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Abstract	
  

	
   Dopamine	
  (DA)	
  is	
  a	
  key	
  striatal	
  neuromodulator	
  central	
  to	
  normal	
  functioning	
  of	
  

the	
   basal	
   ganglia.	
   Identifying	
   and	
   characterizing	
   circuits	
   governing	
   striatal	
   DA	
  

transmission	
  is	
  necessary	
  for	
  understanding	
  DA	
  involvement	
  in	
  adaptive	
  behaviour	
  and	
  

pathology.	
   Properties	
   of	
   evoked	
   striatal	
   DA	
   release	
   can	
   be	
   examined	
   using	
   fast-­‐scan	
  

cyclic	
  voltammetry	
  at	
  carbon	
  fibre	
  microelectrodes,	
  a	
  technique	
  enabling	
  live	
  monitoring	
  

of	
   transmitter	
   release	
   events	
   with	
   sub-­‐millisecond	
   resolution.	
   Experimental	
   work	
  

presented	
   in	
   this	
   thesis	
   employed	
   this	
   approach	
   to	
   study	
   regulation	
   of	
   striatal	
   DA	
   by	
  

acetylcholine	
  (ACh)	
  in	
  health	
  and	
  disease	
  in	
  acute	
  brain	
  slices.	
  

	
   Synchronous	
   activity	
   in	
   a	
   small	
   population	
   of	
   striatal	
   cholinergic	
   interneurons	
  

(ChIs)	
  was	
  previously	
  shown	
  to	
  directly	
  drive	
  striatal	
  DA	
  release.	
  Here	
  using	
  optogenetic	
  

approach	
   I	
   explore	
   physiological	
   relevance	
   of	
   ChI-­‐evoked	
   drive	
   of	
   striatal	
   DA	
   by	
  

examining	
  whether	
  corticostriatal	
  and	
  thalamostriatal	
  afferents	
  to	
  ChIs	
  can	
  trigger	
  ACh-­‐

evoked	
   DA	
   events.	
   Following	
   floxed	
   vector	
   injections	
   in	
   motor	
   cortex	
   or	
   caudal	
  

intralaminar	
  thalamus	
  of	
  CaMK2a-­‐Cre	
  mice	
  I	
  examine	
  the	
  properties	
  of	
  evoked	
  DA	
  upon	
  

light	
   activation	
   of	
   channelrhodopsin-­‐2-­‐transduced	
   inputs	
   to	
   striatal	
   ChIs.	
   These	
  

experiments	
   revealed	
   that	
   both	
   cortical	
   and	
   thalamic	
   afferents	
   are	
   capable	
   of	
   driving	
  

ACh-­‐evoked	
   DA	
   release,	
   but	
   operate	
   using	
   a	
   different	
   complement	
   of	
   post-­‐synaptic	
  

ionotropic	
   glutamate	
   receptors	
   and	
   display	
   distinct	
   release	
   recovery	
   profiles.	
   I	
   further	
  

explore	
   if	
   rebound	
  excitation	
   in	
   a	
  population	
  of	
   striatal	
   ChIs	
   could	
  drive	
  DA	
  events	
  by	
  

examining	
   whether	
   ACh-­‐evoked	
   DA	
   release	
   follows	
   optical	
   inhibition	
   of	
   striatal	
   ChIs	
  

selectively	
   expressing	
   hyperpolarizing	
   halorhodopsin	
   3.0	
   or	
   archaerhodopsin	
   3.0	
   in	
  

ChAT-­‐Cre	
  mice.	
  This	
  work	
  showed	
  that	
  hyperpolarizing	
  ion	
  pumps	
  were	
  not	
  successful	
  in	
  

triggering	
   ChI-­‐evoked	
   DA	
   release.	
   I	
   also	
   investigate	
   whether	
   cholinergic	
   brainstem	
  

innervation	
   of	
   striatum	
   could	
   contribute	
   to	
   or	
   drive	
   ACh-­‐evoked	
   striatal	
   DA	
   events	
   in	
  



