   In	   addition,	   KYNA	   can	   non-‐competitively	  

inhibit	   α-‐7	   nicotinic	   acetylcholine	   receptors,	   which	   have	   a	   role	   in	   amyloid	   beta	  

clearance	   in	   early	   stages	   of	   AD	   (240).	   Therefore,	   the	   lower	  KYNA	   levels	   in	   the	   CSF	  

could	  shift	  the	  imbalance	  towards	  excitatory	  activity	  of	  increased	  QUIN	  or	  glutamate,	  

but	  pathological	  KYNA	  concentrations	  in	  some	  regions	  of	  the	  brain	  could	  participate	  

in	  the	  cognitive	  impairment	  of	  AD	  patients.	  	  

Finally,	  AD	  pathology	  is	  also	  associated	  with	  an	  increase	  of	  tryptophan	  catabolism	  by	  

IDO	   activation	   in	   serum,	   which	   leads	   to	   a	   deficit	   of	   TRP	   in	   the	   brain.	   TRP	   is	   an	  

essential	   amino	   acid	   and	   its	   content	   in	   the	   brain	   must	   be	   maintained	   in	   order	   to	  

synthesize	  nerve	  growth	  factor	  (NGF)	  and	  brain	  derived	  neurotrophic	  factor	  (BDNF)	  

(241).	  Low	  levels	  of	  these	  factors	  may	  impact	  AD	  pathology.	  TRP	  is	  also	  necessary	  for	  

serotonin	   synthesis.	   Low	   levels	   of	   serotonin	   in	   the	   brain	   are	   associated	  with	   sleep	  

disorders	  observed	  in	  AD	  patients	  (242).	  

1.4.3	   Parkinson’s	  Disease	  	  

Parkinson’s	   Disease	   (PD)	   is	   a	   chronic	   progressive	   neurodegenerative	   disorder	  

characterised	  by	  a	  loss	  of	  dopaminergic	  neurons	  in	  the	  midbrain	  and	  the	  presence	  of	  

protein	   inclusions	   called	   Lewy	   bodies	   (243).	   Impaired	   KP	   metabolism	   has	   been	  

reported	  in	  the	  brains	  of	  PD	  patients	  and	  in	  mouse	  models.	  Similar	  to	  AD	  and	  HD,	  IDO	  

activity	   in	   the	   serum	   of	   PD	   patients	   is	   significantly	   increased,	   pointing	   to	   immune	  

involvement	   (IDO	   activation)	   in	   the	   neurological	   disorder.	   Also,	   higher	   3-‐HK	   levels	  

and	   lower	  KYNA	   concentrations	   have	   been	   detected	   in	   the	   putamen,	   frontal	   cortex	  

and	  substantia	  nigra	  of	  PD	  patients	  (244).	  While	  KAT-‐1	  expression	  is	  decreased	  in	  the	  

substantia	  nigra	  of	  MPTP	  treated	  mice	  (245),	  increased	  KAT-‐2	  activity	  has	  been	  found	  

in	  peripheral	  red	  blood	  cells	  of	  PD	  patients	  (243)	  associated	  with	  higher	  blood	  KYNA	  

concentrations.	   However,	   as	   KYNA	   has	   limited	   abilities	   to	   cross	   the	   BBB	   (104),	   its	  

concentration	   in	   the	  CNS	  remains	   lower.	   Imbalance	  towards	  the	  KMO	  branch	  of	   the	  
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KP	  observed	   in	   the	  CNS	  of	  PD	  patients	  (high	  3-‐HK	  and	   low	  KYNA),	  could	  potentiate	  

excitotoxicity	   in	   the	   dopaminergic	   neurons.	   Indeed,	   it	   has	   been	   observed	   that	  

activated	  microglial	   cells	   and	   NMDAR+	   dopaminergic	   neurons	   are	   increased	   in	   the	  

substantia	  nigra	  of	  PD	  patients.	  This	  suggests	  that	  the	  NMDA	  receptor	  is	  likely	  to	  be	  

activated	  by	  QUIN	   released	  by	  microglia	   (246)	  but	   the	   lower	   levels	  of	  KYNA	  would	  

not	   counteract	   QUIN	   excitotoxicity.	   Accordingly,	   KYNA	   has	   shown	   to	   be	  

neuroprotective	   in	   PD.	   This	   has	   been	   demonstrated	   by	   preclinical	   and	   clinical	   data	  

(86)	  and	  in	  a	  PD	  mouse	  model,	  where	  KYNA	  exhibited	  partial	  protection	  against	  MPP+	  

toxin	   on	   dopaminergic	   terminals	   of	   rat	   striatum	   (247).	   Since	   the	   highly	   selective	  

NMDA	  antagonist,	  7-‐chlorokynurenic	  acid,	  does	  not	  exert	   the	   same	  neuroprotective	  

effects	  as	  KYNA,	  additional	  targets	  could	  account	  for	  its	  neuroprotection	  (86).	  	  

1.4.4	   Amyotrophic	  Lateral	  Sclerosis	  	  

Amyotrophic	   Lateral	   Sclerosis	   (ALS)	   is	   a	   progressive	   neurodegenerative	   disease	  

affecting	   motor	   neurons.	   There	   are	   a	   few	   studies	   that	   provide	   evidence	   of	   a	   link	  

between	   tryptophan	  metabolism	   and	   ALS,	   and	   also	   involve	   SOD-‐1	   .	   Aggregation	   of	  

mutant	  SOD-‐1	  is	  one	  of	  the	  causes	  of	  familial	  ALS.	  However,	  SOD-‐1	  aggregation,	  in	  the	  

non-‐familial	  ALS	  cases,	  can	  be	  reproduced	  by	  oxidation	  of	  the	  only	  aromatic	  residue	  

found	  on	  the	  surface	  of	  SOD-‐1	  protein,	  Trp-‐32,	  to	  KYN	  (248).	  The	  first	  enzyme	  of	  the	  

KP	  	  -‐	  IDO1	  -‐	  can	  catalyse	  this	  oxidation.	   	  Moreover,	  QUIN	  markedly	  increases	  SOD-‐1	  

expression	   (249),	   which	   may	   amplify	   SOD-‐1	   pathology	   in	   ALS.	   A	   study	   of	   KP	  

metabolites	   in	   patients	   with	   ALS	   with	   severe	   clinical	   status	   showed	   higher	   KYNA	  

levels	  in	  CSF	  compared	  with	  controls;	  however,	  serum	  KYNA	  levels	  were	  lower	  (250).	  

These	   results	   are	   in	   discordance	  with	   the	   protective	   role	   of	   KYNA	   in	   the	   CNS,	   but	  

could	  be	  related	  to	  impaired	  degradation	  of	  KYNA	  and	  the	  subsequent	  decrease	  of	  KP	  

metabolites,	  such	  as	  quinaldic	  acid.	  In	  fact,	  our	  group	  observed	  lower	  quinaldic	  acid	  

in	  CSF	  of	  patients	  with	  ALS	  (Lee	  J.M.,	  et	  al.,	  unpublished	  data).	  	  Further	  findings	  by	  our	  

group	  have	  shown	  elevated	  levels	  of	  QUIN	  and	  IDO	  activity	  in	  serum	  and	  CSF	  of	  ALS	  

patients.	   This	   increase	   is	   also	   observed	   in	   brain	   and	   spinal	   cord	   tissue,	   and	   is	  

attributed	  to	  microglia	  activation,	  which	  could	  potentiate	  neurotoxicity	  (66).	  	  



37	  
	  

1.4.5	   Multiple	  Sclerosis	  	  

Multiple	   sclerosis	   (MS)	   is	   a	   chronic,	   demyelinating	   autoimmune	  disease	   of	   the	   CNS	  

characterised	   by	   the	   presence	   of	   peripheral	   immune	   cells	   within	   the	   sites	   of	  

demyelination	  (251).	  TRP	  was	  the	  first	  metabolite	  found	  to	  be	  reduced	  in	  plasma	  and	  

CSF	  of	  MS	  patients	  (252),	  indicating	  activation	  of	  the	  KP.	  The	  first	  enzyme	  of	  the	  KP,	  

IDO-‐1	   acts	   an	   endogenous	   negative	   regulator	   of	   the	   immune	   system	   to	   counteract	  

inflammation	  (11).	  Moreover,	  its	  inhibition	  or	  activation	  can	  exacerbate	  (61,	  62)	  the	  

pathology	   of	   MS.	   Taking	   into	   account	   that	   MS	   pathology	   is	   a	   consequence	   of	   an	  

imbalance	  in	  the	  immune	  system	  towards	  autoimmunity	  or	  inflammation,	  activation	  

of	  IDO	  may	  be	  a	  concomitant	  self-‐protective	  response	  in	  MS.	  Although	  the	  net	  effect	  of	  

IDO	  activation	  is	  thought	  to	  be	  beneficial	  in	  MS,	  its	  activation	  leads	  to	  an	  imbalance	  of	  

KP	   neuroactive	   metabolites	   (253).	   Changes	   in	   other	   KP	   metabolites	   seem	   to	   be	  

related	  to	  the	  progression	  of	  the	  disease.	  KYNA	  is	  significantly	  decreased	  in	  CSF	  of	  MS	  

patients	  during	  chronic	  remission,	  but	  elevated	  in	  the	  CSF	  and	  plasma	  of	  MS	  patients	  

undergoing	  acute	  clinical	  relapse	  (254).	  Therefore,	  the	  strong	  activation	  of	  KP	  during	  

the	  acute	  phase	  leads	  to	  increased	  KYNA	  production.	  As	  the	  disease	  progress,	  the	  KP	  

shifts	   towards	   the	   neurotoxic	   branch,	   decreasing	   KYNA	   production	   and	   increasing	  

QUIN	  and	  3-‐HK.	  Accordingly,	  QUIN	  and	  3HK	  are	  higher	  in	  the	  spinal	  cord	  of	  the	  EAE	  

mouse	   model	   (255),	   suggesting	   an	   increase	   in	   KMO	   activity.	   Degradation	   of	   KYN	  

through	   the	   KMO	   branch	   decreases	   AA	   production,	   which	   has	   been	   shown	   to	   be	  

protective	   in	   EAE	   (161)	   Therefore:	   IDO-‐1	   activation	   could	   be	   a	   mechanism	   to	  

overcome	  the	  pathology,	  but	  the	  abnormalities	  of	  the	  KP	  branch	  that	  degrades	  KYN,	  

observed	   throughout	   the	   MS	   phases,	   could	   contribute	   to	   the	   progression	   of	   the	  

pathology.	  	  

1.4.6	   Psychiatric	  disorders:	  	  depression	  and	  schizophrenia	  

Depression	  has	  been	  linked	  with	  KP	  mainly	  through	  IDO.	  O’Connor	  et	  al	  found	  that	  

chronic	  up-‐regulation	  of	  IDO	  after	  bacterial	  infection	  in	  mice	  is	  responsible	  for	  their	  

depressive-‐like	  behaviours	  (256).	  Moreover,	  a	  polymorphism	  in	  IDO-‐1	  increases	  the	  

vulnerability	   to	   cytokine-‐induced	  depression	   (257).	  How	  systemic	  activation	  of	   IDO	  

may	   lead	   to	   depression	   is	   likely	   to	   be	   related	   to	   a	   higher	   influx	   of	   KYN	   from	   the	  

periphery	   to	   the	  CNS,	   increasing	   the	  activity	  of	   the	  KP	  neurotoxic	  branch.	  QUIN	  has	  

been	  shown	  to	  be	  increased	  in	  post-‐mortem	  brains	  of	  patients	  with	  major	  depression	  
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(258).	  It	  has	  also	  been	  found	  that	  3-‐HK,	  with	  a	  region	  specific	  pattern,	  is	  increased	  in	  

the	  striatum	  and	  amygdale,	  but	  reduced	  in	  cortex	  of	  a	  depression	  mouse	  model	  (259).	  

Not	   only	   could	   increased	   KP	   neurotoxic	   metabolites	   play	   a	   role	   in	   depression	  

pathology,	  but	  activation	  of	  KP	  reduces	  TRP	  available	  for	  the	  serotoninergic	  pathway.	  

Decrease	   in	   serotonin	   due	   to	   acute	   TRP	   depletion	   can	   affect	   cognition	   and	   mood,	  

which	  is	  characteristic	  of	  clinical	  depression	  (260).	  

Schizophrenia	   is	   a	   complex	   neuropsychiatric	   disorder	   characterised	   by	   different	  

symptom	   clusters	   attributed	   to	   disturbances	   in	   dopaminergic,	   glutamatergic	   and	  

GABAergic	  neurotransmission	  (261).	  It	  has	  been	  proposed	  that	  NMDAR	  hypofunction	  

is	   a	   key	   mechanism	   of	   the	   pathology,	   as	   its	   pharmaceutical	   inhibition	   recreates	  

schizophrenic	   symptoms	   in	   healthy	   subjects	   (262).	   Knowing	   that	   KYNA	   is	   an	  

endogenous	  antagonist	  of	  NMDAR	  and	  that	   increased	   levels	  of	  NMDAR	  are	   found	  in	  

CSF	   and	   post-‐mortem	   pre-‐frontal	   cortex	   of	   schizophrenic	   patients	   (263),	   it	   is	  

plausible	  that	  KYNA	  plays	  a	  role	   in	  schizophrenia-‐related	  phenotypes.	   In	   fact,	  KYNA	  

has	   been	   associated	   with	   the	   cognitive	   deficits	   of	   schizophrenic	   patients	   (264).	  

Further	  characterisation	  of	  KP	  enzymes	  support	  the	  higher	  levels	  of	  KYNA	  observed	  

in	  schizophrenic	  patients.	  This	   includes	  reduction	  of	  KMO	  combined	  with	   increased	  

TDO	   in	   the	   frontal	  and	  anterior	   singulate	   cortices	   (265,	  266).	  Moreover,	  no	  specific	  

re-‐uptake	  processes	  for	  KYNA	  have	  been	  identified	  in	  the	  brain	  (267),	  indicating	  that	  

pathological	  levels	  of	  KYNA	  could	  lead	  to	  its	  accumulation	  in	  the	  brain.	  

1.4.7	   Infectious	  diseases	  

Human	  Immunodeficiency	  virus	  (HIV)	  infection	  is	  a	  chronic	  disease	  characterised	  

by	   dramatic	   CD4+	   T	   cell	   depletion,	   resulting	   in	   immune	   response	   suppression	   and	  

chronic	  inflammatory	  responses.	  Because	  HIV	  infection	  induces	  an	  immune	  response,	  

there	   is	   activation	   of	   IDO,	   which	   likely	   favours	   HIV	   persistence	   through	   immune	  

suppression.	   In	   relation	   to	   the	   neuropathology	   of	   this	   disease,	   QUIN	   is	   elevated	   in	  

serum	  and	  CSF	  of	  patients	  with	  HIV.	  This	  is	  exacerbated	  in	  HIV-‐associated	  dementia	  

(268).	   This	   implicates	   the	   potential	   involvement	   of	   QUIN	   in	   the	   neurodegenerative	  

processes	  associated	  with	  HIV.	  

Infectious	   disease	   highly	   activates	   IDO	   in	   the	   periphery,	   which	   could	   lead	   to	   KP	  

imbalance	   in	   the	   CNS.	   Consequently,	   the	   role	   of	   KP	   abnormalities	   in	   the	  
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neuropathology	   associated	   with	   infection	   should	   not	   be	   discarded.	   In	   fact,	   KP	  

involvement	  in	  neurodegeneration	  has	  been	  demonstrated	  in	  other	  infectious	  disease	  

models,	   such	  as	  cerebral	  malaria	   or	   trypanosomiasis	   (269,	  270).	  Disease-‐specific	  

KP	   dysregulation	   within	   the	   brain	   may	   account	   for	   differences	   in	   the	   neurological	  

dysfunction	  characteristic	  of	  the	  pathogen.	  

1.5	   Conclusion	  

A	   large	  proportion	  of	  KP	  metabolites	  display	  neuroactive	  properties.	  However,	  only	  

QUIN,	   3-‐HK	   and	   KYNA	   have	   been	   shown	   to	   play	   key	   roles	   in	   several	  

neurodegenerative	   diseases	   (section	   1.4	   ).	   This	   indicates	   the	   lack	   of	   validated	  

techniques	   to	   detect	   emerging	   KP	   metabolites	   and	   the	   potentially	   more	   complex	  

involvement	  of	  KP	  in	  neurological	  disorders	  has	  yet	  to	  be	  characterised.	  

The	   increase	   in	   3-‐HK/QUIN	   levels	   occur	   in	   most	   of	   the	   diseases	   where	   glutamate	  

excitotoxicity,	   oxidative	   stress	   and	   mitochondrial	   impairment	   play	   an	   important	  

pathological	  role.	  This	  suggests	  that	  there	  is	  dysregulation	  of	  the	  KP	  towards	  the	  KMO	  

branch	  in	  these	  diseases.	  

KAT	  and	  KMO	  activity	  require	  increased	  levels	  of	  KYN	  (78).	  However,	  KYN	  can	  only	  

act	  as	  a	  positive	  regulator	  with	  KMO	  (69).	   In	  addition,	   inflammatory	  cytokines	  have	  

been	  found	  to	  activate	  not	  only	  IDO,	  but	  also	  KMO,	  although	  this	  activation	  could	  be	  

mediated	  by	  an	  increase	   in	  substrate	  availability	  (75-‐77).	  This	  suggests	  that	  KMO	  is	  

the	  primary	  enzyme	  responsible	  for	  KYN	  degradation	  upon	  KP	  activation.	  	  

While	   the	   KMO	  branch	   appears	   to	   be	   controlled	   solely	   by	   bioprecursor	   availability	  

(271),	  variations	  in	  the	  cellular	  metabolic	  and	  energetic	  state	  can	  modulate	  the	  KAT	  

branch,	   subsequently	   affecting	   KP	   balance.	   Glucose	   depravation	   (99),	   and	   energy	  

impairment	  (97)	  have	  been	  shown	  to	  reduce	  KAT	  activity.	  The	  implication	  of	  cellular	  

metabolism	   in	   KP	   regulation	   could	   not	   only	   explain	   KP	   abnormalities	   under	  

pathological	   conditions	   (ii),	   but	   also	   the	   segregation	   of	   the	   two	   KP	   branches	   in	  

healthy	  brain	  (i)	  (Figure	  1.9).	  	  
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(i)	   Divergence	   of	   metabolic	   regulation	   between	   neural	   cells	   has	   previously	   been	  

described	   (272).	   Astrocytes	   rely	   on	   glycolysis	   (273)	   and	   this	   could	   favour	   the	  KAT	  

branch.	  	  

(ii)	   Changes	   in	   cellular	   metabolism	   have	   been	   described	   in	   innate	   and	   adaptive	  

immune	  responses	  (274).	  This	  suggests	  that	  differences	  in	  KP	  metabolites	  during	  MS	  

progression	  (254)	  could	  account	  for	  metabolic	  changes	  due	  to	  the	  switch	  from	  innate	  

to	  adaptive	  immune	  responses	  in	  the	  acute	  and	  remission	  phase,	  respectively.	  	  

	  
Figure	  1.9:	  Segregation	  of	  the	  two	  KP	  branches	  in	  the	  brain	  

Astrocytes	  account	   for	  KYNA	  biosynthesis,	  while	  microglia	  account	   for	  QUIN.	  Figure	  
from	  Schwartz	  et	  al.	  (67).	  

In	   conclusion,	   due	   to	   the	   neuroinflammatory	   component	   of	   several	   neurological	  

diseases,	  IDO	  is	  activated	  and	  KYN	  levels	  increase	  in	  the	  CNS.	  This	  has	  been	  shown	  to	  

mediate	  tolerance	  in	  the	  periphery,	  and	  could	  be	  a	  protective	  physiological	  response	  

to	   neuroinflammation.	   However,	   other	   disease-‐specific	   aetiological	   factors,	   such	   as	  

mitochondria	  dysfunction	  and	  metabolic	   changes,	   contribute	   to	   the	  pathogenesis	  of	  

neurological	  diseases.	  These	  factors	  could	  also	  affect	  KP	  metabolite	  homeostasis	  and	  

potentiate	  neurodegeneration.	  
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Chapter	  2	  
Research	  objectives	  

2.1	   Problem	  statement	  	  

KP	   activation	   is	   a	   common	   feature	   in	   a	   large	   proportion	   of	   neurodegenerative	  

diseases.	  KP	  activation	  is	  reflected	  by	  higher	  KYN	  levels	  in	  blood	  and	  CNS.	  In	  the	  CNS,	  

the	  enzyme	  (KMO	  or	  KAT)	  that	  predominantly	  degrades	  KYN	  can	  vary	  depending	  on	  

the	   disease,	   thus,	   altering	   the	   production	   of	   specific	   KP	   metabolites.	   	   In	  

neurodegenerative	  diseases	  where	  excitotoxicity	  and	  mitochondrial	  dysfunction	  play	  

important	  roles	  in	  their	  pathology,	  it	  is	  common	  to	  see	  higher	  QUIN	  and	  3-‐HK	  levels	  

in	   the	   affected	   areas,	   as	   a	   consequence	   of	   increased	   KMO	   activity.	   In	   contrast,	  

increased	   levels	   of	   KYNA	   due	   to	   KAT	   hyperactivity	   is	   characteristic	   of	   diseases	  

involving	  cognitive	  dysfunction.	  Whether	  these	  abnormalities	   in	  KP	  regulation	  are	  a	  

consequence	   of	   the	   disease	   or	   one	   of	   the	   causes	   still	   remains	   unclear.	   In	   order	   to	  

better	  understand	  the	  roles	  of	  the	  KP	  in	  physiology	  and	  pathology	  it	   is	  necessary	  to	  

further	   elucidate	   the	   following	  questions:	   (1)	   Is	  CNS	  KP	  activation	  a	   response	   from	  

the	   host	   to	   help	   overcome	   the	   disease?;	   (2)	   Does	   CNS	   KP	   activation	   promote	   the	  

disease?	  If	  the	  response	  is	  affirmative	  in	  both	  cases,	  then,	  (3)	  when	  does	  KP	  activation	  

cease	  being	  a	  mechanism	  of	  defence	  to	  become	  a	  trigger?	  and	  (4)	  what	  are	  the	  stimuli	  

causing	  the	  pathologic	  KP	  imbalance?	  The	  answer	  to	  these	  questions	  is	  necessary	  to	  

determine	  the	  appropriate	  pharmacological	  treatment	  targeting	  the	  KP.	  
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2.2	   Main	  Hypothesis	  	  

In	   response	   to	   the	   questions	   raised	   in	   the	   problem	   statement,	  we	  hypothesize	   that	  

acute	  KP	  activation	  is	  necessary	  to	  overcome	  the	  pathological	  hallmark	  of	  the	  disease,	  

however	  chronic	  KP	  up	  regulation	  or	  dysregulation	  contributes	   to	   the	  pathogenesis	  

and	   progressive	   neurodegeneration	   through	   neuroinflammation,	   mitochondrial	  

dysfunction,	   excitotoxicity	   and	   oxidative	   stress.	   These	   effects	   have	   shown	   to	  

contribute	  to	  the	  vast	  majority	  of	  neurodegenerative	  diseases.	  	  

2.3	   Specific	  aims	  

Among	  all	  the	  KP	  metabolites,	  we	  first	  focused	  on	  KYN	  and	  its	  contribution	  to	  acute	  

neuroinflammation.	  We	  then	  studied	  KMO	  and	  its	  involvement	  in	  oxidative	  stress	  and	  

mitochondrial	   dysfunction.	   Finally,	   we	   studied	   a	   possible	   treatment	   strategy	   that	  

could	  restore	  the	  neuronal	  energy	  status	  and	  indirectly	  regulate	  the	  KP.	  	  

AIM	   1:	   Is	   an	   increase	   in	   KYN	   levels	   in	   the	   CNS	   a	   mechanism	   to	   regulate	  

neuroinflammation?	  If	  so,	  how?	  

KYN	   is	   able	   to	   cross	   the	   BBB;	   therefore	   activation	   of	   KP	   in	   the	   periphery	   will	   be	  

reflected	  in	  the	  CNS	  by	  a	  rise	  in	  KYN	  levels.	  Our	  aim	  was	  to	  study	  the	  physiological	  or	  

pathological	  roles	  of	  increased	  KYN	  levels	  in	  neuroinflammation.	  A	  target	  for	  KYN	  is	  

AhR,	   and	   its	   activation	   participates	   in	   the	   control	   of	   inflammation.	   We	   have	   used	  

astrocytes	   to	   determine	   how	   activation	   of	   AhR	   by	   KYN	   can	   mediate	   their	  

inflammatory	  response	  to	  LPS.	  

AIM	  2:	  How	  does	  KMO	  contribute	  to	  neurotoxicity	  and	  why	  is	  it	  up	  regulated?	  	  

KMO	   activity	   is	   increased	   in	   neuropathologies	   involving	   mitochondria	   dysfunction	  

and	  excitotoxicity,	  ultimately	   leading	   to	  an	   increase	   in	  QUIN	  and	  3-‐HK	   levels	   in	   the	  

CNS.	  Although	  the	  mechanisms	   involved	   in	  QUIN	  neurotoxicity	  are	  well	  established,	  

the	  role	  played	  by	  3-‐HK	  is	  controversial.	  Our	  aim	  was	  to	  study	  the	  possible	  neurotoxic	  

roles	   of	   constitutive	   KMO	   hyperactivation	   in	   mitochondrial	   function	   and	   oxidative	  

stress.	  This	  will	  aid	  in	  elucidating	  differences	  between	  autonomous	  and	  extracellular	  

3-‐HK	   effects.	   To	   study	   this	   aim,	   we	   used	   a	   cell	   line	   stably	   expressing	   KMO.	   This	  
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allowed	  us	   to	  extrapolate	  how	  this	  could	  affect	  neurons,	  which	  express	  active	  KMO.	  

The	   second	   aim	  was	   to	   evaluate	  whether	  mitochondrial	   impairment	   can	   affect	   the	  

direction	   the	   KP	   is	   taking	   (KMO	   versus	   KAT).	   	   It	   is	   known	   that	   mitochondrial	  

inhibition	  decreases	  KAT	  activity;	  our	  question	  is	  whether	  it	  could	  be	  activating	  KMO	  

instead.	  

AIM	   3:	   To	   search	   for	   natural	   candidates	   that	   could	   protect	   against	   mitochondrial	  

impairment	  and	  additionally,	  prevent	  neurotoxic	  effects	  of	  KMO	  hyperactivation.	  

Mitochondrial	  dysfunction	  and	  the	  resulting	  energy	  impairment	  have	  been	  identified	  

as	  features	  of	  many	  neurodegenerative	  diseases.	  Whether	  this	  energy	  impairment	  is	  

the	  cause	  of	  the	  disease	  or	  the	  consequence	  of	  preceding	  impairment(s)	  is	  still	  under	  

discussion,	  however	  a	  recovery	  of	  cellular	  bioenergetics	  would	  plausibly	  prevent	  or	  

improve	  the	  pathology.	  	  

Our	   aim	   was	   to	   screen	   various	   natural	   molecules	   for	   their	   ability	   to	   increase	  

intracellular	   ATP	   and	   then	   elucidate	   the	   mechanism	   of	   action,	   through	   assessing	  

different	  metabolic	  routes	  involved	  in	  cellular	  energy	  status.	  	  

We	  showed	  with	  the	  completion	  of	  the	  previous	  aim	  that	  mitochondrial	  dysfunction	  

induces	   KMO	   activation,	   resulting	   in	   an	   exacerbation	   of	   the	  mitochondrial	   damage.	  

Therefore,	   a	   possible	   therapeutic	   approach	   to	   decrease	   KMO-‐mediated	   neurotoxic	  

activity	  would	  be	   to	   restore	  mitochondria	  activity,	  with	   the	  additional	  advantage	  of	  

promoting	   the	   KAT	   branch	   of	   the	   KP.	   Our	   second	   aim	   is	   to	   determine	   whether	  

increased	  cellular	  energy	  status	  can	  favour	  KYNA	  turnover	  and	  therefore	  identify	  new	  

therapeutic	  targets	  to	  pharmacologically	  regulate	  the	  KP.	  

2.4	   Research	  approach	  

To	  achieve	  the	  aim	  of	  the	  thesis	  the	  chapters	  are	  as	  outlined:	  

Chapter	  1	  summarises	  the	  literature	  regarding	  endogenous	  regulatory	  mechanism	  of	  

KP,	   KP	   metabolites	   activity	   and	   abnormalities	   of	   KP	   in	   relation	   with	   different	  

neurodegenerative	   diseases.	   Thus	   giving	   a	   better	   understanding	   on	   how	   KP	  
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abnormalities	   can	   contribute	   to	   the	   pathology	   and	   what	   could	   be	   causing	   the	  

dysregulation.	  	  

Chapter	  3	  describes	  the	  general	  methods	  used	  on	  this	  study.	  

Chapter	   4	   studies	   how	   KYN	   contributes	   to	   neuroinflammation	   by	   targeting	  

astrocytes	  and	  AhR.	  

Chapter	  5	  studies	  how	  KMO	  is	  activated	  and	  the	  effects	  of	  its	  over	  activation.	  

Chapter	   6	   studies	   the	   mechanism	   of	   action	   of	   a	   natural	   molecule	   as	   an	   energy	  

booster	  and	  its	  implications	  in	  KP	  regulation.	  

Chapter	  7	  states	  the	  overall	  conclusions.	  

	  
Figure	  2.1:	  Research	  approach	  	  

Neurological	  diseases	  (involving	  chronic	  inflammation,	  oxidative	  stress,	  excitotoxicity	  
and	  mitochondrial	  dysfunction)	  are	  associated	  with	  high	  KYN	   levels	   in	   the	  CNS.	  We	  
will	  study;	  (1)	  KYN	  role	  in	  neuroinflammation,	  	  (2)	  the	  KMO	  branch	  and	  implications	  
in	   oxidative	   stress,	   and	   (3)	   possible	   treatments	   targeting	  mitochondria	   dysfunction	  
and	  the	  KP.	  	  Red	  arrows	  indicate	  negative	  regulation	  and	  show	  what	  we	  hypothesise	  
to	  happen	  with	  the	  treatments.	  
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Chapter	  3	  
Materials	  and	  Methods	  

3.1	   Human	  primary	  neural	  cell	  cultures	  

This	   protocol	   has	   been	   approved	   by	   the	   Human	   Ethics	   Committees	   of	   Macquarie	  

University	   (Ethic	   approval	   5201300330).	   Human	   foetal	   brains	  were	   obtained	   from	  

16–19	  week-‐old	  foetuses,	  collected	  following	  therapeutic	  termination	  with	  informed	  

consent.	   Mixed	   brain	   cell	   suspensions	   were	   prepared	   using	   protocols	   previously	  

described	   by	   Guillemin	   et	   al.	   (136,	   275).	   Cerebral	   portions	   of	   foetal	   brains	   were	  

washed	   thoroughly	  with	  PBS	   to	   remove	  visible	  meningeal	   tissue	  and	  blood	  vessels.	  

The	   neural	   dissociation	   kit	   (Miltenyi	   Biotec)	   was	   used	   to	   obtain	   single	   cell	  

suspensions,	   following	   manufacturer’s	   instructions.	   	   Briefly,	   1	   gram	   of	   tissue	   was	  

weighed	   and	   manually	   dissociated	   in	   cold	   Hanks	   buffered	   saline	   solution.	   Tissue	  

suspensions	   were	   pelleted,	   resuspended	   in	   pre-‐heated	   enzyme	   mix	   1	   (containing	  

Papain),	  and	  incubated	  under	  rotation	  for	  15	  minutes	  at	  37ᵒC.	  Enzyme	  mix	  2	  was	  then	  

added	  and	  incubated	  under	  the	  same	  conditions	  for	  a	  further	  10	  minutes.	  The	  tissue	  

was	   dissociated	  mechanically	   using	   a	   glass	   pipette,	   applied	   to	   a	   40μm	   cell	   strainer	  

and	  washed	  with	  PBS.	  The	  cell	   suspension	  was	  centrifuged	  at	  300	  g	   for	  10	  minutes	  

and	  pellet	  re-‐suspended	  in	  Neurobasal	  medium	  (Invitrogen,)	  for	  neuronal	  culture	  or	  

Roswell	   Park	   Memorial	   Institute	   (RPMI)	   medium	   (Invitrogen)	   for	   astrocyte	   cell	  

culture.	  	  

3.1.1	   Human	  primary	  neurons	  

Neurons	  were	  cultured	  by	  plating	  the	  mixed	  cell	  suspension	  in	  culture	  dishes	  or	  glass	  
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coverslips	  coated	  with	  Matrigel	   (1:20	   in	  Neurobasal)	  and	  maintained	   in	  Neurobasal	  

medium	  supplemented	  with	  1%	  B-‐27	  supplement,	  Glutamax	   (2	  mM),	  1X	  Antibiotic-‐

Antimycotic,	  Hepes	  (5	  mM)	  and	  Glucose	  (2	  mM)	  for	  7-‐10	  days	  at	  37ᵒC	  in	  a	  humidified	  

atmosphere	   containing	   5%	   CO2	   (275).	   Medium	   was	   subsequently	   changed	   2	   days	  

after	  plating	  and	  then	  every	  3	  days	  thereafter.	  

3.1.2	   Human	  primary	  astrocytes	  

Astrocytes	  were	  obtained	  by	  seeding	  high	  density	  mixed	  brain	  cell	  suspension	  in	  cell	  

culture	  flasks.	  Astrocytes	  were	  maintained	  in	  RPMI	  medium	  supplemented	  with	  10%	  

FBS,	   Glutamax	   (2mM)	   and	   1X	   Antibiotic-‐Antimycotic	   at	   37ᵒC	   in	   humidified	  

atmosphere	  containing	  5%	  CO2	  (136).	  Attached	  cells	  were	  washed	  with	  PBS	  and	  new	  

medium	  added	  twice	  per	  week.	  When	  the	  desired	  confluence	  was	  achieved,	  cells	  were	  

trypsinised	  and	  expanded.	  95%	  purity	  was	  achieved	  within	  three	  passages.	  	  

3.2	   Western	  blot	  

3.2.1	   Whole	  cell	  lysate	  extract	  

Cell	   cultures	   were	   washed	   once	   with	   warmed	   PBS	   and	   lysed	   in	   ice-‐cold	  

radioimmunoprecipitationassay	   (RIPA)	   buffer,	   containing	   50	   mM	   Tris	   pH	   8.0,	   150	  

mM	   NaCl,	   1%	   NP40,	   5	   mM	   EDTA,	   0.5%	   sodium	   deoxycholate	   and	   0.1%	   sodium	  

dodecyl	   sulphate	   (SDS)	   (Sigma-‐Aldrich)	   in	   the	   presence	   of	   Complete	   Protease	  

Inhibitor	   Cocktails	   (Roche).	   Cells	   were	   harvested	   and	   kept	   on	   ice	   for	   30	   minutes.	  

Samples	  were	   then	  centrifuged	  at	  12,000	  g	   for	  20	  minutes	  at	  4	   ᵒC	  and	   supernatant	  

stored	  at	  -‐80	  ᵒC.	  	  

3.2.2	   Immunoblotting	  

First,	  protein	  concentrations	  of	  the	  lysate	  were	  determined	  using	  Pierce	  BCA	  protein	  

assay	  Kit	  (Thermo	  Scientific),	  following	  manufacturer’s	  instructions.	  

Equal	  amounts	  of	  protein	  samples	  (15-‐20	  μg)	  in	  total	  volumes	  of	  15μL	  of	  RIPA	  were	  

denatured	  in	  4X	  Laemmli	  buffer	  (Bio-‐Rad)	  by	  heating	  samples	  for	  5	  minutes	  at	  95	  °C.	  

Protein	  samples	  were	  then	  loaded	  into	  Mini-‐Protean	  TGX	  precast	  PAGE	  gels	  (Bio-‐Rad)	  

and	   separated	   at	   120-‐150V	   for	   1	   h	   in	   an	   electrophoresis	   chamber	   (Bio-‐Rad)	  
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submerged	   in	  Tris/glycine/SDS	  buffer	   (Bio-‐Rad).	  A	  molecular	  weight	   (MW)	  marker	  

ladder	  was	  used	  to	  identify	  target	  protein	  bands	  (Dual	  Colour	  Pre-‐Stained	  Standard,	  

10-‐250	  kDa,	  BioRad).	  Proteins	  were	  electrophoretically	  transferred	  to	  a	  nitrocellulose	  

membrane	   (Bio-‐Rad)	   equilibrated	   in	  blotting	  buffer	   (Bio-‐Rad),	   using	   the	  Trans-‐Blot	  

Turbo	   system	   (Bio-‐Rad)	   at	   25	  V	   for	   7	  minutes.	   To	   block	   non-‐specific	   binding	   sites,	  

nitrocellulose	  membranes	  were	   incubated	   in	   5%	   non-‐fat	  milk	   powder	   dissolved	   in	  

TBS	   containing	   0.1%	   Tween	   20	   (TBS-‐T)	   at	   room	   temperature	   (RT)	   for	   1	   h	   on	   a	  

shaking	  platform.	  Membranes	  were	  incubated	  with	  primary	  antibodies	  (Table	  3.1)	  in	  

TBS-‐T	  overnight	   at	  4°C	  on	  a	   shaking	  platform,	   followed	  by	   three	  10	  min	  washes	   in	  

TBS-‐T	  and	  incubated	  with	  alkaline	  phosphatase-‐coupled	  secondary	  antibodies	  (Table	  

3.1)	   for	   45	   minutes	   at	   RT	   on	   a	   shaking	   platform.	   Membranes	   were	   washed	   three	  

times	  for	  10	  minutes	  in	  TBS-‐T	  and	  incubated	  for	  5	  minutes	  with	  Clarity	  Western	  ECL	  

substrate	   (Bio-‐Rad).	   Protein	   bands	   were	   detected	   in	   a	   ChemiDoc	   XRS	   detection	  

system	   (Bio-‐Rad)	   driven	   by	   Quantity	   One	   software.	   For	   re-‐use,	   membranes	   were	  

stripped	   by	   washing	   in	   ddH2O	   for	   5-‐10	   minutes	   in	   0.2	   M	   NaOH	   and	   a	   further	   5	  

minutes	  in	  ddH2O	  at	  RT.	  Membranes	  were	  blocked	  again	  before	  antibody	  reprobing.	  

For	  analysis	  of	  target	  protein	  bands,	  band	  densities	  of	  the	  appropriate	  MW	  size	  were	  

measured	  using	  Image	  Lab	  software	  (Bio-‐Rad).	  Background	  intensity	  was	  subtracted	  

and	   bands	   normalised	   to	   individual	   GAPDH	   (cytosol)	   or	   Fibrillarin	   (nuclei)	   loading	  

controls.	   Averages	   and	   Standard	   Errors	   of	   the	   Mean	   (s.e.m.)	   for	   each	   treatment	  

condition	  were	  determined	  and	  results	  presented	  as	  a	   fold	   increase	  of	  control	  band	  

intensities.	  

Table	  3.1:	  Summary	  of	  antibodies	  used	  for	  Immunoblotting	  

	  

Antibody) Host) Manufacturer) Specificity) Dilution)

KMO$ rabbit$ LSbio$ Human$ 1:500$

IDO$[cv152]$ rabbit$ Reference$(3)$$ Mice$ 1:500$

AhR$[RPT9]$ mouse$ Abcam$ Mice$ 1:500$

RelB$[CJ19]$ rabbit$ Santa$Cruz$ Mice$ 1:500$

p100/p52$ rabbit$ Cell$Signalling$ Mice$ 1:1000$

p65$[CJ20]$ rabbit$ Santa$Cruz$ Mice$ 1:1000$

Fibrillarin$ mouse$ Abcam$ Mice$ 1:1000$

GAPDH$ rabbit$ Cell$Signalling$ Mice/Human$ 1:1000$

Immunoglobulins/HRP$ goat$ Dako$ Mice$ 1:10000$

Immunoglobulins/HRP$ goat$ Dako$ Rabbit$ 1:10000$

$



48	  
	  

3.3	   Quantitative	  real-‐time	  polymerase	  chain	  reaction	  

3.3.1	   Total	  RNA	  extraction	  

Trizol	  extraction	  

Total	   RNA	   from	   cells	   were	   prepared	   using	   Trizol	   reagent	   (Invitrogen),	   unless	  

otherwise	   specified.	   RNA	   extraction	   was	   performed	   following	   the	   manufacturer’s	  

instructions.	   Briefly,	   cells	   were	   seeded	   at	   100x103	   cells	   per	   22	   mm	   well.	   After	  

treatment,	   the	   cell	   supernatant	   was	   partially	   removed,	   leaving	   100-‐200	   μL.	   Trizol	  

reagent	  was	  added	   into	   the	  well	   (1	  ml	   total	  volume)	  and	  cells	  allowed	   to	   lyse	   for	  5	  

minutes.	  The	  whole	  content	  of	  the	  well	  was	  then	  placed	  in	  an	  RNAse-‐free	  Eppendorf	  

and	  200	  μL	  of	  chloroform	  (Sigma-‐Aldrich)	  was	  added.	  The	  Eppendorf	  was	  vigorously	  

mixed	   and	   incubated	   for	   5	   minutes	   at	   RT	   before	   proceeding	   with	   the	   gradient	  

centrifugation	   at	   8000	   g	   for	   15	  minutes.	   The	  upper	   layer	   of	   the	   gradient	   (removed	  

without	  touching	  the	  adjacent	  layer)	  was	  placed	  in	  a	  new	  RNAse-‐free	  Eppendorf	  and	  

500	   μL	   of	   isopropanol	   (Sigma-‐Aldrich)	  was	   added.	   Tubes	  were	   vigorously	   agitated	  

and	   incubated	   for	   10	  minutes	   at	   RT,	   allowing	   for	   the	   RNA	   to	   precipitate.	   RNA	  was	  

then	  pelleted	  by	  centrifugation	  at	  12,000	  g	  for	  15	  minutes	  at	  4ᵒC,	  washed	  with	  1	  mL	  

of	  75%	  ethanol	   (Sigma),	   air	  dried	   for	  10	  minutes	  and	  resuspended	   in	  20	  μL	  RNAse	  

free	  water.	  Complete	  solubilisation	  of	  RNA	  in	  water	  was	  achieved	  by	  incubating	  in	  a	  

55ᵒC	  water	  bath	  for	  5	  minutes.	  	  	  	  	  

RNeasy	  on-‐column	  extraction	  

Total	  RNA	   from	  cells	   and	   tissue	  was	  also	  prepared	   from	  RNeasy	  mini	  kits	   (Qiagen)	  

according	  to	  manufacturer’s	  instructions.	  Samples	  were	  lysed	  and	  homogenised	  with	  

lysis	   buffer	   with	   added	   β-‐Mercaptoethanol,	   which	   immediately	   inactivated	   RNases	  

and	  denatured	  unwanted	  proteins.	  The	  samples	  were	   then	   transferred	   into	  an	  RNA	  

miniprep	  column,	  where	  the	  total	  RNA	  binds	  to	  the	  membrane	  and	  contaminants	  are	  

washed	   away	   through	   a	   series	   of	   washes	   and	   centrifugations.	   Ethanol	   was	   added	  

according	   to	   manufacturer	   instructions	   to	   provide	   appropriate	   binding	   conditions.	  

DNA	  contamination	  was	  removed	  by	  treating	  the	  RNA	  sample	  with	  on-‐column	  RNase-‐

free	   DNaseI	   included	   in	   the	   kit.	   High-‐quality	   RNA	   was	   then	   eluted	   in	   30	   µL	   of	  

UltraPure	  water.	  	  
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RNA	  quantification	  and	  quality	  

RNA	  quantity	  and	  purity	  was	  evaluated	  spectrophotometrically	  by	  determination	  of	  

absorbance	   readings	   at	   260	   nm,	   230	   nm	   and	   280	   nm	   using	   a	   NanoDrop	   (Thermo	  

Scientific).	   A260	   is	   used	   to	   quantify	   RNA	   and	   ratio	   of	   A260/A280	   and	   A260/A230	  

assess	   RNA	   purity,	   ratios	   lower	   than	   1.7	   indicates	   protein,	   Trizol	   or	   guanidine	  HCl	  

contamination.	   RNA	   integrity	  was	   assessed	  with	   denaturing	   RNA	   agarose	   gel.	   RNA	  

Integrity	   Number	   (RIN)	   was	   calculated	   by	   the	   Agilent	   2100	   electrophoresis	  

Bioanalyzer	  by	  the	  Ramaciotti	  Centre	  (UNSW).	  RIN	  assesses	  the	  presence	  or	  absence	  

of	  RNA	  degradation	  products	  being	  10	  the	  most	   intact	  RNA.	  Figure	  3.1	  displays	  two	  

different	   RNA	   samples	   extracted	   with	   on-‐column	   (Figure	   3.1a)	   and	   Trizol	   (Figure	  

3.1b)	   procedures	   and	   analysed	   for	   the	  RIN.	   RIN≥9.8	   in	   both	   samples	   demonstrates	  

that	   both	   RNA	   extraction	   methods	   are	   adequate,	   and	   therefore	   repeatability	   of	  

experiments	  is	  ensured.	  The	  RNA	  was	  then	  stored	  at	  -‐80°C	  until	  cDNA	  synthesis.	  

	  

Figure	  3.1:	  Electropherograms	  of	  intact	  total	  RNA	  

	  

3.3.2	   cDNA	  synthesis	  	  

Standard	  reverse	  transcription	  (RT)	  was	  performed	  with	  1.5	  µg	  of	  total	  RNA	  in	  a	  final	  

volume	  of	  20	  µl	  using	  the	  Superscript	  Vilo	  cDNA	  Synthesis	  Kit	  in	  accordance	  with	  the	  

A" B"



50	  
	  

manufacturer’s	   recommendations.	   The	   protocol	   for	   cDNA	   synthesis	   has	   been	  

optimised	  for	  generating	  first-‐strand	  cDNA	  for	  use	  in	  two-‐step	  qRT-‐PCR.	  Briefly,	  for	  a	  

single	  reaction,	   the	   following	  components	  were	  combined:	  4	  µl	  of	  5X	  VILO	  Reaction	  

Mix,	  2	  µl	  of	  10X	  SuperScript	  Enzyme	  Mix,	  x	  µl	  (1.5	  µg)	  of	  RNA	  and	  DEPC-‐treated	  water	  

to	   a	   final	   volume	   of	   20	   μl.	   A	   separate	   tube,	   which	   was	   the	   No-‐RT	   reaction	   tube,	  

consisted	  of	  all	  of	  the	  above	  components	  but	  with	  omission	  of	  the	  Enzyme	  Mix.	  This	  

was	  used	  as	  a	  control	  to	  confirm	  that	  no	  genomic	  DNA	  was	  present	  in	  the	  sample.	  The	  

tube	  was	  gently	  mixed	  and	  then	  placed	  on	  a	  Mastercycler	  gradient	  PCR	  machine	  for	  

the	  cDNA	  synthesis	  reaction	  with	  the	  following	  parameters:	  (1)	  incubation	  at	  25°C	  for	  

10	  minutes	  (2)	  incubation	  at	  42°C	  for	  60	  minutes,	  and	  (3)	  termination	  of	  the	  reaction	  

at	  85°C	  at	  5	  minutes.	  The	  resulting	  cDNA	  was	  then	  stored	  at	  -‐80°C	  until	  further	  use.	  

3.3.3	   Quantitative	  real-‐time	  polymerase	  chain	  reaction	  	  

cDNA	  was	  diluted	  to	  a	  concentration	  of	  2.5ng/ul	  with	  RNase-‐free	  water.	  Briefly,	  4	  µl	  

of	   the	   diluted	   synthesised	   cDNA	   together	   with	   the	   appropriate	   primers	   and	   5	   µL	  

SYBR®	  Select	  Master	  Mix	  (Applied	  Biosciences)	  was	  added	  to	  a	  total	  volume	  of	  10	  µl.	  

Primers	  were	  used	  at	  250	  nM	  final	  concentration	  and	  quantity	  of	  cDNA	  was	  10	  ng	  per	  

reaction.	  A	  PCR	  reaction	  mastermix	  was	  prepared	  for	  each	  primer	  before	  dispensing	  

into	   96x	   or	   384x	   PCR	   plate	   cells.	   No-‐template	   control	   (NTC)	   reactions	   were	   also	  

prepared	  for	  each	  gene.	  These	  consisted	  of	  all	  reaction	  components	  except	  for	  cDNA,	  

which	  was	   replaced	   by	   4	   ul	   of	   DNase-‐free	  water.	   The	   cDNA	   of	   the	   No-‐RT	   reaction	  

samples	  were	  also	  used	  to	  confirm	  that	  no	  genomic	  DNA	  was	  present	  in	  the	  samples.	  

This	  was	  only	  performed	  in	  initial	  pilot	  studies	  where	  only	  3-‐6	  samples	  were	  initially	  

tested	   for	   the	   presence	   of	   genomic	   DNA	   after	   on-‐column	   DNase	   treatment	   of	   the	  

samples	  or	  Trizol	  extraction.	  qRT-‐PCR	  was	  carried	  out	  using	  a	  Viia7	  Real-‐Time	  PCR	  

system	   (Applied	  Biosciences,	   NSW,	  Australia).	   The	   cycling	   parameters	   for	   all	   genes	  

were	  the	  following:	  initial	  denaturation	  at	  95˚C	  for	  3	  minutes,	  then	  40	  cycles	  of	  95˚C	  

for	   20	   s,	   and	   60˚C	   for	   20	   s.	   The	   annealing	   temperatures	   were	   optimised	   for	   each	  

primer,	  being	  60˚C	  adequate	  for	  all	  the	  primers	  used.	  All	  transcripts	  were	  measured	  

in	   each	   unknown	   sample	   in	   triplicates.	   Target	   gene	   expression	   values	   were	  

normalised	   to	   two	   endogenous	   reference	   genes:	   β-‐2	   microglobulin	   (β2M),	  

glyceraldehyde	   3-‐phosphate	   dehydrogenase	   (GAPDH),	   hypoxanthine	  

phosphoribosyltransferase	  (HPRT),	  phosphoglycerokinase	  (PGK)-‐1	  or	  TATA-‐binding	  

protein	  (TBP).	  After	  normalisation,	  each	  sample	  was	  expressed	  relative	   to	  a	  control	  
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sample	   (non-‐treated	   control),	   according	   to	   Vandesompele	   guideline	   (276).	  

Quantification	  of	  RNA	  expression	  was	  calculated	  following	  the	  equations	  below.	  The	  

equation	   uses	   geometric	  mean	   (GM)	   of	   the	   two	   reference	   genes	   and	   Efficiency	   (E)	  

calculated	  for	  each	  of	  the	  primer	  sets	  as	  described	  below.	  

(1)	  ΔCt	  =	  Ct	  (Target	  -‐treated)	  –	  GM	  (Ct	  (Reference	  -‐treated))	  

(2)	  ΔCt	  =	  Ct	  (Target	  -‐control)	  –	  GM	  (Ct	  (Reference	  -‐control))	  

(3)	  ΔΔ	  Ct	  =	  ΔCt	  (treated)	  –	  ΔCt	  (control)	  

(4)	  E(-‐ΔΔCt)	  

Primer	  description	  and	  efficiency	  

The	  oligonucleotide	  primers	   for	  qRT-‐PCR	  amplification	  were	  obtained	   from	  several	  

sources:	   designed	   by	   Dr	   Benjamin	   Heng,	   a	   gift	   from	   a	   collaborating	   laboratory	  

(Department	  of	  Experimental	  Medicine,	  University	  of	  Perugia),	  or	  designed	  by	  using	  

the	   Primer	   BLAST	   (web-‐based	   NCBI	   primer	   designing	   tool:	  

http://www.ncbi.nlm.nih.gov/tools/primer-‐blast/).	   All	   obtained	   sequences	   were	  

blasted	  with	  BLAST	  for	  determination	  of	  exon/intron	  boundaries	  and	  evaluating	  the	  

best	   potential	   outcome	   based	   on	   relative	   scores	   and	   secondary	   structures.	   The	  

following	   parameters	  were	   used	   during	   the	   design:	  melting	   temperatures	   58-‐61°C,	  

primer	  lengths	  20-‐24bp	  and	  amplicon	  lengths	  90-‐200	  bp.	  Primer	  pairs	  were	  directed	  

to	   locate	  on	  different	  exons	  or	  directly	  spanning	  exon-‐exon	   junctions	  of	  each	  cDNA.	  

For	   each	   primer	   pair,	   reaction	   efficiency	   estimates	   were	   derived	   from	   a	   standard	  

curve	  generated	  from	  a	  serial	  dilution	  of	  selected	  cDNA	  highly	  expressing	  the	  gene	  of	  

interest.	   Specificity	  was	   verified	   by	   a	   single	   peak	   in	  melting	   curve	   analysis	   (Figure	  

3.2.a).	   The	   reaction	   efficiency	   was	   derived	   from	   the	   standard	   curve	   (Figure	   3.2.c)	  

where	  the	  mean	  Ct	  values	  (of	  each	  dilution	  point)	  were	  plotted	  against	  the	  logarithm	  

of	  the	  cDNA	  dilution	  factor.	  Each	  dilution	  was	  assayed	  in	  triplicates.	  	  
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Figure	  3.2:	  qRT-‐PCR	  plots	  obtained	  during	  primer	  optimization	  	  

(a)	   Melting	   curve	   plot,	   (b)	   amplification	   plot	   from	   serial	   cDNA	   dilutions	   and	   (c)	  
standard	  curve	  to	  determine	  primer	  efficiency.	  

3.4	   KP	  metabolite	  quantification	  

High	   performance	   liquid	   chromatography	   (HPLC)	   or	   ultra	   high	   performance	   liquid	  

chromatography	  (UHPLC)	  was	  performed	  to	  determine	   the	   levels	  of	  3-‐HK,	  KYN	  and	  

KYNA	  in	   the	  supernatant	  of	  growing	  cells	   in	  culture.	  Cell	  culture	  supernatants	  were	  

deproteinised	  diluting	  the	  sample	  1:4	  with	  20%	  trichloroacetic	  acid	  (Sigma-‐Aldrich)	  

and	  vortexed	  for	  protein	  precipitation.	  The	  samples	  were	  then	  centrifuged	  at	  13,	  000	  

g	  for	  10	  minutes	  at	  4oC,	  after	  which	  the	  supernatant	  was	  filtered	  through	  a	  0.45	  μm,	  4	  

mm,	  hydrophobic	  PTFE	  filter	  (Merck	  Millipore,	  Darmstadt,	  Germany),	  and	  transferred	  

A"

B" C"
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into	  a	  volume	   insert	  and	  placed	   into	  a	  2	  ml	  vial	   (Agilent	  Technologies;	  CA,	  US).	  The	  

vial	   was	   capped	   and	   set	   onto	   a	   HPLC/UHPLC	   auto	   sampling	   device.	   Background	  

values	   from	  traces	   in	  medium	  were	  subtracted	   for	  each	  metabolite	   to	  represent	  net	  

cellular	   production.	   Read	   outs	   of	   the	   standards,	   3-‐HK,	   KYNA	   and	   KYN	   (Sigma-‐

Aldrich),	  were	  expressed	  as	  peak	  area,	  which	  is	  used	  to	  plot	  the	  linear	  standard	  curve	  

against	  the	  known	  concentration	  of	  the	  standards	  used	  (only	  acceptable	  if	  R2≥0.99).	  

Peak	  areas	  from	  samples	  were	  then	  interpolated	  from	  the	  standard	  curve	  to	  calculate	  

the	  actual	   concentrations	  of	  3-‐HK,	  KYNA	  and	  KYN	  and	  expressed	  as	  μM	  or	  nM.	  The	  

intra-‐	   and	   inter-‐assay	   coefficient	   of	   variations	   ranged	   from	   5%	   to	   7%	   for	   all	   the	  

metabolites	   detected	   using	   the	   UHPLC/HPLC.	   Each	   experiment	   was	   performed	   in	  

triplicate	  using	  supernatants	  from	  primary	  cultures	  derived	  from	  three	  different	  cell	  

culture	  preparations.	  All	  results	  are	  expressed	  as	  the	  mean	  ±	  s.e.m.	  

3.4.1	   Ultra	  high	  performance	  liquid	  chromatography	  	  

3-‐HK	   and	   KYN	   were	   concurrently	   measured	   using	   an	   Agilent	   Technologies	   1290	  

Infinity	   UHPLC	   system	   (Agilent	   Technologies)	   as	   previously	   described	   with	   slight	  

modifications	  (275).	  Briefly,	  the	  standards	  and	  samples	  were	  separated	  using	  Agilent	  

Eclipse	  Plus	  C18	  RRHD	  (1.8	  μM,	  2.1	  X	  150	  mm)	  reverse	  phase	  column	  at	  an	  injection	  

volume	  of	  10	  μL.	  The	  mobile	  phase	  consists	  of	  0.1	  M	  sodium	  acetate	  (Sigma-‐Aldrich)	  

at	   pH	   4.65	   filtered	   through	   47	   mm,	   pore	   size	   0.45	   μm	   cellulose	   membrane	   filter	  

(Agilent	  Technologies).	  It	  was	  pumped	  isocratically	  with	  a	  flow	  rate	  of	  0.75	  mL/min	  

and	   with	   column	   temperature	   at	   38°C.	   KYN	   and	   3-‐HK	   were	   detected	   using	   multi-‐

wavelength	  detection	  at	  365	  nm	  KYN.	  	  

3.4.2	   High	  performance	  liquid	  chromatography	  	  

KYNA	  was	  assayed	  by	  the	  Agilent	  1200	  series	  HPLC	  system	  (Agilent	  Technologies),	  as	  

outlined	   in	   (275)	  with	  minor	   changes.	   Briefly,	   30	   μl	   of	   the	   standards	   and	   samples	  

were	  applied	  to	  an	  Agilent	  Zorbax	  Eclipse	  XDB-‐C18	  (5	  μm,	  150	  X	  4.6mm	  i.d.)	  column	  

with	  column	  temperature	  at	  38°C.	  KYNA	  was	  eluted	  isocratically	  at	  a	  flow	  rate	  of	  0.75	  

ml/min	   with	   a	   mobile	   phase	   consisting	   of	   50	   mM	   sodium	   acetate	   (Sigma-‐Aldrich)	  

with	   0.25	   M	   of	   zinc	   acetate	   (Sigma-‐Aldrich)	   and	   2.25%	   (v/v)	   acetonitrile	   (Ajax	  

Finechem).	   The	  mobile	   phase	  was	  prepared	   freshly	   and	   filtered	   through	   a	   0.45	  μm	  

pore	   size	   cellulose	   membrane	   filter	   (Agilent	   Technologies)	   prior	   to	   use.	   KYNA	   is	  
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detected	  using	  a	  fluorescence	  detector	  at	  an	  excitation	  wavelength	  of	  344	  nm	  and	  an	  

emission	   wavelength	   of	   388	   nm.	   The	   final	   concentrations	   of	   unknowns	   were	  

calculated	  by	  interpolation	  of	  the	  standard	  curve	  (only	  acceptable	  if	  R2≥0.99).	  	  

	  

Figure	  3.3:	  Chromatograph	  display	  	  

(a)	  UHPLC	  chromatograph	  display	  for	  20	  μM	  3-‐HK	  and	  50	  μM	  KYN	  standards	  (left	  to	  
right).	  (b)	  HPLC	  chromatograph	  display	  for	  50	  nM	  KYNA	  standard.	  

3.5	   Immunocytochemistry	  

Cells	  were	  cultured	  on	  glass	  Coverslips	  (Menzel;	  Lower	  Saxony,	  DE)	  in	  24-‐well	  tissue	  

culture	   plates	   accordingly	   with	   each	   cell	   type	   procedure.	   When	   ready	   for	  

immunostaining,	   cells	  were	  washed	   once	  with	   PBS	   pre-‐warmed	   to	   37	   ºC	   and	   fixed	  

with	   4%	   paraformaldehyde	   (PFA;	   Electron	   Microscopy	   (EM)-‐grade;	   Electron	  

Microscopy	  Sciences	   (16%	  solution))	   in	   fresh	  PBS	  at	  RT	   for	  15	  minutes.	  Cells	  were	  
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washed	  three	  times	  with	  PBS	  and	  permeabilised	  for	  90	  sec	  with	  0.05%	  Triton	  X-‐100	  

(Sigma-‐Aldrich).	  Cells	  were	  then	  blocked	  for	  45	  minutes	  in	  5%	  heat-‐inactivated	  goat	  

serum	  (60	  ºC	  for	  30	  minutes;	  Invitrogen)	  in	  PBS	  and	  incubated	  with	  primary	  antibody	  

(Table	  3.2)	  for	  2h	  at	  RT	  or	  overnight	  at	  4oC,	  diluted	  in	  5%	  goat	  serum.	  For	  co-‐labelling	  

studies,	  primary	  antibodies	  were	  applied	  sequentially	  with	  several	  gentle	  PBS	  washes	  

in	  between.	  Secondary	  antibodies	  were	  diluted	  (1:400)	  in	  5%	  goat	  serum	  and	  applied	  

for	   45	  minutes	   at	   RT.	   Following	   three	   PBS	  washes,	   coverslips	   were	  mounted	  with	  

ProLong	  Gold	  reagent	   containing	  4´,6-‐diamidino-‐2-‐phenylindole	   (DAPI)	   (Invitrogen)	  

on	  glass	  slides	  (Menzel-‐Gläser).	  Epifluorescence	  images	  were	  obtained	  on	  a	  Olympus	  

FV1000	  confocal	  microscope	  (Olympus;	  Middlesex)	  and	  captured	  with	  a	  CCD	  camera.	  

Images	   were	   analysed	   and	   processed	   using	   ImageJ	   software	   (available	   at	  

http://rsbweb.nih.gov/ij/).	  

Table	  3.2:	  Summary	  of	  antibodies	  used	  for	  Immunocytochemistry	  

	  

3.6	   Mitochondrial	  respiration	  in	  intact	  cells	  

Oxygen	   consumption	   in	   intact	   cells	   was	   measured	   using	   the	   high-‐resolution	  

respirometer	   Oxygraph-‐2K	   (Oroboros	   instruments).	   Zero	   oxygen	   measurements	  

were	   taken	   after	   injection	   of	   sodium	   dithionite	   and	   polarographic	   oxygen	   sensors	  

were	  calibrated	  with	  air-‐saturated	  culture	  medium	  at	  37°C.	  Intact	  cells	  were	  removed	  

from	   the	   tissue	   culture	   dish	   and	   re-‐suspended	   in	   normal	   culture	   medium.	   Cell	  

suspension	   was	   immediately	   placed	   in	   the	   oxygraph	   chamber	   at	   37°C	   under	  

Antibody) Host) Manufacturer) Specificity) Dilution)

KMO$ rabbit$ LSbio$ Human$ 1:500$

IDO$[cv152]$ rabbit$ Reference$(3)$$ Mice$ 1:500$

AhR$[RPT9]$ mouse$ Abcam$ Mice$ 1:500$

RelB$[CJ19]$ rabbit$ Santa$Cruz$ Mice$ 1:500$

p100/p52$ rabbit$ Cell$Signalling$ Mice$ 1:1000$

p65$[CJ20]$ rabbit$ Santa$Cruz$ Mice$ 1:1000$

Fibrillarin$ mouse$ Abcam$ Mice$ 1:1000$

GAPDH$ rabbit$ Cell$Signalling$ Mice/Human$ 1:1000$

Immunoglobulins/HRP$ goat$ Dako$ Mice$ 1:10000$

Immunoglobulins/HRP$ goat$ Dako$ Rabbit$ 1:10000$

$
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continuous	  stirring	  at	  300rpm.	  After	  monitoring	  Routine	  respiration	   (R),	   sequential	  

injections	   of	   the	   following	   chemicals	   were	   performed	   to	   evaluate	   different	  

mitochondrial	   respiration	   rates:	   oligomycin	   (5	   µM)	   to	   inhibit	   ATP	   synthase	   and	  

measure	   the	   proton	   leak	   (L);	   FCCP	   (4	   µM)	   is	   a	   protonophore	   that	   uncouples	   ATP	  

synthesis	   from	   the	   electron	   transport	   system	   (ETS)	   to	   evaluate	   the	   ETS	  maximum	  

capacity;	   and	   rotenone	   (1	   µM)	   and	   antimycin	   A	   (2.5	   µM)	   to	   inhibit	   complex	   I	   and	  

complex	   III	   respectively	   and	   to	   measure	   the	   residual	   oxygen	   consumption	   (ROX)	  

(Figure	   3.4).	   Each	   experiment	   was	   repeated	   three	   times	   with	   different	   cell	  

preparations	   and	   results	   were	   expressed	   as	   pmol	   O2	   consumed	   per	   minutes	   per	  

million	  cells	  or	  oxygen	  consumption	  rate	  (OCR).	  

3.7	   Statistical	  analysis	  

All	  in	  vitro	  determinations	  are	  presented	  as	  means	  ±	  the	  standard	  error	  of	  the	  mean	  

(s.e.m.)	   or	   standard	   deviation	   (s.d.)	   from	   at	   least	   three	   independent	   experiments,	  

unless	  otherwise	  indicated.	  Student's	  t-‐test	  (two-‐sided	  and	  paired)	  was	  used	  for	  two-‐

group	   analysis,	   performing	   separate	   Student's	   t-‐test	   in	   multi-‐group	   analysis.	   All	  

analyses	   were	   conducted	   using	   GraphPad	   Prism	   software	   (version	   3.0;	   GraphPad	  

Software).	  Statistical	  significance	  was	  accepted	  at	  p<0.05.	  
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Figure	  3.4:	  Bioenergetics	  profile	  	  

(a)	   Shows	   a	   schematic	   overview	   of	   the	   effects	   of	   mitochondrial	   inhibitors	   on	   the	  
electron	   transport	   system.	   (b)	   Shows	   in	   detail	   the	   different	   parameters	   that	   can	  be	  
studied	  using	  the	  high-‐resolution	  respirometer	  Oxygraph-‐2K:	  OCR	  measured	  prior	  to	  
the	  addition	  of	  drugs	  (Routine	  respiration;	  R)	  and	  then	  following	  the	  addition	  of	  the	  
indicated	   drugs.	   Reduction	   of	   ORC	   after	   oligomycin	   indicates	   the	   amount	   of	   O2	  
consumed	  for	  mitochondrial	  ATP	  generation	  and	  the	  proton	  leak	  (L).	  FCCP	  allows	  H+	  
back	  into	  the	  matrix	  independent	  of	  the	  ATP	  synthase;	  cells	  attempt	  to	  maintain	  the	  
chemiosmosis	   gradient	   after	   FCCP	   by	   moving	   H+	   back	   out	   to	   the	   intermembrane	  
space,	   which	   requires	   the	   use	   of	   the	   ETS	   and	   the	   consumption	   of	   O2	   as	   the	   final	  
electron	  acceptor.	  After	  FCCP	  the	  maximum	  capacity	  (MR)	  of	  the	  mitochondria	  to	  use	  
OXPHOS	   is	   revealed.	   Spare	   respiratory	   capacity	   (SRC)	   is	   the	   difference	   between	  
maximal	  OCR	  and	  R	  and	  as	  such	  is	  an	  indicator	  of	  how	  close	  to	  its	  bioenergetic	  limit	  
the	   cell	   is	   functioning.	   Rotenone	   and	   antimycin	   A	   together	   render	   a	   complete	  
shutdown	  of	  the	  ETS.	  Figure	  from	  van	  der	  Windt	  et	  al.	  (274).	   	  

B"

A"
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Chapter	  4	  
Immunoregulatory	  function	  

of	  astrocytes.	  A	  role	  for	  
Kynurenines	  	  

4.1	   Introduction	  

	  

Reactive	   astrocytes	   have	   complex	   functions	   and	   overcome	   gradated	   continuum	  

changes	   during	   the	   course	   of	   CNS	   injury.	   These	   changes	   can	   be	   reversible,	   such	   as	  

alteration	  in	  gene	  expression	  or	  cell	  morphology,	  to	  long-‐lasting	  scar	  formation	  with	  

re-‐arrangement	   of	   physiological	   functions	   (277).	   Reversible	   changes	   in	   activated	  

astrocytes	   occurring	   during	   an	   acute	   or	   fast	   resolving	   insult	   have	   shown	   to	   be	  

protective	   for	   the	  CNS	  (278).	  However	  severe	  reactive	  astrogliosis	  caused	  by	  a	   long	  

lasting	   non-‐resolved	   trigger	   exacerbates	   the	   pathology	   (279),	   promoting	  

inflammation,	   excitotoxicity,	   inhibiting	   axonal	   growth	   and	   compromising	   the	   BBB	  

(277).	  	  

The	  KP	  is	  activated	  in	  an	  extensive	  number	  of	  neurodegenerative	  pathologies,	  leading	  

to	  increased	  KYN	  concentration	  in	  serum	  (3).	  This	  increase	  will	  rapidly	  be	  reflected	  in	  

the	  CNS,	  as	  KYN	  can	  cross	   the	  BBB	  through	  the	   large	  neutral	  amino	  acid	  carrier	  (L-‐
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system)	   (104).	   KYN	   has	   widely	   been	   studied	   for	   its	   function	   as	   a	   mediator	   of	   a	  

tolerogenic	   inflammatory	   response	   in	   immune	  cells	   (see	   section	  1.2.1	   ).	  Recently,	   it	  

has	   been	   demonstrated	   that	   AhR	   activation	   by	   KYN	   may	   be	   responsible	   for	   this	  

activity	  (11).	  Therefore,	  increase	  of	  KYN	  in	  the	  CNS	  is	  presumed	  to	  be	  an	  endogenous	  

immunosuppressive	   response	   to	   counteract	   neuroinflammation.	   However,	   both	   the	  

immunoregulatory	   role	   of	   KYN	   and	   AhR	   presence	   in	   the	   CNS	   has	   not	   been	  

characterised	   so	   far.	   Here	   we	   reported	   for	   the	   first	   time	   that	   mice	   primary	   adult	  

astrocytes	   express	   AhR,	   being	   a	   possible	   target	   for	   KYN	   and	   a	   mechanism	   for	  

neuroinflamatory	  control	  in	  response	  to	  acute	  CNS	  damage.	  

Degradation	   of	   KYN	   in	   the	   CNS	   leads	   to	   the	   production	   of	   neuroactive	   compounds.	  

Concentrations	   of	   KYN	   metabolites	   are	   altered	   in	   an	   extensive	   number	   of	  

neurodegenerative	   pathologies	   (see	   section	   1.4	   ).	   Considering	   that	   (1)	   several	   KP	  

metabolites	  have	  shown	  to	  activate	  AhR	  (see	  Table	  1.2)	  and	  (2)	  specific	   ligands	  can	  

trigger	   different	   transcriptional	   partners	   for	   AhR	   and	   mediate	   different	   responses	  

(178),	   abnormalities	   on	   KP	   concentrations	   could	   affect	   AhR	   activity	   and	   astrocyte	  

response	  in	  neuroinflammation.	  Here,	  we	  reported	  that,	  under	  inflammatory	  trigger,	  

binding	  of	  the	  KP	  ligands,	  KYN	  or	  KYNA,	  to	  AhR	  leads	  to	  a	  different	  cytokine	  profile	  

expression	   in	  astrocytes.	  While	  KYN	  promotes	   Il-‐10	  expression	  (anti-‐inflammatory),	  

KYNA	   favours	   Il-‐6	   expression	   (pro-‐inflammatory).	   Cytokine	   imbalance	   towards	  

inflammation	  may	  affect	  astrocyte	   function	  during	   the	  course	  of	   the	  CNS	  pathology.	  

Because	   astrocytes	   are	   the	   most	   active	   cells	   producing	   KYNA	   in	   the	   CNS	   (67),	  

impairment	  of	   their	  activity	  will	  provoke	  KP	  abnormalities,	   further	  affecting	   ligand-‐

mediated	  AhR	  responses	  and	  neuroinflammation.	  	  

In	   conclusion,	   astrocyte	   response	   to	   an	   acute	   insult	   in	   the	  CNS,	   could	   contribute	   to	  

resolving	   the	   damage.	   However,	   as	   the	   pathology	   progress,	   neuroactive	   KP	  

metabolites	  will	  increase	  in	  the	  CNS.	  Sustained	  KP	  imbalance,	  through	  abnormal	  AhR	  

activation	   in	   astrocytes,	   may	   promote	   neuroinflammation	   and	   contribute	   to	   the	  

severe	   reactive	   astrogliosis	   observed	   in	   chronic	   neurological	   diseases	   (Figure	   4.11	  

summarise	  the	  mechanisms	  discussed	  in	  the	  following	  sections).	  	  
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4.2	   Methods	  

4.2.1	   Mice	  primary	  cell	  cultures	  

CD4+	  naïve	  T	  cell	  purification	  

Spleens	  were	   obtained	   from	  adult	   C57BL/6	  WT	  mice	   (8-‐9	  weeks)	   (AEC	  No.08/24).	  

Naive	  CD4+	  T	   cells	   from	  pooled	   lymph	  nodes	  were	  purified	   as	   described	   (48,	   107).	  

Briefly,	   CD4+	   T	   cells	   were	   obtained	   from	   collagenase-‐treated	   spleens	   (collagenase	  

type	   IV;	  Sigma-‐Aldrich).	  Total	  spleen	  cells	  were	  washed	  with	  2	  mM	  EDTA	   in	  PBS	  to	  

disrupt	   DC-‐T	   cell	   complexes,	   and	   EDTA	   was	   also	   present	   in	   subsequent	   steps	  

involving	  the	  use	  of	  positive	  selection	  columns.	  Cells	  were	  resuspended	  in	  RPMI	  and	  

placed	   in	   a	   15mL	   tube	   containing	   Ficoll	   Plaque-‐Plus	   (GE	   Healthcare	   Life	   Sciences)	  

without	  disturbing	  the	  interface,	  and	  centrifuged	  at	  2000	  rpm	  for	  25	  minutes	  at	  4°C	  

for	   gradient	   isolation	  of	   lymphocytes.	  The	   low-‐density	   fraction	   at	   the	   interface	  was	  

collected	  and	  washed	  several	  times.	  The	  recovered	  cells	  were	  separated	  using	  MACS	  

beads	   (Miltenyi	   Biotec,	   Auburn,	   California,	   USA)	   according	   to	   the	   manufacturer’s	  

recommendation.	   Briefly,	   cells	   were	   resuspended	   at	   107	   cells/ml	   of	   MACS	   buffer	  

(0.5%	  human	  serum	  and	  2	  mM	  EDTA	  in	  PBS)	  and	  incubated	  with	  anti-‐CD4	  magnetic	  

beads	   at	   4°C	   for	   15	   minutes.	   The	   cell	   suspension	   was	   applied	   to	   lymphocyte	  

separation	  column,	  and	  CD4+	  cells	  were	  separated	  using	  positive	  selection.	  

Adult	  primary	  mice	  astrocytes	  and	  brain	  monocyte-‐derived	  cells	  	  

This	   protocol	   has	   been	   approved	   by	   the	   Garvan/St	   Vincent’s	   Animal	   Ethics	  

Committees	  (Approval	  No.	  13/42).	  Brains	  from	  adult	  C57BL/6	  WT	  mice	  (8-‐9	  weeks)	  

were	  stripped	  of	  their	  meninges	  and	  minced	  in	  Ca2+-‐free	  Hank’s	  balanced	  salt	  solution	  

(HBSS).	   Neural	   tissue	   was	   digested	   with	   the	   Neural	   Tissue	   Dissociation	   Kit	   (P)	  

(Miltenyi	  Biotec)	  following	  the	  manufacturer’s	  instructions.	  	  

The	   cell	   suspension	   was	   washed	   with	   Ca2+-‐HBSS	   and	   centrifuged	   at	   500	   g	   for	   25	  

minutes	   at	   19°C	   over	   a	   0%/30%/70%	   isotonic	   Percoll	   gradient	   to	   remove	  myelin	  

debris,	   and	   most	   neuronal	   cells,	   oligodendrocytes	   and	   erythrocytes	   as	   previously	  

described	   (280,	   281).	   Briefly,	   the	   gradient	  was	   set	   up	   re-‐suspending	   the	   cell	   pellet	  

from	   2	   brains	   in	   2	  mL	   of	   70%	   Percoll	   in	   a	   15	  mL	   falcon	   tube.	   Next,	   4	  mL	   of	   30%	  

Percoll	   solution	  and	  3mL	  of	  PBS	  were	  added	  on	   top	   to	   form	  a	   three-‐layer	  gradient.	  
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Mixture	   of	   the	   three	   layers	   should	   be	   avoided	   during	   the	   process.	   Using	   a	   transfer	  

pipette,	  the	  interphase	  between	  the	  30	  and	  70	  %	  Percoll	   layers	  was	  collected	  into	  a	  

new	  tube	  and	  washed	  with	  PBS.	  The	  cells	  obtained	  were	  sorted	  using	  CD11b+	  beads	  

(Miltenyi	  Biotec)	  according	  to	  manufacture’s	   instructions.	  The	  negative	  and	  positive	  

fraction	  were	  washed	  with	  PBS	   and	   re-‐suspended	   in	   astrocyte	   cell	   culture	  medium	  

(RPMI	  medium	  with	  10%	  foetal	  bovine	  serum,	  penicillin-‐	  streptomycin	  (50	  U/ml),	  2-‐

mercaptoethanol	   (50	  μM)	  and	  L-‐glutamine	   (2	  mM))	  or	  murine	   cell	   culture	  medium	  

(IMDM	  medium	  with	  10%	  foetal	  bovine	  serum,	  penicillin-‐	  streptomycin	  (50	  U/ml),	  2-‐

mercaptoethanol	   (50	   μM)	   and	   L-‐glutamine	   (2	   mM))	   respectively.	   The	   positive	  

fraction	   containing	   the	   monocytic	   CNS	   infiltrate	   and	   microglia	   were	   plated	   and	  

incubated	  at	  37°C	  in	  a	  humidified	  atmosphere	  containing	  5%	  CO2	  for	  24h	  to	  remove	  

the	  magnetic	  beads	  until	   treatment.	   	  The	  negative	  fraction	  containing	  the	  remaining	  

brain	  cell	  mixture	  was	  plated	  in	  a	  30mm	  dish	  and	  incubated	  at	  37°C	  in	  a	  humidified	  

atmosphere	  containing	  5%	  CO2	   for	  24-‐48h.	  Non-‐adherent	  cells	  were	  washed	  out,	   in	  

order	   to	   eliminate	   lymphoid	   cells,	   non-‐monocyte	  myeloid	   cells,	   stem	   cells,	   platelets	  

and	  red	  blood	  cells.	  The	  remaining	  adherent	  cells	  after	  having	  removed	  CD11b+	  cells	  

were	  mainly	  astrocytes.	  Astrocyte-‐enriched	  cell	  cultures	  were	  expanded	  twice	  using	  

TrypLE	   (Invitrogen),	   and	   further	   selected	   by	   removing	   non-‐adherent	   cells	   3h	   after	  

dissociation	  and	  plating.	  This	  eliminates	  most	  endothelial	  cells	  (282).	  Fresh	  medium	  

was	  added	  to	  the	  culture	  every	  2	  days	  and	  astrocytes	  were	  used	  within	  10	  days	  after	  

first	  plating	  to	  avoid	  expansion	  of	  unlikely	  fibroblast	  contamination	  (283).	  	  Purity	  of	  

astrocyte	  preparations	  was	  checked	  with	  a	  GFAP	  antibody	  (BD	  Biosciences),	  showing	  

84.2±5.1%	  astrocytes	   (Figure	  4.1a,	   b)	  with	   less	   than	  0.2%	  of	   CD11b	   contamination	  

when	   CD11b+	   cells	   have	   been	   previously	   removed	   (Figure	   4.1c).	   Astrocytes	   for	   ex-‐

vivo	   experiments	   were	   isolated	   using	   ACSA-‐2	   (Astrocyte	   Cell	   Surface	   Antigen-‐2)	  

MicroBead	   Kit	   (Miltenyi	   Biotec)	   from	   the	   whole	   brain	   cell	   suspension,	   plated	   and	  

incubated	  at	  37°C	  in	  a	  humidified	  atmosphere	  containing	  5%	  CO2	  for	  24h	  to	  remove	  

the	  magnetic	  beads	  prior	  treatment.	  	  
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Figure	  4.1:	  Isolation	  of	  adult	  astrocytes	  from	  CNS	  

(a)	   GFAP	   expression	   in	   the	   astrocyte	   cultures	   assessed	   by	   FACS	   analysis.	   Data	   is	  
representative	  of	  two	  experiments	  and	  in	  the	  quadrants	  is	  shown	  the	  mean	  of	  GFAP	  
expression	   versus	   isotope	   control.	   (b)	   Intracellular	   immunofluorescence	   showing	  
GFAP	  positive	   astrocytes.	   Representative	   data	   of	   four	   independent	   experiments.	   (c)	  
CD11b	   expression	   in	   the	   astrocyte	   cultures	   using	   or	   not	   CD11b	   magnetic	   beads	  
negative	   selection	   and	   assessed	   by	   flow	   cytofluorometry.	   Data	   is	   representative	   of	  
two	  experiments	  and	  in	  the	  right	  quadrant	  is	  shown	  the	  percent	  of	  CD11b+	  cell	  in	  the	  
total	  astrocyte	  preparation.	  

Co-‐culture	  of	  T	  cells	  with	  astrocytes	  

Astrocytes	  were	   previously	   seeded	   at	   40×103	   cells	   per	  well	   in	   a	   24	  well	   plate	   and	  

incubated	   overnight	   at	   37°C	   in	   a	   humidified	   atmosphere	   containing	   5%	   CO2.	   For	  

neutralization	  of	  TGF-‐β,	  astrocytes	  were	  washed	  with	  PBS	  and	   incubated	   in	  murine	  
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cell	   culture	   medium	   (IMDM	   medium	   with	   10%	   foetal	   bovine	   serum,	   penicillin-‐	  

streptomycin	  (50	  U/ml),	  2-‐mercaptoethanol	  (50	  μM)	  and	  L-‐glutamine	  (2	  mM))	  with	  

an	  affinity-‐purified	  monoclonal	  antibody	  to	  TGF-‐β	  (40	  μg/ml;	  1D11)	  for	  1h	  previously	  

to	  proceed	  with	  the	  co-‐culture.	  Naive	  CD4+	  cells	  (3×105)	  were	  added	  directly	  to	  the	  

astrocyte	   culture	   or	   using	   transwell	   inserts	   (Corning)	   to	   evaluate	   changes	   in	   T	   cell	  

differentiation,	  in	  the	  absence	  of	  cell	  contact.	  	  Co-‐cultures,	  in	  the	  presence	  of	  soluble	  

anti-‐CD3	  (1	  μg/ml;	  affinity-‐purified	  clone	  2C11)	  (48),	  were	  maintained	  overnight	  for	  

RNA	   extraction	   or,	   alternatively,	   for	   3	   days	   for	   evaluating	   protein	   expression.	  

Addition	  of	  soluble	  anti-‐CD28	  was	  not	  necessary	  in	  co-‐cultures	  involving	  cell-‐contact,	  

as	   astrocytes	   express	   in	   their	   membrane	   the	   co-‐stimulatory	   molecules	   CD80	   and	  

CD86	  (Figure	  4.2a).	  In	  co-‐culture	  conditions	  where	  there	  is	  no	  cell	  contact	  CD4+	  T	  cell	  

viability	   and	  proliferation	   in	   the	   absence	  of	   anti-‐CD28	  was	   confirmed	  using	  Click-‐it	  

EdU	   (Invitrogen),	   following	   manufacturer’s	   instructions.	   Briefly,	   CD4+	   T	   cells	   were	  

cultured	   in	   the	  presence	  of	  soluble	  anti-‐CD3	  (1	  μg/ml)	  or	   its	  corresponding	   isotype	  

control,	  as	  well	  as	  in	  the	  astrocyte	  co-‐culture	  conditions	  previously	  described.	  2X	  EdU	  

working	  solution	  in	  culture	  medium	  was	  prepared	  and	  added	  to	  equal	  volume	  of	  cell	  

supernatant	  to	  have	  a	  final	  concentration	  of	  10	  μM	  EdU.	  After	  overnight	  incubation	  at	  

37°C	   in	   a	   humidified	   atmosphere	   containing	   5%	   CO2,	   cells	   were	   harvested,	   fixed,	  

permeabilised	  and	  processed	  for	  EdU	  detection	  by	  flow	  cytometry	  with	  FACSCalibur	  

flow	  cytometer	  (BD	  Bioscience).	  	  Figure	  4.2b	  shows	  proliferation	  of	  CD4+	  T	  cells	  with	  

soluble	  anti-‐CD3	  in	  the	  culture	  conditions	  used	  for	  our	  studies	  (one	  representative	  of	  

two	  conditions),	  but	  no	  proliferation	   in	   the	  absence	  of	   anti-‐CD3,	   indicating	   that	   the	  

absence	  of	  anti-‐CD28	  does	  not	  affect	  the	  survival	  of	  our	  CD4+	  T	  cells	  cultures	   in	  the	  

conditions	  tested.	  
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Figure	  4.2:	  CD4+	  T	  cells	  co-‐culture	  optimisation	  

(a)	  Cell	  surface	  CD80	  and	  CD86	  expression	  in	  astrocyte	  assessed	  by	  cytofluorometric	  
analysis.	  Data	  (means	  ±	  s.e.m.)	  are	  from	  two	  experiments	  and	  shown	  as	  frequency	  of	  
CD80+	  or	  CD86+	  in	  total	  astrocyte	  population	  versus	  isotype	  control.	  (b)	  Proliferation	  
of	   CD4+	   T	   cells,	   activated	   or	   not	   with	   anti-‐CD3,	   for	   4	   days	   was	   assessed	   by	   flow	  
cytofluorometry	  as	  the	  frequency	  of	  cells	  positive	  for	  the	  thymidine	  analog	  EdU.	  Data	  
is	  from	  one	  experiment	  representative	  of	  four.	  

4.2.2	   Flow	  cytometry	  

After	  treatment,	  accutase	  (Invitrogen)	  was	  used	  to	  obtain	  a	  single	  cell	  suspension	  of	  

astrocytes.	  Alternatively,	  non-‐adherent	  cells	  (T	  cells)	  were	  mechanically	  dissociated.	  

Single	  cell	  suspension	  was	  washed	  once	  with	  FACS	  buffer	  (0.2%	  BSA,	  0.05%	  sodium	  

azide	  in	  PBS)	  and	  transferred	  into	  a	  FACS	  tube	  (Falcon)	  in	  a	  total	  volume	  of	  80	  μL	  of	  

FACS	  buffer).	  

In	  all	  FACS	  analyses,	  cells	  were	  treated	  with	  rat	  anti-‐CD16/32	  (2.4G2)	  (Biolegend)	  for	  

15	  minutes	  at	  4°C	  for	  blockade	  of	  Fc	  receptors	  before	  assaying	  on	  a	  FACSCalibur	  flow	  

cytometer	   (BD	   Bioscience)	   using	   FlowJo	   7.1	   software	   (FLOWJO	   LLC).	   Cell	   surface	  

staining	  was	  done	  by	  incubating	  the	  cell	  suspension	  with	  the	  corresponding	  labelled	  
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antibodies	  (Table	  4.1)	  for	  30	  minutes	  at	  4°C.	   	  Cells	  were	  washed	  with	  2	  mL	  of	  FACS	  

buffer	  and	  resuspended	  in	  0.5	  mL	  of	  FACS	  buffer	  for	  immediate	  analysis	  or	  fixed	  for	  

intracellular	  staining.	  Cells	  requiring	  intracellular	  staining	  were	  fixed	  for	  5	  min	  with	  

2%	   paraformaldehyde	   in	   PBS	   (PFA;	   Electron	   Microscopy	   (EM)-‐grade;	   Electron	  

Microscopy	   Sciences,	   USA	   (16%	   solution)	   at	   RT,	   permeabilised	   by	   washing	   with	  

permeabilization	  buffer	  (0.5%	  Saponin	  (Sigma)	  in	  PBS)	  and	  incubated	  for	  30	  minutes	  

with	   the	   corresponding	   labelled	   antibody	   in	   permeabilization	   buffer.	   	   Finally,	   cells	  

were	   washed	   with	   FACS	   buffer	   and	   resuspended	   in	   1%	   PFA	   in	   FACS	   buffer	   for	  

analysis.	  All	  FACS	  analyses	  included	  the	  use	  of	  isotype	  control	  antibodies.	  	  