	
   	
   	
  

	
   	
   	
  

ChAT-­‐Cre	
  rat,	
  concurrently	
  showing	
  that	
  ChI-­‐evoked	
  DA	
  release	
  is	
  not	
  a	
  species	
  artefact,	
  

and	
   is	
   present	
   in	
   mouse	
   and	
   rat	
   alike.	
   Current	
   results	
   also	
   suggest	
   that	
   cholinergic	
  

brainstem	
  afferents	
  do	
  not	
  drive	
  or	
  contribute	
  to	
  striatal	
  ACh-­‐evoked	
  DA	
  events.	
  

	
   Close	
  interaction	
  between	
  DA	
  and	
  ACh	
  systems	
  further	
  indicates	
  that	
  ACh	
  could	
  

impact	
   dopaminergic	
   dysfunction.	
   To	
   explore	
   this	
   I	
   examined	
   the	
   state	
   of	
   ACh	
  

transmission	
  in	
  a	
  mouse	
  model	
  of	
  Parkinson’s	
  disease	
  overexpressing	
  human	
  wild	
  type	
  

α–synuclein	
   protein.	
   These	
   animals	
   present	
   with	
   impaired	
   striatal	
   DA	
   release	
   from	
  

young	
  age,	
  but	
  DA	
  deficits	
  could	
  be	
  mediated	
  by	
  changes	
  in	
  ACh	
  tone.	
  Here	
  I	
  show	
  that	
  

impaired	
  striatal	
  DA	
  release	
   is	
   the	
   results	
  of	
  primary	
  DA	
  axon	
  dysfunction,	
  although	
   in	
  

ventral	
   striatum	
  DA	
   release	
   deficits	
   could	
   be	
   partially	
   compensated	
   by	
   increased	
   ACh	
  

tone	
  at	
  nicotinic	
   receptors.	
   I	
   further	
   show	
   that	
   the	
   functional	
   state	
  of	
  muscarinic	
  ACh	
  

receptors	
   in	
  not	
   altered	
   following	
  decreased	
  DA	
   transmission,	
   although	
   the	
  data	
   from	
  

aged	
   animals	
   suggest	
   that	
   α–synuclein-­‐dependent	
   changes	
   in	
   vesicle	
   handling	
   could	
  

contribute	
  to	
  impaired	
  DA	
  releasability.	
  Finally,	
  I	
  show	
  that	
  vesicle	
  handling	
  may	
  indeed	
  

be	
  altered	
  in	
  this	
  mouse	
  model	
  as	
  impaired	
  DA	
  release	
  is	
  evident	
  with	
  short	
  stimulation	
  

protocols,	
   while	
   with	
   prolonged	
   depolarization	
   of	
   DA	
   axon	
   terminals	
   α–synuclein-­‐

overexpressor	
  mice	
  are	
  better	
  able	
  to	
  sustain	
  evoked	
  DA	
  release.	
  

	
   Overall,	
  the	
  main	
  body	
  of	
  work	
  presented	
  in	
  this	
  thesis	
  examined	
  the	
  processes	
  

regulating	
  striatal	
  DA	
  transmission	
  via	
  ACh	
  system.	
  In	
  particular,	
  I	
  show	
  that	
  ChI-­‐evoked	
  

drive	
   of	
   striatal	
   DA	
   release	
   can	
   be	
   recruited	
   physiologically	
   and	
   further	
   establish	
   that	
  

changes	
  in	
  ACh	
  transmission	
  are	
  not	
  the	
  primary	
  drivers	
  of	
  impaired	
  DA	
  releasability	
  in	
  a	
  

mouse	
  model	
  of	
  Parkinson’s	
  disease	
  overexpressing	
  human	
  α–synuclein	
  protein.	
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PFA	
   	
   	
   paraformaldehyde	
  

Pr	
   	
   	
   release	
  probability	
  

PPN	
  	
   	
   	
   pedunculopontine	
  nucleus	
  of	
  brainstem	
  

PT	
   	
   	
   pyramidal	
  tract	
  corticostriatal	
  projection	
  	
  