Table	  4.1:	  Summary	  of	  antibodies	  used	  for	  Flow	  Cytometry	  analysis	  

	  

4.2.3	   Enzyme-‐Linked	  Immuno	  Assay	  

Cytokine	   quantification	   was	   kindly	   done	   by	   Dr.	   Carmine	   Vacca	   (Department	   of	  

Experimental	  Medicine,	  University	  of	  Perugia).	  Briefly,	  mouse	  cytokines	  (IL-‐6,	  IL-‐10,	  

IL-‐27	   p28,	   TNF-‐α,	   IFN-‐β	   and	   IFN-‐γ)	   were	   measured	   in	   culture	   supernatants	   by	  

enzyme-‐like	  immuno	  assay	  (ELISA)	  with	  specific	  kits	  (R&D	  Systems	  and	  ebioscience)	  

following	   manufacturer’s	   instructions	   and	   according	   to	   published	   procedures	   (43,	  

120).	   TGF-‐β1	   was	   measured	   in	   serum	   free	   culture	   supernatants	   with	   TGF-‐β1	  

immunoassay	  system	  (Promega)	  following	  manufacturer’s	  instructions.	  Supernatants	  

were	  processed	  with	  and	  without	  acid	  treatment	  to	  detect	  bioactive	  and	  latent	  TGF-‐

β1	  respectively.	  

Antigen' Label' Clone' Manufacturer' Specificity' Isotype'

CD4$ PE$ GK1.5$ BD$Pharmingen$ Mice$ Rat$IgG2a,$kappa$

LAP$ PE$ TW7C16B4$ eBioscience$ Mice$ Mouse$IgG1,$kappa$

GARP$ APC$ YGIC86$ eBioscience$ Mice$ Rat$IgG2a,$kappa$

Foxp3$ FITC$ FJKC16s$ eBioscience$ Mice$ Rat$IgG2a,$kappa$

GFAP$ Alexa488$ 4A11$ BD$Pharmingen$
Mice$

Human$
Mouse$IgG2b$

$
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4.2.4	   Nuclear	  extract	  for	  Immunoblotting	  

Astrocytes	  in	  30-‐100	  mm	  dishes	  were	  washed	  once	  with	  warmed	  PBS	  and	  harvested	  

using	   the	  mild-‐trypsin	   ”like”	   reagent	  TripLE	   (Invitrogen).	   Then,	   300x103	   cells	  were	  

transferred	  into	  an	  Eppendorf,	  washed	  with	  fresh	  culture	  medium	  and	  resuspended	  

in	   a	   final	   volume	   of	   1mL	   with	   culture	   medium.	   Treatment	   for	   fast	   kinetic	  

translocation	   studies	   (up	   to	   2h)	  was	   directly	   done	   in	   the	  Eppendorf	   containing	   the	  

cell	  suspension,	  which	  was	  incubated	  at	  37ᵒC	  in	  a	  humidified	  atmosphere	  containing	  

5%	  CO2	  for	  the	  time	  required	  for	  treatment.	  After	  cells	  were	   immediately	  placed	  on	  

ice	   and	   pelleted	   at	   3000	   rpm	   for	   5	   minutes	   at	   4ᵒC	   using	   the	   Microcentrifuge	  

(Eppendorf).	  Cells	  were	  washed	  once	  with	  cold	  PBS	   in	   the	  presence	  of	  phosphatase	  

inhibitor	   complex	   (Roche)	   and	   the	   nuclear	   extraction	   performed	   using	   the	  Nuclear	  

extract	  kit	  (Active	  Motif)	  following	  the	  manufacturer’s	  instructions.	  Briefly,	  cells	  were	  

re-‐suspended	   in	   150	   μL	   of	   hypotonic	   buffer	   and	   incubated	   on	   ice	   for	   15	   minutes.	  

Afterwards,	  NP40	  was	  added	  to	  a	  final	  concentration	  of	  5%	  and	  cells	  were	  vortexed	  

for	  10	   seconds	   and	   spun	  down	  at	  12,000	  g	   for	  30	   seconds	   at	  4ᵒC.	  The	   supernatant	  

containing	   the	   cytosol	   fraction	   was	   kept	   for	   validation	   of	   the	   method.	   The	   pellet	  

containing	  the	  nuclear	  fraction	  was	  lysed	  with	  40	  μL	  of	  lysis	  buffer	  and	  incubated	  on	  

ice	  for	  30	  minutes	  under	  150	  rpm	  agitation.	  The	  nuclear	  lysate	  was	  then	  centrifuged	  

at	  12000	   rpm	   for	  10	  minutes	   at	  4ᵒC	   to	   remove	  nuclear	  debris	   and	   the	   supernatant	  

containing	   the	   nuclear	   extract	   stored	   at	   -‐80ᵒC.	   Purity	   of	   the	   nuclear	   extract	   was	  

verified	  by	  immunoblotting	  at	  varying	  concentrations	  (5-‐20	  μg)	  of	  the	  nuclear	  lysate	  

versus	   the	   cytosolic	   component	   and	   analysed	   using	   as	   control	   GAPDH	   for	   the	  

cytoplasm	   and	   fibrillarin	   as	   a	   nuclear	   marker.	   Figure	   4.3	   shows	   no	   presence	   of	  

GAPDH	   in	   the	  nuclear	   lysate,	   as	  well	   as,	   no	   fibrillarin	   in	   the	   cytosol,	   indicating	   that	  

there	  is	  no	  cross	  contamination	  between	  the	  nuclei	  and	  cytosol.	  
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Figure	  4.3:	  Validation	  of	  the	  nuclear	  extraction	  method	  	  

Cytoplasm	   and	   nuclear	   extract	   (5-‐20	   μg)	   from	   astrocytes	   was	   analysed	   by	  
immunoblot	  using	  specific	  antibodies	  for	  GAPDH	  (a)	  and	  Fibrillarin	  (b).	  

4.2.5	   Quantitative	  real-‐time	  polymerase	  chain	  reaction	  	  

After	   treatment,	   RNA	   extraction	   from	   astrocytes	   or	   microglia	   was	   performed	  

following	  the	  method	  described	  in	  section	  3.3.1	  	  (Trizol).	  In	  co-‐culture	  studies	  CD4	  T	  

cells	   where	  washed	   out	  with	  medium	   from	   the	   transwell	   and	   processed	   for	   Trizol	  

RNA	  extraction.	  qRT-‐PCR	  procedures	  can	  be	  found	  in	  section	  3.3.3	  .	  Table	  4.2	  lists	  the	  

primers	  used	  in	  this	  study.	   	  
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Table	  4.2:	  Primer	  sequences	  used	  in	  Chapter	  4	  

	  

4.3	   Results	  

4.3.1	   Adult	  astrocytes	  express	  AhR	  and	  this	  can	  be	  activated	  by	  KYN	  

Increased	   KYN	   levels	   in	   the	   CNS,	   found	   in	   several	   neurodegenerative	   diseases	   (3),	  

could	   represent	   a	   mechanism	   to	   down	   regulate	   neuroinflammation	   associated	   to	  

those	  diseases.	   	  We	   found	   that	   treatment	  of	  astrocytes	  with	  100UI	  of	   IFN-‐γ	   for	  48h	  

resulted	   in	   IDO-‐1	   induction	   (Figure	  4.4a).	  However,	  we	   found	   that	   astrocytes	   could	  

also	  uptake	  KYN	  produced	  by	  other	  cells	  and	  then	  degrade	  it	  through	  the	  KP	  without	  

necessarily	  activate	  IDO-‐1	  (284).	  Additionally	  we	  found	  that	  astrocytes	  constitutively	  

express	  AhR	  as	  shown	  by	  mRNA	  (Figure	  4.4b)	  and	  protein	  (Figure	  4.4a).	  Of	  interest,	  

KYN	  was	  able	  to	  activate	  AhR	  as	  shown	  by	  the	  induction	  of	  Cyp1a1	  after	  6h	  treatment	  

in	   both	   ex-‐vivo	   isolated	   astrocytes	   (Figure	   4.4d)	   and	   cultured	   astrocytes	   (Figure	  

4.4c).	  Even	  though	  AhR	  has	  different	  DNA-‐binding	  sites,	  AhR:ARNT	  recruitment	  to	  the	  

AHRE	  clusters	  in	  the	  promoter	  of	  cytochrome	  P450	  (CYP)1	  family	  genes	  remains	  one	  

of	  the	  best	  predictor	  of	  AhR	  interaction	  with	  chromatin	  (186).	  Therefore,	  induction	  of	  

Cyp1a1	  can	  be	  used	  as	  a	  marker	  of	  both	  canonical	  AhR	  activation	  and	  non-‐canonical	  

AhR	  activation	  since	  a	  slight	  increase	  can	  be	  observed	  in	  the	  activation	  of	  genes	  that	  

Gene$ Forward$sequence$ Reverse$Sequence$

Il410$ 5’#GGCGCTGTCATCGATTTCTC(#3’( 5’#ATGGCCTTGTAGACACCTTGG(#3’(
Tnf4α$ 5’#TCTACTGAACTTCGGGGTGA(#3’( 5’#CACTTGGTGGTTTGCTACGA(#3’(
Tgf4β$ 5’#(GCCTGAGTGGCTGTCTTTTG#3’( 5’#TGGGGCTGATCCCGTTGATT(#3’(
Il46$ 5’#CCGGAGAGGAGACTTCACAG(#3’( 5’#(TCCACGATTTCCCAGAGAAC#3’(
Igf41$ 5’#(ATCTGCCTCTGTGACTTCTTGA(#3’( 5’#(GCCTGTGGGCTTGTTGAAGT(#3’(
Inf4γ$ 5’#(ATA(TCTGGAGGAACTGGCAA(#3’( 5’#(CATGAATGCATCCTTTTTCG((#3’(
Il423a$ 5’#(CTTCACACCTCCCTACTA#3’( 5’#(CACTGCTGACTAGAACTC(#3’(
Il412b$ 5’#(CATCAAGAGCAGTAGCAGTTC(#3’( 5’#(GTCCCTTTGGTCCAGTGT(#3’(
Ahr$ 5’#(CCACTGACGGATGAAGAAGGA#3’( 5’#(ATCTCGTACAACACAGCCTCTC(#3’(
Cyp1a1$ 5’#(GACACAGTGATTGGCAGAG#3’( 5’#(GAAGGTCTCCAGAATGAAGG#3’(
Foxp3$ 5’#(CCCAGGAAAGACAGCAACCTTTT#3’( 5’#(TTCTCACAACCAGGCCACTTG(#3’(
Rorγ$ 5’#(ACAACAGCAGCAAGTGATGG(#3’( 5’#(CCTGGATTTATCCCTGCTGA(#3’(
Tbp$ 5’#(CCTGCCACACCAGCTTCTGA#3’( 5’#(GACTGCAGCAAATCGCTTGGG(#3’(
Gapdh$ 5’#(GCCTTCCGTGTTCCTACCC(#3’( 5’#(CAGTGGGCCCTCAGATGC(#3’(
(
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do	   not	   necessarily	   require	   the	   AhR/ARNT	   complex.	   CYP1A1	   activity	   increases	  

oxidative	   stress	   and	   this	   can	   activate	   ΝF-‐κΒ	   and	   AP-‐1	   transcriptional	   activity,	  

increasing	  expression	  of	  pro-‐inflammatory	   cytokines.	   IL-‐6	   is	  one	  of	   the	  best-‐known	  

pro-‐inflammatory	  cytokine,	  its	  promoter	  contains	  binding	  sites	  for	  both	  AP-‐1	  and	  NF-‐

κΒ.	  It	  has	  been	  shown	  that	  Il-‐6	  expression	  can	  be	  induced	  by	  KYN-‐mediated	  activation	  

of	   AhR	   in	   glioblastoma	   (10).	   In	   our	   study,	   we	   did	   not	   observe	   any	   increase	   of	   Il-‐6	  

expression	  or	  cytokine	  release	  in	  astrocytes	  treated	  with	  50	  μM	  of	  KYN	  for	  6	  or	  24h,	  

respectively	  (Figure	  4.4e,f).	  These	  results	  indicate	  that	  KYN-‐mediated	  AhR	  activation	  

in	   astrocytes,	   under	   non-‐inflammatory	   conditions,	   does	   not	   primarily	   activate	   non	  

canonical	  AhR	  pathway.	  
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Figure	  4.4:	  KYN	  is	  an	  endogenous	  ligand	  of	  AhR	  in	  astrocytes	  

(a)	   Astrocytes	   were	   treated	   with	   100	   UI	   of	   IFN-‐γ	   and	   qualitatively	   analysed	   by	  
immunoblot	   by	   the	   use	   of	   specific	   antibodies.	   (b)	   Gene	   transcript	   expression	   of	  
astrocytes	   after	   16h	   treatment	   with	   50	   μM	   of	   KYN.	   Data	   (means	   ±	   s.e.m.	   of	   three	  
experiments)	   are	   presented	   as	   normalised	   transcript	   expression	   in	   the	   samples	  
relative	   to	   normalised	   transcript	   expression	   in	   untreated	   sample	   and	   show	   no	  
induction	  of	  Ahr	   expression	  by	  KYN	  (Student’s	   t-‐test).	  Gene	   transcript	  expression	  of	  
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in-‐vitro	   cultured	   astrocytes	   (c,f)	   and	   ex-‐vivo	   isolated	   astrocytes	   (d)	   after	   6h	  
treatment	   with	   50	   μM	   of	   KYN.	   Data	   (means	   ±	   s.e.m.	   of	   three	   experiments)	   are	  
presented	  as	  normalised	  transcript	  expression	  in	  the	  samples	  relative	  to	  normalised	  
transcript	   expression	   in	   untreated	   sample	   (Student’s	   t-‐test).	   (e)	   Cytokine	  
measurement	  in	  supernatants	  of	  astrocytes	  treated	  with	  50	  μM	  of	  KYN	  for	  24h.	  Data	  
are	   means	   (±	   s.e.m.)	   from	   three	   experiments	   (treatment	   versus	   none;	   Student’s	   t-‐
test).	  	  

4.3.2	   Astrocytes	   promote	   an	   immunoregulatory	   environment	  
dependent	  on	  TGF-‐β	  and	  AhR	  

Microglia	   are	   the	   tissue-‐resident	   macrophages	   in	   the	   CNS	   and	   the	   only	   resident	  

immune	   cells.	   They	   are	   essential	   in	   brain	   homeostasis	   from	   development	   through	  

aging	  and,	  as	  tissue-‐resident	  macrophages,	  also	  participate	  in	  innate	  immunity	  (285).	  

Astrocytes	   have	   previously	   shown	   to	   regulate	   microglia	   or	   CNS-‐infiltrating	  

monocytes	   inflammatory	   response	   in	   EAE,	   activating	   them	   towards	   different	  

phenotypes	   (279,	   286)	   (Phenotype	   classification	   for	   macrophage	   is	   described	   in	  

Figure	   4.5).	   We	   studied	   the	   immune	   role	   of	   astrocytes	   by	   analysing,	   first	   in	  

physiological	   conditions,	   the	   response	   that	   they	   provoke	   in	   microglia.	   The	  

supernatant	  of	  24h	  astrocyte	  cell	  culture	  was	  added	  to	  1x106	  freshly	  isolated	  CD11b+	  

cells	   from	   adult	   mice	   brain	   (section	   4.2.1	   ).	   We	   observed	   that	   microglia	   or	   CNS-‐

infiltrating	   monocytes	   cultured	   for	   16h	   in	   astrocyte	   media	   have	   higher	   Il-‐10	  

expression	   and	   maintain	   basal	   levels	   of	   Tnf-‐α,	   Il-‐6	   and	   Tgf-‐β	   compared	   with	   non-‐

astrocyte	   conditioned	  CD11b+	   cells	   (Figure	  4.6a).	   This	   profile	   could	   be	   classified	   as	  

alternative	   M2	   polarisation,	   according	   to	   the	   macrophage	   classification	   (287).	   M2	  

microglia/monocyte	   activation	   is	   involved	   in	   immunoregulation,	   and	   tissue	  

remodelling	   (288)	   and	   in	   the	   CNS	  plays	   an	   important	   role	   in	   synapse	  maintenance	  

and	  plasticity	  because	  of	   its	  phagocytic	  capacity	  (289-‐291).	  Those	  are	  characteristic	  

functions	  of	  the	  microglial	  homeostatic	  signature	  (292).	  Therefore,	  astrocyte	  normal	  

function	  could	  be	  necessary	  to	  maintain	  the	  physiological	  signature	  of	  microglia	  and	  

aberrant	  microglia	  could	  be	  a	  consequence	  of	  homeostatic	  astrocyte	  loss	  of	  function.	  	  
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Figure	  4.5:	  Macrophage	  (microglia?)	  classification	  	  

Microglia	  has	  been	  proposed	  to	  follow	  similar	  activation	  patterns	  to	  those	  observed	  in	  
macrophages	   (290)	   and	   can	   be	   classified	   into	   two	   different	   phenotypes,	   commonly	  
named	   as	   pro-‐inflammatory	   (M1)	   and	   alternative	   activated/anti-‐inflammatory	  
(M2)(293).	   Differently	   to	   macrophages	   and	   characteristic	   of	   microglia,	   a	   specific	  
microglial	   signature	   has	   been	   defined	   in	   freshly	   isolated	   adult	   microglia	   named	  
microglial	   homeostatic	   signature	   (M0),	   which	   is	   dependent	   on	   TGF-‐β	   and	   can	   be	  
differentiated	   from	   aberrant	  microglia	   (294).	   Figure	   adapted	   from	  Mantovani	   et	   al.	  
(288).	  

Based	   on	   such	   results	   our	   next	   approach	   was	   to	   identify	   alterations	   in	   astrocytes	  

normal	   function	   that	   could	   affect	   its	   activity	   in	  maintaining	  microglia	   physiological	  

signature.	  However,	   due	   to	   the	  difficulty	   in	   isolating	  pure	  microglia	   and	   the	   lack	  of	  

well-‐established	   available	   markers	   for	   M0/M1/M2	   cell	   subsets,	   we	   continued	   our	  

studies	  using	  CD4+	  T	  cells	  as	  a	  tool	   to	   further	  characterize	  the	  regulatory	  activity	  of	  

astrocytes	  in	  immune	  cells.	  Naïve	  CD4+	  T	  cells,	  upon	  activation,	  can	  differentiate	  into	  

several	   subsets.	   The	   environment	   provided	   by	   other	   cellular	   sources	   influence	   the	  

differentiation	  of	  naïve	  CD4+	  T	   cells	   into	   their	   subsets	   (295).	   In	  order	   to	  determine	  

which	   environment	   astrocytes	   provide	   we	   co-‐cultured	   naïve	   CD4+	   T	   cells	   with	  

astrocytes	   and	   analysed	   the	   subset	   predominantly	   induced.	   	  Different	   transcription	  

factors	   have	   been	   shown	   to	   be	   essential	   and	   specific	   for	   the	   different	   CD4+	   T	   cell	  

subsets.	   The	   transcription	   factors	   Tbet,	   Gata3,	   Rorγ	   and	   Foxp3	   can	   be	   used	   as	   a	  

markers	   for	  Th1	  (296),	  Th2	  (297),	  Th17	  (298)	  and	  Treg	  (299)	  subsets	  respectively.	  

We	  found	  that	  naïve	  CD4+	  T	  cells	  showed	  an	  increase	  in	  differentiation	  towards	  Treg	  
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and	  Th2	  cell	  subsets	  when	  co-‐cultured	  with	  astrocytes	  for	  16	  h	  in	  a	  transwell	  system	  

and	   in	   the	   presence	   of	   anti-‐CD3	   (Figure	   4.6b).	   No	   changes	   in	   Th1	   and	   Th17	   were	  

observed	   in	   the	   same	   conditions.	   The	   mechanisms	   underlying	   astrocyte-‐mediated	  

differentiation	  of	  naïve	  CD4+	  T	  cells	   towards	  Treg	  subset	  was	   further	  characterised.	  

Increase	  of	   CD4+	  Foxp3+	   cells	  was	   also	   observed	  when	  naïve	  CD4+	  T	   cells	  were	   co-‐

cultured	  with	  astrocytes	  for	  72h,	  in	  the	  same	  conditions	  as	  before	  (Figure	  4.6c).	  Treg	  

can	   be	   generated	   in	   vitro	   with	   TGF-‐β	   (300),	   therefore	   we	   evaluated	   possible	  

implication	  of	  astrocytic	  TGF-‐β	  on	  Treg	  differentiation.	  Using	  the	  previous	  conditions	  

(Figure	   4.6c),	   blockage	   of	   TGF-‐β	   with	   an	   affinity-‐purified	   monoclonal	   antibody	   to	  

TGF-‐β	   (40	   μg/ml;	   1D11),	   decreased	   the	   astrocyte-‐mediated	   differentiation	   of	   naïve	  

CD4+	  T	  cells	  towards	  Treg	  (Figure	  4.6d).	  AhR	  is	  constitutively	  expressed	  in	  astrocytes	  

(Figure	  4.4a),	  moreover	  the	  defects	  observed	  in	  AhR	  deficient	  mice	  (214)	  suggest	  that	  

it	  could	  be	  playing	  a	  role	  in	  astrocyte	  normal	  physiology.	  To	  further	  study	  its	  immune	  

role	   in	   astrocyte	   function	   we	   analysed	   the	   cytokine	   profile	   of	   WT	   astrocytes	  

compared	  with	  AhR-‐/-‐	  over	  48h.	  AhR	  null	  astrocytes	  showed	  increased	  production	  of	  

the	   inflammatory	   cytokines	   IL-‐6	   and	   IL-‐1β	   (Figure	   4.6e),	   together	   with	   lower	  

expression	   of	   Tnf-‐α	   (Figure	   4.6f).	   Therefore,	   AhR	   could	   be	   required	   for	   astrocyte	  

immunoregulatory	  function.	  In	  order	  to	  assess	  that,	  we	  co-‐cultured	  naïve	  CD4+	  T	  cells	  

with	  WT	   and	  AhR-‐/-‐	   astrocytes	   for	   72h.	   Astrocyte-‐mediated	   induction	   of	   Treg	  was	  

lower	  in	  AhR	  null	  astrocytes	  compared	  with	  WT	  (Figure	  4.6g).	  This	  indicates	  that	  AhR	  

and	  TGF-‐β	   expression	   in	   astrocytes	   could	  be	  necessary	   for	   their	   immuneregulatory	  

function	   and	   to	   control	   neuroinflammation.	   Preliminary	   data	   studying	   the	   role	   of	  

TGF-‐β	  in	  astrocyte	  function	  is	  shown	  in	  the	  Appendix.	  
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Figure	  4.6:	  Astrocytes	  promote	  an	  immunoregulatory	  environment	  in	  the	  CNS.	  Role	  for	  

TGF-‐	  β	  and	  AhR	  

(a)	   Gene	   transcript	   expression	   of	   microglia/CNS	  monocytes	   after	   treatment	   for	   6h	  
with	   24h	   astrocyte	   supernatant.	   Data	   (means	   ±	   s.e.m.	   of	   three	   experiments)	   are	  
presented	  as	  normalised	  transcript	  expression	  in	  the	  samples	  relative	  to	  normalised	  
transcript	   expression	   in	   untreated	   sample	   (Student’s	   t-‐test).	   	   (b)	   Gene	   transcript	  
expression	  of	  CD4+	  T	  cells	  after	  co-‐culture	  with	  astrocytes	   in	  a	   transwell	   system	  for	  
16h.	   Data	   (means	   ±	   s.e.m.	   of	   three	   experiments)	   are	   presented	   as	   normalised	  
transcript	  expression	   in	   the	   samples	   relative	   to	  normalised	   transcript	  expression	   in	  
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non-‐cocultured	  sample	  (Student’s	   t-‐test).	   (c,	  d,	  g)	  Foxp3	   in	  CD4+	  T	  cells	  assessed	  by	  
flow	   cytofluorometry	   as	   the	   frequency	  of	   CD4+Foxp3+.	   CD4+	  T	   cells	  where	   activated	  
with	  anti-‐CD3.	  CD4+Foxp3+	  frequency	  after	  4	  days	  co-‐culture	  of	  naïve	  CD4+	  T	  cells	  (c)	  
in	   transwell	   system	  with	   astrocytes,	   (d)	   in	   transwell	   system	  with	   astrocytes	  where	  
TGF-‐β	  was	  blocked	  and	  (g)	  with	  WT	  and	  AhR	  KO	  astrocytes.	  Data	  (means	  ±	  s.e.m.)	  are	  
from	  two	  or	  three	  experiments.	  (Student’s	  t-‐test).	  (e)	  IL-‐6	  and	  IL-‐1β	  were	  measured	  
in	   24h	   supernatants	   of	   AhR	  KO	   and	  WT	   astrocytes.	   Data	   (means	   ±	   s.e.m.)	   are	   from	  
three	   or	   four	   independent	   experiments	   (Student’s	   t-‐test).	   (f)	   Basal	   gene	   transcript	  
expression	  in	  WT	  and	  AhR	  KO	  astrocytes.	  Data	  (means	  ±	  s.e.m.	  of	  three	  experiments)	  
are	   presented	   as	   normalised	   transcript	   expression	   in	   AhR	   KO	   sample	   relative	   to	  
normalised	  transcript	  expression	  in	  WT	  sample	  (Student’s	  t-‐test).	  

4.3.3	   Activation	  of	  AhR	  by	  KYN	  promotes	  transactivation	  of	  RelB	  

We	   showed	   that	   AhR	   could	   be	   activated	   by	   KYN	   in	   astrocytes	   (Figure	   4.4c).	  

Additionally,	  AhR	  is	  involved	  in	  the	  immunoregulatory	  function	  of	  astrocytes	  (Figure	  

4.6g).	   However,	   the	   (1)	   AhR-‐dependent	   mechanisms	   involved	   in	   astrocytes	  

immunoregulatory	   function	   and	   (2)	   KYN-‐mediated	   AhR	   genomic	   activity	   (targeting	  

cytokines	   expression)	   in	   astrocytes	   needs	   to	   be	   clarified.	   Among	   different	  

transcription	   factors	   that	   can	   interact	   with	   AhR,	   NF-‐kB	   has	   well	   characterised	  

functions	  in	  the	  immune	  system	  (189)	  and	  it	  has	  previously	  shown	  to	  be	  inducible	  in	  

astrocytes	   (301).	   Therefore,	   our	   first	   approach	  was	   to	   evaluate	  KYN-‐mediated	  AhR	  

activity	   in	  the	  transactivation	  of	  several	   transcription	  factors	  of	   the	  NF-‐kB	  pathway.	  

We	  observed	  that	  KYN	  induces	  translocation	  of	  RelB	  into	  the	  nuclei	  after	  15	  minutes	  

of	   treatment	   (Figure	   4.7a).	   KYN-‐mediated	   RelB	   translocation	   to	   the	   nuclei	   is	  

dependent	   on	   AhR,	   as	   shown	   by	   the	   decrease	   of	   RelB	   translocation	   when	   AhR	   is	  

inhibited	   with	   CH223191	   (Figure	   4.7b).	   In	   addition,	   KYN	   does	   not	   induce	   RelB	  

translocation	   in	  AhR	  null	  astrocytes.	  Not	  only	  that,	  but	  AhR-‐/-‐	  showed	  considerably	  

lower	  RelB	  basal	   levels	  compared	  with	  the	  WT	  (Figure	  4.7c).	  To	  determine	  whether	  

KYN	  can	  also	  induce	  RelB	  transcriptional	  activity,	  we	  evaluated	  mRNA	  expression	  of	  

several	   cytokines	   involved	   in	   astrocyte	   inflammatory	   response	   and	   RelB	  

transcriptional	   activity	   (279,	   302).	   No	   changes	   in	   Il-‐6,	   Tgf-‐β,	   Tnf-‐α	   and	   Igf-‐1	   were	  

induced	  after	  6h	  treatment	  with	  KYN	  (Figure	  4.7d).	  This	  indicates	  that	  inflammatory	  

co-‐stimulus	   may	   be	   necessary	   in	   order	   to	   observe	   changes	   in	   KYN-‐mediated	   RelB	  

transcriptional	  activity.	  
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Figure	  4.7:	  Activation	  of	  AhR	  by	  KYN	  promotes	  transactivation	  of	  RelB	  

(a)	   Immunoblot	   analysis	   of	   NF-‐κΒ	   from	   nuclear	   extract	   of	   astrocytes	   treated	   at	  
different	   time	   points	   with	   50	   μM	   of	   KYN.	   Ratios	   are	   means	   of	   two	   experiments.	  
*p≤0.01	  (treatment	  versus	  none;	  Student’s	  t-‐test).	  Immunoblot	  analysis	  of	  RelB	  from	  
nuclear	   extracts	   (b)	   of	   astrocytes	   treated	   with	   KYN	   in	   the	   presence	   or	   not	   of	  
CH223191	  or	  (c)	  of	  WT	  and	  AhR	  KO	  astrocytes	  treated	  with	  KYN.	  Ratios	  are	  means	  of	  
two	   or	   three	   experiments.	   *p≤0.01,	   **p≤0.005	   (treatment	   versus	   none;	   Student’s	   t-‐
test),	   $p≤0.05	   (AhR	   inhibitor	   versus	   no	   inhibitor;	   Student’s	   t-‐test)	   and	   $$p≤0.001	  
(AhR	   KO	   versus	  WT;	   Student’s	   t-‐test).	   (d)	   Gene	   transcript	   expression	   of	   astrocytes	  
treated	  with	   50	   μM	   of	   KYN	   for	   6h.	   Data	   (means	   ±	   s.e.m.	   of	   three	   experiments)	   are	  
presented	  as	  normalised	  transcript	  expression	  in	  the	  samples	  relative	  to	  normalised	  
transcript	  expression	  in	  untreated	  sample	  (Student’s	  t-‐test).	  
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4.3.4	   Characterization	  of	  astrocyte	  inflammatory	  response	  to	  LPS	  

Astrocytes	   express	   toll-‐like	   receptors,	   including	   TLR-‐4	   (279),	  which	   is	   activated	   by	  

LPS.	  Activation	  of	  TLR-‐4	  in	  astrocytes	  initiates	  a	  signalling	  through	  NF-‐kB,	  MAPK	  and	  

JAK1/STAT1	   pathways,	   which	   in	   turn	   induce	   the	   expression	   of	   pro-‐inflammatory	  

cytokines	   (301)	   modulating	   immune	   responses	   (303).	   Therefore,	   we	   used	   LPS	   to	  

trigger	  astrocyte	  inflammatory	  response	  and	  to	  study	  how	  activation	  of	  AhR	  by	  KYN	  

could	  modulate	   this	   response.	   In	   order	   to	   address	   this	   issue,	  we	   first	   characterised	  

the	  response	  of	  primary	  astrocytes	  cultures	  to	  LPS.	  We	  found	  that	  LPS	  activated	  NF-‐

κΒ	  in	  astrocytes,	  as	  evidenced	  by	  nuclear	  translocation	  of	  the	  p65	  NF-‐κΒ	  subunit	  30	  

minutes	   after	   treatment	   with	   10	   ng/mL	   of	   LPS	   (Figure	   4.8a).	   LPS	   induces	   the	  

expression	  of	  specific	  NF-‐κΒ	  target	  genes	  (301,	  304,	  305)	  such	  as	  IL-‐27,	  TNF-‐α,	  IL-‐6	  

and	   IL-‐1β.	   	  We	   observed	   that	   LPS	   rapidly	   increased	   IL-‐6	   and	   IL1-‐	   β	   production	   in	  

astrocytes	  after	  2h	  and	  TNF-‐α	  and	  IL-‐27	  after	  24	  and	  48h	  respectively	  (Figure	  4.8b).	  	  

Then	   we	   further	   analysed	   the	   modulation	   of	   mRNA	   for	   Tnf-‐α,	   Il-‐6	   and	   Il-‐10	   in	  

astrocytes	   after	   treatment	   with	   LPS.	   We	   found	   the	   maximal	   induction	   after	   6h	   of	  

treatment	  (Figure	  4.8c),	  and	  therefore,	  we	  took	  this	  time	  point	  for	  the	  following	  LPS	  

treatments.	  	  
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Figure	  4.8:	  Characterization	  of	  astrocyte	  response	  to	  LPS	  

(a)	  Immunoblot	  analysis	  of	  p65	  in	  nuclear	  extracts	  of	  astrocytes	  treated	  or	  not	  with	  
10ng/mL	   of	   LPS	   at	   different	   time	   points.	   Ratios	   are	   means	   of	   two	   experiments.	  
*p≤0.05	   (treatment	   versus	   none;	   Student’s	   t-‐test)	   (b)	   Cytokine	   measurements	   in	  
supernatants	   of	   astrocytes,	   treated	   with	   10	   ng/mL	   of	   LPS	   at	   different	   time	   points.	  
Data	   (means	   ±	   s.e.m.)	   are	   from	   two	   or	   three	   experiments.	   *p≤0.05,	   **p≤0.01	  	  
(treatment	   versus	   none;	   Student’s	   t-‐test).	   (c)	   Gene	   transcripts	   expression	   in	  
astrocytes	  treated	  with	  10ng/mL	  of	  LPS	  at	  different	  time	  points.	  Data	  (means	  ±	  s.e.m.	  
of	   two	   experiments)	   are	   presented	   as	   normalised	   transcript	   expression	   in	   the	  
samples	  relative	  to	  normalised	  transcript	  expression	  in	  untreated	  sample.	  	  
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4.3.5	   KYNA/KYN	   ratio	  modulates	   inflammatory	   response	   to	   LPS	   in	  
astrocytes	  	  

To	  evaluate	  the	  immunomodulatory	  activity	  of	  KYN-‐activated	  AhR	  in	  response	  to	  an	  

inflammatory	  insult,	  we	  pretreated	  astrocytes	  for	  2h	  with	  50	  μM	  of	  KYN,	  followed	  by	  

LPS	   for	   6h.	   Expression	   of	   Il-‐6,	   Il-‐10,	   Tgf-‐β1,	   Igf-‐1,	   Tnf-‐α,	   Il-‐23a	   and	   Il-‐12b	   was	  

evaluated	  by	  qRT-‐PCR	  (Figure	  4.9a).	  LPS-‐mediated	  expression	  of	   Il-‐6	  was	   increased	  

when	  astrocytes	  had	  been	  previously	  exposed	  to	  KYN,	  but	  no	  changes	  were	  observed	  

in	  the	  other	  cytokines.	  IL-‐6	  is	  a	  pro-‐inflammatory	  cytokine	  and	  activation	  of	  AhR	  by	  

KYN,	   under	   inflammatory	   conditions,	   has	   been	   previously	   showed	   to	   decrease	   its	  

production	  rather	  than	  increase	  it	  in	  other	  cell	  subsets	  (11).	  Therefore	  we	  questioned	  

whether	  astrocytes	   could	   rapidly	  metabolise	  KYN	   to	  KYNA,	  being	   Il-‐6	   induction	   the	  

result	  of	  KYNA	  activity	   instead	  of	  KYN.	  HPLC	  analysis	  of	   the	  astrocytes	  supernatant	  

showed	   4-‐fold	   increase	   of	   KYNA	   after	   2h	   treatment	   with	   KYN	   (Figure	   4.9b).	  

Astrocytes	   can	  metabolise	   KYN	   to	   KYNA	   through	   the	   KATs.	   However,	   KAT-‐2	   is	   the	  

principal	  isoform	  responsible	  for	  KYNA	  synthesis	  in	  the	  brain	  (88,	  89)	  and	  therefore,	  

we	  used	   the	   selective	   and	   irreversible	   inhibitor	   for	  KAT-‐2,	   PF-‐04859989	   (IC50=263	  

nM)	   (306)	   to	   decrease	   KYNA	   synthesis.	   We	   treated	   astrocytes	   with	   KYN	   in	   the	  

presence	   of	   0.5	   μM	  of	   PF-‐04859989.	   Expression	   levels	   of	   Il-‐6,	   Il-‐10	   and	  Tnf-‐α	  were	  

determined	  after	  6h	  stimulation	  with	  10ng/mL	  of	  LPS.	  Inhibition	  of	  KAT-‐2	  prevented	  

the	  increase	  of	  Il-‐6	  expression	  observed	  in	  KYN	  pretreated	  astrocytes	  in	  response	  to	  

LPS.	   In	   addition,	   when	   KAT-‐2	   was	   inhibited,	   KYN	   pretreatment	   increased	   Il-‐10	  

expression	  after	  LPS	  treatment	  (Figure	  4.9c).	  No	  differences	  were	  observed	  in	  Tnf-‐α	  

expression.	  	  
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Figure	  4.9:	  KYN	  modulate	  astrocyte’s	  inflammatory	  response	  to	  LPS	  

(a)	  Gene	  transcript	  expression	  of	  astrocytes	  pretreated	  or	  not	  with	  50	  μM	  of	  KYN	  for	  
2h	   prior	   treatment	   with	   10ng/mL	   of	   LPS	   for	   6h.	   Data	   (means	   ±	   s.e.m.	   of	   three	  
experiments)	   are	   presented	   as	   normalised	   transcript	   expression	   in	   the	   samples	  
relative	   to	   normalised	   transcript	   expression	   in	   non-‐pretreated	   sample	   (Student’s	   t-‐
test).	  (b)	  KYNA	  quantification	  in	  astrocyte	  supernatant	  treated	  with	  50	  μM	  of	  KYN	  at	  
different	   time	   points.	   Data	   (means	   ±	   s.e.m.)	   are	   from	   three	   experiments.	   *p≤0.05,	  
***p≤0.0005	   (treated	   versus	   untreated;	   Student’s	   t-‐test).	   (c)	   Gene	   transcript	  
expression	  of	  astrocytes	  pretreated	  for	  2h	  with	  50	  μM	  of	  KYN	  in	  the	  presence	  or	  not	  
of	  PF-‐04859989,	  prior	  treatment	  with	  10ng/mL	  of	  LPS	  for	  6h.	  Data	  (means	  ±	  s.e.m.	  of	  
three	  experiments)	  are	  presented	  as	  normalised	  transcript	  expression	  in	  the	  samples	  
relative	   to	   normalised	   transcript	   expression	   in	   non-‐pretreated	   sample	   (Student’s	   t-‐
test).	  	  
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4.3.6	   KYN	  and	  de-‐novo	  synthesised	  KYNA,	  differently	  activate	  AhR	  

KYNA	  has	   also	   shown	   to	   activate	  AhR	   (123)	   and	  under	   inflammatory	   conditions	   to	  

synergistically	  potentiate	   Il-‐6	   expression.	  Therefore	  KYNA	  could	  be	   competing	  with	  

KYN	   for	   AhR	   activation,	   promoting	   Il-‐6	   expression.	   Activation	   of	   AhR	   by	  KYNA	   has	  

only	  been	  described	  in	  hepatocellular	  carcinoma	  cell	  line	  and	  it	  could	  be	  different	  in	  

astrocytes.	  We	  determined	  AhR	  activation	  by	  KYNA	  in	  astrocytes,	  shown	  as	  increase	  

of	  Cyp1a1	  expression,	  at	  different	  time	  points	  and	  using	  1	  μM	  (higher	  concentration	  

than	  the	  KYNA	  produced	  by	  astrocytes	  after	  treatment	  with	  50	  μM	  of	  KYN	  for	  up	  to	  

48h).	   KYNA	   did	   not	   increase	   AhR-‐mediated	   Cyp1a1	   expression	   at	   any	   time	   point,	  

whereas	  KYN	  did	   increase	  Cyp1a1	  expression	  after	  6h	  and	  after	  48h	  (Figure	  4.10a).	  

However,	   KYNA,	   despite	   being	   able	   to	   activate	   AhR,	   could	   be	   showing	   no	   activity	  

because	  is	  unable	  to	  cross	  the	  cell	  membrane	  and	  bind	  to	  AhR	  (267).	  Supporting	  this,	  

we	  observed	  that	  Cyp1a1	  expression	  is	  higher	  in	  astrocytes	  treated	  with	  KYN	  for	  6h	  

when	  KYNA	  synthesis	  is	  not	  inhibited	  with	  500	  nM	  of	  PF-‐04859989	  (Figure	  4.10b).	  In	  

addition,	   the	  higher	  Cyp1a1	  expression	  after	  48h	  treatment	  with	  KYN	  is	   likely	   to	  be	  

mediated	  by	  KYNA,	   as	   after	   48h	  most	   of	   the	  KYN	   is	  metabolised	   to	  produce	  KYNA.	  	  

This	   indicates	   that	   KYNA	   needs	   to	   be	   intracellularly	   synthetised	   in	   order	   to	   better	  

activate	  AhR	  in	  astrocytes	  and	  that	  KYNA	  can	  poorly	  be	  taken	  up	  by	  astrocytes.	  Note	  

that	   higher	   concentrations	   of	   PF-‐04859989	   could	   not	   be	   used	   to	   completely	   block	  

KYNA	  production	  as	  it	  has	  shown	  to	  activate	  cytochrome	  P450-‐mediated	  metabolism	  

(306),	  probably	  by	  inducing	  AhR-‐mediated	  xenobiotic	  activation.	  In	  fact,	  we	  observed	  

increase	  of	  Cyp1a1	  expression	  when	  using	  5	  μM	  of	  PF-‐04859989	  and	  therefore	  we	  did	  

our	   treatments	   at	   not	   higher	   dose	   than	   500	   nM.	   500	   nM	   of	   PF-‐04859989	   did	   not	  

activate	  Cyp1a1	  expression,	  but	  also	  did	  not	  completely	  blocked	  KYNA	  synthesis	  (data	  

not	   shown).	   Knowing	   that	   KYNA	   can	   activate	   AhR	   in	   astrocytes,	   next	   we	   studied	  

whether	  KYNAhighKYNlow-‐mediated	  activity	   in	   response	   to	   inflammatory	   trigger	  was	  

dependent	  of	  AhR.	  AhR	  inhibition	  with	  5	  μM	  of	  CH223191	  prevented	  the	  increase	  of	  

Il-‐6	   expression	   observed	   in	   astrocytes	   pretreated	   with	   KYN	   in	   response	   to	   LPS	  

(Figure	  4.10c).	  Thus	  supporting	  the	  possibility	  of	  different	  ligand-‐mediated	  responses	  

of	  AhR	  in	  astrocytes.	  The	  involvement	  of	  CH223191	  and	  PF-‐04859989	  themselves	  on	  

Il-‐6	  and	  Tnf-‐α	  induction	  was	  discarded	  (Figure	  4.10d).	  
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Figure	  4.10:	  KYN	  and	  de-‐novo	  synthesised	  KYNA,	  by	  binding	  to	  AhR,	  promote	  different	  

cytokine	  profile	  expression	  in	  response	  to	  LPS	  

(a)	  Gene	  transcript	  expression	  of	  astrocytes	  treated	  with	  1	  μM	  of	  KYNA	  or	  50	  μM	  of	  
KYN	   at	   different	   time	   points.	   Data	   (means	   ±	   s.e.m.	   of	   three	   experiments)	   are	  
presented	  as	  normalised	  transcript	  expression	  in	  the	  samples	  relative	  to	  normalised	  
transcript	   expression	   in	   untreated	   sample.	   *p≤0.05	   (Student’s	   t-‐test).	   (b)	   Gene	  
transcript	  expression	  of	  astrocytes	  treated	  for	  6h	  with	  50	  μM	  of	  KYN	  in	  the	  presence	  
or	  not	   of	   PF-‐04859989.	  Data	   (means	  ±	   s.e.m.	   of	   two	   experiments)	   are	  presented	   as	  
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normalised	   transcript	   expression	   in	   the	   samples	   relative	   to	   normalised	   transcript	  
expression	   in	   untreated	   sample	   (Student’s	   t-‐test).	   (c)	  Gene	   transcript	   expression	   of	  
astrocytes	  pretreated	  for	  6h	  with	  50	  μM	  of	  KYN	  in	  the	  presence	  or	  not	  of	  CH223191	  
before	   treatment	   with	   10ng/mL	   of	   LPS	   for	   6h.	   Data	   (means	   ±	   s.e.m.	   of	   three	  
experiments)	   are	   presented	   as	   normalised	   transcript	   expression	   in	   the	   samples	  
relative	   to	   normalised	   transcript	   expression	   in	   non-‐pretreated	   sample	   (Student’s	   t-‐
test).	  (d)	  Gene	  transcript	  expression	  of	  astrocytes	  treated	  for	  8h	  with	  50	  μM	  of	  KYN	  in	  
the	   presence	   or	   not	   of	   CH223191	   or	   PF-‐04859989.	   Data	   (means	   ±	   s.e.m.	   of	   two	  
experiments)	   are	   presented	   as	   normalised	   transcript	   expression	   in	   the	   samples	  
relative	  to	  normalised	  transcript	  expression	  in	  untreated	  sample	  (Student’s	  t-‐test).	  	  

4.4	   Discussion	  

Astrocytes	   are	   the	  most	   abundant	   cells	   in	   the	   CNS.	   Under	   physiological	   conditions	  

they	   modulate	   synaptic	   activity	   and	   provide	   nutrients	   and	   support	   for	   neuronal	  

survival	   (277).	   In	   accordance	  with	   their	   supportive	   role,	   our	   results	   show	   that	   the	  

physiological	   function	   of	   astrocytes	   is	   necessary	   to	  maintain	   inflammatory	   balance	  

towards	   tolerance	   and	   probably	   the	   homeostatic	   signature	   of	   microglia.	  We	   firstly	  

showed	   that	   under	   physiological	   conditions	   astrocytes	   promote	   M2-‐like	  

microglia/CNS	   monocyte	   phenotype,	   characterised	   by	   high	   Il-‐10	   expression	   (288).	  

This	   phenotype	   further	   supports	   neuronal	   survival	   by	   participating	   in	   CNS	  

remodelling	   and	   synapse	   maintenance	   (289).	   The	   physiological	   immunoregulatory	  

function	   of	   astrocytes	   was	   shown	   in	   our	   co-‐culture	   studies	   with	   CD4+	   T	   cells.	  

Astrocytes	   create	   an	   environment	   that	   drive	   activated	   naïve	   CD4+	   T	   cells,	   towards	  

Treg	   differentiation.	   Even	   though	   this	   fact	   may	   not	   be	   relevant	   under	   healthy	  

conditions,	   due	   to	   minimal	   CD4+	   T	   cells	   and	   astrocytes	   interaction,	   it	   shows	   that	  

astrocytes	   participate	   in	   the	   anti-‐inflammatory	   or	   immune	   privileged	   CNS	  

microenvironment.	   In	  contrast,	  under	  pathological	  conditions,	  such	  as	   inflammation	  

or	   aging,	   astrocytes	   have	   shown	   to	   alter	   their	   activities	   and	   function	   leading	   to	  

beneficial	  or	  detrimental	  effects	  on	  the	  surrounding	  cells	  depending	  on	  the	  stage	  or	  

the	   type	   of	   pathology	   (277).	   Accordingly,	   reactive	   astrocytes	   have	   been	   shown	   to	  

control	   or	   exacerbate	   neuroinflammation	   in	   the	   acute	   or	   chronic	   phase	   of	   EAE,	  

respectively	  (279).	  	  

Most	  neuroinflammatory	  diseases	  show	  increased	  levels	  of	  KYN	  in	  the	  CNS	  (67).	  We	  

observed	  that	  KYN	  induces	  the	  translocation	  of	  RelB	   into	  the	  nuclei,	  which	  requires	  

AhR.	  RelB	  preferably	   forms	  heterodimers	  with	  p52	  and	  p50,	  although	  an	   inhibitory	  

interaction	  with	  RelA	  and	  homodimerisation	  has	  also	  been	  described	  (307).	  RelB-‐p50	  
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interacts	  with	  DNA	   sequences	   similarly	   to	  RelA-‐p50	   and	   activates	  Tnf-‐α	   expression	  

(308).	   However,	   we	   showed	   that	   KYN	   did	   not	   induce	   translocation	   of	   the	   RelB	  

heterodimer	  partner,	  p52	  or	   increase	  Tnf-‐α	   expression	   (Figure	  4.7d).	  This	   indicates	  

that	  KYN	  may	  be	  increasing	  the	  compartmentalisation	  of	  RelB	  into	  the	  nuclei	  without	  

activating	  its	  transcriptional	  partners,	  p50	  or	  p52,	  and	  therefore	  explaining	  the	   lack	  

of	  transcriptional	  activity	  we	  observed.	  	  

The	   RelB	   monomer	   is	   extremely	   unstable	   and	   quickly	   degraded.	   (307).	   The	   KYN-‐

induced	  RelB	  translocation	  to	  the	  nuclei	  may	  be	  affecting	  the	  cellular	  location	  of	  the	  

transcription	   factor,	   therefore	   making	   it	   less	   prone	   to	   its	   target	   promoters	   or	  

degradation.	   Higher	   availability	   of	   RelB	   in	   the	   nuclei	   could	   promote	   its	   anti-‐

inflammatory	   transcriptional	   activity	   when	   astrocytes	   are	   triggered	   with	   an	  

inflammatory	  stimulus,	  such	  as	  LPS.	  We	  and	  others,	  have	  shown	  that	  LPS	  induces	  the	  

translocation	   of	   RelA	   (p65)	   into	   the	   nuclei	   of	   astrocytes	   (301).	   By	   interacting	  with	  

RelA,	   RelB	   can	   antagonize	   RelA-‐mediated	   transcription	   of	   pro-‐inflammatory	  

cytokines	  (307)	  or	  compete	  for	  transcription	  factors,	  such	  as	  p50,	  modifying	  the	  final	  

response	   to	   LPS	   (309).	   Binding	   of	  KYN	   to	  AhR	  not	   only	   induces	  RelB	   translocation	  

into	  the	  nuclei	  (when	  high	  concentrations	  of	  KYN),	  but	  may	  be	  necessary	  to	  prevent	  

RelB	   degradation	   (at	   physiological	   concentrations	   of	   KYN),	   as	   shown	   by	   decreased	  

total	   RelB	   in	   AhR	   null	   astrocytes.	  We	   proposed	   that	   AhR	   could	   be	   acting	   as	   an	   E3	  

ubiquitin	   ligase	   for	   RelB.	   RelB	   poly-‐ubiquitinization	   prevents	   its	   degradation	   and	  

increases	   its	   transactivational	   potential	   (199).	   Therefore,	   the	   physiological	  

availability	   of	   KYN,	   by	   maintaining	   AhR	   activity	   and	   preserving	   RelB,	   could	   be	  

necessary	  to	  assure	  the	  regulatory	  function	  of	  astrocytes	  in	  healthy	  CNS.	  In	  contrast,	  

the	  translocation	  of	  RelB	  into	  the	  nuclei,	  induced	  by	  high	  KYN	  levels,	  may	  prevent	  an	  

exacerbated	   inflammatory	   response	   against	   an	   inflammatory	   trigger	   (LPS).	   	   In	  

support	   of	   this,	  we	   showed	   that	  KYN	   increases	   Il-‐10	   expression	   in	   response	   to	   LPS	  

and	  this	  could	  be	  a	  consequence	  of	  its	  activity	  in	  RelB.	  Accordingly,	  RelB-‐mediated	  Il-‐

10	   expression	   has	   previously	   been	   described	   in	   bone	   marrow	   DCs	   and	   has	   been	  

shown	  to	  require	   functional	  AhR	  (310).	  Moreover,	  activation	  of	  AhR	  by	  KYN	   in	  cDC	  

showed	  to	  increase	  Il-‐10	  expression	  (11).	  

Nevertheless,	  we	  showed	  that	  the	  effects	  of	  AhR	  activation	  by	  KYN	  in	  astrocytes	  can	  

be	   disguised	   by	   its	   rapid	   KAT-‐mediated	   degradation	   to	   KYNA,	   and	   can	   only	   be	  
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observed	   when	   KAT-‐2	   is	   inhibited.	   Both,	   KYN	   and	   KYNA	   have	   been	   shown	   to	   be	  

ligands	  for	  AhR	  (11,	  123)	  and	  thus	  could	  be	  competing	  or	  interfering	  with	  each	  other.	  

Additionally,	  we	  observed	  that	  KYN	  and	  KYNA	  can	   induce	  a	  different	  AhR-‐mediated	  

response.	   	   We	   demonstrated	   that	   while	   a	   high	   KYNA/KYN	   ratio	   promotes	   Il-‐6	  

expression	   in	   response	   to	   LPS,	   increasing	   the	   ratio	   towards	   KYN	   favours	   Il-‐10	  

expression.	   This	   is	   in	   accordance	   with	   previous	   studies	   showing	   that	   under	  

inflammatory	   conditions	   KYNA	   synergistically	   potentiates	   Il-‐6	   expression	   through	  

AhR	  activation	  (123).	  Nevertheless,	  the	  relative	  affinity	  of	  KYN	  or	  KYNA	  for	  AhR	  is	  not	  

clear.	  In	  hepatic	  cells,	  KYNA	  is	  a	  more	  potent	  AhR	  agonist	  (123),	  while	  in	  glioblastoma	  

cells,	   KYN	   is	   the	   most	   potent	   AhR	   agonist	   (10).	   In	   our	   mouse	   primary	   astrocyte	  

cultures,	   KYN-‐mediated	   Cyp1a1	   expression,	   which	   is	   almost	   entirely	   dependent	   on	  

AhR	  activity,	  was	  lower	  in	  the	  presence	  of	  KAT-‐2	  inhibitor.	  This	  would	  indicate	  that,	  

in	  astrocytes,	  KYNA	   is	  a	  more	  potent	  activator	  of	  AhR.	  However,	   it	   should	  be	   taken	  

into	  account	  that	  Cyp1a1	   is	   induced	  through	  AHRE	  driven	  response	  (canonical),	  and	  

in	  a	  lower	  extent,	  through	  non-‐canonical	  AhR	  activation	  (186).	  AhR	  has	  an	  extremely	  

promiscuous	   binding	   pocket,	   containing	   different	   binding	   sites	   (311,	   312).	  

Radioligand	   competition	   assays	   with	   TCCD	   showed	   that	   KYNA	   binds	   to	   the	   AhR	  

TCCD-‐binding	  pocket	  with	   an	   IC50	   of	   1.4	   μM.	  Therefore,	   activation	   of	  AhR	  by	  KYNA	  

could	  activate	  AHRE,	  similarly	  to	  TCCD	  (123).	  In	  contrast,	  the	  KYN	  binding	  site	  in	  AhR	  

differs	   from	   TCCD	   (11).	   This	   indicates	   that	   while	   KYNA	   better	   induces	   an	   AhR-‐

mediated	   AHRE	   driven	   response	   and	   Cyp1a1	   expression,	   KYN	   favours	   the	   non-‐

canonical	   or	   the	   non-‐genomic	   AhR	   activation,	  with	   the	   final	   outcome	   of	   a	   different	  

gene	   transcription	  profile	  or	  activity.	  Therefore,	   increased	   Il-‐6	  expression	  by	  a	  high	  

KYNA/KYN	  ratio	  under	  an	  inflammatory	  trigger	  could	  be	  a	  consequence	  of	  increased	  

oxidative	  stress	  mediated	  by	  CYP1A1	  activity.	  We	  demonstrated	  that	  KYNAhighKYNlow-‐

mediated	  Il-‐6	  expression	  required	  AhR,	  as	  inhibition	  of	  AhR	  with	  CH223191	  restored	  

Il-‐6	  expression.	  Even	  though	  we	  observed	  that	  CH223191	  only	  slightly	  reduced	  KYN-‐

mediated	  RelB	  translocation	  into	  the	  nuclei,	  its	  activity	  blocking	  KYNA-‐mediated	  Il-‐6	  

induction	  was	  stronger.	  The	  antagonist	  CH223191	  is	  a	  ligand-‐selective	  antagonist	  of	  

the	   AhR	   TCDD	   binding	   site	   (313),	   which	   will	   therefore	   preferably	   block	   KYNA	   -‐

mediated	  AhR	  activation.	  	  

IL-‐6	  is	  important	  in	  the	  initiation	  of	  inflammation	  and	  recruitment	  of	  innate	  immune	  

cells	   in	   the	   CNS	   (314,	   315).	   The	   main	   function	   of	   IL-‐10	   is	   to	   suppress	   pro-‐

inflammatory	   cytokine	   production	   in	   order	   to	   limit	   tissue	   damage	   and	   to	   support	  



86	  
	  

neuronal	  survival	  by	  activating	  anti-‐apoptotic	  gene	  expression	  (316).	  Importantly,	  it	  

should	  be	  considered	  that	  the	  increase	  in	  Il-‐6	  expression	  attributed	  to	  KYNA	  does	  not	  

necessarily	   imply	   that	  KYNA	   induces	   inflammatory	   responses	   in	   astrocytes.	   In	   fact,	  

we	   only	   observed	   an	   increase	   in	   Il-‐6	   expression	   with	   Tnf-‐α	   expression	   being	  

unaffected.	   Moreover,	   an	   increase	   in	   astrocyte	   IL-‐6	   release	   could	   have	   a	   beneficial	  

role	  as	  an	  initial	  response	  towards	  an	  inflammatory	  event	  in	  the	  CNS.	  IL-‐6	  can	  target	  

neural	   cells	   inducing	   neurite	   outgrowth,	   neurogenesis,	   synaptic	   plasticity	   and	  

transmission,	   which	   has	   shown	   to	   be	   beneficial	   under	   acute	   neurodegenerative	  

stimuli,	   such	   as	   stroke	   or	   trauma	   (317).	   It	   is	   also	   involved	   in	   the	   activation	   of	  

astrocytes	   and	   astroglial	   scar	   formation	   in	   injured	   CNS	   (318),	   which	   prevents	  

exaggerated	  immune	  cell	  infiltration	  to	  the	  CNS.	  Moreover,	  IL-‐6	  is	  also	  important	  as	  a	  

mediator	   of	   astrocyte	   differentiation	   from	   undifferentiated	   precursor	   cells	   (221).	  

However	   its	   over-‐production,	   upon	   chronic	   release,	   is	   associated	   not	   only	   with	  

increased	   pro-‐inflammatory	   events,	   but	   also	   with	   neuronal	   dysfunction	   (317).	  

Therefore,	   a	   physiological	   increase	   in	   KYNA	   concentration	   could	   be	   important	   in	  

enhancing	  astrocyte	  and	  neuronal	  activity,	  favouring	  recovery	  of	  neural	  function,	  but	  

detrimental	  upon	  accumulation	  or	  exaggerated	  concentrations.	  

Overall,	  KP	  activation	  could	  be	  a	  mechanism	  to	  effectively	  control	  an	  overwhelming	  

acute	   inflammatory	   insult,	   by	   inducing	   a	   non	   canonical	   NF-‐kB	   response	   and	   IL-‐10	  

production.	   However,	   prolonged	   KP	   activation,	   in	   chronic	   diseases,	   will	   lead	   to	   an	  

increased	   KYNA/KYN	   ratio	   and	   long-‐term	   IL-‐6	   production,	   which	   will	   affect	  

astrocyte’s	  physiology.	  In	  agreement	  with	  our	  results,	  Mayo	  et	  al.	  showed	  that	  in	  mice	  

with	  EAE,	  astrocytes	  have	  lower	  Il-‐10	  and	  higher	  Il-‐6	  expression	  during	  the	  chronic	  or	  

progressive	   phase	   of	   the	   disease	   (279).	   Thus,	   maintained	   high	   levels	   of	   IL-‐6	   in	  

conjunction	  with	  other	  abnormalities	  caused	  by	  a	  long-‐lasting	  insult	  could	  exacerbate	  

chronic	   neuroinflammation	   and	   contribute	   to	   a	   severe	   reactive	   astrogliosis	   state	  

(Figure	  4.11).	  	   	  
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4.5	   Conclusions	  

In	   summary,	   our	   results	   demonstrated	   that	   ligand-‐dependent	   activation	   of	   AhR	   in	  

astrocytes	   is	  necessary	   to	   control	   inflammatory	   responses	  under	  acute	  pathological	  

conditions,	   by	   (1)	   promoting	   RelB	   translocation	   into	   the	   nuclei,	   which	   decreases	  

transcription	  of	  pro-‐inflammatory	  cytokines	  and	  (2)	  increasing	  Il-‐6	  expression,	  which	  

mediates	   astrocyte	   activation	   and	   glial	   scar	   formation	   and	   prevents	   immune	   cell	  

infiltration	  into	  the	  brain.	  	  

Moreover,	   we	   provided	   evidence	   indicating	   that	   the	   type	   of	   response	  mediated	   by	  

astrocytes	  varies	  depending	  upon	  the	  KP	  metabolite	  balance,	  as	  they	  each	  differently	  

activate	  AhR,	  promoting	  particular	   transcriptional	   activity.	   Therefore,	   long-‐term	  KP	  

metabolite	  imbalance	  in	  activated	  or	  aged	  astrocytes,	  could	  promote	  severe	  reactive	  

astrogliosis	   by	   modifying	   their	   normal	   response	   to	   inflammation,	   promoting	  

sustained	  IL-‐6	  production.	  	  

Supporting	  the	  important	  role	  of	  astrocytes	  in	  physiological	  conditions,	  we	  observed	  

that	   their	   interaction	   with	   brain	   resident	   cells	   or	   with	   immune	   cells,	   could	   be	  

necessary	  to	  maintain	  an	  anti-‐inflammatory	  environment	  and	  to	  assure	  clearance	  and	  

plasticity	  in	  the	  CNS,	  both	  being	  activities	  essential	  in	  preventing	  neurodegeneration	  

in	  the	  aged	  brain.	  	  

In	  conclusion,	  physiological	  levels	  of	  KP	  metabolites	  could	  be	  necessary	  to	  assure	  the	  

essential	   protective	   function	   of	   astrocytes	   in	   the	   healthy	   brain,	   whereas	  

abnormalities	  in	  KP	  metabolites,	  due	  to	  a	  pathological	  condition,	  could	  help	  to	  resolve	  

an	  acute	  insult,	  but	  when	  the	  repair	   is	  not	  possible,	  worsen	  the	  disease.	  In	  addition,	  

the	  activity	  of	  KP	  metabolites	  in	  neuroinflammation	  seems	  to	  be	  closely	  mediated	  by	  

AhR	  in	  astrocytes.	  
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Figure	  4.11:	  Scheme	  representing	  the	  involvement	  of	  KP	  metabolites	  in	  

neuroinflammation	  	  

AhR	  can	  be	  activated	  differently	  by	  KYN	  and	  KYNA.	  KYN	  induces	  translocation	  of	  RelB	  
into	   the	   nuclei,	   promoting	   a	   non-‐canonical	   NF-‐κΒ	   response	   and	   Il-‐10	   expression	  
under	  inflammatory	  conditions.	  The	  fast	  degradation	  of	  KYN	  into	  KYNA	  can	  diminish	  
this	   effect	   by	   the	   ability	   of	   KYNA	   to	   also	   bind	   to	   AhR.	   Thus,	   inducing	   a	   different	  
response	   against	   inflammation,	  with	   the	   final	   outcome	   of	   increased	   Il-‐6	   expression.	  
Adapted	  from	  Quintana	  et	  al.	  (214).	  

4.6	   Future	  directions	  

4.6.1	   In	  order	  to	  better	  mimic	  neurodegenerative	  diseases,	  using	  an	  
insult	   other	   than	   LPS	   would	   be	   more	   appropriate	   to	   study	  
kynurenines-‐dependent	   activation	   of	   AhR	   in	   response	   to	  
inflammation	  	  

Even	   though	   LPS	   is	   a	   good	   mediator	   of	   inflammation,	   its	   relevance	   to	   study	  

neurodegenerative	   diseases	   is	   debatable.	   Despite	   its	   isolation	   from	   the	   peripheral	  

immune	  activity,	  the	  CNS	  cells	  are	  equipped	  with	  recognition	  tools	  allowing	  them	  to	  

become	   aware	   of	   infectious	   agents	   and	   to	   build	   up	   immune	   responses	   (291).	  

Astrocytes	  express	  TLR	  and	  respond	  to	  TLR	  agonists	  by	  releasing	  pro-‐inflammatory	  

molecules	   (301).	   However,	   the	   inflammatory	   cascade	   induced	   by	   LPS	   is	   probably	  

disproportioned	   and	   far	   stronger	   than	   the	   inflammation	   found	   in	   a	  

neurodegenerative	  environment.	  Additionally,	  even	   though	  astrocytes	  can	  modulate	  

immune	  responses	  (303),	   it	   is	  not	  their	  main	  role	  and	  the	  severe	  activation	  induced	  

by	  LPS	  could	  cover	  up	  or	  diminish	  the	  effects	  of	  our	  treatments.	  	  
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More	   relevant	   inflammatory	   triggers	   (such	   as	   amyloid	   beta,	   prion	   or	   miss-‐folded	  

proteins	  characteristic	  of	  specific	  neurodegenerative	  diseases)	  will	  need	  to	  be	  used	  to	  

further	   elucidate	   how	   KP	   metabolite	   imbalance	   (by	   binding	   to	   AhR)	   mediates	  

inflammatory	  responses	  in	  neurodegeneration.	  Although	  we	  observed	  differences	  in	  

IL-‐10	   and	   IL-‐6	   regulation,	   different	   inflammatory	   stimuli	   will	   activate	   different	  

pathways	  and	  therefore	  the	   final	  outcome	  of	  AhR	  activity	  could	  be	  different	  (Figure	  

4.12).	  	  

4.6.2	   KAT	  branch	  of	  the	  KP	  in	  astrocytes	  

In	   the	  CNS,	   astrocytes	  are	   the	  predominant	   cells	   expressing	   the	  KAT	  enzymes	   (67).	  

They	   express	   four	   different	   isoforms,	   although	   KAT-‐2	   has	   been	   shown	   to	   be	   the	  

principal	   isoform	  responsible	   for	  KYNA	  synthesis	   in	   the	  brain	   (described	   in	   section	  

1.1.3	  ).	  All	  KATs	  isoforms	  have	  several	  metabolic	  activities	  other	  than	  KYNA	  synthesis	  

and	   alteration	   in	   their	   activity	   can	   not	   only	   affect	   KYNA/KYN	   ratio,	   but	   also	   other	  

substrates	  concentrations.	  	  

Accordingly,	  KAT-‐2	  inhibition	  not	  only	  decreases	  KYNA	  levels,	  but	  can	  also	   increase	  

its	  other	  substrate,	  aminoadipate,	  which	  can	  only	  be	  degraded	  by	  KAT-‐2	  and	  can	  have	  

activity	   in	   glial	   cells	   (80,	   86).	   The	   selective	   irreversible	   KAT-‐2	   inhibitor,	   PF-‐

04859989,	  did	  not	  completely	  block	  KYNA	  synthesis	  at	  1	  μM.	  This	  indicates	  that	  upon	  

KAT-‐2	  inhibition,	  the	  other	  KATs	  can	  degrade	  the	  increased	  levels	  of	  KYN	  to	  produce	  

KYNA.	   All	   KATs	   have	   high	   Km	   values	   for	   KYN	   (78)	   and	   therefore,	   increase	   in	   KYN	  

(upon	   KAT-‐2	   inhibition)	   will	   displace	   KAT-‐1,	   3	   and	   4	   activities	   for	   their	   main	  

substrates	   and	  also	   affect	   some	  α-‐ketoacids	   concentrations	   (amine	  acceptors	  of	   the	  

reaction).	   Among	   those	   α-‐ketoacids,	   some	   have	   shown	   immunoregulatory	   activity,	  

such	   as	   phenylpyruvate	   (319),	   and	   changes	   in	   their	   concentrations	   could	   also	  

influence	  the	  overall	  immune	  response	  of	  astrocytes.	  	  

Summarizing,	   in	  addition	   to	   the	  high	  KYNA/KYN-‐mediated	  AhR	  activity,	   increase	   in	  

other	   KAT	   substrates	   concentrations	   (as	   a	   consequence	   of	   KAT-‐2	   inhibition)	   could	  

also	  be	  mediating	  the	  inflammatory	  response	  of	  astrocytes	  to	  LPS.	  Therefore,	   future	  

studies	  should	  done	  to	  be	  addressed	  that	  (Figure	  4.12).	  	  
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Figure	  4.12:	  Scheme	  representing	  the	  two	  points	  that	  need	  to	  be	  further	  investigated	  	  

First	   how	   KP	   metabolites	   abnormalities	   affect	   AhR-‐mediated	   response	   to	   chronic	  
sterile	   inflammation.	  Second	  whether,	  additionally	   to	  variations	   in	  KYNA/KYN	  ratio,	  
abnormalities	   in	   KATs	   substrates,	   other	   than	   KYN,	   could	   also	   be	   affecting	   the	  
inflammatory	  response	  of	  astrocytes.	  
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Chapter	  5	  
Interaction	  between	  

Kynurenine	  3-‐
monooxygenase	  and	  cellular	  

bioenergetics	  

5.1	   Introduction	  

The	  KP	  represents	  the	  main	  route	  for	  the	  catabolism	  of	  TRP	  that	  ultimately	  leads	  to	  

the	  formation	  of	  the	  essential	  co-‐factor	  NAD+	  (Figure	  1.1).	  TDO	  or	  IDO-‐1	  and	  IDO-‐2	  

(18)	   (5),	   which	   are	   oxidation	   catalysts	   of	   KYN	   (320),	   catalyse	   the	   first	   and	   rate	  

limiting	  step	  of	  TRP	  catabolism.	  KYN	  is	  then	  further	  metabolised	  by	  two	  branches	  of	  

the	   KP.	   The	   first	   branch	   utilizes	   the	   enzyme	   KAT	   to	   produce	   the	   neuroprotective	  

KYNA	  while	  the	  second	  branch	  uses	  KMO	  that	  leads	  to	  production	  of	  the	  neurotoxic	  

metabolites	  3-‐HK	  and	  QUIN.	  Under	  pathological	  conditions,	   the	  KP	   is	  over-‐activated	  

and	  as	  KMO	  has	  higher	  affinity	  for	  KYN	  than	  KAT	  (321),	  KYN	  will	  be	  driven	  through	  

the	  KMO	  branch.	  	  

KMO	   is	   an	   oligomeric	   protein	   that	   contains	   non-‐covalently	   bound	   flavin	   adenine	  

dinucleotide	  (FAD)	  co-‐factor.	   It	  belongs	  to	  the	  monooxygenase	  family	  and	  is	   located	  

in	  the	  outer	  mitochondrial	  membrane	  where	  it	  converts	  KYN	  to	  3-‐HK.	  KMO	  catalyse	  
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the	  incorporation	  of	  one	  atom	  of	  molecular	  oygen	  into	  KYN	  in	  the	  presence	  of	  NADPH	  

as	  an	  electron	  donor.	  The	  reaction	   takes	  place	   in	   two	  half-‐reactions:	   (1)	  During	   the	  

reductive	  reaction,	  the	  prosthetic	  group	  FAD	  is	  reduced	  to	  FADH2	  by	  NADPH	  and	  (2)	  

during	  the	  oxidative	  reaction,	  FADH2	  acts	  as	  an	  electron	  donor	  and	   it	   is	  oxidised	  by	  

oxygen	   to	   FAD,	   with	   the	   subsequent	   hydroxylation	   of	   KYN	   (68).	   The	   aromatic	  

substrate,	  KYN,	  acts	  as	  an	  effector	  for	  NADPH	  by	  stimulating	  the	  rate	  at	  which	  NADPH	  

reduces	   FAD.	   This	   prevents	   the	   reduction	   of	   FAD	   in	   the	   absence	   of	   aromatic	  

substrates	  that	  ordinarily,	  would	  result	  in	  the	  loss	  of	  reducing	  equivalents	  and	  in	  the	  

formation	  of	  hydrogen	  peroxide	  during	  FAD	  re-‐oxidation	  (68).	  However,	  the	  product	  

of	  the	  reaction	  (3-‐HK),	  can	  also	  act	  as	  an	  effector	  for	  NADPH,	  but	  as	  3-‐HK	  is	  not	  the	  

substrate	  of	  the	  reaction,	  the	  following	  FADH2	  re-‐oxidation	  leads	  to	  the	  formation	  of	  

H2O2	   (70).	   Consequently,	   3-‐HK	   has	   been	   described	   as	   a	   powerful	   generator	   of	   ROS	  

and	   potential	   endogenous	   neurotoxin.	   Studies	   in	   neuronal	   cultures	   in-‐vitro	   showed	  

that	  3-‐HK	  induces	  ROS-‐dependent	  apoptosis	  through	  hydrogen	  peroxide	  production	  

(143-‐145)	  potentially	  involving	  reduction	  of	  the	  redox-‐active	  metal	  ions	  copper	  (Cu)	  

and	  iron	  (Fe)	  (322).	  Further	  studies	  demonstrated	  sodium-‐dependent	  neutral	  amino	  

acid	  transporters	  take	  up	  3-‐HK	  (147).	  Nevertheless,	   it	  should	  be	  acknowledged	  that	  

3-‐HK	  pro-‐oxidant	  activity	  has	  only	  been	  shown	  at	  non-‐physiological	  concentrations.	  

At	   physiological	   or	   pathological	   concentrations,	   3-‐HK	   seems	   to	   be	   responsible	   for	  

maintaining	  cellular	  redox	  homeostasis	  (148)	  (154).	  

Activation	   of	   the	   KMO	   branch	   of	   the	   KP	   can	   affect	   the	   intracellular	   redox	   balance,	  

potentially	   impairing	   cellular	   bioenergetics.	   ROS	   induction	   by	   3-‐HK	   can	   promote	  

mitochondrial	   dysfunction	   by	   several	   mechanisms	   involving	   Ca2+	   release	   from	   ER	  

reservoirs	   (144),	  decrease	   in	  activity	  of	   electron	   transport	   system	  (ETS)	   complexes	  

(323),	   damage	   to	  mtDNA,	   decrease	   of	   e-‐	   donor	   substrates	   (324)	   and	  mitochondrial	  

membrane	   lipid	   peroxidation	   (325).	   Prolonged	   exposure	   to	   QUIN	   also	   induces	  

excitotoxicity.	   	   QUIN	   stimulates	   NMDA	   receptors	   causing	   Ca2+	   overload,	   which	   can	  

result	   in	   the	   collapse	  of	   the	  mitochondrial	   proton	   gradient,	   inducing	   a	   bioenergetic	  

crisis	  (326).	  	  

Although	  acute	  and	  chronic	  exposure	  to	  3-‐HK	  and/or	  QUIN,	  resulting	  from	  increased	  

KMO	  activity	  can	  lead	  to	  oxidative	  damage	  and	  potentially	  apoptosis	  (327),	  activation	  

of	  KP	  is	  necessary	  for	  de	  novo	  synthesis	  of	  NAD+.	  NAD+	  is	  required	  for	  ATP	  production	  
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through	   glycolysis	   and	   to	   generate	   the	   substrates	   (e-‐	   donors)	   necessary	   for	   ETS	  

function.	   This	   emphasises	   the	   importance	   of	   understanding	   KMO	   function	   and	  

regulatory	   mechanisms,	   particularly	   in	   neurons,	   which	   are	   highly	   sensitive	   to	  

oxidative	  stress	  and	  energy	  deprivation	  (273).	  

As	   activation	   of	   KMO	   may	   induce	   the	   production	   of	   neurotoxic	   metabolites,	   its	  

inhibition	  may	  increase	  the	  neuroprotective	  KYNA,	  which	  makes	  KMO	  an	  interesting	  

potential	   target	   in	  neurodegenerative	  disease	   therapy.	   Indeed,	   it	  has	  been	  observed	  

that	   ischemic	  brain	  damage	   can	  be	   reduced	  by	  KMO	   inhibition,	  possibly	  by	   shifting	  

KYN	  metabolism	   to	   KYNA	   production	   thereby	   reducing	   NMDA	   activity	   (328).	   KMO	  

inhibition	  also	  prevents	  ataxia	  and	  death	   in	  mice	   infected	  with	   the	  malaria	  parasite	  

Plasmodium,	  correlating	  with	  higher	  levels	  of	  KYNA	  (329).	  More	  recent	  studies	  have	  

shown	   that	   KMO	   inhibition	   has	   beneficial	   effects	   in	   animal	  models	   of	   Huntington’s	  

and	   Alzheimer’s	   Disease	   (330).	   In	   addition,	   KMO	   inhibition	   can	   protect	   against	  

mutant	   Huntingtin	   protein	   in	   yeast.	   This	   effect	   is	   linked	  with	   a	   reduction	   of	   3-‐HK,	  

QUIN	   and	   ROS	   production.	   However,	   it	   is	   believed	   that	   these	   events	   occur	  

independently	  of	  the	  NMDA	  receptor	  (232),	  confirming	  other	  studies	  that	  have	  shown	  

multiple	   mechanisms	   of	   KMO-‐mediated	   neurodegeneration	   other	   than	   QUIN-‐

dependent	   NMDA	   excitotoxicity	   for	   review	   see	   Guillemin:	   Quinolinic	   acid,	   the	  

inescapable	  neurotoxin	  (139).	  	  

Even	  though	  neurons	  express	  KMO	  they	  cannot	  produce	  QUIN,	  but	  they	  are	  known	  to	  

produce	  3-‐HK	  (275).	  3-‐HK	  has	  shown	  to	  be	  pro-‐oxidant	  and	  synergistically	  potentiate	  

QUIN	  toxicity	  (150)	  as	  in	  vivo	  studies	  suggest	  that	  3-‐HK	  could	  be	  neurotoxic	  at	  lower	  

concentrations	  when	   co-‐injected	  with	  QUIN,	   indicating	   a	   synergistic	   potentiation	  of	  

QUIN	   toxicity	   (150).	   	   Therefore,	   we	   hypothesised	   that	   neuronal	   KMO	   and	   cell-‐

autonomous	  3-‐HK	  may	  be	  the	  co-‐stimulatory	  signal	  needed	  for	  excitotoxicity.	  	  

In	  order	  to	  further	  study	  the	  mechanisms	  of	  neurotoxicity	  induced	  by	  KMO	  activation,	  

we	   used	   a	  mammalian	   cell	   line	   to	   overexpress	   KMO.	   	  We	   observed	   that	   increased	  

KMO	  activity	  decreases	  mitochondrial	  spare	  respiratory	  capacity	  (SRC)	  and	  increase	  

ROS	  production.	  This	   effect	   could	  not	  be	   reproduced	  by	  extracellular	   addition	  of	  3-‐

HK,	   implying	   low	   transport	   of	   3-‐HK	   across	   the	   membrane	   and	   in	   agreement	   with	  

previous	  studies	  showing	  that	  supra-‐physiological	  concentrations	  of	  3-‐HK	  are	  needed	  
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to	   induce	   toxicity	   (154).	   We	   conclude	   that	   when	   cellular	   energy	   turnover	   is	  

compromised,	   the	   KP	   is	   redirected	   through	   the	   KMO	   branch	   in	   order	   to	   increase	  

NAD+	   production,	   but	   with	   the	   long-‐term	   outcome	   of	   mitochondrial	   dysfunction.	  	  

Accordingly,	   we	   describe	   KMO	   as	   a	   double	   edge	   sword	   for	   neurons.	   Its	   moderate	  

activation	  can	  promote	  cellular	  bioenergetic	  state,	  but	  chronic	  activation	  will	  not	  only	  

deplete	  energy	  stores	  but	  also	  induce	  oxidative	  damage.	  	  

5.2	   Methods	  

5.2.1	   Cell	  cultures	  

Human	  primary	  neurons	  	  

Human	  primary	  neurons	  were	  prepared	  and	  maintained	  as	  described	  in	  section	  3.1.1	  	  

HEK293	  

Maintenance	  

HEK293,	   human	   embryonic	   cancer	   cells,	   were	   cultured	   in	   100mm	   tissue	   culture	  

dishes	  for	  up	  to	  25	  passages	  and	  maintained	  in	  Dulbecco's	  Modified	  Eagle's	  medium	  

(DMEM)	   culture	   medium	   (Invitrogen)	   supplemented	   with	   10	   %	   FCS	   and	   1X	  

Antibiotic-‐Antimycotic	  at	  37ᵒC	  in	  a	  humidified	  atmosphere	  containing	  5%	  CO2.	  	  

HEK-‐pEZ[-‐]	   and	   HEK-‐pEZ[KMO]	   were	   cultured	   as	   HEK293	   but	   using	   selection	  

medium	  (complete	  DMEM	  culture	  medium	  with	  300	  μg/mL	  of	  G418).	  

Splitting	  cell	  lines	  

When	   80-‐90	  %	   confluence,	   cell	   lines	   were	   split	   by	  mechanically	   dissociating	   them	  

with	   the	   pipette.	   The	   cell	   culture	   medium	   was	   first	   replaced	   with	   10	   mL	   of	   fresh	  

culture	   medium	   and	   the	   harvested	   cells	   were	   then	   diluted	   10	   times	   in	   complete	  

DMEM	  culture	  medium	  or	  selection	  medium.	  10mL	  of	  the	  diluted	  cell	  suspension	  was	  

plated	   in	   100mm	   tissue	   culture	   dishes	   for	   3-‐4	   days	   at	   37ᵒC	   in	   a	   humidified	  

atmosphere	  containing	  5%	  CO2	  prior	  to	  	  use	  or	  splitting.	  	  
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Freezing	  down	  and	  Recovery	  of	  Frozen	  Cell	  Lines	  

The	  cells	  were	  harvested,	  as	  previously	  described,	  and	  pelleted	  by	  centrifugation	  for	  

6	  minutes	  at	  300	  g	  at	  room	  temperature.	  The	  cell	  pellet	  was	  resuspended	  in	  

3	  mL	  of	  freeze	  down	  media	  (DMEM	  medium,	  20%	  FBS,	  10%	  DMSO).	  After	  aliquoting	  

1	  mL	  into	  2	  mL	  cryogenic	  vials,	   the	  cells	  were	  first	   transferred	  to	  the	  cryogenic	  1°C	  

freezing	  container	  (Nalgene)	  and	  then	  into	  the	  -‐80°C	  freezer.	  For	   long	  term	  storage,	  

the	  frozen	  cells	  were	  placed	  in	  liquid	  nitrogen.	  When	  the	  cells	  were	  required,	  the	  vials	  

were	   collected	   from	   the	   liquid	  nitrogen	   container	   and	  placed	  at	   room	   temperature.	  

Before	   the	   cells	   were	   completely	   thawed,	   they	   were	   washed	   with	   10mL	   of	   PBS,	  

resuspended	   in	   10	  mL	   of	   complete	   DMEM	   culture	  medium	   and	   platted	   in	   100mm	  

tissue	  culture	  dishes	  at	  37ᵒC	  in	  a	  humidified	  atmosphere	  containing	  5%	  CO2.	  	  

5.2.2	   Plasmid	  constructs	  	  

An	   expression	   clone	   containing	   cDNA	   encoding	   human	  KMO	   (hKMO)	   (NM_003679)	  

was	  purchased	  from	  Genecopeia	  (Genecopeia,	  United	  Bioresearch).	  Figure	  5.1	  shows	  

information	   about	   the	   clone,	   which	   is	   referred	   to	   as	   pEZ[KMO]	   (Also	   available	   at:	  

file:///Users/gloriacastellanogonzalez/Library/Mail%20Downloads/EX-‐I0187-‐

M02.map.html).	  
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Figure	  5.1:	  Map	  of	  the	  pEZ[KMO]	  construct	  	  

The	  cleave	  locus	  for	  the	  restriction	  enzymes	  used	  are	  shown	  in	  the	  construct	  map.	  

Blunt-‐end	  cloning	  to	  obtain	  the	  empty	  vector	  

Blunt-‐end	   cloning	   was	   used	   in	   order	   to	   remove	   the	   KMO	   cDNA	   from	   pEZ[KMO]	  

construct.	  This	  plasmid	  will	  be	  transfected	   in	  parallel	  with	  pEZ[KMO]	  and	  used	  as	  a	  

control	   in	  non-‐KMO	  expressing	  cells.	  First,	  pEZ[KMO]	  construct	  was	  cleaved	  by	  SacI	  

and	   NotI	   restriction	   enzymes	   (New	   England	   BioLabs)	   following	   manufacturer’s	  

instructions.	  This	  leads	  to	  complete	  removal	  of	  the	  hKMO	  cDNA	  from	  the	  pEZ	  vector	  

backbone	  (Figure	  5.1).	  Briefly,	  a	  double	  digest	  was	  performed	  with	  5	  μg	  of	  pEZ[KMO],	  

1U	   of	   Sac1	   and	  Not1	   in	  NEB	   buffer	   4,	   supplemented	  with	   1	  %	  BSA	   for	   3h	   at	   37°C.	  	  

After	  the	  digest,	  the	  reaction	  was	  subjected	  to	  agarose	  gel	  electrophoresis	  to	  separate	  

the	  linearised	  vector	  backbone	  from	  the	  hKMO	  cDNA,	  using	  the	  undigested	  template	  

as	   a	   control.	   	   The	   agarose	   gel	   showed	   two	   digestion	   products,	   the	   lower	   band	  

(~1627bp)	   corresponding	   to	   the	   digested	   hKMO	   cDNA	   while	   the	   upper	   band	  

(~5802bp)	  corresponding	  to	  the	  digested	  pEZ	  empty	  vector	  backbone.	  The	  digested	  

vector	  backbone	  was	  obtained	  by	  excising	  the	  appropriate	  bands	  in	  the	  gel	  followed	  

by	   DNA	   gel	   extraction,	   using	   QUIAquick	   gel	   extraction	   kit	   (Qiagen),	   according	   to	  

manufacturer’s	   instructions.	   Subsequently,	   the	  purified	  pEZ	  empty	  vector	  backbone	  

was	   re-‐ligated	   by	   blunt	   end	   cloning	   to	   obtain	   the	   pEZ	   empty	   control	   plasmid.	   	   The	  
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purified	  pEZ	  empty	  vector	  backbone	  was	  eluted	  in	  43.5	  μL	  MilliQ	  water	  and	  added	  to	  

a	  PCR	  tube	  with	  5	  μL	  of	  buffer	  2,	  0.5	  μL	  of	  dNTPs	  and	  1	  U	  of	  DNA	  polymerase	  1,	  large	  

(Knenow)	  fragment	  (New	  England	  Biolabs)	  for	  blunting.	  Blunt-‐ends	  were	  achieved	  by	  

incubating	   the	   reaction	  mixture	   for	   15	  minutes	   at	   25°C	   followed	   by	   enzyme	   heat-‐

inactivation	   for	   20	   minutes	   at	   75°C.	   The	   reaction	   was	   cleaned	   up	   from	   enzymatic	  

reaction	  products	   by	   column	  with	   a	  QIAquick	  Gel	  Extraction	  Kit	   (Qiagen)	   following	  

manufacturer’s	  instructions	  with	  slight	  modifications.	  Five	  times	  the	  reaction	  volume	  

of	   buffer	   QC	   was	   added	   to	   the	   reaction	   tube	   and	   then	   the	   protocol	   was	   strictly	  

followed.	  	  Products	  were	  eluted	  into	  15	  μL	  MilliQ	  water.	  Quantification	  and	  purity	  of	  

the	  DNA	  was	  verified	  spectrophotometrically	  with	  the	  Nanodrop	  (Thermo	  scientific).	  

For	  the	  blunt-‐ends	  ligation	  to	  occur,	  5’	  phosphate	  was	  added	  to	  the	  linear	  construct,	  

using	  75ng	  of	  DNA,	  0.5U	  of	  polynucleotide	  kinase	  enzyme	  and	  1	  μL	  of	  ligation	  buffer	  

(New	  England	  Biolabs)	  in	  a	  final	  volume	  of	  10	  μL.	  Phosphorylation	  was	  done	  at	  37°C	  

for	  20	  minutes	  and	  the	  enzyme	  was	  heat	  inactivated	  at	  65°C	  for	  10	  minutes.	  Finally,	  1	  

U	   of	   ligase	   enzyme	   (New	   England	   Biolabs)	   was	   added	   to	   the	   above	   reaction	   and	  

incubated	  overnight	   for	  16h	  allowing	   ligation	  of	   the	  blunt	   ends.	  The	  product	  of	   the	  

ligation	  reaction	  (2μL)	  was	  transformed	  into	  competent	  E.	  Coli	  cells	  (OneShot	  TOP10	  

Cells,	  Invitrogen)	  as	  indicated	  below.	  