SEM	
  	
   	
   	
   standard	
  error	
  of	
  the	
  mean	
  

SNARE	
  	
  	
   	
   soluble	
  NSF	
  attachment	
  protein	
  receptor	
  	
  

SNc	
  	
   	
   	
   substantia	
  nigra	
  pars	
  compacta	
  

SNr	
  	
   	
   	
   substantia	
  nigra	
  pars	
  reticulata	
  

STN	
  	
   	
   	
   subthalamic	
  nucleus	
  

TANs	
  	
   	
   	
   tonically	
  active	
  neurons	
  

TH	
  	
   	
   	
   tyrosine	
  hydroxylase	
  

VGCCs	
  	
  	
   	
   voltage-­‐gated	
  calcium	
  channels	
  

VTA	
  	
   	
   	
   ventral	
  tegmental	
  area	
  

WT	
  	
   	
   	
   wild	
  type	
  

Snca	
  -­‐/-­‐	
  	
   	
   mouse	
  α-­‐synuclein	
  knockout	
  mice	
  

SNCA	
  OVX	
   	
   mice	
  overexpressing	
  human	
  wild-­‐type	
  α-­‐synuclein	
  on	
  mouse	
  α-­‐

synuclein	
  null	
  background	
  	
  

Synapsin	
  3	
  -­‐/-­‐	
   	
   synapsin	
  3	
  knockout	
  mice	
  	
  

TTX	
   	
   	
   tetrodotoxin	
  

VGLUT1	
   	
   vesicular	
  glutamate	
  transporter	
  1	
  

VGLUT2	
   	
   vesicular	
  glutamate	
  transporter	
  2	
  

vlCPu	
  	
   	
   	
   ventrolateral	
  caudate-­‐putamen	
  

vmCPu	
  	
   	
   ventromedial	
  caudate-­‐putamen	
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1.1	
  Introduction	
  overview	
  

	
   This	
   chapter	
   aims	
   to	
   provide	
   a	
   summary	
   of	
   the	
   research	
   concerned	
   with	
  

understanding	
   the	
   functional	
   interplay	
   between	
   two	
   major	
   basal	
   ganglia	
   (BG)	
  

neuromodulators,	
  dopamine	
  (DA)	
  and	
  acetylcholine	
  (ACh).	
  It	
  begins	
  with	
  an	
  overview	
  of	
  

the	
  BG	
  anatomy	
  and	
  function,	
  which	
  outlines	
  the	
  major	
  constituent	
  parts	
  of	
  this	
  circuit.	
  

Subsequently	
   the	
   functional	
   roles	
   of	
   striatal	
   dopaminergic	
   and	
   cholinergic	
  

neurotransmission	
  are	
  discussed	
  and	
  related	
  to	
  behavioural	
  data	
  and	
  pathology.	
  

1.2	
  The	
  structure	
  and	
  function	
  of	
  the	
  basal	
  ganglia	
  

1.2.1	
  Functional	
  role	
  of	
  the	
  basal	
  ganglia	
  circuits	
  

	
   The	
   BG	
   are	
   a	
   collection	
   of	
   interconnected	
   nuclei,	
   predominantly	
   of	
   subcortical	
  

origin,	
   forming	
   an	
   extensive	
   information	
   processing	
   network	
   involved	
   in	
   a	
   variety	
   of	
  

functions.	
  Research	
  to	
  date	
  provides	
  evidence	
   for	
   the	
  BG	
   involvement	
   in	
  practically	
  all	
  

aspects	
   of	
   behaviour.	
   The	
   BG	
   facilitate	
   novel	
   task	
   performance	
   based	
   on	
   integrative	
  

processing	
  of	
  information	
  currently	
  available	
  in	
  the	
  environment	
  which	
  is	
  necessary	
  for	
  