E.	  Coli	  transformation	  with	  vector	  constructs	  

To	  generate	  large	  quantities	  of	  each	  vector	  construct	  used	  in	  this	  project,	  competent	  

E.	   Coli	   cells	   were	   first	   transformed	   with	   the	   DNA	   constructs.	   10-‐20	   pg	   of	   DNA	  

construct	  was	   added	   to	   a	   vial	   containing	   25	   μl	   of	   competent	   E.	   Coli	   cells	   (OneShot	  

TOP10	  Cells,	  Invitrogen)	  and	  incubated	  on	  ice	  for	  30	  minutes.	  E.	  coli	  were	  then	  heat-‐

shocked	  for	  30	  seconds	  at	  42°C	  and	  125	  μl	  of	  warm	  SOC	  Medium	  (a	  modified	  lysogeny	  

broth	  (LB),	  Invitrogen)	  added.	  Vials	  were	  incubated	  for	  1	  h	  at	  37°C	  in	  a	  shaker	  set	  to	  

225	   rpm	   LB	   agar	   plates	   (LB	   broth	   +	   1	   %	   Agar)	   containing	   100	   μg/ml	   Ampicillin	  

(Invitrogen)	   were	   inoculated	   with	   100μl	   of	   transformed	   cells	   and	   incubated	  

(inverted)	   overnight	   at	   37°C.	   Since	   the	   vectors	   used	   in	   this	   project	   contain	   an	  

Ampicillin-‐resistant	   gene,	   only	   those	   E.	   coli	   cells	   that	   have	   taken	   up	   the	   DNA	  

construct	  will	  grow	  overnight.	  
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Verification	  of	  new	  construct	  (empty	  vector)	  

Following	   overnight	   incubation,	   five	   single	   E.	   coli	   colonies	   were	   selected	   and	  

inoculated	   in	  15	  ml	   tubes	   containing	  2	  ml	  of	  LB	  medium	  and	  100	  μg/ml	  Ampicillin	  

(selection	   LB).	   E.	   Coli	   were	   incubated	   for	   6h	   at	   37°C	   with	   200	   rpm	   agitation	  	  

(preculture).	  2	  μL	  of	  the	  preculture	  was	  added	  to	  2	  ml	  of	  selection	  LB	  (for	  Mini-‐prep)	  

and	  500	  μL	  of	  the	  preculture	  to	  25	  mL	  of	  selection	  LB	  (for	  Midi-‐prep)	  and	  incubated	  

overnight	  at	  37°C	  with	  200	  rpm	  agitation.	  First,	  quick	  plasmid	  extraction	  from	  E.	  Coli	  

was	   performed	   via	   mini-‐prep,	   in	   order	   to	   verify	   the	   success	   of	   the	   cloning	   before	  

proceeding	  with	   the	   large	  quantity	  Midi-‐prep	  plasmid	  extraction.	  After	   isolating	   the	  

plasmid	   from	   the	   5	   different	   colonies	   using	  Miniprep	   (Qiagen)	   a	   30	  minutes	   quick	  

digestion	   at	   37°C	   was	   done	   with	   the	   restriction	   enzymes	   EcoRV	   (only	   present	   in	  

KMO)	  or	  StuI	  (present	  in	  the	  plasmid	  bone)	  in	  buffer	  2	  or	  buffer	  4	  respectively.	  The	  

pEZ[KMO]	  plasmid	  was	  digested,	  as	  well,	  and	  used	  as	  a	  positive	  control	  for	  digestion	  

with	   both	   enzymes.	   The	   products	   of	   the	   digestion	   for	   the	   different	   colonies	   were	  

separated	  in	  1%	  agarose	  gel.	  Figure	  5.2	  shows	  that	  all	  the	  colonies	  incorporated	  only	  

the	  empty	  vector,	  as	   the	  only	  enzyme	  digesting	   the	  plasmid	   is	  StuI	   (present	  only	   in	  

the	  plasmid	  bone)	  but	  not	  EcoRV,	  which	  only	  digested	  the	  positive	  control	  pEZ[KMO].	  

After	  verifying	  that	  the	  selected	  colonies	  had	  incorporated	  only	  the	  empty	  vector,	  we	  

proceed	   to	   isolate	   the	  plasmid	   from	   the	  E.	   Coli	   suspension	  previously	   prepared	   for	  

Midi-‐prep	  DNA	  extraction.	  This	  is	  necessary	  to	  obtain	  higher	  yields	  of	  endotoxin-‐free	  

empty	  vector,	  which	  is	  required	  for	  cell	  transfection	  studies.	  

	  

Figure	  5.2:	  Empty	  vector	  construct	  verification	  	  

Product	  of	   the	  digestion	  with	  EcoRV	  (E)	  and	  StuI	   (S)	  of	   the	  plasmid	   isolated	   from	  5	  
different	  colonies	  (c1-‐c5)	  assessed	  by	  electrophoresis	  and	  compared	  with	  the	  original	  
construct.	  

Midi-‐prep	  extraction	  of	  DNA	  from	  E.	  coli	  

Single	  E.	  coli	  colonies	  grown	  on	  LB	  agar	  plates	  were	  selected	  and	  inoculated	  in	  50	  ml	  
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flasks	  containing	  25	  ml	  LB	  medium	  and	  100	  μg/ml	  Ampicillin	  as	  described	  above.	  E.	  

Coli	  were	  incubated	  overnight	  at	  37°C	  at	  200	  rpm.	  E.	  Coli	  suspension	  was	  transferred	  

to	  a	  50	  ml	  tube	  and	  centrifuged	  for	  15	  minutes	  at	  4°C	  at	  4800	  g.	  The	  Qiagen	  midiprep	  

kit	  (Qiagen)	  was	  used	  to	  extract	  plasmid	  from	  bacterial	  cells,	  following	  manufacturers	  

protocol.	  Briefly,	  the	  supernatant	  was	  discarded	  and	  the	  pellet	  re-‐suspended	  in	  Buffer	  

P1.	  Buffer	  P2	  was	  added,	  gently	  mixed	  and	  incubated	  for	  5	  minutes	  at	  RT.	  Buffer	  P3	  

was	   added,	   gently	   mixed	   and	   incubated	   on	   ice	   for	   15	   minutes.	   The	   lysate	   was	  

centrifuged	   at	   ≥20,000	   g	   for	   30	   minutes	   at	   4°C.	   The	   supernatant	   containing	   the	  

plasmid	   DNA	   was	   re-‐centrifuged	   to	   completely	   remove	   bacteria	   debris	   and	   then	  

transferred	  to	  a	  Qiagen	  tip	  pre-‐equilibrated	  with	  buffer	  and	  the	  supernatant	  drained	  

by	   gravity.	   The	   tip	  was	  washed	   twice	  with	   buffer	   and	   the	   flow	   through	   discarded.	  

Filtered	  DNA	  was	  eluted,	  precipitated	  by	  addition	  of	   isopropanol	  and	  centrifuged	  at	  

12,000	  g	   for	  60	  minutes	  at	  4C°.	  The	  supernatant	  was	  discarded	  and	   the	  DNA	  pellet	  

washed	  with	  70%	  ethanol	  and	  centrifuged	  at	  15,000	  g	  for	  a	  further	  30	  minutes	  at	  4°C.	  

The	   supernatant	   was	   discarded	   and	   the	   pellet	   air-‐dried	   for	   10	   minutes.	   DNA	   was	  

resolved	  in	  300	  μl	  freshly	  prepared	  1x	  Tris-‐EDTA	  (TE;	  10	  mM,	  Tris-‐HCl	  pH	  8,	  1	  mM	  

EDTA)	   buffer,	   quantified	   by	   UV	   spectrophotometry	   at	   260nm	   using	   the	   Nanodrop	  

2000c	  (Thermo	  Scientific)	  and	  stored	  at	  -‐20°C.	  

5.2.3	   Transfection	  of	  HEK293	  	  

For	   each	   individual	   well,	   2	   μg	   DNA	   were	   diluted	   in	   100	   μL	   Opti-‐MEM	   (Gibco,	  

Invitrogen)	  and	  0.5	  μL	  PLUS	  reagent	  (Invitrogen)	  was	  added	  to	  the	  mixture.	  After	  5	  

minutes	   of	   incubation,	   1.25	   μL	   Lipofectamine	   LTX	   (Invitrogen)	   were	   added	   and	  

incubate	   for	   30	  minutes.	   Then,	   the	   cells	   (80	  %	   confluent)	   in	   500	   μL	   culture	  media	  

(without	  antibiotics)	  were	   transfected	  by	  adding	   the	  mixture	  drop	  wise	   to	   cells.	  All	  

transfected	   cells	   were	   maintained	   in	   the	   37°C	   incubator	   for	   2	   days,	   to	   allow	  

expression	   of	   the	   transfected	   DNA.	   In	   the	   first	   set	   up	   experiment,	   cells	   were	  

transfected	  with	  Actin-‐GFP	  (gift	  from	  Ariel	  Seaton)	  and	  incubated	  for	  48h	  until	  they	  

were	  fixed	  and	  transfection	  efficiency	  assessed	  under	  microscopy	  (as	  number	  of	  cells	  

positive	  for	  GFP	  staining).	  Figure	  5.3	  shows	  ≥50	  %	  positive	  transfected	  cells	  using	  the	  

conditions	  previously	  described.	  	  
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Figure	  5.3:	  Transfection	  efficiency	  	  

Qualitative	   mosaic	   image	   showing	   three	   different	   wells	   containing	   HEK293	  
transfected	  with	  GFP	  plasmid.	  	  

5.2.4	   Generation	  of	  stable	  HEK293	  expressing	  pEZ[-‐]	  and	  pEZ[KMO]	  

Before	   stably	   transfect	   HEK293,	   the	   constructs	   used	   were	   sequenced	   by	   the	  

Ramaciotti	  Centre	   (UNSW),	   to	   verify	   the	   identity	  of	   the	  purchased	   construct	   and	   to	  

discard	  any	  mutations	  during	  cloning	  the	  empty	  vector.	  

Both	   constructs	  have	  Neomycin	  as	   stable	   transfection	  marker.	  An	   initial	  pilot	   study	  

was	  done	   in	  order	  to	  determine	  the	  minimum	  concentration	  of	  G418	  (for	  neomycin	  

selection)	  necessary	   to	  prevent	   cell	   growth	   in	  non-‐transfected	   cells.	  Briefly,	   50x103	  

cells	   were	   plated	   in	   a	   24	   well	   plate,	   after	   24h,	   cells	   feed	   with	   medium	   containing	  

increasing	   concentrations	   (0.1-‐1.5mg/mL)	   of	   G418.	   New	   selection	   medium	   was	  

added	  every	  2-‐3	  days	  and	  after	  10	  days	   cell	   viability	  was	  quantified	  by	  MTT	  assay.	  

Figure	   5.4a	   shows	   complete	   cell	   death	   at	   600	   mg/mL	   of	   G418,	   being	   this	  

concentration	  used	  to	  select	  the	  cells	  that	  have	  incorporated	  the	  plasmid.	  Cells	  were	  

transfected	  with	  pEZ[-‐]	  or	  pEZ[KMO]	  as	  previously	  described	  (section	  5.2.3	  )	  and	  48h	  

after	   transfection	   the	   selection	   medium	   was	   added.	   Medium	   containing	   G418	   was	  

changed	  every	  2-‐3	  days	  and	  cells	  were	  maintained	  under	  standard	  conditions	   for	  4	  

weeks.	  Negative	  control	  with	  non-‐transfected	  cells	  showed	  complete	  cell	  death	  after	  3	  

weeks,	   indicating	   that	   proliferating	   cells	   in	   the	   transfected	   conditions	   have	  

incorporated	  the	  plasmid.	  Mixed	  population	  of	  drug	  resistant	  cells	  were	  analysed	  for	  

RNA	   expression	   and	   hKMO	   expression	   was	   only	   detectable	   by	   PCR	   in	   pEZ[KMO]	  

transfected	   cells,	   but	   not	   in	   pEZ	   [-‐](Figure	   5.4b).	   KMO	   activity	   was	   determined	   in	  

HEK293,	  HEK-‐pEZ[-‐]	  and	  HEK-‐pEZ[KMO]	  cells	  with	  or	  without	  adding	  50	  μM	  of	  KYN	  
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in	   complete	   culture	  medium	   for	   24h.	   3-‐HK	   concentration	  was	  measured	   in	   the	   cell	  

supernatants	  and	  HEK-‐pEZ[KMO]	  showed	  higher	  production	  of	  3-‐HK	  than	  HEK-‐pEZ[-‐

]	  or	  HEK293.	  Moreover,	  addition	  of	  KYN,	  showed	  20-‐fold	   increase	  of	  3-‐HK	  turnover	  

after	  24h	  in	  HEK-‐pEZ[KMO],	  indicating	  expression	  of	  active	  KMO	  (Figure	  5.4c).	  Due	  to	  

the	  fact	  that	  the	  transfected	  plasmid	  have	  not	  been	  incorporated	  into	  the	  genome	  of	  

the	  cell,	  sustained	  antibiotic	  selection	  will	  be	  required	  to	  eliminate	  the	  cells	  that	  lose	  

the	  plasmid.	  HEK293	   transfected	  cells	  with	  pEZ[-‐]	  or	  pEZ[KMO]	   	  were	  named	  HEK-‐

pEZ[-‐]	  and	  HEK-‐pEZ[KMO]	  respectively.	  	  

	  

Figure	  5.4:	  Stable	  HEK293	  overexpressing	  pEZ[-‐]	  and	  pEZ[KMO]	  

(a)	   Viability	   of	   HEK293	   after	   treatment	   with	   increasing	   concentrations	   of	   G418	  
assessed	  by	  MTT	  assay.	  Data	  are	   representative	  of	   two	  experiments.	   (b)	  Qualitative	  
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KMO	  gene	  expression	  of	  HEK-‐pEZ[KMO]	  and	  HEK-‐pEZ[-‐]	   assessed	  by	  PCR.	   (c)	  3-‐HK	  
measured	   in	   cell	   culture	   supernatants	   of	   HEK293,	   HEK-‐pEZ[-‐]	   and	   HEK-‐pEZ[KMO]	  	  
after	   treatment	   with	   50	   μM	   of	   KYN	   for	   24h.	   Data	   (means	   ±	   s.e.m.)	   are	   from	   three	  
experiments	  (Student’s	  t-‐test).	  	  

5.2.5	   Mammalian	  cell	  model	  for	  KMO	  activity	  studies	  	  

HEK-‐pEZ[KMO]	  cells	  could	  be	  used	  as	  a	  tool	  to	  study	  KMO	  activity,	  with	  applications	  

in	   screening	   of	   pharmacological	   inhibitors	   or	   studying	   regulatory	   mechanisms	   of	  

KMO	   activity.	  We	   previously	   showed	   that	  HEK-‐pEZ[KMO]	   cells	   express	   active	  KMO	  	  

(Figure	  5.4c)	  and	  quantification	  of	  3-‐HK	  and	  KYN	  by	  UHPLC	  can	  be	  used	  to	  determine	  

KMO	  activity	  (	  3-‐HK/KYN	  ratio).	  	  

HEK-‐pEZ[KMO]	  were	  washed	  and	  treatments	  were	  always	  done	  in	  serum	  free	  DMEM	  

for	   up	   to	   90	   minutes.	   Inhibition	   of	   KMO	   activity	   was	   tested	   by	   adding	   increasing	  

concentrations	  of	  the	  inhibitor	  (0.5-‐500	  μM)	  for	  15	  minutes,	  followed	  by	  addition	  of	  

50	  μM	  of	  KYN.	  This	  allows	   the	  drug	   to	  arrive	   to	   its	   site	  of	   action	  before	  adding	   the	  

substrate	   KYN.	   Accordingly,	   mitochondrial	   inhibitors	   were	   also	   added	   15	   minutes	  

prior	  to	  add	  KYN.	  Supernatants	  were	  collected	  after	  1h	  incubation	  with	  50	  μM	  of	  L-‐

KYN	  at	  37ᵒC	  in	  a	  humidified	  atmosphere	  containing	  5%	  CO2.	  Cell	  supernatants	  were	  

collected	  for	  3-‐HK	  and	  KYN	  quantification	  by	  UHPLC.	  Cells	  were	  lysed	  in	  RIPA	  buffer	  

for	   protein	   quantification.	   Total	   3-‐HK	   and	   KYN	   concentrations	   were	   normalised	  

against	  total	  protein	  to	  account	  for	  any	  difference	  in	  cell	  density.	  	  

5.2.6	   Ultra	  high	  performance	  liquid	  chromatography	  	  

3-‐HK	   and	   KYN	   were	   concurrently	   measured	   using	   an	   Agilent	   1200	   series	   UHPLC	  

system	  as	  previously	  described	  in	  section	  3.4.1	   .	  Each	  experiment	  was	  performed	  in	  

triplicate	   using	   supernatants	   from	   primary	   cultures	   derived	   from	   three	   different	  

human	  foetal	  brains	  and	  from	  HEK	  cultures.	  All	  results	  are	  expressed	  as	  the	  mean	  ±	  

s.e.m.	  

5.2.7	   Immunoblotting	  

Human	  primary	  neurons	  were	  harvested	  and	  immunoblotted	  as	  described	  in	  section	  

3.2	  	  using	  anti-‐human	  KMO	  (LSBio)	  or	  anti-‐human	  GAPDH	  (Cell	  Signalling).	  	  
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5.2.8	   Immunocytochemistry	  	  

Immunocytochemistry	   using	   anti-‐human	   KMO	   (LSBio)	   and	   anti-‐MAP2	   (BD),	   as	  

neuronal	  marker,	  was	  performed	  following	  section	  3.5	  procedures.	  	  

5.2.9	   	  Oxidative	  stress	  determination	  	  

Intracellular	   oxidative	   stress	   was	   assessed	   by	   monitoring	   H2O2	   (indicative	   of	   ROS	  

generation).	  The	  amount	  of	  intracellular	  H2O2	  can	  be	  estimated	  by	  the	  cell-‐permanent	  

2′,7′-‐dichlorofluorescein	  (DCF)-‐H2	  dye	  (Invitrogen),	  which	  oxidizes	  in	  the	  presence	  of	  	  

H2O2	  to	  its	  fluorescent	  product	  DCF	  (331).	  

To	  examine	  the	  potential	  of	  3-‐HK	  to	  exhibit	  pro-‐oxidant	  activity,	  HEK-‐pEZ	  [-‐]	  cells	  and	  

neurons	  were	  treated	  with	  varying	  concentrations	  of	  3-‐HK	  (10	  nM	  to	  10	  μM)	  for	  24h	  

in	  complete	  medium.	  	  

To	   examine	   how	   KMO	   overexpression	   may	   modulate	   intracellular	   ROS,	   2	   million	  

HEK-‐pEZ[-‐]	   or	   HEK-‐pEZ[KMO]	   cells	   were	   plated	   in	   100mm	   cell	   culture	   dishes	   and	  

grown	  over	  2	  days	  in	  complete	  medium.	  Parallel	  experiments	  assessing	  the	  effect	  of	  

KMO	  inhibition	  were	  performed	  using	  HEK-‐pEZ[KMO]	  cells	  treated	  with	  5	  to	  100	  μM	  

of	   the	   well-‐described	   KMO	   inhibitor	   Ro-‐61-‐8048	   (Calbiochem;	   Merck	   Millipore)	   in	  

complete	  medium	  for	  48h,	  adding	  new	  inhibitor	  every	  24h.	  

After	   treatment,	  cells	  were	  washed	  and	   incubated	  with	  10	  μM	  DCF-‐H2	   in	  Leivovitz’s	  

(L-‐15)	  medium	  (Invitrogen)	  for	  30	  minutes,	  cells	  were	  then	  washed	  twice	  with	  PBS,	  

and	  HEK	  cells	  were	  resuspended	  in	  L-‐15	  medium	  and	  placed	  in	  a	  96	  well	  plate	  or	  L-‐

15	  medium	  was	   added	  directly	   to	   the	  neuron	   culture	  plate.	   	   Fluorescence	   intensity	  

was	  monitored	  using	   the	  PHERAstar	   FS	  plate	   reader	   (BMG	   labtech)	  with	   excitation	  

and	  emission	  wavelengths	  of	  485	  nm	  and	  530	  nm,	  respectively.	  	  

5.2.10	   ATP-‐	  Luminescent	  measurements	  	  

Assessment	  of	   cellular	  ATP	   in	  KMO	  overexpressing	   cells	   required	  platting	  2	  million	  

cells	   of	   HEK-‐pEZ[-‐]	   or	   HEK-‐pEZ[KMO]	   in	   100mm	   cell	   culture	   dishes,	   which	   were	  

grown	  over	  2	  days	  in	  complete	  medium.	  	  
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Human	  primary	  neurons	  were	  treated	  with	  varying	  concentrations	  of	  3-‐HK	  (10	  nM	  to	  

10	  μM)	  for	  24h	  in	  complete	  medium.	  Controls	  were	  treated	  with	  equal	  amount	  of	  the	  

solvent	  used	  for	  treatment.	  	  	  	  

Intracellular	   total	   ATP	   production	   was	   immediately	   assessed,	   after	   the	   cells	   were	  

washed	   and	   harvested	   in	   PBS,	   using	   a	   commercially	   available	   luciferase-‐luciferin	  

system	  (ATPlite,	  Perkin	  Elmer),	  as	  described	  in	  section	  6.2.2	  .	  	  

5.2.11	   Assessment	  of	  mitochondrial	  membrane	  potential	  	  

Mitochondrial	  membrane	  potential	  was	  determined	  with	  Rhodamine	  123	  (R123),	  as	  

described	   in	   section	   6.2.4	   .	   Briefly,	   HEK-‐pEZ[-‐]	   or	   HEK-‐pEZ[KMO]	   cells	   were	  

incubated	  with	  10	  µM	  R123	  (quenching	  mode)	  under	  normal	   incubation	  conditions	  

for	  30	  minutes.	  The	  R123-‐containing	  medium	  was	  removed	  and	  cells	  were	  placed	  in	  

L-‐15	  medium	   and	   incubated	   at	   37°C	   for	   15	  minutes.	   Cells	   were	   harvested	   in	   L-‐15	  

medium,	  placed	  in	  a	  96	  well	  plate	  and	  fluorescence	  was	  measured	  in	  the	  PHERAstar	  

plate	  reader	  with	  excitation	  and	  emission	  set	  at	  560	  and	  645	  nm	  respectively.	  	  

5.2.12	   Mitochondrial	  respiration	  in	  intact	  cells	  

Oxygen	   consumption	   in	   intact	   cells	   was	   measured	   using	   the	   high-‐resolution	  

respirometer	  Oxygraph-‐2K	  (Oroboros	  instruments)	  as	  described	  in	  section	  3.6	  .	  Intact	  

cells,	  from	  HEK-‐pEZ[-‐]	  and	  HEK-‐pEZ[KMO]	  cultures,	  were	  detached	  and	  concentrated	  

in	   normal	   culture	   medium	   to	   3	   x106	   cells/mL.	   Cell	   suspensions	   were	   immediately	  

placed	   in	   the	   oxygraph	   chamber	   at	   37°C	   under	   continuous	   stirring	   at	   300	   rpm	   for	  

respiration	   analysis.	   Each	   experiment	   was	   repeated	   three	   times	   with	   different	   cell	  

preparations	  and	  results	  were	  expressed	  as	  pmol	  O2	  consumed	  per	  min	  per	  million	  

cells.	  

5.2.13	   Quantitative	  real-‐time	  polymerase	  chain	  reaction	  	  

Total	  RNA	  from	  cells	  was	  prepared	  from	  RNeasy	  mini	  kits	  (Absolutely	  RNA	  Miniprep	  

Kit)	  and	  processed	  as	  described	  in	  general	  methods.	  The	  relative	  expression	  of	  KMO	  

was	  normalised	  against	  the	  housekeeping	  genes	  Tbp	  and	  Pgk-‐1.	  Data	  were	  analysed	  
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with	   the	   ΔCt	   values	   and	   expressed	   as	   fold	   change	   compared	   to	   controls.	   Primer	  

sequences	  used	  for	  qRT-‐PCR	  are	  shown	  in	  Table	  5.1.	  

Table	  5.1:	  Primer	  sequences	  used	  in	  Chapter	  5	  

	  

5.3	   Results	  

5.3.1	   Neurons	  express	  functional	  KMO	  	  

Previous	   research	   from	  our	  group	  has	   shown	   that	  human	  primary	  neurons	  express	  

KMO,	  which	  can	  degrade	  KYN	  to	  produce	  KYNA	  and	  3-‐HK.	  However,	  neurons	  do	  not	  

breakdown	   3-‐HK	   to	   form	   QUIN,	   but	   produce	   PIC	   instead	   (275).	   Hence,	   before	  

assessing	   the	   effect	   of	   KMO	   over	   activation	   (see	   section	   5.6	   )	   and	   neurotoxicity	  

mediated	  by	  intracellular	  3-‐HK	  in	  human	  primary	  neurons,	  we	  characterised	  the	  KMO	  

branch	  under	  physiological	  conditions.	  We	  used	  new	  and	  more	  sensitive	  techniques	  

in	  addition	  to	  quantifying	  KMO	  protein	  by	  WB.	  	  

Human	  primary	  neurons	  were	   isolated	  as	  previously	  described	   in	  methods	   section.	  

Protein	   was	   collected	   from	   4	   different	   neuronal	   cultures	   and	   analysed	   for	   KMO	  

protein.	   All	   neuronal	   cultures	   showed	   expression	   of	   KMO	   (Figure	   5.5a),	  which	  was	  

confirmed	  by	  co-‐localization	  of	  KMO	  with	   the	  neuronal	  marker	  Map2	  (Figure	  5.5b).	  

We	   further	   characterised	   the	   KP	   in	   human	   primary	   neurons	   by	   quantification	   of	  

KYNA,	   3HK	   and	  KYN	   in	   cell	   culture	   supernatants	   (Figure	   5.5c).	   Neurons	   consumed	  

KYN	  through	  the	  two	  main	  branches	  of	  the	  KP,	  as	  both	  KYNA	  and	  3-‐HK	  were	  found	  in	  

increased	   concentrations	   (through	   the	   activity	   of	   the	   enzymes	   KAT	   and	   KMO,	  

respectively).	   However,	   KMO	   has	   higher	   specificity	   and	   affinity	   for	   KYN	   than	   KAT,	  

suggesting	   that	   it	   would	   metabolise	   most	   of	   the	   KYN	   available	   (321).	   Further	  

confirmed	  by	  the	  results	  as	  the	  concentration	  of	  3-‐HK	  produced	  at	  the	  24h	  time-‐point	  

were	  10	  times	  higher	  than	  the	  concentration	  of	  KYNA	  produced	  (Figure	  5.5c).	  

Gene$ Forward$sequence$ Reverse$Sequence$

Kmo$ 5’#TAGCCCTTTCTCATAGAGGACG#3’) 5’#CTCTCATGGGAATACCTTGGGA#3’)
Pgk71$ 5’#TCACTCGGGGCTAAGCAGATT#3’! 5’#CAGTGCTCACATGGCTGACT#3’!
Tbp$ 5’#GGGAGCTGTGATGTGAAGT#3’! 5’#GGAGGCAAGGGTACATGAGA#3’!
)



106	  
	  

	  

Figure	  5.5:	  KMO	  characterization	  in	  human	  primary	  neurons	   	  	  

(a)	   Immunoblot	   qualitative	   analysis	   in	   human	   primary	   neurons	   from	   four	   different	  
samples	   for	  KMO.	   (b)	   Intracellular	   immunofluorescence	   of	   human	  primary	  neurons	  
showing	  co-‐expression	  of	  the	  neuronal	  marker,	  Map2	  with	  KMO.	  Representative	  data	  
of	   four	   independent	   experiments.	   Scale	   bar:	   25μm.	   (c)	   KYN,	   KYNA	   and	   3-‐HK	   was	  
measured	   in	   human	   primary	   neurons	   supernatant.	   Data	   (means	   ±	   s.e.m.)	   are	   from	  
three	   experiments.	   ****p≤0.001,	   ***p≤0.005,	   **p≤0.01,	   *p≤0.05	   (time	   point	   versus	  
time	  0;	  Student’s	  t-‐test).	  	  
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5.3.2	   Increased	   KMO	   expression	   induces	   ROS	   production	   and	  
mitochondrial	  dysfunction	  	  

Cytokines	   such	   as	   IFN-‐γ	   (75)	   and	   IL-‐1β	   have	   been	   shown	   to	   induce	   KMO	   (76,	   77),	  

however	   these	   are	   not	   specific	   for	   KMO	   and	   modulate	   other	   KP	   enzymes	   and	  

inflammatory	   pathways.	   In	   order	   to	   study	   the	   effects	   of	   pathological	   KMO	  

overexpression,	   without	   the	   interfering	   effects	   of	   an	   unspecific	   KMO	   inducer,	   we	  

generated	  HEK293	  stably	  expressing	  hKMO	  (HEK-‐pEZ[KMO])	  cells.	  	  

3-‐HK	   has	   been	   previously	   described	   as	   a	   powerful	   generator	   of	   ROS	   and	   potential	  

endogenous	  neurotoxin	  (143-‐145).	  Therefore,	  KMO	  overexpression	  might	  increase	  3-‐

HK	   synthesis	   and	   ROS	   downstream.	  We	   found	   that	   HEK-‐pEZ[KMO]	   cells	   showed	   a	  

two-‐fold	   increase	   in	  DCF	   fluorescence,	   a	  well-‐described	  marker	   of	   ROS	   production,	  

compared	   with	   HEK-‐pEZ[-‐]	   cells	   (Figure	   5.6a).	   As	   ROS	   can	   affect	   mitochondrial	  

function,	   we	   quantified	  mitochondrial	  membrane	   potential,	   finding	   increased	   ΔΨm	  

values	   (Figure	   5.6b).	   This	   does	   not	   necessarily	   indicate	   ETS	   activation,	   as	  

hyperpolarisation	  of	  ΔΨm	  does	  not	  always	  mirror	  changes	  on	  mitochondrial	  proton	  

gradient	  (pH)(332).	  Further,	  respiratory	  status	  also	  needs	  to	  be	  analysed	  in	  order	  to	  

fully	  interpret	  the	  results.	  	  In	  fact,	  an	  increase	  in	  cytosolic	  [Ca2+],	  due	  to	  release	  of	  ER	  

stores,	   which	   is	   also	   responsible	   for	   ΔΨm	   hyperpolarisation	   (333),	   has	   been	  

described	  in	  neural	  cells	  treated	  with	  3-‐HK	  (144).	  	  

To	  establish	  how	  mitochondrial	  function	  is	  affected	  when	  KMO	  is	  overexpressed,	  we	  

measured	   the	   bioenergetics	   profile	   in	   a	   basal	   state	   and	   after	   the	   addition	   of	  

oligomycin,	  FCCP,	  and	  rotenone	  and	  antimycin	  A	  (Figure	  3.4).	  We	  found	  no	  significant	  

change	   in	   the	   OCR	   at	   the	   basal	   state	   (R),	   an	   indicator	   of	   cellular	   oxidative	  

phosphorylation	   (OXPHOS)	   in	   HEK-‐pEZ[KMO]	   cells	   compared	   with	   HEK-‐pEZ[-‐].	  

However,	   cells	   overexpressing	   KMO	   demonstrated	   a	   substantially	   lower	   SRC	  when	  

compared	  to	  HEK-‐pEZ[-‐].	  Thus,	  this	  indicates	  that,	  mitochondrial	  respiration	  in	  HEK	  

pez[KMO]	  operates	  closer	  to	  its	  maximum	  capacity	  (MR)	  (Figure	  5.6d).	  Mitochondrial	  

respiratory	  status	  of	  HEK-‐pEZ[-‐]	  was	  in	  accordance	  with	  previous	  studies	  in	  HEK293	  

(334).	  Optimal	  conditions	  for	  maximal	  OCR	  was	  determined	  empirically	  by	  0.025	  μM	  

of	   FCCP	   titration	   steps	   in	   HEK-‐pEZ[-‐]	   and	   HEK-‐pEZ[KMO]	   (Figure	   5.6c).	   SRC	   could	  

decrease	  due	   to	   higher	  ATP	  demands,	   reduced	  oxidative	   capacity	   caused	  by	  partial	  

uncoupling	   of	   mitochondrial	   complexes	   or	   by	   defects	   in	   substrate	   oxidation.	  
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However,	   we	   did	   not	   observe	   uncoupling	   changes	   (L),	   being	   reduced	   substrate	  

availability	  (NADH)	  the	  most	  likely	  cause	  of	  decrease	  in	  MR.	  In	  addition,	  intracellular	  

ATP	   levels	  did	  not	  change	  or	  where	  slightly	   increased	  (Figure	  5.6e),	   indicating	   that,	  

even	  though	  there	  is	   impaired	  mitochondrial	  capacity,	  the	  cell	  can	  still	  meet	  normal	  

ATP	  demands.	  	  	  	  

	  

Figure	  5.6:	  Effect	  of	  KMO	  overexpression	  in	  ROS	  production,	  mitochondria	  function	  

and	  ATP	  turnover	  

ROS	   (a),	   mitochondrial	   membrane	   potential	   (b)	   and	   intracellular	   ATP	   (e)	   of	   HEK-‐
pEZ[KMO]	   and	   HEK-‐pEZ[-‐]	   after	   48-‐72h	   was	   assessed	   by	   DCF	   fluorescence,	   R123	  
florescence	   or	   luminescence	   intensity,	   respectively.	   	   Data	   (means	   ±	   s.e.m.	   of	   three	  
experiments)	  are	  presented	  as	  normalised	  mean	  intensity	  in	  HEK-‐pEZ[KMO]	  relative	  
to	  normalised	  mean	   intensity	   in	  HEK-‐pEZ[-‐]	   (Student’s	   t-‐test).	   (c,d)	  O2	  consumption	  
rate	   of	   intact	   HEK-‐pEZ[-‐]	   and	   HEK-‐pEZ[KMO]	   showed	   by	   superimposed	   oxygraph	  
traces	  from	  parallel	  measurements	  in	  two	  chambers.	  (c)	  FCCP	  titrations	  were	  added	  
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in	   both	   chambers	   for	   the	   study	   of	   the	   maximal	   respiratory	   capacity	   (MR).	   (d)	  
Mitochondrial	   inhibitors	  were	  added,	  at	   the	  time	  points	   indicated,	   in	  both	  chambers	  
for	   the	   study	   of	   respiratory	   states.	   Data	   (means	   ±	   s.e.m.	   of	   three	   experiments)	   are	  
presented	   as	   cell	   number-‐specific	   oxygen	   flux.	   ***p≤0.001	   (HEK-‐pEZ[KMO]versus	  
HEK-‐pEZ[-‐];	  Student’s	  t-‐test).	  	  

5.3.3	   Extracellular	   3-‐HK	   only	   induces	  mild	   oxidative	   stress.	   A	   role	  
for	  autonomous	  KMO	  activation	  	  

We	   hypothesize	   that,	   in	   neurons,	   cell-‐endogenously	   produced	   3-‐HK	   could	   directly	  

induce	  ROS	  production,	  mitochondrial	  dysfunction	  and	  neurotoxicity,	  compared	  with,	  

extracellular	   3-‐HK	   produced	   by	   glial	   cells.	   We	   showed	   that	   HEK-‐pEZ[KMO]	   in	   the	  

absence	  of	  additional	  KYN	  had	  significant	  increase	  of	  ROS	  production	  (Figure	  5.6a).	  3-‐

HK	   concentration	   in	   the	   cell	   culture	   supernatant	   of	   those	   cells	   ranged	   between	  

1.5±0.5	  μM	  after	  24h	   (Figure	  5.4c).	   In	  order	   to	   study	  whether	   the	  metabolic	  effects	  

observed	  in	  cells	  overexpressing	  KMO	  were	  due	  to	  3-‐HK,	  we	  treated	  HEK-‐pEZ[-‐]	  with	  

up-‐to	   10	   μM	   of	   3-‐HK	   (which	   is	   10	   times	   higher	   than	   3-‐HK	   concentration	   in	  

supernatant	  of	  HEK-‐pEZ[KMO]	  for	  24h.	  However,	  extracellular	  3-‐HK	  did	  not	  increase	  

ROS	   production	   at	   the	   concentrations	   used	   (Figure	   5.7a).	   Although	   we	   could	   not	  

detect	  QUIN	  in	  HEK-‐pEZ[KMO]	  supernatants	  (data	  not	  shown),	  in	  order	  to	  discard	  the	  

QUIN-‐mediated	   ROS	   induction	   hypothesis,	   HEK-‐pEZ[-‐]	   cells	   were	   treated	   with	  

increasing	   concentrations	   (0.3-‐100	   μM)	   of	   QUIN	   for	   24h.	   No	   change	   in	   ROS	  

production	  was	  observed	  (Figure	  5.7b).	  

Human	  primary	  neurons	  treated	  with	  3-‐HK,	  as	  in	  Figure	  5.7a,	  were	  assessed	  for	  ROS	  

production	  and	  showed	  similar	  results	  than	  HEK	  (Figure	  5.7c).	  However,	  intracellular	  

ATP	  levels	  were	  affected	  in	  human	  primary	  neurons	  treated	  for	  24h	  with	  10	  μM	  of	  3-‐

HK	  (Figure	  5.7d),	  revealing	  metabolic	  differences	  between	  primary	  neurons	  and	  cell	  

lines.	   Different	   to	   neurons,	   HEK	   can	   overcome	   mitochondrial	   defects	   caused	   by	  

oxidative	   stress	   by	   using	   excess	   of	   NAD+	   (increased	   through	   KMO	   activation)	   as	   a	  

metabolic	  substrate	  for	  glycolysis	  and	  even	  raise	  ATP	  turnover	  despite	  mitochondria	  

impairment	  (Figure	  5.6e).	  
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Figure	  5.7:	  Effects	  of	  extracellular	  3-‐HK	  in	  HEK-‐pEZ[-‐]	  and	  human	  primary	  neurons	  

ROS	   of	   HEK-‐pEZ[-‐]	   (a,b)	   	   and	   human	   primary	   neurons	   (c)	   after	   treatment	   with	  
increasing	  concentrations	  of	  3-‐HK	  (a,c)	  or	  QUIN	  (b)	  (and	  H2O2	  as	  a	  positive	  control)	  	  
for	   24h	   and	   assessed	   by	   DCF	   fluorescence	   intensity.	   Data	   (means	   ±	   s.e.m.	   of	   three	  
experiments)	   are	   presented	   as	   normalised	   mean	   intensity	   in	   sample	   relative	   to	  
normalised	  mean	  intensity	   in	  untreated	  sample	  (Student’s	  t-‐test).	  (d)	  ATP	  of	  human	  
primary	  neurons	  after	  treatment	  with	  increasing	  concentrations	  of	  3-‐HK	  (or	  AM	  as	  a	  
positive	   control)	   for	   24h	   and	   assessed	   by	   luminescence	   intensity.	   Data	   (means	   ±	  
s.e.m.	   of	   three	   experiments)	   are	   presented	   as	   normalised	  mean	   intensity	   in	   sample	  
relative	  to	  normalised	  mean	  intensity	  in	  untreated	  sample	  (Student’s	  t-‐test).	  	  
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5.3.4	   KMO	   inhibition	   does	   not	   block	   ROS	   production	   induced	   by	  
KMO	  overexpression	  

We	   hypothesise	   that	   ROS	   production	   observed	   in	   HEK-‐pEZ[KMO]	   could	   be	  

pharmacologically	   reversed	  by	  using	   the	  synthetic	  KMO	   inhibitor	  Ro-‐61-‐8048.	  KMO	  

inhibition	  would	  reduce	  3-‐HK	  production	  and	  ameliorate	  mitochondrial	  dysfunction.	  

Ro-‐61-‐8048	   in	   our	   HEK-‐pEZ[KMO]	   model	   showed	   IC50	   of	   48±6	   μM	   (Figure	   5.8a).	  

Experimental	  procedure	   is	  described	   in	  section	  5.2.5	   .	  We	   then	  used	  Ro-‐61-‐8048	  at	  

concentrations	  that	  effectively	  decreased	  3-‐HK	  and	  analysed	  ROS	  production.	  Ro-‐61-‐

8048	  not	  only	  did	  not	  decrease	  ROS	  production	  in	  our	   in-‐vitro	  model	  but	   it	   induced	  

oxidative	  stress	  at	  higher	  concentrations	  (100	  μM)	  (Figure	  5.8b).	  This	  could	  indicate	  

that	   3-‐HK	   is	   not	   the	   main	   source	   of	   ROS	   production	   in	   our	   overexpressing	   model	  

or/and	  that	  at	  higher	  concentrations	  Ro-‐61-‐8048	  could	  induce	  ROS.	  	  

	  

Figure	  5.8:	  ROS	  production	  after	  pharmacological	  inhibition	  of	  KMO	  in	  HEK-‐pEZ[KMO]	  

(a)	  KMO	  activity	  of	  HEK-‐pEZ[KMO]	  after	  treatment	  with	  increasing	  concentrations	  of	  
Ro-‐621-‐8048	  (0.5-‐500	  μM)	  and	  supplemented	  with	  50	  μM	  of	  KYN	  for	  1h	  assessed	  by	  
the	   ratio	   of	   3-‐HK	   and	   KYN	   concentration	   measured	   in	   serum	   free	   cell	   culture	  
supernatants.	   Data	   (means	   ±	   s.e.m.	   from	   three	   experiments)	   are	   presented	   as	  
normalised	  mean	  inhibitory	  activity	  in	  sample	  relative	  to	  normalised	  mean	  inhibitory	  
activity	  in	  untreated	  sample.	  *p≤0.001,	  **p≤0.0001	  (treatment	  versus	  none;	  Student’s	  
t-‐test).	   (b)	  ROS	  of	  HEK-‐pEZ[KMO]	  after	   treatment	  with	   increasing	  concentrations	  of	  
Ro-‐621-‐8048	  (5-‐100	  μM)	  (or	  H2O2	  as	  a	  positive	  control)	  for	  48h	  and	  assessed	  by	  DCF	  
fluorescence	   intensity.	  Data	   (means	  ±	   s.e.m.	   of	   three	   experiments)	   are	  presented	  as	  
normalised	  mean	  intensity	  in	  HEK-‐pEZ[KMO]	  relative	  to	  normalised	  mean	  intensity	  in	  
HEK-‐pEZ[-‐]	  (Student’s	  t-‐test).	  	  
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5.3.5	   Mitochondrial	  dysfunction	  favour	  the	  KMO	  branch	  	  

Mitochondrial	  activity	  has	  previously	  been	  shown	  to	  be	  involved	  in	  the	  regulation	  of	  

the	   KP.	   For	   instance,	   inhibition	   of	   mitochondrial	   respiration	   decreases	   KAT-‐1	   and	  

KAT-‐2	  activity	  (98),	  increasing	  substrate	  availability	  for	  KMO	  thereby	  redirecting	  the	  

KP	  through	  the	  KMO	  branch.	  

In	   order	   to	   evaluate	   the	   effect	   of	   mitochondrial	   impairment	   on	   KMO	   activity,	   we	  

blocked	  the	  different	  complexes	  of	  the	  ETS	  and	  analysed	  KMO	  activity	  using	  the	  HEK-‐

pEZ[KMO]	  model.	  When	  complex	  IV	  was	  inhibited	  with	  sodium	  azide,	  3-‐HK	  increased,	  

indicating	   significantly	  higher	  KMO	  activity	   (Figure	  5.9a)	   Inhibiting	  complex	   III	   and	  

ATP	  synthase	  (with	  antimycin	  A	  and	  oligomycin	  respectively	  also	  resulted	  in	  slightly	  

higher	   3-‐HK	   production	   (Figure	   5.9a).	   In	   order	   to	   determine	   whether	   increase	   of	  

KMO	   activity	   could	   be	   mediated	   by	   increase	   of	   KMO	   expression,	   human	   primary	  

neurons	  were	   treated	  with	  oligomycin	  (5	  µM),	  FCCP	  (0.2	  µM),	  rotenone	  (1	  µM)	  and	  

antimycin	   A	   (2.5	   µM)	   and	   KMO	   mRNA	   was	   determined.	   Human	   primary	   neurons	  

were	   treated	   with	   the	   mitochondrial	   inhibitors	   for	   6h	   and	   KMO	   mRNA	   was	  

determined	   by	   qRT-‐PCR.	   Mitochondria	   inhibition	   showed	   no	   effect	   on	   KMO	  

expression	   in	   human	   primary	   neurons	   (Figure	   5.9b).	   This	   suggests	   that,	   under	  

mitochondrial	  impairment,	  agonistic	  regulation	  of	  KMO	  is	  inducing	  its	  activity.	  	  
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Figure	  5.9:	  Mitochondria	  inhibition	  drives	  the	  KP	  through	  the	  KMO	  branch	  

(a)	   KMO	   activity	   of	   HEK-‐pEZ[KMO]	   after	   treatment	   with	   specific	   mitochondrial	  
complexes	   inhibitors	   and	   supplemented	  with	   50	   μM	  of	  KYN	   for	   1h	   assessed	   by	   the	  
ratio	  of	  3-‐HK	  and	  KYN	  measured	  in	  serum	  free	  cell	  culture	  supernatants.	  Data	  (means	  
±	  s.e.m.	  from	  three	  experiments)	  are	  presented	  as	  normalised	  mean	  activity	  in	  sample	  
relative	  to	  normalised	  mean	  activity	  in	  untreated	  sample	  (Student’s	  t-‐test).	  (b)	  Gene	  
transcript	   expression	   of	   human	   primary	   neurons	   after	   treatment	   with	   specific	  
mitochondrial	   complexes	   inhibitors	   for	   6h.	   Data	   (means	   ±	   s.e.m.	   of	   three	  
experiments)	   are	   presented	   as	   normalised	   transcript	   expression	   in	   the	   samples	  
relative	  to	  normalised	  transcript	  expression	  in	  untreated	  sample	  (Student’s	  t-‐test).	  

5.4	   Discussion	  

Under	   physiological	   conditions,	   mitochondrial	   oxidative	   phosphorylation	   carries	  

more	   than	   90%	   of	   the	   neuronal	   ATP	   production.	   Because	   neurons	   rely	   on	  

mitochondrial	   respiration	  as	  a	  main	  source	  of	  energy,	   they	  are	  highly	  vulnerable	   to	  

oxidative	   stress	   and	  mitochondrial	   impairment	   (324).	  The	   two	  main	  metabolites	   of	  

the	  KMO	  branch	   in	   the	  KP	  (3-‐HK	  and	  QUIN)	  have	  been	  shown	  to	  play	  an	   important	  

role	   in	   redox	   imbalance	   (113).	   By	   activating	   the	   NMDAR,	   QUIN	   can	   induce	  

excitotoxicity	   through	   increasing	   intracellular	   Ca2+	   levels,	   and	   3-‐HK	   at	   high	  

concentrations	  can	  act	  as	  a	  pro-‐oxidant	  (145).	  Therefore,	  inhibition	  of	  KMO	  would	  be	  

a	  good	  strategy	  to	  decrease	  neurotoxicity.	   	  In	  fact,	  some	  studies	  have	  already	  shown	  

that	   KMO	   inhibition	   in	   the	   Saccharomyces	   cerevisiae	   model	   of	   HD	   (232)	   and	   the	  

transgenic	   Drosophila	   melanogaster	   HD	   model	   (335)	   can	   decrease	  
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neurodegeneration.	  In	  the	  current	  study,	  a	  reduction	  of	  3-‐HK	  has	  been	  proposed	  	  	  as	  

the	  mechanism	  of	  neuroprotection.	  However,	   it	  has	  to	  be	  taken	  into	  account	  that,	   in	  

vitro,	   3-‐HK	   pro-‐oxidant	   activity	   has	   only	   been	   shown	   at	   non-‐physiological	   or	  

pathological	   concentrations	  and	  once	   it	   is	  up-‐taken	  by	   the	  cell	   (145).	  This	   supports	  

our	   hypothesis	   that	   neuronal	   cell-‐autonomous	   3-‐HK	   has	   higher	   neurotoxic	   activity	  

than	   3-‐HK	   released	   by	   glia.	   Our	   group	   has	   previously	   shown	   that	   human	   primary	  

neurons	   express	   KMO	   (275)	   and	  we	   have	   further	   confirmed	   this	   data	   and	   showed	  

that	   it	   is	  active	  and	  can	  synthetise	  3-‐HK.	  However,	  neurons	  cannot	  synthetise	  QUIN	  

(275).	   This	   should	   be	   taken	   into	   consideration,	   as	   the	   in	   vitro	   effects	   seen	   in	   pure	  

human	   primary	   neurons	   treated	   with	   3-‐HK	   may	   not	   be	   a	   secondary	   effect	   of	  

endogenous	  QUIN	  production.	  

Cells	   overexpressing	   KMO	   showed	   a	   three-‐fold	   increase	   in	   3-‐HK	   production.	   It	   has	  

been	  previously	  demonstrated	  that	  3-‐HK	  induces	  oxidative	  stress	  through	  an	  increase	  

in	  hydrogen	  peroxide	  production	  (145,	  336).	  In	  accordance	  with	  this	  study,	  our	  ROS	  

quantification	  results	  showed	  that	  cells	  overexpressing	  KMO	  were	  twice	  as	  prone	  to	  

oxidative	   stress.	   An	   increase	   in	   ROS	   production	   leads	   to	   redox	   imbalance	   that	  will	  

affect	   mitochondrial	   function	   (323).	   In	   fact,	   the	   bioenergetics	   profile	   of	   cells	  

overexpressing	   KMO	   showed	   substantially	   lower	   SRC	   when	   compared	   with	   wt.	   A	  

limitation	  of	  oxidative	  capacity	  observed	  by	  a	  decrease	  of	  SRC	  in	  our	  cell	  model,	  could	  

have	   different	   causes,	   mainly	   related	   with	   defects	   in	   mitochondrial	   complexes	   or	  

substrate	  availability	  (337).	  Three	  possible	  reasons	  for	  higher	  KMO	  activity	  affecting	  

SRC	  may	  be:	   (1)	   Increase	  on	  ROS	  production	  observed	   in	  cells	  overexpressing	  KMO	  

can	   induce	   NO	   production	   (338).	   	   NO	   has	   been	   shown	   to	   inhibit	   mitochondrial	  

respiration	  by	  decreasing	  the	  affinity	  of	  Cytochrome	  c	  oxidase	  for	  oxygen	  (334),	  this	  

would	   decrease	   complex	   IV	   maximal	   capacity.	   	   (2)	   Due	   to	   the	   fact	   that	   KMO	   is	  

localised	  in	  the	  outer	  mitochondria	  membrane,	  ROS	  can	  be	  locally	  produced	  by	  3-‐HK.	  

Hydrogen	   peroxide	   can	   rapidly	   diffuse	   across	   the	   inner	   membrane	   of	   the	  

mitochondria	   affecting	   mitochondrial	   DNA	   (mtDNA).	   mtDNA	   is	   particularly	  

susceptible	  to	  ROS	  as	  its	  repair	  capacity	  is	  less	  robust	  than	  that	  from	  nuclear	  DNA	  and	  

the	   outcome	   of	   mtDNA	  mutations	   can	   lead	   to	   alteration	   on	  mitochondria	   encoded	  

proteins	  (339).	   	  Approximately	  5%	  of	   the	  proteins	   in	   the	  ETS	  are	  coded	  by	  mtDNA,	  

those	   belonging	   to	   the	   NADH-‐dehydrogenase,	   cytochrome	   c	   oxidase,	   ATP	   synthase	  

and	  cytochrome	  b	  complexes	  (340).	  Impaired	  synthesis	  of	  those	  proteins	  would	  lead	  

to	  decrease	  on	  the	  mitochondrial	  capacity	  to	  produce	  ATP	  and	  increase	  of	  free	  radical	  
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production,	  being	  both	  events	  observed	   in	  cells	  overexpressing	  KMO.	   (3)	  KMO	  uses	  

NADPH	  as	  a	   substrate.	  Whether	  glucose	  enters	  glycolysis	  or	   the	  pentose	  phosphate	  

pathway	   in	   part	   depends	   on	   the	   concentration	   of	   NADPH	   (83).	   When	   the	   cell	   is	  

rapidly	  converting	  NADPH	  to	  NADP+.	  Raise	  of	  NADP+	  allosterically	  activates	  the	  first	  

enzyme	   of	   the	   pentose	   phosphate	   pathway	   (glucose	   6-‐phosphate	   dehydrogenase).	  

Therefore,	   decreasing	   the	   availability	   of	   glucose	   6-‐phosphate	   to	   fuel	   glycolysis,	   the	  

citric	   acid	   cycle	   and,	   consequently,	   decreasing	   the	   substrates	   for	   oxidative	  

phosphorylation:	   NADH	   and	   succinate	   (for	   complex	   I	   and	   complex	   II	   respectively).	  

Due	   to	   reduced	   substrate	   availability	   (of	   reduced	   e-‐	   carriers),	   the	   maximal	  

mitochondria	  capacity	  will	  accordingly	  decrease.	  In	  support	  of	  this,	  our	  group	  showed	  

that	   high	   levels	   of	   3-‐HK,	  which	  would	   activate	   NADPH	   consumption	   through	   KMO,	  

decreased	  NADH	  levels	  in	  human	  primary	  neurons	  and	  astrocytes	  (149).	  

Not	  only	  3-‐HK-‐induced	  ROS	  production	  contribute	  to	  the	  redox	   imbalance	  observed	  

in	   KMO	   overexpressing	   cells,	   but	   also	   decreases	   on	   NADPH	   availability	   due	   to	  

activation	  of	  KMO-‐mediated	  FAD	  reduction	  (68).	  This	   indicates	  that	  as	   important	  as	  

having	  high	  3-‐HK	  concentration	   is	   to	  have	   increased	  KMO	  expression	  or	  activity,	   to	  

induce	   oxidative	   stress.	   In	   fact,	   those	   two	   act	   together,	   as	   3-‐HK	   can	   activate	   KMO-‐

mediated	   FAD	   reduction	   (70).	   In	   addition,	   KMO	   activation,	   independently	   of	   3-‐HK	  

production,	  will	  decrease	  antioxidant	  cell	  potential	  as	  it	  decreases	  NADPH	  availability	  

for	   GSH	   (341)	   and	   catalase	   (342),	   which	   are	   essential	   for	   the	   cellular	   antioxidant	  

capacity.	  According	  with	  that,	  we	  could	  not	  reproduce	  the	  ROS	  production	  observed	  

in	  cells	  overexpressing	  KMO	  by	  addition	  of	  3-‐HK	  in	  the	  supernatant	  of	  HEK-‐pEZ[-‐].	  

Previous	  studies	  have	  shown	  that	  3-‐HK	  can	  induce	  ROS-‐mediated	  neurotoxicity	  at	  10	  

μM	   in	   hippocampal	   and	   cortical	   neurons,	   however	   its	   up-‐take	   through	   sodium-‐

dependent	  neutral	  amino	  acid	  transporters	   is	  needed	  (147).	  HEK	  293	  may	  not	  have	  

the	  3-‐HK	  transporter;	  therefore	  higher	  concentrations	  (250-‐500	  μM,	  as	  described	  in	  

literature)	  would	  be	  needed	  to	  induce	  ROS-‐mediated	  downstream	  toxicity	  (144).	  	  On	  

the	   other	   hand,	   human	   primary	   neurons	   are	   more	   likely	   to	   express	   the	   sodium-‐

dependent	  neutral	  amino	  acid	   transporter.	  However,	  10	  μM	  of	  3-‐HK	  did	  not	   induce	  

ROS	   production,	   but	   it	   decreased	   intracellular	   ATP.	   Indicating	   that	   lower	  

concentrations	   of	   3-‐HK	   than	   those	   required	   for	   HEK	   are	   needed	   to	   induce	  

neurotoxicity.	  
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Reduction	  of	  intracellular	  3-‐HK	  levels	  by	  pharmacological	  inhibition	  of	  KMO	  would	  be	  

expected	   to	   decrease	   ROS	   production	   in	   KMO	   overexpressing	   cells.	   However,	   the	  

well-‐known	   KMO	   inhibitor,	   3,4-‐dimethoxy-‐N-‐[4-‐(3-‐nitrophenyl)thiazole-‐2-‐yl]	  

benzenesulfonamide	  (Ro-‐61-‐8048),	  did	  not	  decrease	  ROS	  production,	  but	  increased	  it	  

at	   higher	   concentrations.	   The	   NADPH-‐dependent	   reduction	   of	   FAD	   in	   KMO,	   is	   not	  

specific	  on	  recognition	  of	   the	  native	  substrate,	  but	  also	  can	  recognize	  substrate-‐like	  

molecules	   (68),	   and	   Ro-‐61-‐8048	   is	   structurally	   analogous	   to	   KYN	   (343).	   This	  

indicates,	  that	  Ro-‐61-‐8048	  can	  block	  3-‐HK	  synthesis,	  but	  also	  be	  recognised	  by	  KMO	  

and	   induce	   the	  NADPH-‐dependent	   reduction	  of	   FAD,	   and	   consequent	  production	  of	  

H2O2.	   This	   should	   be	   taken	   into	   account	   when	   designing	   KMO	   inhibitors	   because,	  

depending	  on	  their	  structure,	  they	  could	  inhibit	  3-‐HK	  production	  but	  at	  expenses	  of	  

increase	  hydrogen	  peroxide	   formation.	  Supporting	  our	   findings,	   this	  effect	  has	  been	  

previously	  described	  with	  other	  synthetic	  KMO	  inhibitors	  analogues	  of	  KYN,	  such	  as,	  

benzoylalanine	  and	  m-‐nitrobenzoylalanine	  (69).	  

In	  mammals,	   the	   KP	   through	   the	   KMO	   branch	   represents	   the	   de	   novo	   synthesis	   of	  

NAD+	  from	  dietary	  tryptophan	  (344).	  NAD+	  is	  a	  key	  component	  in	  glycolysis,	  as	  well	  

as	   in	   the	   catabolism	   of	   fatty	   acids	   and	   some	   amino	   acids.	   It	   is	   also	   essential	   in	   the	  

citric	  acid	  cycle,	  which	  provides	  substrates	  for	  the	  ETS	  with	  the	  final	  outcome	  of	  ATP	  

production.	   Therefore,	   when	   cellular	   energy	   status	   is	   triggered,	   activation	   of	   KP	  

through	   KMO	   is	   likely	   to	   happen	   in	   order	   to	   increase	   NAD+	   and	   favour	   aerobic	  

oxidation	   and	   ATP	   turnover.	   Moreover,	   it	   has	   previously	   been	   reported	   that	  

pharmacological	   inhibition	   of	   oxidative	   phosphorylation	  with	   3-‐nitropropionic	   acid	  

(complex	   II	   inhibitor)	   results	   in	   reduced	   KAT-‐1	   and	   KAT-‐2	   activity	   (98).	   	   This	  

indicates	   that:	   (1)	   KMO	   branch	   activation	   favours	   ATP	   production,	   and	   (2)	   when	  

there	  is	  low	  ATP/ADP	  ratio	  the	  KAT	  branch	  of	  the	  KP	  is	  switched	  down	  (probably	  to	  

potentiate	   NAD+	   production).	   This	   correlates	   with	   our	   results,	   where	   inhibition	   of	  

ETS	  complex	  III,	   IV	  and	  V	   	  (antimycin	  A,	  sodium	  azide	  and	  oligomycin,	  respectively)	  

showed	   an	   increase	   on	   KMO	   activity	   (even	   though	   only	   was	   highly	   significant	   for	  

complex	   IV).	   Complex	   I	   inhibition	   (with	   rotenone)	   did	   not	   induce	   KMO	   activity,	  

probably	  because	  electrons	  can	  still	  enter	  in	  the	  ETS	  through	  complex	  II	  at	  expenses	  

of	  higher	  ROS	  production.	  
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In	  conclusion,	  KMO	  should	  be	  given	  further	  consideration	   in	  neurodegeneration	  not	  

only	  because	  is	  the	  door	  that	  controls	  the	  production	  of	  KP	  neurotoxic	  metabolites	  (3-‐

HK	  and	  QUIN),	  but	  more	  importantly;	  (1)	  for	  its	  expression	  in	  neurons	  and	  possible	  

role	   in	   mitochondrial	   dysfunction	   observed	   in	   most	   of	   the	   neurodegenerative	  

diseases	  (2)	  for	  its	  capacity	  to	  generate	  redox	  imbalance,	  independently	  of	  metabolite	  

production,	   and	   (3)	   for	   its	   participation	   in	   cellular	   energy	   control.	   Thus	   suggesting	  

the	   need	   for	   development	   of	   new	   KMO	   inhibitors	   that	   not	   only	   decrease	   3-‐HK	  

synthesis	  but	  also	  ROS	  production.	  

5.5	   Conclusion	  

As	  an	  acute	  response,	  KMO	  activation	  in	  neurons	  could	  restore	  ATP	  decline	  induced	  

by	  mitochondrial	  inhibition	  by	  providing	  NAD+	  substrate	  to	  glycolytic	  source	  of	  ATP.	  

However,	  KMO	  activation	   is	   not	   sustainable	   for	   long	  period	  of	   time	   as	   it	  would	   (1)	  

lead	  to	  depletion	  of	  NADPH	  reservoir	  (68)	  decreasing	  aerobic	  respiratory	  capacity	  (as	  

observed	  in	  KMO	  overexpressing	  cells)	  (2)	  induce	  oxidative	  stress	  affecting	  neuronal	  

survival	   (145)	   and	   (3)	   exacerbate	  neurotoxicity	   caused	  by	   glutamate	   excitotoxicity.	  

Additional	   considerations	   involving	   KMO	   neurotoxicity	   should	   be	   taken	   in	   vivo,	   as	  

other	  cell	  types	  are	  involved.	  For	  example,	  QUIN	  produced	  by	  KMO	  activation	  in	  glia	  

cells	   could	   potentiate	   neurotoxicity	   started	   by	   neuronal	   3-‐HK	   (345).	   Also	   KMO	  

activation	  in	  peripheral	  cells	  could	  decrease	  KYN	  availability	  in	  the	  brain	  necessary	  to	  

produce	   the	   neuroprotective	   KYNA.	   Supporting	   that,	   inhibition	   of	   KMO	   in	   the	  

periphery	   has	   shown	   to	   ameliorate	   neurodegeneration	   in	   AD	   and	   HD	  mice	  model.	  

This	   independently	   of	   3-‐HK	   and	  QUIN	   levels	   on	   the	   brain,	   but	   related	   to	   a	   raise	   of	  

KYNA	   (330).	   This	   suggests	   that	   the	   neuroprotective	   mechanism	   underlying	   KMO	  

inhibition	   is	   different	   depending	   on	   the	   cell	   type.	   Therefore,	   when	   designing	   KMO	  

inhibitors,	  the	  cell	  target	  should	  also	  be	  considered.	  Not	  only	  that,	  but	  development	  of	  

new	  KMO	  inhibitors,	  that	  can	  also	  decrease	  KMO-‐mediated	  ROS	  production,	  is	  needed	  

in	  order	  to	  target	  neurons.	  

In	   this	  study	  we	  also	  propose	  a	  potentiation	  mechanism	  for	  KMO	  neurotoxicity.	  We	  

showed	   that,	   under	   mitochondrial	   dysfunction,	   the	   KP	   is	   driven	   through	   the	   KMO	  

branch	   in	  order	   to	  promote	  synthesis	  of	   the	  glycolytic	   co-‐factor	  NAD+.	  But	  we	  have	  

also	   shown	   that	   activation	   of	   KMO	   induces	   ROS	   production	   and	   mitochondrial	  

impairment.	   Therefore,	   KMO	   becomes	   part	   of	   a	   loop	  where	  mitochondrial	   damage	  
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exacerbation	   is	   the	   final	  outcome.	  This	   fact	   is	  especially	  relevant	  on	  neurons,	  which	  

are	  highly	  sensible	  to	  mitochondria	  impairment.	  	  

In	  conclusion,	  activation	  of	  the	  KMO	  branch	  in	  the	  KP,	  as	  an	  acute	  response	  to	  energy	  

deficit,	  could	  be	  necessary	  to	  quickly	  restore	  ATP	  levels.	  However,	   long-‐lasting	  KMO	  

activation,	   due	   to	   pathological	   KMO	   overexpression	   or	   chronic	   mitochondrial	  

impairment,	   will	   exhaust	   the	   antioxidant	   cell	   potential	   and	   promote	  mitochondrial	  

dysfunction	  (Figure	  5.10).	  
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Figure	  5.10:	  Proposed	  effects	  of	  KMO	  under	  acute	  or	  chronic	  activation	  in	  neurons	  

(a)	  Acute	  activation	  of	  KMO	  leads	  to	  increased	  NAD+	  levels,	  which	  is	  incorporated	  in	  
glycolysis	  and	  tricarboxylic	  acid	  (TCA)	  cycle.	  Thus,	  provide	  the	  substrates	  necessary	  
for	  oxidative	  phosphorylation	  and	  promote	  ATP	   turnover.	   (b)	  Long	   term	  or	  chronic	  
KMO	  activation	  exhaust	  NADPH	  reservoir.	  Thus,	  inhibits	  glycolysis	  to	  favour	  de	  novo	  
synthesis	  of	  NADPH	  through	  the	  pentose	  5-‐phosphate	  pathway	  and	  decrease	  cellular	  
antioxidant	   capacity,	   leading	   to	   increased	   ROS	   production	   and	   mitochondrial	  
dysfunction.	  

5.6	   Future	  directions	  

When	   interpreting	   our	   results,	   we	   should	   take	   into	   consideration	   that	   KMO	   was	  

overexpressed	  in	  a	  non-‐neuronal	  cell	  line,	  which	  is	  metabolically	  different	  to	  primary	  

neurons.	  	  The	  bioenergetics	  profile	  of	  HEK	  overexpressing	  KMO	  showed	  substantially	  

lower	  SRC	  when	  compared	  with	  wt.	  This	   indicates	   that	  an	   increase	   in	  KMO	  activity	  

may	   decrease	   the	   ability	   to	   produce	   energy	   through	   oxidative	   phosphorylation.	  

However,	  we	   did	   not	   observe	   a	   decrease	   in	   ATP	   levels,	  which	   indicates	   that	   under	  

normal	   conditions,	   those	   cells	   could	   cope	  with	  energy	   requirements,	  most	   likely	  by	  

relying	   on	   glycolysis.	   Primary	   neurons	   constantly	   require	   energy	   to	   sustain	  

glutamatergic	   neurotransmission,	   and	   they	   are	   the	  most	   energy	  demanding	   cells	   in	  

the	  brain	  and	  the	  most	  sensitive	  to	  energy	  stress.	  In	  order	  to	  maintain	  the	  antioxidant	  
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redox	   status,	   neurons	   mainly	   degrade	   glucose	   through	   the	   pentose	   phosphate	  

pathway	   at	   the	   expense	   of	   decreasing	   the	   glucose	   available	   for	   energy	   turnover	  

through	   glycolysis.	   Neurons	   rely	   on	  mitochondrial	   oxidation	   as	   the	  main	   source	   of	  

ATP	   and	   use	   the	   pyruvate	   provided	   by	   astrocytes	   as	   a	   substrate	   for	   the	   TCA	   cycle	  

(272).	   Therefore	   mitochondrial	   impairment	   caused	   by	   KMO	   hyperactivity	   would	  

affect	  their	  survival.	  	  

Our	  initial	  aim	  was	  to	  create	  a	  KMO-‐stable	  transfected	  neuroblastoma	  cell	  line	  (using	  

SH-‐SH5Y;	   ATC	   CRL-‐2266)	   in	   order	   to	   study	   the	   role	   of	   KMO	   activity	   in	   neurons.	  

However,	  due	  to	  cell	  death	  induction	  by	  hKMO	  overexpression	  we	  had	  to	  conduct	  our	  

experiments	   in	   HEK293.	   Another	   approach	   to	   that	   problem,	   would	   be	   to	   stable	  

transfect	  SH-‐SH5Y	  with	  a	  plasmid	  where	  KMO	  expression	  is	  under	  the	  control	  of	  an	  

inducible	   promoter.	   This	   would	   allow	   to	   successfully	   expanding	   the	   SH-‐SH5Y	   cells	  

that	  incorporated	  the	  plasmid	  and	  induce	  KMO	  overexpression	  only	  at	  the	  time	  of	  the	  

experiment,	  avoiding	  cell	  death	  during	  the	  selection	  steps.	  

In	   order	   to	   study	   how	   an	   increase	   of	   KMO	   activity	  would	   specifically	   affect	   energy	  

metabolism	   in	   human	   primary	   neurons,	   our	   next	   approach	   will	   be	   transfect	   our	  

primary	  cultures	  with	  pEZ[KMO].	  Real	  time	  measurements	  of	  mitochondrial	  function	  

and	   glycolysis	   can	   be	   done	   in	   neuronal	   cell	   cultures	   using	   Seahorse	   Bioscience	  

technology.	  This	  would	  allow	  us	  to	  observe	  whether	  KMO	  activity	  induces	  a	  metabolic	  

switch	   in	   neurons	   from	   mitochondrial	   respiration	   to	   glycolysis.	   	   This	   is	   not	   only	  

interesting	   in	  neurons,	  but	  could	  also	  be	  relevant	  as	  a	   regulatory	  mechanism	  of	   the	  

immune	   response.	   Differences	   in	   glycolysis	   and	   mitochondrial	   respiration	   have	  

previously	  been	  described	  in	  effector	  and	  memory	  CD8+	  T	  cells	  (274).	  
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Chapter	  6	  
Epigallocatechin-‐3-‐gallate	  

induces	  oxidative	  
phosphorylation	  in	  human	  

primary	  neurons	  and	  
astrocytes.	  New	  insight	  to	  
modulate	  the	  kynurenine	  

pathway	  

This	  research	  chapter	  is	  adapted	  and	  modified	  from	  the	  following	  publication:	  

Gloria	  Castellano-‐González,	  Nicolas	  Pichaud,	  J.	  William	  O.	  Ballard,	  Alban	  Bessede,	  

Helder	  Marcal	  and	  Gilles	  J.	  Guillemin	  (2014)	  

“Epigallocatechin-‐3-‐gallate	  induces	  oxidative	  phosphorylation	  by	  activating	  

cytochrome	  c	  oxidase	  in	  human	  primary	  neurons	  and	  astrocytes”	  	  
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6.1	   Introduction	  

Epigallocatechin-‐3-‐gallate	   (EGCG)	   is	   the	   main	   polyphenol	   component	   of	   green	   tea,	  

representing	  more	  than	  10%	  extract	  in	  dry	  weight.	  This	  naturally	  occurring	  molecule	  

is	   a	   flavonoid	   that	   belongs	   to	   the	   catechin	   subgroup.	   The	   strongest	   bioactivity	   of	  

flavonoids	   is	   anti-‐oxidant	   which	   is	   potentiated	   by	   the	   catechol	   structure.	   This	  

functional	   group	   can	   chemically	   scavenge	   ROS	   at	   relatively	   low	   concentrations	   but	  

has	   pro-‐oxidative/pro-‐apoptotic	   properties	   at	   higher	   concentrations	   (346).	  

Moreover,	   it	   can	   modulate	   protein	   functions	   through	   interactions	   within	   their	  

hydroxyl	   group	   and	   the	   amino	   and	   carbonyl	   groups	   in	   proteins	   (347).	   These	  

properties	   have	   conferred	  multiple	   physiological	   and	   therapeutic	   benefits	   to	   EGCG.	  

For	   example,	   it	   has	   been	   used	   in	   cancer	   therapy	   for	   its	   apoptotic	   and	   anti-‐

proliferative	   properties	   and	   its	   activity	   on	   immune	   response	   (348-‐352).	   EGCG	   has	  

also	  been	  shown	  to	  be	  beneficial	  in	  autoimmune	  diabetes	  due	  to	  its	  anti-‐inflammatory	  

activity	   in	   different	   cell	   types	   (353).	   Finally,	   it	   has	   important	   protective	   effects	   in	  

neurodegenerative	  diseases	  involving	  different	  molecular	  mechanisms	  and	  signalling	  

pathways	  (for	  review	  (354)).	  	  

Although	  many	  studies	  attribute	  the	  neuroprotective	  role	  of	  EGCG	  to	  its	  properties	  as	  

a	   radical	   scavenger	   (Zhuang	   et	   al.	   2003),	   other	   pharmacological	   properties	   may	  

further	  contribute	  to	  its	  therapeutic	  benefits.	  Neurodegenerative	  diseases	  are	  usually	  

accompanied	  by	  fuel	  restrictions	  in	  neurons	  and	  mitochondrial	  impairment.	  EGCG	  has	  

been	  previously	  shown	  to	  target	  energy	  metabolism	  in	  several	  cell	  types,	  mainly	  as	  an	  

agonist	   of	   the	   main	   cellular	   energy	   sensor,	   AMP-‐Activated	   protein	   kinase	   (AMPK)	  

(355,	  356).	  Studies	  in	  mice	  demonstrated	  that	  EGCG	  can	  cross	  the	  blood	  barrier	  and	  

reach	  the	  brain	  (357)	  and	  it	  has	  been	  shown	  to	  accumulate	  in	  neuronal	  mitochondria	  

(358).	   Of	   interest,	   it	   has	   also	   been	   shown	   to	   restore	   mitochondrial	   membrane	  

potential,	   mitochondrial	   function	   as	   well	   as	   ATP	   synthesis	   in	   Alzheimer’s	   Disease	  

mice	  model	  (359).	  	  

Lower	   ATP	   production	   and	   increased	   formation	   of	   ROS	   in	   mitochondria	   are	  

commonly	  observed	  alongside	  cytochrome	  c	  oxidase	  (CcO)	  impairment	  (323),	  which	  

has	  have	  been	  shown	  to	  occur	  in	  AD	  pathology	  and	  other	  neurodegenerative	  diseases.	  

CcO	  or	  mitochondrial	  complex	  IV	  is	  the	  terminal	  oxidase	  of	  the	  mitochondrial	  ETS	  and	  

catalyses	  the	  final	  step	  of	  the	  electron	  transfer	  from	  reduced	  cytochrome	  c	  to	  oxygen.	  
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It	  is	  also	  one	  of	  the	  proton	  pumps	  that	  generates	  the	  proton	  gradient	  across	  the	  inner	  

mitochondrial	  membrane	  to	  power	  ATP	  synthesis	  (360).	  

Natural	   occurring	  molecules	   with	   antioxidant	   capacity	   have	   been	   studied	   for	   their	  

potential	   capacity	   to	   restore	   impaired	   mitochondrial	   function	   under	  

neurodegenerative	   conditions.	   In	   this	   study,	   we	   screened	   different	   natural	  

compounds	  for	  their	  ability	  to	  increase	  neuronal	  ATP-‐turnover.	  	  Our	  aim	  was	  to	  find	  

candidates	   that	   can	   alleviate	   the	   mitochondrial	   impairment	   observed	   in	  

neurodegenerative	  diseases	  and	  to	  identify	  their	  underlying	  mechanisms	  of	  action.	  	  

Our	   results	   showed	   that	  EGCG	   induces	  CcO	  activity	   in	  human	  primary	  neurons	  and	  

astrocytes.	  It	  suggests	  that	  in	  addition	  to	  its	  antioxidant	  properties	  EGCG	  can	  induce	  

mitochondrial	   respiration	   by	   activating	   CcO	   in	   human	   primary	   neurons,	   increasing	  

ATP	  production	  without	  altering	  redox	  balance.	  Therefore	  using	  EGCG	  because	  of	  its	  

poly-‐pharmacological	   activities,	   its	  bioavailability	  properties	  and	   its	   restoring	  effect	  

on	   mitochondrial	   function	   makes	   it	   a	   promising	   candidate	   for	   treating	   several	  

neurodegenerative	  diseases	  with	  mitochondrial	  impairment	  as	  a	  common	  feature.	  

6.2	   Methods	  

6.2.1	   Cell	  culture	  	  

Human	  primary	  neurons	  and	  astrocytes	  were	  prepared	  and	  maintained	  as	  described	  

in	  section	  3.1	  .	  

6.2.2	   ATP-‐	  Luminescent	  measurements	  	  

Several	  natural	   compounds	  were	   screened	   for	   their	   ability	   to	   induce	  ATP-‐turnover.	  

Treatment	   with	   KYNA	   (10	   µM),	   P.	   Emblica	   (30	   µg/mL),	   Pomegranate	   (30	   µg/mL),	  

Curcumin	  L.	  (30	  µg/mL),	  Berberine	  (30	  µM)	  or	  EGCG	  (30	  µM)	  was	  done	  for	  2	  and	  24h	  

in	   human	   primary	   neurons.	   Among	   the	   different	   natural	   compounds	   tested,	   EGCG	  

showed	   the	   most	   significant	   increase	   in	   intracellular	   ATP	   production	   in	   human	  

primary	   neurons	   (Figure	   6.1)	   and	   was	   therefore	   selected	   for	   further	   analysis.	   For	  

EGCG-‐ATP	  kinetics	   induction	   studies,	   cells	  were	   treated	  with	  10	  µM	  of	  EGCG	   in	   the	  

appropriate	   culture	   media	   at	   different	   time	   points.	   For	   dose–dependent	   studies	  
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increasing	  concentrations	  of	  EGCG	  in	  the	  appropriate	  culture	  media	  were	  added	  for	  

24h	   in	   neurons	   and	  3h	   in	   astrocytes.	   For	  ATP	  depletion	   studies,	   cells	  were	   treated	  

with	   2.5µM	   antimycin	   A,	   1	   µM	   of	   rotenone,	   5	   µM	   of	   oligomycin,	   10	  mM	   of	   sodium	  

azide,	  10	  µM	  of	  Compound	  C	  and	  5	  mM	  of	  2-‐deoxy-‐D-‐glucose	  (2-‐DG).	  Treatment	  with	  

the	  mitochondrial	  inhibitors	  was	  performed	  2h	  before	  treatment	  with	  EGCG.	  2-‐DG	  or	  

Compound	  C	  was	  added	  with	  EGCG	  for	  24h.	  Controls	  were	  treated	  with	  equal	  amount	  

of	   the	  solvent	  used	   for	  each	  treatment.	  After	   treatments	   the	  cells	  were	   immediately	  

harvested	   in	   PBS	   and	   assessed	   for	   intracellular	   total	   ATP	   production	   using	   a	  

commercially	   available	   luciferase-‐luciferin	   system	   (ATPlite,	   Perkin	   Elmer)	   in	   a	  

PHERAstar	   plate	   reader.	   Cells	   were	   lysed	   by	   repeated	   freeze	   and	   thaw	   cycles	   and	  

centrifuged	   at	   10,000	   g	   for	   10	   minutes;	   the	   supernatant	   was	   used	   for	   ATP	  

measurements	   and	   protein	   quantification.	   All	   experiments	  were	   performed	   using	   a	  

minimum	  of	  1	  mg/mL	  of	  cell	  protein	  lysate.	  Protein	  measurements	  were	  determined	  

using	   Pierce	   BCA	   protein	   assay	   Kit	   (Thermo	   scientific).	   Total	   ATP	  was	   normalised	  

against	  total	  protein	  to	  account	  for	  any	  difference	  in	  cell	  density.	  	  

	  
Figure	  6.1:	  Screening	  of	  natural	  occurring	  molecules	  for	  its	  ability	  to	  increase	  

ATP	  turn	  over	  in	  human	  primary	  neurons	  

ATP	   production	   of	   neurons	   after	   treatment	   with	   natural	   compounds	   assessed	   by	  
luminescent	   intensity.	   Data	   (means	   ±	   s.e.m.	   of	   two	   experiments)	   are	   presented	   as	  
normalised	   mean	   intensity	   in	   sample	   relative	   to	   normalised	   mean	   intensity	   in	  
untreated	   sample.	   ***p≤0.001	   (EGCG	   treatment	   versus	   none	   after	   24h;	   Student’s	   t-‐
test).	  
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6.2.3	   Cytotoxicity	  

The	  release	  of	  LDH	  in	  the	  cell	  culture	  supernatant	  correlates	  with	  the	  amount	  of	  cell	  

death	   and	   membrane	   damage,	   providing	   an	   accurate	   measure	   of	   cellular	   toxicity	  

(361).	  LDH	  activity	  was	  measured	  in	  parallel	  with	  the	  ATP.	  It	  was	  assayed	  using	  the	  

commercial	   CytoTox	   96	   cytotoxicity	   assay	   (Promega)	   following	   the	  manufacturer's	  

specifications.	  LDH	  activity	  in	  the	  supernatants	  was	  normalized	  against	  total	  protein	  

to	  account	  for	  any	  difference	  in	  cell	  density.	  	  

6.2.4	   Assessment	  of	  mitochondrial	  membrane	  potential	  	  

Quantitative	  mitochondrial	  membrane	  potential	  (ΔΨm)	  was	  determined	  using	  R123,	  

as	   previously	   described	   (362)	   with	   slight	   modifications.	   Neurons	   or	   astrocytes	  

cultures	  in	  12	  well	  plates	  were	  treated	  at	  different	  time	  points	  with	  10	  µM	  of	  EGCG	  in	  

culture	  medium.	  Then,	  cells	  were	  washed	  with	  warm	  PBS	  and	  incubated	  with	  10	  µM	  

of	  R123	  (quenching	  mode)	  in	  L-‐15	  medium	  supplemented	  with	  5	  mM	  of	  glucose	  for	  

20	   minutes	   at	   37°C	   in	   a	   humidified	   atmosphere	   containing	   5%	   CO2.	   The	   R123-‐

containing	   medium	   was	   removed	   and	   cells	   were	   washed	   with	   PBS	   and	   further	  

incubated	  in	  warm	  L-‐15	  medium	  supplemented	  with	  5	  mM	  of	  glucose	  at	  37°C	  for	  15	  

minutes.	  The	  sample	  was	  immediately	  placed	  in	  the	  fluorescence	  spectrophotometer	  

(PHERAstar	  plate	  reader)	  at	  37°C	  with	  excitation	  and	  emission	  set	  at	  560	  and	  645	  nm	  

respectively	  and	  mean	   fluorescence	   intensity	  was	  measured	  using	  orbital	  averaging	  

to	  account	  for	  uneven	  cell	  distribution	  across	  the	  well.	  In	  quenching	  mode	  the	  probe	  

accumulates	   within	   the	   mitochondria	   forming	   aggregates	   that	   quench	   some	   of	   the	  

fluorescent	  emission	  of	  the	  dye.	  Mitochondrial	  depolarization	  (higher	  ΔΨm)	  results	  in	  

the	   release	   of	   the	   dye,	   thus	   unquenching	   the	   dye	   and	   increasing	   the	   fluorescence	  

signal.	  

Quantitative	   ΔΨm	   was	   also	   determined	   using	   CMXRosamine	   (CMXRos)	   probe	  

(MitoTracker,	   Invitrogen	   Life	   technologies)	   according	   to	   previous	   studies	   showing	  

that	  an	  increase	  in	  ΔΨm	  lead	  to	  an	  increase	  of	  CMXRos	  fluorescence	  intensity	  (363).	  

Briefly,	  neurons	  cultured	  in	  glass	  coverslips	  were	  treated	  at	  different	  time	  points	  with	  

10	  µM	  of	  EGCG	  in	  culture	  medium.	  Then	  cells	  were	  washed	  with	  warm	  PBS	  prior	  to	  

add	   50	   nM	   of	   CMXRos	   in	   L-‐15	  medium	   supplemented	  with	   5	  mM	   of	   glucose.	   Cells	  

were	   incubated	   for	   30	  minutes	   at	   37°C	   in	   a	   humidified	   atmosphere	   containing	   5%	  
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CO2,	  then	  washed	  with	  warm	  PBS	  and	  immediately	  fixed	  with	  4%	  paraformaldehyde	  

for	  15	  minutes	  at	  room	  temperature.	  Nuclear	  staining	  was	  performed	  by	  incubating	  

the	  cells	  with	  4,6-‐diamidino-‐2-‐phenylindole	  (DAPI)	  at	  1	  mg/mL	  for	  2	  minutes	  at	  room	  

temperature.	   Then,	   after	   washing	  with	   PBS,	   the	   coverslips	   were	  mounted	   on	   glass	  

slides	   with	   Fluoromount-‐G.	   Epifluorescence	   images	   were	   obtained	   on	   an	   Olympus	  

FV1000	   confocal	   microscope	   captured	   with	   a	   CCD	   camera.	   For	   each	   coverslip,	   ten	  

randomly	   selected	   fields	   were	   acquired	   using	   the	   same	   settings	   along	   each	  

experiment.	   After	   background	   correction,	   fluorescence	   intensity	   for	   CMXRos	   was	  

measured	   for	   each	   condition	   using	   ImageJ	   software	   (364).	   Mean	   fluorescence	  

intensity	  was	  normalized	  against	  the	  total	  number	  of	  cells.	  	  

6.2.5	   Mitochondrial	  respiration	  in	  intact	  cells	  

Oxygen	   consumption	   in	   intact	   cells	   was	   measured	   using	   the	   high-‐resolution	  

respirometer	   Oxygraph-‐2K	   (Oroboros	   instruments),	   as	   described	   in	   section	   3.6	   .	  

Briefly,	  intact	  cells	  were	  removed	  from	  the	  tissue	  culture	  dish	  with	  TripE	  (Invitrogen)	  

and	  after	  one	  wash	  with	  PBS,	  5	  x106	  cells	  were	  added	  to	  normal	  culture	  medium.	  Cell	  

suspension	   was	   immediately	   placed	   in	   the	   oxygraph	   chamber	   at	   37°C	   under	  

continuous	   stirring	   at	   300	   rpm	   for	   respiration	   analysis.	   Each	   experiment	   was	  

repeated	  three	  times	  with	  cell	  preparations	  from	  different	  samples	  and	  results	  were	  

expressed	   as	   pmol	   O2	   consumed	   per	  min	   per	  million	   cells	   or	   OCR	   relative	   to	   OCR	  

during	  routine	  respiration.	  

6.2.6	   Quantitative	  real-‐time	  polymerase	  chain	  reaction	  	  

Total	  RNA	  from	  cells	  was	  prepared	  from	  RNeasy	  mini	  kits	  (Absolutely	  RNA	  Miniprep	  

Kit)	  and	  processed	  as	  described	  in	  general	  methods.	  The	  relative	  expression	  of	  

peroxisome	  proliferator-‐activated	  receptor	  ϒ	  coactivator	  1α	  (Pgk-‐1α),	  mitochondrial	  

transcription	  factor	  A	  (Tfam)	  and	  Mitofusin2	  was	  normalised	  against	  the	  house-‐

keeping	  genes	  Tbp	  and	  Pgk-‐1.	  Data	  were	  analysed	  with	  the	  ΔCt	  values	  and	  expressed	  

as	  fold	  change	  compared	  to	  controls.	  Primer	  sequences	  used	  for	  qRT-‐PCR	  are	  shown	  

in	  Table	  6.1.	   	  
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Table	  6.1:	  Primer	  sequences	  used	  in	  Chapter	  6	  

	   	  

6.2.7	   Mitochondrial	  complex	  IV	  content	  and	  activity	  

The	   activity	   of	   complex	   IV	   (cytochrome	   c	   oxidase)	  was	  measured	   by	   using	  Human	  

complex	  IV	  activity	  microplate	  assay	  Kit	  from	  Mitosciences	  (Abcam)	  according	  to	  the	  

manufacturer’s	   instructions.	   Briefly,	   cells	   were	   lysed	   and	   BCA	   assay	   was	   used	   to	  

measure	   total	   protein	   content.	   The	   same	   amount	   of	   protein	   was	   loaded	   in	   each	  

condition	   (≈100	   μg).	   Complex	   IV	  was	   immunocaptured	  with	   CcO	   antibody	   and	   the	  

activity	  was	  measured	  by	  the	  oxidation	  rate	  of	  reduced	  cytochrome	  c	  at	  550	  nm,	  using	  

PHERAstar	  plate	  reader	  (BMG	  labtech).	  

6.2.8	   Oxidative	  stress	  determination	  	  

Intracellular	   oxidative	   stress	  was	   assessed	   using	   the	  DCF-‐H2	   dye	   (Invitrogen)	   as	   in	  

section	  5.2.9	  .	  Astrocytes	  and	  neurons	  were	  pretreated	  with	  varying	  concentrations	  of	  

EGCG	   (1-‐100	  μM)	   for	   2h	   (astrocytes)	   and	   24h	   (neurons).	   After	  washing	   twice	  with	  

PBS,	  cells	  were	  incubated	  with	  10	  μM	  DCF-‐H2	  in	  L-‐15	  medium	  supplemented	  with	  5	  

mM	  of	  glucose	  for	  30	  minutes	  at	  37°C	  in	  a	  humidified	  atmosphere	  containing	  5%	  CO2.	  

Then,	   cells	   were	   washed	   twice	   with	   PBS	   and	   pre-‐warmed	   L-‐15	   medium	  

supplemented	   with	   5	   mM	   of	   glucose	   and	   1%	   FCS	   was	   added.	   The	   fluorescence	  

intensity	   was	   immediately	   measured	   at	   37°C	   using	   orbital	   averaging	   in	   the	  

PHERAstar	  plate	  reader	  with	  excitation	  and	  emission	  wavelengths	  set	  at	  485	  nm	  and	  

530	  nm	  respectively.	  

Gene$ Forward$sequence$ Reverse$Sequence$

Tfam! 5’#CCTGCTCGGAGCTTCTCAAA#3’! 5’#ACCCTTGGGGTCATTTGGTG#3’!
Pgc71α! 5’#AGAACAGCTAACTCCAAGTCAGATT#3’! 5’#CTTCAGCTTTTCCTGCGGTGAAT#3’!
Pgk71! 5’#TCACTCGGGGCTAAGCAGATT#3’! 5’#CAGTGCTCACATGGCTGACT#3’)
Tbp! 5’#GGGAGCTGTGATGTGAAGT#3’! 5’#GGAGGCAAGGGTACATGAGA#3’!
Mitofusin2! 5’#ACCCTGATGCAGACGGAAAA#3’) 5’#ACCAGGAAGCTGGTACAACG#3’!
)
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6.2.9	   Apoptosis	  

Apoptosis	  was	  measured	  quantitatively	  using	  Annexin-‐V	  FITC	  	  (BD	  Biosciences)	  and	  

propidium	   iodide.	  This	  protocol	   numerates	   early	   apoptotic	   cells	   by	  probing	   for	   cell	  

surface	   exposed	   phosphatidylserine	   with	   FITC	   labelled	   annexin	   V	   and	   for	   plasma	  

membrane	   integrity	   by	   propidium	   iodide	   (PI).	   Cells	   were	   treated	   with	   EGCG	   at	  

different	  concentrations	  for	  24h	  and	  with	  TNF-‐α	  as	  an	  apoptotic	  positive	  control	  for	  

48h.	  Recovered	  cells	  were	  suspended	   in	  1X	  binding	  buffer	  and	  Annexin-‐V	  FITC	  and	  

propidium	  iodide	  were	  added	  prior	  to	  flow	  cytometry	  analysis.	  