action	
   selection.	
   The	
   BG	
   are	
   also	
   indispensable	
   for	
   using	
   previously	
   overlearned,	
   and	
  

therefore	
   automatically	
   performed,	
   behavioural	
   strategies	
   in	
   habitual	
   contexts.	
   The	
  

previously	
  held	
  assumptions	
  of	
  BG	
  roles	
  being	
  exclusive	
  to	
  motor	
  performance	
  have	
  now	
  

been	
   challenged	
   (Doyon	
   et	
   al.,	
   2009).	
   A	
   wealth	
   of	
   functional	
   data	
   suggest	
   that	
   these	
  

circuits	
  also	
  mediate	
  cognitive	
  operations,	
  including	
  selection	
  and	
  execution	
  of	
  cognitive	
  

programs,	
  as	
  well	
   as	
   reward-­‐related	
  and	
  probabilistic	
   learning	
   (Packard	
  and	
  Knowlton,	
  

2002;	
  Grahn	
  et	
  al.,	
  2009).	
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   The	
  BG	
  networks	
  are	
  crucial	
  for	
  motor	
  control,	
  planning	
  and	
  motivation	
  (Graybiel	
  

et	
  al.,	
  1994;	
  Albin	
  et	
  al.,	
  1995),	
  context-­‐dependent	
  action	
  selection	
  (Nicola,	
  2007;	
  Cisek	
  

and	
   Kalaska,	
   2010),	
   cognition	
   (Middleton	
   and	
   Strick,	
   2000),	
   reward-­‐related	
   and	
   habit	
  

learning	
   (Knowlton	
  et	
  al.,	
  1996;	
  Schultz,	
  2006;	
  Yin	
  and	
  Knowlton,	
  2006),	
  and	
  addiction	
  

(Gerdeman	
   et	
   al.,	
   2003;	
   Everitt	
   and	
   Robbins,	
   2005).	
   Further,	
   BG	
   dysfunctions	
   are	
  

involved	
   in	
   a	
   number	
   of	
   neurological	
   conditions,	
   including	
   Parkinson’s	
   disease,	
  

Tourette’s	
   syndrome,	
   attention	
   deficit	
   hyperactivity	
   disorder,	
   obsessive-­‐compulsive	
  

disorder,	
   Huntington’s	
   disease	
   and	
   schizophrenia.	
   A	
   comprehensive	
   understanding	
   of	
  

any	
   single	
   component	
   of	
   this	
   constellation	
   of	
   behaviours	
   is	
   already	
   challenging.	
   Yet,	
  

understanding	
   how	
   a	
   network	
   is	
   built	
   to	
   mediate	
   such	
   a	
   variety	
   of	
   functions	
   adds	
  

another	
  level	
  of	
  complexity	
  to	
  building	
  working	
  models	
  of	
  the	
  BG.	
  To	
  set	
  a	
  context	
  for	
  a	
  

better	
   understanding	
   of	
   the	
   functional	
   underpinnings	
   these	
   behaviours	
   share,	
   the	
   BG	
  

anatomical	
  organization	
  is	
  examined	
  next.	
  	
  

1.2.2	
  Anatomical	
  organization	
  of	
  the	
  basal	
  ganglia:	
  circuit	
  components	
  

	
   Anatomical	
   evidence	
   encompassing	
   data	
   from	
   synaptic	
   to	
   circuit	
   level	
   analyses	
  

demonstrate	
  unsurpassed	
  complexity	
  of	
  the	
  BG	
  architecture.	
  Individual	
  BG	
  nuclei,	
  either	
  

directly	
  or	
  indirectly	
  interconnected	
  with	
  every	
  other	
  part	
  of	
  the	
  BG,	
  form	
  open	
  and	
  re-­‐

entrant	
  processing	
  circuits	
  (Joel	
  and	
  Weiner,	
  1994),	
  determining	
  the	
  direction	
  and	
  speed	
  

of	
   information	
   flow	
   through	
   the	
  network.	
  These	
  multiple	
  operational	
   loops,	
  mediating	
  

parallel	
   and	
   sequential	
   information	
  processing,	
  unite	
   the	
   individual	
  BG	
  components	
   to	
  

enable	
  adaptive	
  behaviour.	
  	