6.3	   Results	  

6.3.1	   EGCG	  induces	  ATP	  production	  in	  human	  primary	  neurons	  and	  
astrocytes	  with	  different	  kinetics	  and	  dose-‐response	  patterns.	  	  

After	   EGCG	   was	   selected	   for	   its	   capacity	   to	   increase	   ATP	   production	   in	   human	  

primary	   neurons	   (Figure	   6.1),	  we	   investigated	   the	  mechanism	  of	   action	   of	   the	  ATP	  

production	  induced	  by	  EGCG	  by	  performing	  dose-‐response	  and	  kinetic	  studies	  in	  the	  

two	  main	  cell	  types	  present	  in	  the	  brain:	  neurons	  and	  astrocytes.	  	  

Both	   neurons	   and	   astrocytes	   showed	   a	   2-‐fold	   increase	   in	   ATP	   production	   after	   1h	  

treatment	   with	   10	   µM	   EGCG.	   In	   neurons,	   the	   ATP	   production	   is	   maintained	   and	  

increased	  over	  48h	  (Figure	  6.2a)	  whereas	  in	  astrocytes	  the	  ATP	  is	  restored	  to	  basal	  

levels	   after	   16h	   (Figure	   6.2c).	   Neurons	   and	   astrocytes	   were	   treated	   with	   different	  

dose	   of	   EGCG	   (1	   to	   100	   µM)	   for	   3h	   in	   astrocytes	   and	   24h	   in	   neurons.	   Increasing	  

concentrations	  of	  EGCG	  (up	  to	  60	  µM)	  correlate	  with	  increasing	  production	  of	  ATP	  in	  

neurons	  (Figure	  6.2b).	   In	  astrocytes	  however,	  ATP	  production	  was	  maximal	  at	  1-‐10	  

µM,	   and	   dropped	   at	   higher	   concentrations	   (Figure	   6.2d).	   Cytotoxicity	   studies	  were	  

done	   in	  parallel	   to	   verify	   that	   the	   treatments	  used	  were	  not	   causing	   cell	   death	   and	  

that	   the	   increase	  of	  ATP	  observed	  was	  not	  due	   to	   induction	  of	   apoptotic	  pathways.	  

LDH	  was	  measured	  in	  the	  supernatant	  of	  each	  condition,	  showing	  no	  cytotoxicity	  over	  

72h	   in	  neurons	  and	  astrocytes	   treated	  with	  10	  µM	  of	  EGCG	  (Figure	  6.2e).	  However,	  

cell	   death	  was	   induced	   in	   neurons	   and	   astrocytes	  when	   treated	   for	   24h	  with	  more	  

than	  40	  µM	  of	  EGCG	  (Figure	  6.2f).	  These	  results	  correlate	  with	   the	  decrease	   in	  ATP	  

production	  observed	  in	  neurons	  (Figure	  6.2b)	  at	  more	  than	  60	  µM.	  



129	  
	  

	   	  

Figure	  6.2:	  ATP	  modulation	  in	  neuron	  and	  astrocytes	  by	  EGCG	  treatment	  

ATP	   production	   of	   neurons	   (a,b)	   and	   astrocytes	   (c,d)	   after	   treatment	   with	   10	   μM	  
EGCG	  at	  different	  time	  points	  (a,c)	  and	  with	  increasing	  concentrations	  (1-‐100	  μM)	  for	  
24h	  (b)	  or	  2h	  (d)	  was	  assessed	  by	  luminescent	  intensity.	  Data	  (means	  ±	  s.e.m.	  of	  three	  
or	  six	  experiments)	  are	  presented	  as	  normalised	  mean	  intensity	  in	  sample	  relative	  to	  
normalised	   mean	   intensity	   in	   untreated	   sample	   for	   each	   time	   point.	   *p≤0.05,	  
**p≤0.01,	  ***p≤0.005	  (treatment	  versus	  none;	  Student’s	  t-‐test).	  Cell	  death	  of	  neurons	  
and	  astrocytes	  after	  treatment	  with	  10	  μM	  EGCG	  at	  different	  time	  points	  (e)	  and	  with	  
increasing	  concentrations	  (1-‐100	  μM)	   for	  24h	  neurons	  or	  2h	  astrocytes	  (f)	  assessed	  
by	  LDH	  activity	   in	  cell.	  Data	   (means	  ±	  s.e.m.	  of	   three	  experiments)	  are	  presented	  as	  
normalised	  mean	  activity	  in	  sample	  relative	  to	  normalised	  mean	  activity	  in	  untreated	  
sample.	   *p≤0.05,	   **p≤0.01,	   ***p≤0.005,	   ****p≤0.001	   (treatment	   versus	   none;	  
Student’s	  t-‐test).	  
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6.3.2	   EGCG	   increases	   mitochondrial	   membrane	   potential	   in	   both	  
astrocytes	  and	  neurons	  

Mitochondrial	   membrane	   potential	   relates	   to	   cells'	   capacity	   to	   generate	   ATP	   by	  

oxidative	  phosphorylation.	  Mitochondria	  produce	  ATP	  via	  the	  electrochemical	  proton	  

motive	  force	  (Δp),	  which	  is	  due	  to	  the	  transfer	  of	  electrons	  through	  the	  complexes	  of	  

the	   ETS	   and	   provides	   the	   energy	   to	   drive	   the	   protons	   against	   their	   concentration	  

gradient	  across	  the	  inner	  mitochondrial	  membrane	  (332).	  	  

Due	  to	  the	   increase	   in	  ATP	  production	  observed	  after	  1h	  treatment	  (Figure	  6.2	  a,c),	  

we	  hypothesised	  that	  EGCG	  may	  be	  acting	  directly	  in	  one	  of	  the	  two	  main	  sources	  of	  

ATP	   production	   in	   the	   cell:	   oxidative	   phosphorylation	   or	   glycolysis.	   Taking	   into	  

account	   that	   the	   main	   source	   of	   ATP	   in	   neurons	   is	   mitochondrial	   oxidative	  

phosphorylation	  (273)	  and	  that	  the	  effect	  of	  EGCG	  on	  ATP	  production	  is	  significantly	  

higher	  in	  neurons	  than	  in	  astrocytes	  (Figure	  6.2a,c),	  we	  therefore	  looked	  at	  the	  effect	  

of	   EGCG	   on	   mitochondrial	   function.	   We	   examined	   changes	   on	   the	   mitochondrial	  

membrane	  potential	  (Δψm),	  which	  can	  be	  used	  as	  an	  indicator	  of	  the	  Δp.	  Increase	  in	  

ATP	  due	  to	  an	  activation	  of	  the	  ETS	  would	  co-‐occur	  with	  an	  increase	  of	  Δp	  and	  Δψm.	  

In	   this	   study,	   Δψm	   is	   measured	   with	   two	   different	   probes:	   R123	   and	   CMXRos.	  

Treatment	  with	  EGCG	  showed	  an	  increase	   in	  Δψm	  by	  R123	  fluorescence	   in	  both	  cell	  

types,	  reaching	  its	  maximum	  after	  10	  minutes	  in	  astrocytes	  and	  1h	  in	  neurons	  (Figure	  

6.3a).	   The	   experimental	   time	  was	   limited	   to	   1h,	   because	   quenching	   is	   a	   non	   linear	  

event	   that	   can	   only	   be	   appropriate	   for	   monitoring	   acute	   effects	   of	   experimental	  

treatments	   (365).	  Study	  of	   relative	  changes	  of	  Δψm	  was	  also	  performed	  by	   IF	  using	  

CMXRos	   in	  human	  primary	  neurons	  (363).	  We	  observed	  an	   increase	  on	  the	  relative	  

fluorescence	  intensity	  of	  CMXRos	  within	  the	  mitochondria	  after	  10	  minutes	  treatment	  

with	  EGCG	   (Figure	  6.3b).	   Thus,	   the	   induction	  of	  R123	   and	  CMXRos	   fluorescence	  by	  

EGCG	  indicates	  that	  Δψm	  is	  increasing.	  Moreover,	  it	  suggests	  that	  EGCG	  effect	  on	  ATP	  

production	  could	  be	  mediated	  by	  induction	  of	  the	  ETS.	  
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Figure	  6.3:	  EGCG	  increases	  mitochondrial	  membrane	  potential	  

(a)	  Mitochondrial	  membrane	  potential	   of	   astrocytes	   and	  neurons	  assessed	  by	  R123	  
fluorescence	   intensity	   measured	   at	   different	   time	   points	   after	   10	   μM	   of	   EGCG	  
treatment.	   Data	   (means	   ±	   s.e.m.	   from	   three	   experiments)	   are	   presented	   as	   mean	  
fluorescence	   in	   sample	   relative	   to	  mean	   fluorescence	   in	   untreated	   sample	   for	   each	  
time	   point.	   	   ***p≤0.001,	   **p≤0.005,	   *p≤0.01	   (treatment	   time	   point	   versus	   time	   0;	  
Student’s	   t-‐test),	   (b)	   Mitochondrial	   membrane	   potential	   of	   neurons	   assessed	   by	  
Mitotracker	  CMXRos	  fluorescence	  intensity	  after	  treatment	  with	  10	  μM	  of	  EGCG.	  Data	  
(means	  ±	  s.e.m.	  of	  two	  experiments)	  are	  presented	  as	  normalised	  mean	  fluorescence	  
in	   sample	   relative	   to	   normalised	  mean	   intensity	   in	   untreated	   sample	   for	   each	   time	  
point.	  *p≤0.01	  (treatment	  versus	  none;	  Student’s	  t-‐test).	  
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6.3.3	   EGCG	   increases	   neuron	   and	   astrocytes	   mitochondrial	  
respiration	  but	  does	  not	  induce	  mitochondrial	  biogenesis	  

Δp	   is	   dependent	   of	   Δψm	   and	   the	   mitochondrial	   pH	   gradient	   (ΔpH)	   and	   can	   be	  

represented	  at	  37oC	  by	  the	  equation:	  Δp(mV)=	  Δψm	  -‐60ΔpHm.	  However,	  Δψm	  does	  not	  

necessarily	   follow	   the	   proton	   gradient	   (ΔpHm),	   which	   is	   directly	   related	   to	   ATP	  

production.	   During	   cellular	   stress,	   Δψm	   could	   be	   altered	   by	   dysregulation	   of	  

intracellular	   ionic	  charges	   (ie.	  Ca2+	  or	  K+),	   independently	  of	  ETS	   induction	   (366).	   In	  

order	  to	  assure	  that	  the	  changes	  observed	  in	  Δψm	  are	  mediated	  by	  ETS	  induction,	  we	  

monitored	  cell	  oxygen	  consumption	  using	  high-‐resolution	  respirometry.	  	  

Considering	  that	  EGCG	  increases	  Δψm	  within	  10	  minutes,	  the	  O2	  rate	  was	  monitored	  

before	  and	  after	  EGCG	  addition.	  We	  found	  that	  addition	  of	  10	  µM	  EGCG	  immediately	  

increased	   routine	  O2	   consumption	   rate	   (R)	   in	  neurons	   (Figure	  6.4b)	   and	  astrocytes	  

(Figure	  6.4a).	  No	  significant	  differences	  were	  observed	  in	  proton	  leak	  or	  ETS	  capacity.	  

Cellular	   routine	   respiration	   is	   supported	   by	   exogenous	   substrates	   in	   the	   culture	  

medium.	   Only	   physiological	   energy	   demand,	   energy	   turnover	   and	   the	   degree	   of	  

coupling	   (intrinsic	   uncoupling	   and	   pathological	   dyscoupling)	   control	   the	   levels	   of	  

respiration	   and	   phosphorylation	   in	   the	   physiological	   R	   of	   intact	   cells	   (337,	   367).	  

Knowing	  that	  EGCG	  does	  not	  increase	  energy	  demand	  and	  that	  there	  are	  no	  changes	  

on	   intrinsic	  uncoupling	  (L),	   the	   increase	   in	  O2	  consumption	   is	  probably	   linked	  to	  an	  

increase	  in	  energy	  turnover.	  	  

Measuring	   mitochondrial	   respiration	   in	   intact	   cells	   allows	   the	   integration	   of	  

mitochondrial	   quality	   (function)	   and	   quantity	   (density).	   To	   determine	  whether	   the	  

changes	   observed	   in	   routine	   respiration	  were	   due	   to	   an	   increase	   in	  mitochondrial	  

density,	   we	   measured	   expression	   of	   two	   key	   genes	   involved	   in	   mitochondrial	  

biogenesis,	  Pgc-‐1α	  and	  Tfam	  as	  well	  as	  a	  marker	  of	  mitochondrial	  mass,	  mitofusin	  2	  

(368).	  Our	   results	   showed	   that	  EGCG	  did	  not	   influence	  mitochondrial	   biogenesis.	   It	  

therefore	  suggests	  that	  the	  observed	  changes	  in	  mitochondrial	  respiration	  were	  due	  

to	   an	   increase	   of	   the	  mitochondrial	   functional	   properties	   induced	   by	   EGCG	   (Figure	  

6.4c).	  	  
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Figure	  6.4:	  EGCG	  increases	  neuron	  and	  astrocytes	  routine	  respiration	  without	  altering	  

mitochondrial	  biogenesis	  

O2	  consumption	  rate	  [pmol	  O2/min]	  of	  intact	  astrocytes	  after	  treatment	  with	  10	  μM	  of	  
EGCG	   for	  2h	   (a)	   and	  neurons	  before	   treatment	  with	  10	  μM	  of	  EGCG	   (b)	   showed	  by	  
superimposed	   oxygraph	   traces	   from	   parallel	   measurements	   in	   two	   chambers.	  
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Mitochondrial	   inhibitors	   	   (and	   treatment	   in	   b)	   were	   added,	   at	   the	   time	   points	  
indicated,	  in	  both	  chambers	  for	  the	  study	  of	  respiratory	  states.	  Data	  (means	  ±	  s.e.m.	  of	  
three	   experiments)	   are	   presented	   as	   cell	   number-‐specific	   oxygen	   flux	   in	   sample	  
relative	   to	   cell	   number-‐specific	   oxygen	   flux	   in	   control	   sample	   during	   routine	  
respiration.	   *p≤0.05	   ***p≤0.005	   (Treatment	   versus	   none;	   Student’s	   t-‐test).	   (c)	  
Mitochondrial	  biogenesis	  markers	  (Tfam	  and	  PGC-‐α)	  and	  mitochondrial	  mass	  marker	  
(Mitofusin2)	   gene	   transcript	   expression	   of	   human	  primary	   neurons	   after	   treatment	  
with	   10	   μM	   of	   EGCG	   at	   different	   time	   points.	   Data	   (means	   ±	   s.e.m.	   of	   three	  
experiments)	   are	   presented	   as	   normalised	   transcript	   expression	   in	   the	   samples	  
relative	  to	  normalised	  transcript	  expression	  in	  untreated	  sample	  (Student’s	  t-‐test).	  	  

6.3.4	   EGCG-‐dependent	  ATP	  increase	  is	  inhibited	  when	  complex	  IV	  is	  
blocked	   in	   neurons	   and	   astrocytes,	   but	   not	   when	   glycolysis	   is	  
inhibited	  

To	  establish	  whether	  EGCG	  enhances	  oxidative	  phosphorylation	  by	  directly	  activating	  

a	  mitochondrial	  complex,	  we	  measured	  changes	  in	  EGCG-‐dependent	  intracellular	  ATP	  

increase	   in	   the	   presence	   of	   different	   complexes	   inhibitors.	   The	   time	   of	   treatments	  

were	  chosen	  based	  on	   the	  previous	  kinetics	   studies,	   i.e.	  16	  h	   in	  neurons	  and	  2	  h	   in	  

astrocytes.	   Sodium	  azide,	   a	   reversible	   inhibitor	  of	   complex	   IV,	  decreased	   the	  EGCG-‐

dependent	   ATP	   production	   in	   neurons	   and	   astrocytes	   (Figure	   6.5a,b).	   Moreover,	  

when	  ATP	  synthase	  was	  irreversibly	  inhibited	  with	  oligomycin,	  a	  decrease	  in	  EGCG-‐	  

dependent	   ATP	   production	   was	   also	   observed.	   Although	   neither	   sodium	   azide	   nor	  

oligomycin	  completely	  blocked	  the	  effect	  of	  EGCG	  on	  ATP	  production	  in	  neurons,	  they	  

did	  so	  in	  astrocytes.	  This	  could	  be	  due	  to	  differences	  in	  time	  of	  treatment,	  as	  longer	  

treatment	   time	   in	  neurons	   could	   allow	  EGCG	   to	   activate	   secondary	   targets	   of	   other	  

cellular	  metabolic	  pathways.	  

We	   also	   tested	   whether	   EGCG-‐dependent	   ATP	   production	   could	   be	   mediated	   by	  

induction	  of	  the	  glycolysis	  pathway	  or	  by	  AMPK.	  We	  used	  2-‐Deoxy-‐D-‐Glucose	  (2-‐DG),	  

which	  competitively	  inhibits	  the	  production	  of	  glucose-‐6-‐phospahate	  from	  glucose	  at	  
the	  hexokinase	  level,	  the	  rate-‐limiting	  enzyme	  of	  the	  glycolysis	  pathway	  (369)	  and	  10	  

µM	  of	  Compound	  C	  (AMPK	  pharmacological	  inhibitor).	  Neither	  2-‐DG	  nor	  Compound	  C	  

inhibited	  the	  EGCG-‐induced	  ATP	  production	  in	  neurons	  (Figure	  6.5c,	  	  d).	  	  



135	  
	  

	  

Figure	  6.5:	  EGCG-‐dependent	  ATP	  increase	  is	  inhibited	  when	  complex	  IV	  is	  blocked	  in	  

neurons	  and	  astrocytes.	  

ATP	  production	  of	  neurons	  (a)	  and	  astrocytes	  (b)	  after	  treatment	  with	  10	  μM	  EGCG	  
with	   or	   without	   specific	   mitochondrial	   complexes	   inhibitors	   for	   16	   and	   2h,	  
respectively	   and	   assessed	   by	   luminescent	   intensity.	   Data	   (means	   ±	   s.e.m.	   of	   three	  
experiments)	   are	   presented	   as	   normalised	   mean	   intensity	   in	   sample	   relative	   to	  
normalised	   mean	   intensity	   in	   non-‐EGCG	   treated	   sample	   from	   each	   condition	   (no	  
inhibitor	  and	  inhibitor),	  in	  which	  fold	  change=1.	  *p≤0.01,	  **p≤0.005	  (Student’s	  t-‐test).	  
ATP	   quantification	   of	   neurons	   after	   treatment	   with	   10	   μM	   EGCG	   with	   or	   without	  
Compound	   C	   (c)	   or	   2-‐DG	   (d)	   for	   16h	   and	   assessed	   by	   luminescent	   intensity.	   Data	  
(means	  ±	  s.e.m.	  of	  three	  experiments)	  are	  presented	  as	  normalised	  mean	  intensity	  in	  
sample	   relative	   to	   normalised	   mean	   intensity	   in	   untreated	   sample.	   *p≤0.01,	  
**p≤0.005	  (Student’s	  t-‐test).	  
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6.3.5	   EGCG	  activates	   complex	   IV	  activity	   in	  neurons	  and	  astrocytes	  
without	  concomitant	  increase	  of	  ROS	  production	  

In	   order	   to	   confirm	   the	   direct	   effect	   of	   EGCG	   in	   cytochrome	   c	   oxidase	   activity,	   we	  

immunocaptured	   its	   cellular	   content	   and	   measured	   its	   activity	   by	   following	   the	  

degradation	   rate	   of	   cytochrome	   c	   in	   cell	   cultures	   exposed	   to	   10	   µM	   EGCG.	   We	  

observed	  higher	  cytochrome	  c	  activity	   in	  neurons	  and	  astrocytes	  treated	  with	  EGCG	  

compared	   with	   the	   controls	   (Figure	   6.6a,b),	   therefore	   confirming	   that	   EGCG	   is	  

activating	   complex	   IV	   activity.	   Interestingly,	   we	   observed	   an	   increase	   of	   O2	  

consumption	  in	  intact	  cells	  after	  complete	  inhibition	  of	  the	  mitochondrial	  complexes	  

I,	  III	  and	  V	  when	  10	  µM	  of	  EGCG	  was	  added	  in	  the	  culture	  medium	  (data	  not	  shown).	  

This	  observation	  supports	  that	  EGCG	  is	  increasing	  complex	  IV	  activity.	  

Molecular	  oxygen	  is	  reduced	  to	  water	  in	  the	  complex	  IV	  by	  a	  sequential	  four-‐electron	  

transfer,	   however	   a	  minor	  proportion	   can	  be	   reduced	  by	   a	  1e-‐	   addition	   that	  occurs	  

predominantly	  in	  the	  complex	  III	  but	  also	  in	  the	  complex	  I	  (370).	  High	  Δψm	  enhances	  

the	  reduction	  of	  molecular	  oxygen	  to	  superoxide	  anion	  O2-‐	  by	  complex	  I	  and	  III.	  Since	  

EGCG	  is	  increasing	  complex	  IV	  activity,	  the	  concomitant	  increase	  in	  Δψm	  is	  expected	  

to	   promote	   higher	   rates	   of	   mitochondrial	   superoxide.	   In	   order	   to	   verify	   this	  

hypothesis,	   we	   therefore	   measured	   ROS	   production	   in	   EGCG	   treated	   neurons	   and	  

astrocytes.	  Treatment	  with	  EGCG	  up	  to	  50	  µM	  in	  both	  cell	  types	  did	  not	  increase	  ROS	  

production,	   whereas	   100	   µM	   increased	   their	   production	   in	   neurons	   (Figure	   6.6c).	  

Excessive	   ROS	   production	   is	   associated	   with	   induction	   of	   apoptosis.	   We	   therefore	  

measured	   activation	   of	   apoptosis	   with	   AnnexinV+/PI-‐	   FACs	   analysis	   in	   astrocytes	  

treated	   for	   48h	   with	   increasing	   concentrations	   of	   EGCG.	   We	   did	   not	   observed	  

increased	   apoptosis	   (AnnexinV+/PI-‐)	   or	   necrosis	   (AnnexinV+/PI+)	   in	   astrocytes	  

treated	  with	  up	  to	  30	  µM	  of	  EGCG	  compared	  with	  the	  control.	  However,	  both	  necrotic	  

and	   apoptotic	   cells	   were	   increased	   in	   100	   µM	   treatment	   with	   EGCG	   (Figure	   6.6d).	  

These	   results	   indicate	   that	   the	   induction	   of	   complex	   IV	   by	   EGCG	   does	   not	   increase	  

ROS	  production	  at	  the	  concentrations	  used	  in	  our	  study.	  Nonetheless,	  at	  higher	  doses	  

the	   increase	   of	   Δψm	   by	   complex	   IV	   activation	   could	   be	   increasing	   superoxide	  

production	  by	  complex	  I	  and	  III,	  which	  ultimately	  induces	  apoptosis	  and	  cell	  death.	  
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Figure	  6.6:	  EGCG	  activates	  complex	  IV	  activity	  without	  increasing	  oxidative	  stress	  or	  

apoptosis	  

Cytochrome	  c	  oxidase	  activity	  of	  neurons	  and	  astrocytes	  after	  treatment	  with	  10	  μM	  
of	  EGCG	  at	  different	  time	  points	  (a,	  b)	  assessed	  by	  the	  enzymatic	  degradation	  rate	  of	  
cytochrome	  c	  and	  showed	  as	   relative	   increase	  of	  untreated.	  Data	   (means	  ±	   s.e.m.	  of	  
three	  experiments)	  are	  presented	  as	  normalised	  mean	  activity	   in	   sample	   relative	   to	  
normalised	  mean	  activity	  in	  untreated	  sample	  for	  each	  time	  point.	  *p≤0.01	  (Student’s	  
t-‐test).	  (c)	  ROS	  production	  of	  neurons	  after	  treatment	  with	  different	  concentrations	  of	  
EGCG	  (1-‐100	  μM)	  and	  assessed	  by	  DCF	  fluorescence	  intensity.	  Data	  (means	  ±	  s.e.m.	  of	  
three	   experiments)	   are	   presented	   as	   mean	   intensity	   in	   sample	   relative	   to	   mean	  
intensity	  in	  untreated	  sample.	  *p≤0.01	  (Treatment	  versus	  none;	  Student’s	  t-‐test).	  (d)	  
Apoptosis	  of	  astrocytes	  after	  treatment	  with	  10-‐100	  μM	  of	  EGCG	  for	  48h	  and	  assessed	  
by	   cytofluorometry	   as	   the	   frequency	  of	   cells	  positive	   for	  AnnexinV	  and	  PI.	  Data	   are	  
from	  one	  experiment	  representative	  of	  three.	  	  
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6.3.6	   Increase	  of	  mitochondrial	  ATP	  turnover	  favours	  KP	  activation	  
through	  KAT	  

We	  have	  described	  in	  the	  previous	  chapter	  that	  decrease	  on	  mitochondrial	  function,	  

accompanied	  by	  triggered	  cellular	  energy	  status	  activates	  the	  KMO	  branch	  of	  the	  KP.	  

Moreover,	   KAT-‐1	   and	   -‐2	   activity	   has	   shown	   to	   be	   decreased	   when	   mitochondrial	  

complex	   II	   is	   inhibited	   (98).	   Therefore,	   increase	   of	   mitochondrial	   ATP	   turnover	  

induced	  by	  EGCG	  could	  promote	  the	  KAT	  branch	  of	  the	  KP.	  Human	  primary	  astrocytes	  

were	  treated	  with	  50	  μM	  of	  KYN	  in	  the	  presence	  or	  absence	  of	  10	  μM	  of	  EGCG.	  After	  

24h,	   supernatants	  were	   collected	   for	  KYNA	  quantification.	  Upon	  KP	   activation	  KYN	  

increases,	   and	  we	   reproduced	   that	   by	   adding	   KYN	   to	   the	   cell	   cultures,	   this	   can	   be	  

further	   metabolised	   through	   KMO	   or	   KAT.	   We	   observed	   an	   increase	   of	   KYN	  

metabolised	  by	  KAT	  in	  astrocytes	  treated	  with	  EGCG	  compared	  with	  the	  untreated,	  as	  

shown	   by	   increased	   KYNA	   production	   (Figure	   6.7).	   Thus	   indicating	   that	   EGCG,	  

probably	   by	   increasing	   cellular	   energy	   status,	   can	   indirectly	   modulate	   the	   KP	  

promoting	  its	  neuroprotective	  branch.	  

	  

Figure	  6.7:	  Increase	  of	  ATP	  favours	  KP	  activation	  through	  the	  KAT	  branch	  

KYNA	  was	  measured	   in	  cell	  culture	  supernatants	  of	  human	  primary	  astrocytes	  after	  
treatment	  with	  10	  μM	  of	  EGCG	  in	  the	  presence	  of	  50	  μM	  KYN	  for	  24h.	  Data	  (means	  ±	  
s.e.m.)	  are	  from	  three	  experiments	  (Student’s	  t-‐test).	  
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6.4	   Discussion	  

The	  brain	   is	  highly	  vulnerable	   to	  energy	  and	  oxidative	  damage,	  which	  are	   the	  main	  

contributing	   factors	   in	   the	   etiology	   of	   neurological	   disorders	   and	   ageing	   (371).	  

Therefore,	  restoring	  energy	  balance	  in	  the	  brain	  could	  be	  of	  paramount	  importance	  to	  

improve	  several	  neurodegenerative	  diseases.	  In	  the	  current	  study,	  we	  demonstrated	  

that	   EGCG	   induces	   energy	   turnover	   (ATP)	   by	   directly	   activating	   complex	   IV	   in	   the	  

mitochondria	   of	   human	   primary	   neurons	   and	   astrocytes.	   Several	   studies	   have	  

suggested	   that	  EGCG	  can	  counteract	  mitochondrial	  dysfunction	  and	  oxidative	  stress	  

mainly	  because	  of	  its	  antioxidant	  activity	  (358,	  372),	  but	  to	  our	  knowledge	  our	  study	  

is	  the	  first	  to	  show	  the	  direct	  effect	  of	  EGCG	  on	  complex	  IV	  activity.	  

EGCG	  can	  specifically	  accumulate	  in	  the	  mitochondria	  of	  neurons	  and	  protect	  against	  

oxidative	  stress,	  by	  acting	  as	  a	  natural	  free	  radical	  scavenger	  (358).	  Accordingly,	  we	  

observed	   that	   EGCG	   targets	   the	   mitochondria	   of	   two	   different	   neural	   cell	   types,	  

inducing	   mitochondrial	   respiration.	   Our	   results	   are	   also	   consistent	   with	   previous	  

studies	  showing	  that	  EGCG	  can	  rescue	  inflammatory	  cytokine-‐mediated	  reduction	  of	  

ATP	   and	   Δψm	   in	   insulin–producing	   β	   cells	   (373)	   and	   can	   restore	   oligomeric	   Aβ	  

peptides-‐dependent	   impaired	   ATP	   levels,	   Δψm	   and	   respiratory	   rates	   in	  

neuroblastoma	  cell	  line	  and	  brain	  of	  AD	  mice	  model	  (359).	  All	  these	  responses	  were	  

attributed	   to	   its	   antioxidant	   properties.	   Our	   data	   show	   that	   EGCG	   can	   not	   only	  

stabilize	   the	   ETS	   (specifically	   at	   the	   level	   of	   complex	   IV)	   under	   pathological	  

conditions,	   but	   can	   also	   potentiate	   its	   activity	   without	   inducing	   toxicity	   under	  

physiological	  conditions	  in	  human	  primary	  neurons	  and	  astrocytes.	  Furthermore,	  we	  

demonstrated	  here	  that	  these	  effects	  are	  not	  due	  to	  the	  antioxidant	  properties	  of	  this	  

natural	  molecule.	  	  

Some	   studies	   have	   already	   linked	   the	   role	   of	   EGCG	   to	   energy	   metabolism	   as	   an	  

agonist	   of	   AMPK.	   AMPK	   is	   a	   crucial	   cellular	   energy	   sensor,	   which	   promotes	   ATP	  

production	  when	   activated	   by	   switching	   on	   catabolic	   pathways	  while	   switching	   off	  

anabolic	  or	  biosynthetic	  pathways	  (For	  reviews:(374,	  375)).	  For	  example,	  EGCG	  has	  

been	   shown	   to	   inhibit	   gluconeogenesis	   (biosynthesis)	   in	   hepatocytes	   by	   activating	  

CaMKKβ-‐AMPK	   (376),	   improve	   insulin	   signalling	   pathway,	   and	   inhibit	   lipogenic	  

enzymes	  through	  AMPK	  activation	  (377,	  378).	  	  Moreover,	  it	  can	  suppress	  cell	  growth	  
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and	  migration	  by	  AMPK-‐mediated	  activation	  of	  tumor	  suppressor	  p53	  in	  cancer	  cells	  

(379-‐382).	  	  

AMPK	   can	   be	   activated	   by	  metabolic	   stresses	   that	   decrease	   ATP,	   but	   also	   through	  

phosphorylation	  by	  LKB-‐1	  complex	  or	  calmodium-‐dependent	  protein	  kinase	  kinase	  β	  

(CaMKKβ).	   CaMKKβ	   is	   important	   in	   the	   neural	   tissue	   because	   it	   senses	   increase	   in	  

cytosolic	   Ca2+,	   which	   usually	   trigger	   ATP-‐consuming	   processes	   (383)	   and	   could	  

therefore	   be	   a	   possible	   target	   for	   EGCG	   activity.	   	   Our	   results	   show	   that	  

pharmacological	   inhibition	   of	   AMPK	   in	   human	   primary	   neurons	  with	   Compound	   C,	  

which	   inhibits	   both	   LKB-‐1	   and	   CaMKKβ	   –mediated	   AMPK	   activation,	   did	   not	   block	  

EGCG-‐dependent	   ATP	   production.	   Moreover,	   inhibition	   of	   the	   glycolysis	   pathway,	  

which	  can	  be	  activated	  by	  AMPK	  and	  is	  the	  alternative	  source	  of	  ATP,	  did	  not	  affect	  

EGCG-‐induced	   ATP	   production	   in	   neurons.	  We	   also	   looked	   at	   the	  markers	   used	   to	  

study	   changes	   in	   mitochondrial	   mass	   (mitofusin2)	   and	   biogenesis	   (PGC-‐1α	   and	  

Tfam),	   which	   have	   also	   been	   found	   to	   be	   up	   regulated	   by	   AMPK	   (384).	   AMPK	  

phosphorylates	  PGC-‐1α,	  which	  activates	   its	  own	   transcription	   (374).	  We	   found	   that	  

EGCG	  did	  not	  affect	  mRNA	  levels	  of	  any	  of	  those	  genes,	  indicating	  that	  the	  increase	  in	  

ATP	  production	  is	  not	  due	  to	  activation	  of	  AMPK-‐mediated	  mitochondrial	  biogenesis.	  

However,	  we	  cannot	  discard	  that	  EGCG	  acts	  on	  AMPK	  and	  activates	  PGC-‐1α	  (376).	  It	  is	  

indeed	   possible	   that	   the	   fastest	   and	   first	   notable	   effect	   of	   EGCG	   is	   on	   ETS-‐ATP	  

production	  resulting	  in	  an	  increase	  of	  ATP/ADP	  ratio	  that	  would	  be	  sensed	  by	  AMPK	  

and	  would	  subsequently	  block	  its	  activation.	  In	  fact,	  when	  mitochondrial	  complex	  IV	  

and	  V	   in	   the	  ETS	  are	   respectively	   inhibited	  by	   sodium	  azide	  and	  oligomycin,	  EGCG-‐

mediated	   ATP	   production,	   even	   though	   significantly	   reduced,	   is	   not	   completely	  

blocked	  in	  human	  primary	  neurons.	  It	  suggests	  that	  AMPK-‐mediated	  ATP	  production	  

can	   be	   activated	   by	   EGCG	   only	   when	  mitochondrial	   ATP	   turnover	   is	   blocked,	   thus	  

maintaining	  the	  higher	  levels	  of	  ATP	  observed	  in	  neurons.	  Although	  EGCG-‐mediated	  

ATP	   production	   is	   completely	   blocked	   by	   oligomycin	   and	   sodium	   azide	   in	   human	  

primary	  astrocytes,	  the	  variations	  observed	  between	  neurons	  and	  astrocytes	  could	  be	  

due	   to	   longer	   EGCG	   treatment	   time	   in	   neurons.	   Of	   interest,	   it	   also	   points	   out	   the	  

divergence	  of	  metabolic	  regulation	  between	  neurons	  and	  astrocytes	   (272).	  Neurons	  

main	   source	   of	   ATP	   is	   oxidative	   phosphorylation,	   whereas	   astrocytes	   rely	   on	  

glycolysis	  (273).	  This	  might	  explain	  why	  the	  EGCG-‐mediated	  ATP	  production	  via	  the	  

ETS	   had	   a	   greater	   impact	   in	   neurons	   than	   in	   astrocytes	   under	   the	   same	   treatment	  

conditions.	   We	   also	   observed	   different	   kinetic	   properties	   for	   ATP	   production	   in	  
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neurons	  and	  astrocytes,	  which	  could	  also	  be	  explained	  by	  differences	  in	  cytochrome	  c	  

oxidase	  regulation	  in	  the	  two	  cell	  types.	  CcO	  is	  composed	  of	  13	  different	  subunits	  in	  

mammals,	  which	  are	  encoded	  by	  both	  mitochondrial	  and	  genomic	  DNA	  (385).	  Many	  

of	   the	   nuclear	   subunits	   have	   different	   isoforms,	   which	   are	   differently	   induced	   and	  

expressed	   according	   to	   the	   energy	   requirement	   of	   the	   tissue	   (For	   complete	   review	  

see:(360)).	  	  Among	  them,	  subunit	  IV	  is	  a	  key	  regulator	  of	  CcO,	  as	  it	  inhibits	  CcO	  when	  

senses	  high	  ATP/ADP	  ratios	  (386).	  Two	  isoforms	  of	  subunit	  IV	  (IV-‐1	  and	  IV-‐2)	  have	  

been	  described.	  CcO	   IV-‐1	   is	  ubiquitously	   expressed	   in	   all	   tissues,	  whereas	  CcO	   IV-‐2	  

showed	  only	  high	  expression	  levels	   in	  adult	   lung	  and	  neurons,	  but	  not	   in	  astrocytes	  

(387).	  Neuronal	  CcO	  IV-‐2	  abrogates	  allosteric	  inhibition	  of	  CcO	  by	  ATP,	  supporting	  a	  

constantly	  high	  neuronal	  activity,	  whereas	  in	  astrocytes,	  which	  express	  CcO	  IV-‐1,	  ATP	  

increase	   can	   block	   CcO	   (388,	   389).	   Our	   results	   show	   that	   EGCG	   induces	   an	   early	  

increase	  of	  ATP	  in	  astrocytes	  (which	  resumes	  after	  6h)	  as	  well	  as	  an	  exponential	  ATP	  

increase	  in	  neurons	  (which	  raises	  over	  48h).	  	  We	  believe	  that	  it	  could	  be	  explained	  by	  

the	  ATP-‐mediated	  allosteric	  inhibition	  of	  CcO	  in	  astrocytes,	  but	  not	  in	  neurons,	  driven	  

by	  the	  different	  isoforms	  of	  CcO	  subunit	  IV	  occurring	  in	  the	  two	  cell	  types.	  This	  also	  

supports	   that	   EGCG-‐induced	   ATP	   increase	   in	   both	   cell	   types	   is	   mediated	   by	   an	  

increase	  in	  ETS	  activity.	  

Another	  explanation	  for	  our	  results	  would	  be	  that	  EGCG	  could	  prevent	  inflammatory-‐

induced	   iNOS	  overexpression	   and	  NO	  generation.	   It	   has	  been	   reported	   that	  NO	   can	  

bind	  to	  the	  heme	  of	  CcO	  subunit	  II	  and	  inhibit	  its	  activity	  by	  competing	  with	  O2	  (373,	  

390).	  Therefore,	  EGCG	  could	  activate	  complex	  IV	  by	  reducing	  NO-‐mediated	  inhibition	  

of	   CcO.	   However,	   the	   induction	   of	   CcO	   activity	   by	   EGCG	   was	   observed	   under	  

physiological	  conditions	  when	  there	  is	  no	  increase	  of	  inflammatory	  stress,	  decreased	  

oxygen	  levels	  or	  alteration	  on	  CcO	  affinity	  for	  oxygen.	  It	  is	  therefore	  unlikely	  that	  NO	  

inhibition	  participates	   to	   the	  EGCG	  mechanisms	  of	   action	   for	  CcO	  activation.	   	  Other	  

important	  regulators,	  which	  bind	  to	  different	  subunits	  of	  cytochrome	  c	  oxidase,	  such	  

as	   the	   hormone	   sub-‐product	   3,5-‐diiodothyronine	   (391),	   hypoxia-‐inducible	   factor	  

(392)	   or	   cardiolipin	   (393)	   are	   known	   to	   modulate	   CcO	   activity.	   Alternatively,	  

processes	   such	   as	   phosphorylation	   (394),	   allosteric	   inhibition	   by	   proton	   gradient	  

(395)	  or	  availability	  of	  substrates,	  ADP	  and	  oxygen	  also	  participate	  in	  CcO	  regulation.	  

We	  believe	  that	  EGCG	  could	  influence	  these	  physiological	  regulators	  and	  interact	  with	  

them,	  leading	  to	  an	  increase	  of	  CcO	  activity.	  	  Another	  possible	  mechanism	  to	  take	  into	  

consideration	  is	  that	  EGCG	  could	  act	  as	  an	  electron	  (e-‐)	  donor	  to	  cytochrome	  c.	  EGCG	  
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has	  a	  reduction	  energy	  (ER)	  of	  +0.43	  eV	  and	  has	  previously	  been	  shown	  to	  be	  able	  to	  

transfer	   e-‐	   to	   the	   nucleotide	   dGMP	   (396).	   EGCG	   would	   act	   similarly	   to	   N,N,N′,N′-‐

Tetramethyl-‐p-‐phenylenediamine	   (TMPD)	   (ER	   =+0.23eV),	   which	   is	   the	   artificial	  

substrate	   used	   to	   reduce	   cytochrome	   c	   in	   respirometry	   assays	   for	   measuring	   CcO	  

activity.	   EGCG	   is	   quite	   stable	   in	   aqueous	   solution	   under	   air	   (396),	   and	   would	   not	  

easily	   go	   under	   auto-‐oxidation,	   as	   TMPD	   does,	   therefore	   making	   unnecessary	   the	  

addition	  of	  ascorbate	  to	  maintain	  the	  reduced	  state	  of	  the	  e-‐	  donor.	  	  However,	  further	  

studies	   need	   to	   be	   done	   to	   elucidate	   the	   mechanistic	   basis	   of	   EGCG	   effect	   on	   the	  

activation	  of	  complex	  IV.	  

Pharmacokinetic	   studies	   in	  mice	   demonstrated	   that	   EGCG	   could	   cross	   the	  BBB	   and	  

reach	  the	  brain	  (357).	  It	  has	  been	  shown	  in	  mice	  that	  a	  dose	  of	  1.5	  -‐3	  mg/	  kg	  of	  EGCG,	  

which	  is	  1.5	  times	  more	  the	  daily	  consumption	  in	  humans,	  administrated	  orally	  reach	  

the	  brain	  at	  a	  concentration	  of	  2-‐3	  nmol/g	  of	   tissue	  (397).	  Taking	   into	  account	   that	  

EGCG	   accumulates	   in	   neuronal	   mitochondria	   (357,	   358),	   it	   is	   likely	   that	   sufficient	  

concentration	   of	   EGCG	   arrive	   to	   its	   site	   of	   action	   (CcO),	   showing	   pharmacological	  

activity.	   On	   the	   other	   hand,	   it	   should	   be	   considered	   that	   EGCG	   has	   a	   narrow	  

therapeutic	   window	   and	   its	   accumulation	   in	   the	   mitochondria	   could	   lead	   to	   high	  

concentrations	   and	   neurotoxic	   effects.	   Therefore,	   further	   bioavailability	   and	  

pharmacokinetic	  studies	  in	  vivo	  need	  to	  be	  done	  to	  determine	  the	  appropriate	  clinical	  

dosing	  in	  order	  to	  consider	  EGCG	  in	  neurodegenerative	  diseases	  therapeutics.	  	  

EGCG	  has	  been	  shown	  to	  act	  as	  an	  antioxidant,	  reducing	  ROS	  induced	  by	  neurotoxic	  

compounds.	  In	  this	  study,	  we	  also	  show	  that	  used	  at	  low	  concentrations,	  it	  increases	  

CcO	  activity,	  ATP	  production	  and	  Δψm	  without	  inducing	  ROS	  production,	  cytotoxicity	  

or	  apoptosis.	  	  Specifically,	  our	  results	  provide	  compelling	  evidences	  that	  EGCG	  targets	  

mitochondria	   of	   human	   primary	   neurons	   and	   astrocytes,	   activating	   CcO	   and	  

increasing	   ATP	   turnover	   without	   affecting	   the	   redox	   state	   of	   the	   cell.	   Moreover,	  

increase	   of	   ATP	   could	   regulate	   the	   KP,	   synergistically	   promoting	   neuroprotection	  

through	   activation	   of	   the	   KAT	   branch	   of	   the	   KP	   (see	   section	   6.6	   ).	   This	   natural	  

compound	   may	   therefore	   be	   a	   potential	   interesting	   candidate	   to	   counteract	  

mitochondrial	  dysfunction	  and	  oxidative	  stress	  observed	  in	  many	  neurodegenerative	  

diseases.	  
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6.5	   Conclusions	  

In	  summary,	  our	  results	  demonstrate	  that	  EGCG	  can	  potentiate	  the	  activity	  of	  CcO	  in	  

cultured	   neurons	   and	   astrocytes,	   increasing	   the	   proton	   gradient	   across	   the	   inner	  

mitochondrial	   membrane	   to	   power	   ATP	   synthesis.	   	   Nevertheless,	   CcO	   regulation,	  

assembly	  and	  structure	  are	  complex	  and	  tissue	  specific	  (360)	  and	  how	  EGCG	  acts	  as	  

an	   agonist	   of	   CcO	   needs	   to	   be	   further	   characterised	   (Figure	   6.8).	   We	   observed	  

stronger	   activity	   of	   EGCG	   in	   neurons	   than	   in	   astrocytes	   due	   to	   bioenergetics	  

metabolic	  differences	  between	  the	  two	  cell	  types	  (272)	  and	  higher	  affinity	  of	  EGCG	  for	  

neuronal	  mitochondria	   (358).	  Overall,	   the	   activity	   of	  EGCG	  as	   a	   cell	   energy	  booster	  

could	  have	  therapeutical	  applications	  in	  neurodegenerative	  diseases	  by:	  (1)	  restoring	  

mitochondrial	   function	   in	   neurons	   and	   (2)	   activating	   KAT	   in	   astrocytes	   and	   the	  

synthesis	  of	  neuroprotective	  KP	  metabolites.	  