  

	
   From	
  the	
  input	
  BG	
  nuclei,	
  striatum,	
  or	
  caudate-­‐putamen	
  (CPu),	
  and	
  subthalamic	
  

nucleus	
  (STN),	
  information	
  relayed	
  by	
  cortical	
  and	
  thalamic	
  afferents	
  is	
  conveyed	
  to	
  the	
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output	
  nuclei,	
  substantia	
  nigra	
  pars	
  reticulata	
  (SNr)	
  and	
  globus	
  pallidus	
  internal	
  segment	
  

(GPi)	
  (entopeduncular	
  nucleus	
  in	
  rodents),	
  either	
  directly	
  or	
  via	
  relay	
  stations	
  in	
  STN	
  and	
  

globus	
  pallidus	
  external	
  segment	
  (GPe).	
  The	
  output	
  BG	
  nuclei	
  then	
  influence	
  behaviour	
  

via	
   their	
   projections	
   to	
   thalamus,	
   and	
   hence	
   to	
   cortex,	
   and	
   subcortical	
   pathways,	
  

including	
   afferents	
   and/or	
   collaterals	
   to	
   superior	
   colliculus,	
   reticular	
   formation,	
  

pedunculopontine	
   nucleus	
   (PPN)	
   and	
   habenula	
   (Figure	
   1.1).	
   Circuit	
   diagrams	
  

summarizing	
  the	
  BG	
  anatomical	
  organization	
  provide	
  an	
  overview	
  of	
  its	
  basic	
  structure.	
  

Inclusion	
  of	
  all	
  the	
  functionally	
  relevant	
  components,	
  however,	
  renders	
  these	
  diagrams	
  

too	
  complex	
  to	
  be	
  useful.	
  Therefore,	
   for	
  this	
  summary	
   I	
  will	
   focus	
  on	
  the	
  fundamental	
  

constituents	
  only.	
  

	
   Conceptually,	
  open	
  processing	
  loops	
  enable	
  adaptive	
  behavioural	
  control	
  by	
  the	
  

BG	
   via	
   integration	
   of	
   information	
   across	
   different	
   domains.	
   For	
   example,	
   cortical	
   area	
  

that	
  receives	
  the	
  final	
  BG	
  output	
  originating	
  from	
  the	
  pallidum	
  and	
  transmitted	
  via	
  the	
  

thalamus	
  can	
  be	
  different	
  from	
  the	
  one	
  that	
  provided	
  afferent	
  signal	
  to	
  the	
  CPu/STN	
  in	
  

the	
  first	
  place.	
  This	
  could	
  happen	
  when	
  motor	
  circuits	
  are	
  modified	
  by	
  information	
  from	
  

sensory	
  or	
   limbic	
  BG	
   loops,	
  and	
  vice	
  versa.	
  Re-­‐entrant	
  computational	
   loops	
  are	
  crucial	
  

for	
   control	
   over	
   unwanted	
   interference	
   and	
   maintain	
   segregated	
   processing	
   across	
  

functionally	
   distinct	
   territories,	
   such	
   as	
   limbic,	
   associative,	
   sensory,	
   and	
   motor.	
   This	
  

division	
  is	
  based	
  on	
  the	
  cortical	
  input	
  origin	
  (e.g.	
  somatosensory,	
  prefrontal,	
  cingulated,	
  

amygdala),	
   the	
   striatal	
   territory	
   involved	
   in	
   afferent	
   signal	
  processing	
   (e.g.	
   dorsal	
  CPu,	
  

ventral	
  CPu),	
   the	
  pallidal	
  output	
   target	
   (e.g.	
  GPi,	
   SNr,	
   ventral	
  pallidum)	
  and	
   finally	
   the	
  

thalamic	
   territory	
   receiving	
   the	
   finalized	
  message	
   (e.g.	
  ventral	
   lateral,	
   ventral	
  anterior,	
  

mediodorsal,	
   intralaminar	
   nuclei)	
   (Redgrave	
   et	
   al.,	
   2011).	
   Based	
   on	
   the	
   same	
  

organizational	
   principles,	
   these	
   functionally	
   distinct	
   circuits	
   are	
   deemed	
   to	
   perform	
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similar	
  processing	
  on	
   information	
  from	
  different	
  origins	
  (Voorn	
  et	
  al.,	
  2004).	
   In	
  theory,	
  

such	
  organization	
  enables	
   the	
  BG	
   to	
  use	
   common	
  currency	
   for	
   action	
   selection	
  across	
  

functionally	
  distinct	
  domains.	
  

	
   Computational	
   models	
   of	
   the	
   BG	
   suggest	
   that	
   it	
   could	
   function	
   as	
   a	
   central	
  

behavioural	
   selection	
   mechanism	
   by	
   adopting	
   winner-­‐takes-­‐all	
   strategy	
   to	
   perform	
  

program	
  selection	
  based	
  on	
  the	
  relative	
  saliency	
  of	
  the	
  incoming	
  signals	
  (Gurney	
  et	
  al.,	
  

2001).	
  This	
  strategy	
  is	
  expected	
  to	
  perform	
  equally	
  well	
  regardless	
  of	
  the	
  total	
  number	
  

of	
   competing	
   programs	
   (Stewart	
   et	
   al.,	
   2010),	
   ensuring	
   a	
   stable	
   performance	
   across	
  

conditions	
  with	
  small	
  and	
  large	
  number	
  of	
  relevant	
  and	
  competing	
  cues.	
  Thus,	
  having	
  a	
  

common	
   denominator	
   for	
   decision-­‐making	
   based	
   on	
   saliency	
   attribution,	
   while	
   still	
  

maintaining	
   functional	
   segregation	
   between	
   distinct	
   information	
   processing	
   domains,	
  

the	
   BG	
   architecture	
   supports	
   the	
   most	
   advantageous	
   design	
   for	
   a	
   system	
   which	
  

generates	
  adaptive	
  behaviour.	
  

1.2.3	
  Direct	
  and	
  indirect	
  basal	
  ganglia	
  pathways	
  

	
   	
  The	
   BG	
   ability	
   to	
   conduct	
   the	
   orchestra	
   of	
   behavioural	
   selection	
   is	
   critically	
  

dependent	
  on	
  the	
  functional	
  and	
  anatomical	
  subdivision	
  of	
  these	
  circuits	
  into	
  direct	
  and	
  

indirect	
   pathways,	
   which	
   respectively	
   facilitate	
   and	
   inhibit	
   execution	
   of	
   behavioural	
  

programs	
   (Albin	
   et	
   al.,	
   1989;	
  DeLong,	
   1990;	
  Mink,	
   1996).	
   The	
  direct	
   pathway	
  medium	
  

spiny	
  neurons	
  (MSNs),	
  expressing	
  D1	
  DA	
  receptors,	
  substance	
  P	
  and	
  dynorphin,	
  enable	
  

direct	
  information	
  flow	
  from	
  the	
  CPu	
  to	
  GPi/SNr,	
  while	
  the	
  indirect	
  pathway	
  D2-­‐positive	
  

and	
   enkephalin-­‐expressing	
  MSNs	
   transmit	
  messages	
   from	
   the	
   CPu	
   to	
  GPi/SNr	
   via	
  GPe	
  

and	
  STN	
  (Gerfen	
  et	
  al.,	
  1990;	
  Smith	
  et	
  al.,	
  1998;	
  Bolam	
  et	
  al.,	
  2000;	
  Gerfen	
  and	
  Surmeier,	
  