	  

Figure	  6.8:	  Proposed	  mechanism	  of	  EGCG	  activity	  in	  neurons	  

EGCG	  can	  cross	  the	  BBB	  and	  reach	  neuronal	  cytoplasm,	  where	  targets	  mitochondrial	  
complex	   IV	   (CcO).	   EGCG	   increases	   CcO	   activity	   by	   interacting	  with	   its	   physiological	  
regulators	  or	  directly	  acting	  as	  an	  electron	  donor.	  Overall,	  activation	  of	  CcO	  leads	  to	  
increase	   of	   ATP	   turnover	   by	   ATP	   synthase.	   High	   levels	   of	   ATP	   are	   sensed	   by	   the	  
subunit	   IV	  of	  CcO,	  allosterically	   inhibiting	   its	  activity.	  However,	  neurons	  express	  the	  
isoform	   2	   of	   the	   subunit	   IV,	   which	   is	   not	   sensible	   to	   ATP	   increase.	   EGCG	   can	   also	  
activate	   AMPK,	   but	   the	   rapid	   raise	   of	  mitochondrial	   ATP,	   decreases	   ADP:ATP	   ratio,	  
which	  is	  an	  inhibitory	  signal	  for	  AMPK	  activity.	  
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6.6	   Future	  directions	  

Mitochondrial	   dysfunction	   is	   a	   common	   feature	   of	   many	   neurodegenerative	  

disorders,	   notably	   Parkinson's	  Disease.	   Thus,	   contributing	   to	   the	   neurotoxic	   events	  

characteristic	   of	   the	   disease.	   	   Taking	   into	   account	   our	   results	   from	   the	   previous	  

chapter,	  mitochondrial	  dysfunction	  could	  be	   the	   cause	  of	  KP	  dysregulation	   towards	  

the	  KMO	  branch,	   characteristic	  of	  most	  neurodegenerative	  diseases	   (3).	   Increase	  of	  

mitochondria	  activity	  by	  EGCG	  would	  not	  only	  counteract	  mitochondrial	  dysfunction,	  

but	   could	  also	   restore	   the	  KP	  normal	  metabolism.	  Thus,	   reducing	   the	  production	  of	  

excitotoxic	  and	  pro-‐oxidant	  KP	  metabolites,	  which	  would	  ameliorate	  the	  pathology.	  	  

The	   next	   approach	  would	   be	   to	   elucidate	   (1)	  whether	   KP	   abnormalities	   occur	   as	   a	  

consequence	   of	   mitochondrial	   impairment	   and	   (2)	   how	   treatment	   with	   an	   energy	  

booster	  (EGCG)	  could	  restore	  KP	  regulation	  and	  ameliorate	  the	  pathology,	  by	  using	  a	  

mice	   model.	   In	   this	   case,	   we	   propose	   using	   MPTP	   mouse	   model	   for	   Parkinson’s	  

disease	   because	   it	   combines	   impairment	   in	   oxidative	   phosphorylation	   (398),	  

accompanied	  by	  decreased	  KYNA	  concentrations	   in	   the	  CNS	   (244,	  245).	   	  Therefore,	  

being	   this	   the	   most	   suitable	   to	   evaluate	   both,	   improvements	   in	   mitochondrial	  

capacity	  and	  restore	  of	  KP	  metabolites	  physiological	  levels,	  in	  regard	  to	  amelioration	  

of	   the	   pathological	   hallmarks.	   Treatment	   in	   parallel	   with	   a	   KMO	   inhibitor,	   sharing	  

similar	  pharmacokinetic	  and	  pharmacodynamics	  properties	   to	   those	  of	  EGCG,	  could	  

be	   used	   to	   determine	   whether	   the	   hypothetical	   protective	   activity	   of	   EGCG	   is	   a	  

consequence	  of	  reduction	   in	  KMO	  activity,	  restore	  of	  mitochondrial	  activity	  or	  both.	  

Moreover,	  potential	  new	  targets	  for	  PD	  treatment	  could	  emerge.	  
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Chapter	  7	  
Final	  conclusions	  

7.1	   Final	  conclusions	  

Detailed	   conclusions	   have	   been	   inserted	   in	   each	   chapter,	   and	   are	   summarised	   as	  

follow:	  

1. Increased	  KYN	  level	   in	  the	  CNS	  is	   likely	  to	  be	  a	  mechanism	  to	  promote	  CNS	  defence	  

against	  pathogens	  when	  activating	  the	  AhR	  in	  astrocytes	  (Chapter	  4).	  

2. The	   type	   of	   astroglial	   anti-‐inflammation	   response	   can	   be	   modulated	   through	  

alterations	  of	  the	  KP	  metabolites,	  as	  those	  differently	  activate	  the	  AhR	  (Chapter	  4).	  	  

3. Physiological	   concentrations	   of	   KYN,	   constitutive	   expression	   of	   the	   AhR	   and	  

membrane	   bound	   TGF-‐β	   are	   important	   in	   astrocyte	   functions	   in	   healthy	   CNS	  

(Chapter	  4).	  

4. Not	  only	  KMO	  activity	  can	  promote	  oxidative	  stress	  and	  a	  decrease	  in	  mitochondrial	  

capacity,	  but	  KMO	  activation	  is	  also	  a	  cellular	  mechanism	  able	  to	  overcome	  deficient	  

energetic	  status	  (Chapter	  5).	  	  

5. Autonomous	   KMO	   activity	   could	   play	   a	   role	   in	   neurotoxicity,	   as	   3-‐HK	   shows	   to	   be	  

toxic	  only	  when	  produced	  endogenously	  (Chapter	  5).	  

6. EGCG	  target	  CcO	  in	  the	  mitochondria,	  increasing	  ATP	  turnover	  (Chapter	  6).	  

7. Increase	   of	   cellular	   bioenergetic	   status	   by	   EGCG	   drives	   the	   KP	   through	   the	  

neuroprotective	   KAT	   branch.	   Therefore	   could	   be	   a	   good	   candidate	   to	   treat	   some	  

specific	   neurodegenerative	   diseases	   involving	   mitochondria	   dysfunction	   and	  

glutamate	  excitotoxicity	  (Chapter	  6).	  
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"The	   art	   of	   medicine	   consists	   in	   amusing	   the	   patient	   while	   nature	   cures	   the	  

disease”	  ~Voltaire	  	  

It	  is	  important	  to	  learn	  how	  the	  body	  regulates	  itself	  before	  approaching	  unnecessary	  

treatments.	   This	  would	   reveal	  what	  drugs	   should	   target,	   focusing	  on	   the	   cause	   and	  

not	   the	   consequence,	   which	   in	  most	   cases	   are	   just	   a	   defence	  mechanism	   from	   our	  

body.	  Drugs	  only	  “help”	  when	  the	  body	  can’t	  cope	  with	  the	  insult,	  does	  it	  abnormally	  

or	  the	  response	  does	  not	  end	  when	  the	  trigger	  has	  been	  resolved.	  Therefore,	  we	  need	  

to	  know	  when	  and	  how	  activation	  of	  some	  pathways,	   including	  the	  KP,	  stop	  helping	  

resolve	  the	  insult	  to	  contribute	  or	  exacerbate	  the	  pathology,	  then	  act.	  

To	  the	  question:	  Is	  up	  regulation	  of	  the	  KP	  the	  cause	  or	  a	  consequence	  of	  the	  disease?	  

We	  could	  conclude	  that	  it	  is	  likely	  to	  be	  a	  consequence,	  as	  it	  is	  common	  in	  most	  of	  the	  

neurological	  diseases.	  Its	  up	  regulation	  could	  be	  a	  mechanism	  of	  defence	  in	  response	  

to	   an	   acute	   insult.	   However,	   aging	   and	   other	   chronic-‐related	   factors,	   such	   as	  

exhaustion	  of	  compensatory	  mechanisms,	  contribute	  to	  extended	  and	  disease-‐specific	  

alterations	   in	   the	   KP.	   Thus,	   leading	   to	   long-‐lasting	   variance	   in	   the	   subsequent	  

metabolites	  and	  contributing	  to	  the	  disease.	  Localization	  and	  type	  of	  the	  alterations,	  

is	  specific	  of	  the	  disease,	  which	  explains	  the	  different	  manifestations	  characteristic	  of	  

each	  pathology.	  
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Appendix	  

TGF-‐β	  in	  Astrocytes	  

	  

	  

	  

The	  studies	  showed	  in	  this	  section	  are	  a	  continuation	  of	  results	  in	  Chapter	  4	  (section	  

4.3.2	   ).	   This	   research	   chapter	   is	   attached	   as	   an	   appendix	   because	   the	   preliminary	  

results	  did	  not	  fit	  with	  the	  main	  aims	  of	  this	  thesis.	  
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Literature	  review	  

Understanding	  the	  regulation	  of	  TGF-‐β	  

Transforming	   growth	   factor-‐β	   (TGF-‐β)	   is	   a	   pleiotropic	   cytokine	   involved	   in	  

embryogenesis	  and	  has	  the	  most	  prominent	  role	  in	  the	  immune	  system	  by	  controlling	  

several	   aspects	   of	   inflammatory	   responses,	   T	   cell	   differentiation,	   B	   cell	   isotype	  

switching	   and	   tolerance	   (399).	   This	   essential	   role	   has	   been	   demonstrated	   in	   mice	  

lacking	   TGF-‐β1,	   which	   develop	   an	   early	   and	   fatal	   multifocal	   inflammatory	   disease	  

(400).	  However,	  alterations	  in	  specific	  components	  of	  the	  TGF-‐β	  signalling	  pathway,	  

leading	  to	  increase	  of	   its	  activity,	  have	  also	  shown	  to	  contribute	  to	  a	  broad	  range	  of	  

pathologies.	   Some	   of	   those	   pathologies	   include	   cardiovascular	   and	   developmental	  

diseases,	   fibrosis	   and	   cancer	   (399).	   The	   TGF-‐β	   subfamily	   has	   three	   isoforms	  

expressed	  in	  mammals,	  TGF-‐β1,	  2,	  3	  (401).	  TGF-‐β	  1,	  2	  and	  3	  are	  initially	  synthesised	  

as	  an	  inactive	  protein	  dimer	  (pre-‐pro-‐TGF-‐β)	  that	  undergoes	  a	  multistep	  maturation	  

process.	   Pre-‐pro-‐TGF-‐β	   is	   proteolytically	   cleaved	   by	   furin	   to	   yield	   the	   latent	   TGF-‐β	  

complex	   composed	   of	   homodimeric	   latency-‐associated	   peptide	   (LAP)	   that	   wraps	  

around	  homodimeric	  mature	  TGF-‐β	   and	   this	   can	  be	   released	  associated	  or	  not	   to	   a	  

binding	   protein	   (402).	   Three	   different	   forms	   of	   latent	   TGF-‐β	   complex	   have	   been	  

described:	   (1)	   the	   small	   latent	   form	   (SLC)	   composed	   of	   TGF-‐β	   bound	   to	   LAP;	   (2)	   a	  

large	  soluble	  latent	  form	  (LLC)	  that	  consists	  of	  SLC	  covalently	  linked	  to	  latent	  TGF-‐β-‐

binding	  protein-‐1	  (LTBP-‐1);	  (3)	  and	  a	  membrane	  latent	  form	  composed	  of	  SLC-‐TGF-‐β	  

associated	   with	   the	   membrane	   glycoprotein-‐A	   repetitions	   predominant	   protein	  

(GARP	  or	  LRRC32)	  (403)	  (Appendix	  Figure	  1).	  While	  LTBP-‐1	  targets	  latent	  TGF-‐β	  to	  

the	  extracellular	  matrix	  (ECM)	  (404),	  GARP	  associates	  latent	  TGF-‐β	  to	  the	  cell	  surface	  

(405).	   LTBPs	   are	   large	   proteins,	  which	   can	   co-‐assemble	  with	   fibrillin,	   collagen	   and	  

fibronectin	  in	  the	  ECM,	  where	  latent	  TGF-‐β	  is	  stored	  until	  activation	  (406).	  The	  role	  of	  

LTBPs	  in	  TGF-‐β	  assembly	  and	  activation	  is	  well	  established,	  however,	  that	  is	  not	  the	  

case	   with	   GARP.	   Some	   studies	   support	   that	   GARP	   is	   a	   new	   latent	   TGF-‐β-‐binding	  

protein	  that	  regulates	  the	  bioavailability	  of	  TGF-‐β	  in	  an	  autocrine	  or	  paracrine	  mode	  

(403).	  In	  contrast	  to	  broad	  expression	  of	  LTBPs	  among	  different	  cell	  types,	  GARP	  has	  

only	  been	  detected	   in	  activated	   (Foxp3+)	  Tregs,	  platelets	  and	  mesenchymal	   stromal	  

cells	  (405).	  
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Appendix	  figure	  1:	  Latent	  TGF-‐	  β	  	  	  

TGF-‐	  β	  1	  is	  secreted	  into	  the	  ECM	  as	  a	  LLC,	  consisting	  of	  the	  SLC	  (LAP-‐TGF-‐	  β	  1)	  bound	  
to	  LTBP-‐1	  (407).	  

Active	   TGF-‐β	   can	   be	   released	   from	   its	   latent	   complex	   by	   different	   mechanisms;	  

including	   plasmin,	   matrix	   metalloproteinases	   (MMP-‐2	   and	   MMP-‐9)	   (205),	  

trombospondin-‐1	  (408),	  reactive	  oxygen	  species	  (409),	  acidic	  pH	  and	  microorganism-‐

secreted	   proteases	   (205).	   Plasmin	   needs	   to	   be	   produced	   from	   plasminogen	   by	   the	  

enzymatic	  action	  of	  urokinase	  plasminogen	  activator	  (uPA),	  and	  for	  this	  to	  occur,	  uPA	  

needs	  to	  be	  bound	  to	  uPA	  receptor	  (uPAR).	  Some	  molecules	  have	  shown	  to	  activate	  

uPA,	  such	  as	  parathyroid	  hormone	  (410).	  On	  the	  other	  hand,	  some	  cells	  can	  produce	  

plasminogen	   activator	   inhibitor	   (PAI),	   which	   inhibits	   uPA	   activity	   (205).	   Therefore	  

expression	  of	   positive	   regulators	   of	   uPA,	   uPAR	  and	  PAI	  will	  modulate	   active	  TGF-‐β	  

availability	   in	   the	   cell	   target	   surroundings.	   However	   those	   mechanisms	   have	   not	  

shown	  to	  be	  necessary	   for	   the	  physiological	   function	  of	  TGF-‐β,	  as	  null	  mice	   for	  uPA	  

and	  uPAR	  do	  not	  have	  the	  lesions	  characteristics	  of	  TGF-‐β	  null	  mice	  (411,	  412).	  This	  

suggests	   that	   those	   regulatory	   mechanisms	   become	   important	   under	   pathological	  

circumstances,	   but	   they	   are	   not	   implicated	   in	   homeostasis	   and	   development.	  More	  

relevant	  for	  physiological	  TGF-‐β	  function	  and	  activation	  are	  integrins.	  Mice	  carrying	  a	  

mutation	   that	   impairs	   association	   of	   latent	   TGF-‐β	   with	   integrin	   develop	   defects	  

identical	  to	  those	  observed	  in	  mice	  lacking	  TGF-‐β1	  (400).	  Integrins	  are	  a	  large	  family	  

of	  cell	  adhesion	  and	  signalling	  receptors,	  consisting	  on	  a	  α	  and	  β	  subunits	  that	  form	  a	  

heterodimeric	   type	   I	   transmembrane	   receptor.	   There	   are	   24	   integrin	   receptors	   in	  

mammals	  and	  four	  can	  bind	  and	  liberate	  active	  TGF-‐	  β:	  αVβ3,	  αVβ5,	  αVβ6	  and	  αVβ8.	  TGF-‐

β	  activation	  by	  the	  different	  integrins	  is	  further	  described	  by	  Worthington	  (413).	  Of	  

all	  the	  integrins,	  αVβ8	  is	  the	  most	  relevant	  in	  the	  brain.	   	  It	   is	  expressed	  in	  astrocytes	  

(414)	  and	  αVβ8-‐mediated	  activation	  of	  TGF-‐β	  by	  astrocytes	  is	  important	  in	  controlling	  
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brain	  angiogenesis	  (415)	  and	  neurovascular	  homeostasis	  (416).	  Activation	  of	  TGF-‐β	  

by	   integrins	   can	   be	   independent	   of	   proteolysis	   and	   involves	   transmission	   of	   cell	  

traction	   forces	   to	   the	   LAP	  moiety	   of	   LLC.	   For	   this	   to	   occur,	   it	   is	   important	   (1)	   the	  

incorporation	  of	  TGF-‐β	  into	  the	  extracellular	  matrix	  by	  association	  with	  LTBP	  (417),	  

(2)	   integrin	   binding	   affinity	   and	   strength	   through	   association	   of	   the	   β	   cytoplasmic	  

domain	  with	  the	  actin	  cytoskeleton	  (characteristic	  of	  αVβ6),	  and	  (3)	  ECM	  stiffness	  and	  

resistance	   to	   integrin	   pulling	   (407).	   As	   αVβ8	   has	   short	   cytoplasmic	   tail,	   it	   does	   not	  

interact	  with	  the	  actin	  in	  the	  cytoplasm	  and	  it	  requires	  the	  co-‐expression	  of	  MMP	  to	  

process	   latent	   TGF-‐β	   (418).	   The	   mechanisms	   of	   SLC	   activation	   in	   GARP	   are	   less	  

explored	  than	  in	  LLC,	  however,	  they	  seem	  to	  work	  similarly.	  Two	  integrins	  could	  bind	  

to	  GARP-‐SLC-‐TGF-‐β,	  αVβ6	  and	  αVβ8	  and	  activate	  the	  release	  of	  active	  TGF-‐β.	  This	  can	  

occur	  within	  the	  same	  cell	  or	  involving	  nearby	  cells	  interaction	  (419).	  Similarly	  to	  LLC	  

with	  the	  ECM,	  GARP	  must	  be	  at	  the	  cell	  membrane	  to	  promote	  TGF-‐β	  secretion	  (403).	  

Into	  the	  cell,	  GARP	  competes	  with	  LTBP	  for	  latent	  TGF-‐β,	  therefore,	  the	  cells	  that	  can	  

produce	  GARP	  will	   preferably	   keep	  TGF-‐β	   in	   cell	  membrane	   instead	  of	   secrete	   into	  

the	  ECM	  (403).	   Supporting	   that,	  mesenchymal	   stromal	   cells	   (MSC)	   lacking	  of	  GARP,	  

have	  reduced	  SLC	  expression	  in	  the	  membrane,	  but	  higher	  secretion	  of	  active	  TGF-‐β.	  

However,	  TGF-‐β	  in	  the	  GARP	  complex	  has	  shown	  to	  be	  released	  from	  the	  membrane	  

by	  two	  different	  mechanisms.	  	  It	  has	  been	  reported	  that	  T	  cells	  but	  not	  other	  cells,	  can	  

secrete	   latent	   TGF-‐β	   bound	   to	   GARP,	   those	   complexes	   are	   shed	   from	   the	   cell	  

membrane	  by	  proteases,	  but	   its	   function	  needs	  to	  be	  determined	  (420).	   In	  addition,	  

active	  TGF-‐β	  can	  be	  released	  from	  GARP/	  SLC	  in	  T	  cells	  membrane	  by	  integrin	  αVβ8	  .in	  

autocrine	  or	  paracrine	  mode.	  Depletion	  of	   integrin	  αVβ8	   increases	  GARP/	  SLC	  in	  the	  

membrane	  and	  decrease	  active	  TGF-‐β	  (419).	  	  

Introduction	  

In	   the	   brain,	   TGF-‐β	   is	   necessary	   for	   neurodevelopment,	  modulation	   of	   the	   immune	  

response	   (421)	   and	   most	   importantly	   for	   microglia	   development	   and	   homeostatic	  

signature	  (294).	  However,	  under	  pathological	  conditions,	  it	  has	  also	  been	  associated	  

with	  astrogliosis,	  astrocytic	  scar	  tissue	  (422)	  and	  the	  production	  of	  ECM	  components	  

such	   as	   collagen,	   fibronectin	   and	   condrotin	   sulphate	   proteoglycans	   (CSPGs)	   (314).	  

ECM	  is	  crucial	  for	  TGF-‐β	  and	  other	  growth	  factors	  storage,	  for	  example	  latent	  TGF-‐β	  

associated	  to	  LTBP	  remains	  bound	  to	  the	  ECM	  proteins,	  being	  this	  essential	  for	  tissue	  

remodelling	   (423).	   ECM	   composition	   determines	   its	   stiffness,	   being	   this	   altered	   in	  
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fibrosis	  or	  glial	  scar	  and	  aging	  and	  therefore	  losing	  its	  physiological	  functions	  (423).	  

ECM	  stiffness	  also	   favours	  the	  release	  of	  active	  TGF-‐β	  from	  the	  LTBP,	  which	   in	  turn	  

will	  potentiate	  synthesis	  of	  ECM	  proteins	  that	  favour	  scar	  formation	  (424).	  	  

Overall,	  under	  an	  acute	  inflammatory	  event	  in	  the	  CNS,	  TGF-‐β	  would	  be	  necessary	  to	  

control	  the	  inflammatory	  response	  and	  to	  reduce	  immune	  cell	  recruitment	  to	  the	  CNS	  

by	   promoting	   glia	   scar	   barrier.	   On	   the	   other	   hand,	   under	   chronic	   degenerative	  

conditions,	  TGF-‐β	  promotes	  fibrosis,	  exacerbating	  aging	  processes	  and	  impairing	  the	  

BBB	   function	   (399).	   In	   the	  CNS	  astrocytes	   contribute	   to	  both,	   the	   synthesis	  of	  ECM	  

proteins	  (423)	  and	  the	  BBB	  formation	  (425),	  moreover	  they	  can	  produce	  and	  respond	  

to	  TGF-‐β	  (314).	  This	  makes	  them	  an	  interesting	  target	  to	  study	  the	  effects	  of	  TGF-‐β	  in	  

the	  CNS.	  We	  observed	   that	  astrocytes	  have	  a	  novel	   regulatory	  mechanism	   in	  TGF-‐β	  

signalling,	   involving	   the	   localization	   of	   latent	   TGF-‐β	   in	   their	   membrane	   bound	   to	  

GARP.	   This	   opens	   up	   new	   possibilities	   to	   understand	   how	   TGF-‐β	   might	   favour	   or	  

protect	  against	  neuroinflammation	  and	  the	  role	  of	  astrocytes	  on	  these	  processes.	  

Methods	  	  

Methods	  used	  in	  these	  studies	  are	  described	  in	  section	  4.2	  .	  

Results	  

Astrocyte	   express	   latent	  TGF-‐β	   in	   their	  membrane	  bound	   to	  GARP	  
and	  LPS	  can	  increase	  its	  expression.	  

We	   previously	   showed	   the	   involvement	   of	   TGF-‐β	   in	   astrocyte	   immunoregulatory	  

function	   (Figure	   4.6d).	   Surprisingly,	   despite	   the	   high	   expression	   levels	   of	   TGF-‐β	   in	  

astrocytes	  we	  could	  not	  detect	  TGF-‐β	  in	  the	  cell	  culture	  supernatant	  after	  treatment	  

for	  several	  time	  points	  with	  LPS,	  IFN-‐γ	  and	  KYN	  and	  with	  and	  without	  acid-‐treating	  

the	   supernatant	   (detection	   level	   limit	   for	   the	   ELISA	   guaranteed	   by	  manufacturer	   is	  

5pg/mL).	  This	  led	  us	  to	  think	  that	  TGF-‐β	  could	  be	  either	  sequestered	  in	  the	  cytoplasm	  

or	  bound	  in	  the	  membrane.	  We	  discard	  the	  first	  option	  as	  if	  it	  was	  sequestered	  in	  the	  

cytoplasm	  it	  would	  have	  not	  affected	  astrocyte-‐mediated	  T	  cell	  differentiation.	  Then	  

we	   measured	   LAP	   in	   the	   membrane	   of	   astrocytes	   harvested	   with	   accutase	   and	  

30.57±9.47%	   of	   the	   astrocyte	   population	   showed	   presence	   of	   LAP	   in	   their	  

membranes	   (Appendix	   Figure	   2	   a,b).	   LAP	   antibody	   had	   been	   previously	   tested	   for	  

specificity	  using	  Treg	  as	  positive	  control.	  LAP-‐TGF-‐β	  (or	  SLC)	  is	  released	  by	  the	  cells	  
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associated	  to	  LTBP	  and	  remains	  in	  the	  ECM	  (404).	  However,	  if	  that	  was	  the	  case,	  TGF-‐

β	   would	   be	   detected	   in	   the	   supernatant	   after	   acid-‐treatment.	   We	   therefore	  

hypothesised	  that	  latent	  TGF-‐β	  could	  be	  synthetised	  by	  astrocytes	  associated	  to	  GARP	  

targeting	  the	  cell	  surface.	  We	  showed	  co-‐expression	  of	  GARP	  and	  LAP	  in	  astrocyte	  cell	  

membrane	   under	   normal	   conditions	   (Appendix	   Figure	   2c).	   Blocking	   intracellular	  

protein	  transport	  processes	  with	  monensin	  (GolgiStop;	  BD	  Biosciences),	  which	  blocks	  

the	   final	   processes	   necessary	   to	   localise	   GARP	   in	   the	   cell	   surface,	   decreased	   the	  

number	   of	   GARP+	   and	   LAP+	   cells	   (Appendix	   figure	   3b).	   This	   and	   the	   lack	   of	   GARP	  

expression	   in	   the	  microglia	  cell	   line,	  BV2,	  provide	  evidence	   for	   the	  specificity	  of	   the	  

antibody	  used	   in	  astrocytes.	  Moreover,	  expression	  of	  GARP	  and	  LAP	  is	  up	  regulated	  

under	   inflammatory	   stimuli	   with	   10ng/mL	   of	   LPS	   treatment	   for	   16h	   (Appendix	  

Figure	  2c).	   	  
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Appendix	  figure	  2:	  Astrocyte	  constitutively	  express	  LAP-‐TGF-‐β	  in	  their	  membranes	  

bound	  to	  GARP	  

	  (a)	   Cell	   surface	   LAP	   expression	   in	   astrocyte	   assessed	   by	   cytofluorometric	   analysis.	  
Data	  (means	  ±	  s.e.m.)	  are	  from	  three	  experiments	  and	  shown	  as	  frequency	  of	  LAP+	  in	  
total	   astrocyte	   population	   (Student’s	   t-‐test;	   anti-‐LAP	   versus	   isotype	   control).	   (b)	  
Extracellular	   immunofluorescence	   showing	   the	  expression	  of	  LAP	   in	   astrocyte’s	   cell	  
surface.	   Representative	   data	   of	   two	   independent	   experiments.	   (c)	   Cell	   surface	   LAP	  
and	   GARP	   expression	   in	   astrocyte	   stimulated	   with	   10	   ng/mL	   of	   LPS	   for	   16h	   and	  
assessed	  by	  cytofluorometric	  analysis.	  Data	  are	  representative	  of	   three	  experiments	  
and	   shown	   in	   the	   top	   right	   quadrant	   as	   frequency	   of	   LAP+GARP+	   cells	   in	   total	  
astrocyte	   population.	   Compiled	   results	   (mean	   ±	   s.e.m.):	   untreated,	   69.99±6.7;	   LPS,	  
76.08	  ±	  5.76	  (p=0.0186,	  Student’s	  t-‐test;	  treatment	  versus	  none).	  
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AhR	   could	   be	   necessary	   to	   maintain	   TGF-‐β	   homeostasis	   in	  
astrocytes	  

The	   possible	   interaction	   between	   AhR	   and	   TGF-‐β,	   has	   been	   discussed	   by	   Gomez-‐

Duran	   (426).	   However,	   AhR	   modulation	   has	   shown	   to	   affect	   TGF-‐β	   synthesis	  

differently	   depending	   on	   the	   cell	   type	   (222).	  Our	   aim	  was	   to	   study	  how	  AhR	   could	  

modulate	   TGF-‐β	   in	   mouse	   primary	   astrocytes	   under	   KYN-‐mediated	   activation	   or	  

inhibition	  with	  CH223191.	  	  

Activation	  of	  AhR	  with	  50	  μM	  of	  KYN	  at	  different	  time	  points	  (2h-‐24h)	  had	  no	  effect	  

on	   LAP	   and	  GARP	   expression	   (data	   not	   shown).	  However,	   it	   could	   be	   possible	   that	  

KYN	  is	  not	  the	  best	  ligand	  to	  activate	  AhR-‐mediated	  TGF-‐β	  modulation.	  c-‐src	  activity	  

has	   previously	   shown	   to	   be	   involved	   in	   latent	  TGF-‐β	   intracellular	   processing	   (204)	  

and	  ligand	  binding	  to	  AhR	  has	  shown	  to	  promote	  c-‐src	  activation	  (11).	  Therefore	  we	  

hypothesise	   that	   activation	   of	   AhR	   could	   induce	   c-‐src	   mediated	   latent	   TGF-‐β	  

processing	   and	   increase	   LAP-‐TGF-‐β	   (or	   SLC)	   availability	   in	   the	   cell	   surface.	   We	  

observed	   that	   inhibition	  of	  c-‐src	  with	  5	  μM	  of	  PP2	   for	  16h	  decreased	  both	  LAP	  and	  

GARP	   constitutive	   expression	   in	   astrocyte	   membrane	   (Appendix	   Figure	   3b)	   and	  

reduced	  TGF-‐β	  mRNA	  levels,	  similarly	  to	  monensin	  (Appendix	  Figure	  3a).	  Taking	  into	  

account	  that	  Smad	  TGF-‐β	  signalling	  can	  activate	  a	  positive	  feed-‐back	  loop	  leading	  to	  

increase	  of	  its	  own	  expression	  (54),	  reduction	  of	  LAP	  in	  the	  membrane	  by	  monensin	  

and	   PP2	   treatment,	   would	   therefore	   explain	   the	   decrease	   of	   TGF-‐β	   expression.	   To	  

demonstrate	  the	  involvement	  of	  AhR	  in	  c-‐src	  activity,	  we	  inhibit	  AhR	  with	  CH223191	  

and	   analysed	   GARP/LAP	   expression.	   Surprisingly,	   AhR	   inhibition	   showed	   opposite	  

effects	  to	  those	  observed	  with	  c-‐src	  inhibition.	  GARP/LAP	  expression	  increased	  after	  

AhR	  inhibition	  with	  5	  μM	  CH-‐223191	  for	  72h	  (Appendix	  Figure	  3c).	  

This	  suggests	  that	  (1)	  physiological	  activation	  of	  AhR	  by	  its	  endogenous	  ligands	  may	  

be	  necessary	  to	  down	  regulate	  TGF-‐β	  signalling	  in	  astrocytes	  and	  (2)	  c-‐src	  activity	  is	  

necessary	   for	   either:	   latent	   TGF-‐β	   processing	   or	   TGF-‐β	   signalling,	   independently	   of	  

AhR	  activity.	  	  
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Appendix	  figure	  3:	  GARP/LAP-‐TGF-‐β	  expression	  in	  astrocyte’s	  cell	  surface	  can	  be	  

regulated	  by	  c-‐src	  and	  AhR	  

(a)	  Gene	  transcript	  expression	  of	  astrocytes	  treated	  with	  5	  μM	  of	  PP2	  or	  monensin	  for	  
4h.	  Data	  (means	  ±	  s.e.m.	  of	  three	  experiments)	  are	  presented	  as	  normalised	  transcript	  
expression	   in	   the	   samples	   relative	   to	  normalised	   transcript	   expression	   in	  untreated	  
sample	  (Student’s	  t-‐test).	  (b)	  Cell	  surface	  LAP	  expression	  in	  astrocytes	  treated	  with	  5	  
μM	   of	   PP2	   or	   monensin	   for	   4h	   and	   assessed	   by	   cytofluorometric	   analysis.	   Data	  
(means	  ±	  s.e.m.)	  are	  from	  three	  experiments	  and	  shown	  as	  frequency	  of	  LAP+	  in	  total	  
astrocyte	   population	   (Student’s	   t-‐test;	   anti-‐LAP	   versus	   isotype	   control).	   (c)	   Cell	  
surface	   LAP	   and	   GARP	   expression	   in	   astrocyte	   treated	  with	   5	   μM	   of	   CH223191	   for	  
72h	   and	   assessed	   by	   cytofluorometric	   analysis.	   Data	   is	   representative	   of	   three	  
experiments	  and	  shown	  in	  the	  quadrants	  as	  frequency	  of	  LAP+,	  GARP+	  or	  LAP+GARP+	  
cells	   in	   total	   astrocyte	   population.	   Compiled	   results	   of	   LAP+GARP+	   (mean	   ±	   s.e.m.):	  
untreated,	  38.43±4.75;	  CH223191,	  45.58	  ±	  5.67	  (p=0.0187,	  Student’s	  t-‐test;	  treatment	  
versus	  none).	  
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Discussion	  

TGF-‐β	  has	  concentrated	  much	  attention	  due	  to	  its	  role	  in	  many	  crucial	  physiological	  

processes	  (427).	  Most	  cell	  types	  can	  express	  TGF-‐β,	  however,	  release	  and	  response	  to	  

TGF-‐β	   largely	  depends	  on	  the	  microenvironment	  and	  the	  cell	   type	  (421).	  Therefore,	  

determining	   the	   cell-‐specific	   up-‐stream	   pathways	   regulating	   TGF-‐β	   expression	   and	  

the	   downstream	   mechanisms	   of	   signalling	   propagation	   would	   be	   essential	   to	  

understand	   the	   role	   of	   this	   cytokine	   in	   astrocytes.	   	   Our	   findings	   show,	   for	   the	   first	  

time,	   that	  astrocytes	  express	  LAP-‐TGF-‐β	   in	   their	  membrane	  bound	   to	  GARP.	  This	   is	  

different	   to	   most	   cell	   types,	   which	   release	   LAP-‐TGF-‐β,	   mainly	   bound	   to	   LTBP,	  

targeting	   LAP-‐TGF-‐β	   to	   the	   ECM.	   However,	   those	   findings	   were	   only	   obtained	  

towards	  the	  end	  of	  my	  PhD	  and	  results	  on	  AhR	  involvement	  on	  the	  TGF-‐β	  signalling	  

are	  only	  on	  the	  initial	  stages.	  Therefore	  we	  can	  just	  hypothesise	  in	  order	  to	  address	  

future	  experiments.	  Our	  data	  suggests	  that	  AhR	  inhibition	  increases	  the	  constitutively	  

expressed	   GARP-‐bound	   LAP-‐TGF-‐β	   in	   the	   cell	   surface.	   This	   is	   in	   accordance	   with	  

several	   studies	   in	   different	   cell	   types	   showing	   TGF-‐β	   overexpression	   when	   AhR	   is	  

absent	  (222,	  428).	  However,	  all	  of	  those	  studies	  showed	  increase	  of	  LTBP	  bound	  LAP-‐

TGF-‐β	  and	  to	  our	  knowledge	  this	  is	  the	  first	  study	  showing	  AhR	  and	  GARP	  cross-‐talk.	  

On	   the	   same	   way	   that	   prolonged	   inhibition	   of	   AhR	   increases	   GARP	   expression,	  

physiological	   activation	   of	   AhR	   by	   endogenous	   ligands	   (probably	   KYN	   and	   KYNA)	  

could	  be	  necessary	  to	  maintain	  TGF-‐β	  homeostasis	  (at	  physiological	  concentrations).	  

TGF-‐β	   promotes	   glia	   scar	   formation	   after	   injury	   (223)	   and	   physiological	   activity	   of	  

AhR,	   by	   controlling	   TGF-‐β	   availability	   in	   astrocyte	   surface,	   could	   be	   necessary	   for	  

limiting	   tissue	   scaring	   in	   CNS	   pathologies.	   Additionally,	   TGF-‐β	   is	   important	   in	  

controlling	   inflammation.	   Inflammatory	   stimuli	   also	   increased	   GARP	   expression	   in	  

astrocytes,	  thus	  indicating	  that	  GARP/	  LAP-‐TGF-‐β	  up	  regulation	  under	  inflammatory	  

trigger	   (such	   as	   LPS)	   could	   help	   resolving	   inflammation.	   Nevertheless,	   chronic	   up	  

regulation	  of	  GARP	  and	  LAP-‐TGF-‐β	  available	  in	  the	  cell	  surface	  would	  promote	  scar-‐

regenerating	  phenotype	  of	  astrocytes	  and	  BBB	  abnormalities.	  This	  could	  happen	  as	  a	  

consequence	   of	   (1)	   competitive	   inhibition	   of	   AhR	   physiological	   activation	   by	   its	  

endogenous	  ligands	  (as	  shown	  with	  the	  AhR	  inhibitor,	  CH223191)	  or	  (2)	  un-‐resolved	  

inflammatory	  status.	  	  

Taking	   into	   account	   results	   from	   Chapter	   4,	   we	   can	   conclude	   that	   physiological	  

activation	  of	  AhR	  is	  necessary	  to	  prevent	  astrogliosis,	  and	  maintain	  healthy	  CNS.	  This	  



157	  
	  

based	   on;	   (1)	  AhR	  null	   astrocytes	   showed	   increase	   of	   basal	   Il-‐6	   production	   (Figure	  

4.6e),	  which	  would	  potentiate	  astrogliosis,	  (2)	  inhibition	  of	  AhR	  increases	  basal	  TGF-‐β	  

(Appendix	   Figure	   3c),	   which	   at	   pathological	   concentrations	   would	   also	   potentiate	  

astrogliosis	   and	   (3)	   AhR	   null	   astrocytes	   showed	   a	   decrease	   in	   constitutive	   Tnf-‐α	  

expression	  (Figure	  4.6f).	  TNF-‐α	  together	  with	  IFN-‐Υ	  promotes	  trafficking	  through	  the	  

choroid	  plexus	  between	  the	  blood	  stream	  and	  the	  brain,	  this	  allowing	  CNS	  repair	  and	  

maintenance	   (429).	   We	   hypothesise	   that	   the	   lost	   of	   AhR	   physiological	   activity	   in	  

astrocytes	  would	  decrease	   immune	  trafficking	  to	   the	  CNS	  (by	  promoting	  scar	   tissue	  

and	   decreasing	   BBB	   permeability)	   and	   affect	   CNS	   maintenance	   and	   functional	  

plasticity	  (430).	  

Conclusions	  	  

In	  conclusion,	  we	  observed	  that	  astrocytes	  express	  LAP-‐	  TGF-‐β	   in	   their	  cell	  surface	  

and	  this	  is	  increased	  when	  physiological	  activation	  of	  AhR	  by	  its	  endogenous	  ligands	  

is	   displaced	   and	   under	   inflammatory	   conditions.	   Reversible	   changes	   in	   activated	  

astrocytes	   occurring	   during	   an	   acute	   or	   fast	   resolving	   insult	   have	   shown	   to	   be	  

protective	   for	   the	  CNS	  (278).	  However	  severe	  reactive	  astrogliosis	  caused	  by	  a	   long	  

lasting	  non-‐resolved	  trigger	  exacerbates	  the	  pathology	  (279).	  In	  agreement	  with	  that,	  

GARP/	   LAP-‐TGF-‐β	   up	   regulation	   in	   astrocytes	   could	   help	   resolving	   acute	  

inflammation,	  because	  of	  its	  role	  in	  immune	  tolerance	  (399).	  Nevertheless,	  chronic	  up	  

regulation	  of	  TGF-‐β	  available	   in	   their	   cell	   surface	  would	  promote	   scar-‐regenerating	  

phenotype	   of	   astrocytes	   (223)	   and	   BBB	   abnormalities,	   exacerbating	  

neurodegeneration.	  

Future	  directions	  

First,	   the	   expression	  of	   LAP-‐TGF-‐β	   in	   the	   cell	   surface	   of	   astrocytes	   bound	   to	  GARP,	  

which	   has	   never	   been	   described	   before,	   needs	   to	   be	   further	   validated	   and	  

characterised.	   Immunoblot	   analysis	   of	   LAP	   and	   GARP	   from	   membrane	   extract	   of	  

astrocytes	  by	  using	  different	  antibodies	  would	  be	  necessary	  to	  support	  our	  findings.	  

Additionally,	  immunohistochemistry	  analysis	  of	  brain	  tissue	  sections	  co-‐labelled	  with	  

an	  astrocyte	  marker	  and	  LAP	  and/or	  GARP	  would	  discard	  LAP-‐TGF-‐β	  presence	  in	  the	  

cell	  surface	  as	  a	  consequence	  of	  in	  vitro	  cell	  culturing.	  Finally,	  the	  expression	  of	  LAP-‐
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TGF-‐β	   in	   the	   cell	   surface	   of	  mice	   astrocytes	   bound	   to	   GARP	   could	   be	   estimated	   in	  

humans	  by	  using	  human	  primary	  astrocytes	  cell	  culture.	  

Once	   the	   previous	   studies	   have	   confirmed	   the	   presence	   of	   TGF-‐β	   in	   astrocyte’s	  

membrane,	   further	   characterisation	   of	   its	   regulation	   by	   AhR	   needs	   to	   be	   done	  

(Appendix	   Figure	   4).	   Our	   results	   suggest	   that	   inhibition	   of	   physiological	   AhR	  

activation	  up	  regulates	  membrane	  GARP/LAP	  expression	  in	  astrocytes.	  The	  metabolic	  

pathways	   involved	   in	   AhR-‐mediated	   TGF-‐β	   regulation	   could	   be	   studied	   in	   vitro	   by	  

analysing	   astrocyte’s	   transcriptomes	   after	   AhR	   inhibition.	   Differences	   in	   mRNA	  

expression	  profiles	  of	  TGF-‐β-‐related	  pathways	  between	  the	  two	  conditions	  could	  give	  

hints	  on	  the	  mechanisms	  undelaying	  AhR	  activity	  in	  regulation	  of	  TGF-‐β.	  	  

	  

Appendix	  figure	  4:	  TGF-‐β	  regulation	  in	  relation	  with	  AhR	  

Under	  physiological	  conditions,	  KYN	  could	  act	  as	  an	  endogenous	  ligand	  of	  AhR	  being	  
necessary	   for	   TGF-‐β	   homeostasis	   (to	   avoid	   overexpression).	   C-‐src	   activity	   is	  
necessary	   for	   GARP/LAP-‐TGF-‐β	   availability	   in	   astrocyte’s	   membrane,	   however	   the	  
role	  of	  AhR	  in	  this	  process	  remains	  unknown.	  Adapted	  from	  Quintana	  et	  al.	  (214).	  

Further	   studies	   to	   determine	   the	   role	   of	   AhR	   in	   physiological	   and	   pathological	  

astrocyte	  function	  could	  be	  studied	  in	  vivo	  using	  an	  astrocyte-‐specific	  conditional	  AhR	  

KO	  mice	  model.	  This	  model	  would	  allow	  us	  to	  observe	  differences	  in	  the	  BBB	  integrity	  

or	   in	   the	   CNS	   inflammatory	   profile	   associated	   with	   the	   physiological	   activity	   of	  
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astrocytic-‐AhR.	  Not	  only	  that,	  but	  inducing	  EAE	  in	  this	  mice	  model	  would	  also	  provide	  

further	   understanding	   in	   whether	   AhR	   activity	   in	   astrocytes	   is	   necessary	   to	  

ameliorate	  the	  progression	  or	  onset	  of	  a	  neurodegenerative	  disease.	  All	  those	  studies	  

would	   take	   into	   consideration	   changes	   of	   TGF-‐β	   as	   a	  mechanism	   for	   the	   astrocyte-‐

specific	  conditional	  AhR	  KO	  mice	  model	  phenotype	  in	  physiological	  and	  pathological	  

conditions.	  
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