2011).	
   Using	
   an	
   intricate	
   balance	
   of	
   glutamate	
   and	
   GABA	
   transmission	
   at	
   the	
   major	
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input-­‐output	
  junctions	
  of	
  the	
  BG,	
  the	
  direct	
  and	
  indirect	
  pathways	
  regulate	
  disinhibition	
  

of	
   their	
   respective	
   targets	
   in	
   ventral	
   thalamus	
   resulting	
   in	
   performance	
   of	
   a	
   selected	
  

action	
  (Chevalier	
  and	
  Deniau,	
  1990)	
  

	
   The	
  exact	
  roles	
  of	
  the	
  direct	
  and	
  indirect	
  pathways	
  in	
  program	
  selection	
  remain	
  

the	
  subject	
  of	
  further	
  investigation	
  and	
  debate.	
  Current	
  models	
  postulate	
  that	
  the	
  direct	
  

and	
   indirect	
   pathway	
   activation	
   is	
   crucial	
   for	
   behavioural	
   performance,	
   including	
  

movement	
  execution,	
  reinforcement	
  learning	
  and	
  drug	
  sensitization	
  (Hikida	
  et	
  al.,	
  2010;	
  

Kravitz	
   et	
   al.,	
   2010,	
   2012;	
   Ferguson	
   et	
   al.,	
   2011;	
   Freeze	
   et	
   al.,	
   2013).	
   The	
   proposed	
  

implementation	
  strategies	
  differ	
  markedly,	
  however.	
  Some	
  suggest	
  that	
  direct	
  pathway	
  

facilitates	
   command	
   execution,	
   indirect	
   pathway	
   inhibits	
   competing	
   representations,	
  

and	
   a	
   pathway	
   with	
   the	
   highest	
   overall	
   activity	
   wins	
   this	
   competition	
   (Mink,	
   2003;	
  

Kravitz	
  et	
  al.,	
  2010;	
  Freeze	
  et	
  al.,	
  2013).	
  Others	
  argue	
  that	
  the	
  timing	
  of	
  signal	
  arrival	
  to	
  

the	
   final	
   output	
   targets	
   in	
   the	
   SNr/GPi	
   determines	
   performance	
   (Chan	
   et	
   al.,	
   2005;	
  

Brown,	
  2007).	
  Yet,	
  the	
  latest	
  data	
  demonstrate	
  concurrent	
  and	
  equal	
  activation	
  of	
  direct	
  

and	
   indirect	
   pathways	
   in	
   self-­‐guided	
  behaviours	
   in	
   vivo,	
   showing	
   that	
   inactivity	
   of	
   the	
  

animal	
   corresponds	
   to	
   a	
   silent	
   period	
   in	
   activity	
   of	
   both	
   pathways	
   (Cui	
   et	
   al.,	
   2013).	
  

These	
   findings	
   are	
   consistent	
  with	
   another	
   study	
   reporting	
   cooperativity	
   between	
   the	
  

two	
   BG	
   projections	
   in	
   voluntary	
   movement,	
   as	
   both	
   D1	
   and	
   D2	
   MSNs	
   show	
   motor-­‐

related	
  activation,	
  which	
  is	
  positively	
  modulated	
  by	
  reward	
  expectation	
  (Isomura	
  et	
  al.,	
  

2013).	
  	
  

	
   Nonetheless,	
  it	
  remains	
  unknown	
  how	
  selection	
  of	
  a	
  single	
  behavioural	
  program	
  

occurs	
   even	
   if	
   both	
   the	
   direct	
   and	
   indirect	
   pathways	
   contribute	
   to	
   this	
   process	
  

concurrently.	
  Data	
  point	
  to	
  the	
  timing	
  of	
  signal	
  arrival	
  and	
  a	
  brief	
  reset	
  of	
  the	
  beta-­‐band	
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frequency	
   throughout	
   the	
   BG	
   as	
   a	
   correlate	
   of	
   cue	
   utilization	
   for	
   behavioural	
  

performance	
   (Leventhal	
   et	
   al.,	
   2012).	
   Thus,	
   synchronized	
   direct	
   and	
   indirect	
   pathway	
  

activity	
   elicited	
   by	
   salient	
   events	
  may	
   transiently	
   stabilize	
   the	
   BG	
   networks	
   to	
   ensure	
  

uninterrupted	
  performance	
  of	
  a	
   selected	
  program.	
  Consequently,	
   abnormal	
  beta-­‐band	
  

synchronization	
   in	
  Parkinson’s	
  patients	
  may	
   impair	
  performance	
  due	
   to	
  over-­‐stabilized	
  

network	
   activity,	
   or	
   could	
   persistently	
   engage	
   STN	
   loops	
   halting	
   behavioural	
   output	
  

(Leventhal	
  et	
  al.,	
  2012;	
  Shimamoto	
  et	
  al.,	
  2013).	
  The	
   latter	
   interpretation	
   is	
  consistent	
  

with	
   the	
   data	
   showing	
   that	
   hyperdirect	
   pathway,	
   cortical-­‐STN-­‐pallidal	
   projection	
   that	
  

bypasses	
   striatum	
   (cortex	
  →	
   STN),	
   can	
   intercept	
   striatal	
   messages	
   to	
   the	
   output	
   BG	
  

nuclei:	
   by	
   reversing	
   the	
   direct	
   pathway	
   inhibition	
   of	
   SNr,	
   hyperdirect	
   pathway	
   can	
  

activate	
   SNr	
   neurons	
   to	
   re-­‐start	
   behavioural	
   selection	
   process	
   (Schmidt	
   et	
   al.,	
   2013).	
  

Further	
  research	
  is	
  required	
  to	
  unequivocally	
  determine	
  the	
  processes	
  underlying	
  action	
  

selection	
   by	
   the	
   direct	
   and	
   indirect	
   pathways.	
   Given	
   the	
   data	
   on	
   the	
   hyperdirect	
  

pathway	
  messages	
   racing	
   to	
   intercept	
  signal	
  arrival	
   to	
   the	
  BG	
  output	
  nuclei,	
   it	
   is	
   likely	
  

the	
  relative	
  timing	
  of	
  action	
  potential	
  (AP)	
  discharge	
  by	
  D1	
  and	
  D2	
  MSN	
  populations	
   is	
  

the	
  key	
  to	
  this	
  BG	
  function.	
  

1.2.4	
  Striatum	
  as	
  the	
  primary	
  input	
  region	
  of	
  the	
  basal	
  ganglia	
  

1.2.4.1	
  Local	
  computational	
  circuitry	
  

	
   The	
   direct	
   and	
   indirect	
   pathway	
   distinction	
   first	
   emerges	
   in	
   the	
   CPu,	
   where	
  

cortical	
   and	
   thalamic	
   projections,	
   the	
   primary	
   sources	
   of	
   afferent	
   inputs	
   to	
   the	
   BG,	
  

target	
  D1	
  and	
  D2	
  MSNs	
  (Somogyi	
  et	
  al.,	
  1981;	
  Hersch	
  et	
  al.,	
  1995;	
  Lanciego	
  et	
  al.,	
  2004;	
  

Castle	
   et	
   al.,	
   2005).	
   These	
   afferents	
   form	
   an	
   equal	
   number	
   of	
   synaptic	
   contacts	
   with	
  

both	
  MSN	
   types	
   (Doig	
   et	
   al.,	
   2010).	
   For	
   the	
   BG	
   the	
   CPu	
   is	
   one	
   of	
   the	
   primary	
   input	
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stations	
   (for	
   the	
   purpose	
   of	
   this	
   introduction	
   the	
   role	
   of	
   STN	
   as	
   a	
   BG	
   input	
   station	
   is	
  

acknowledged,	
   but	
   not	
   discussed),	
   where	
   MSNs	
   integrate	
   messages	
   from	
   their	
  

glutamatergic	
   afferents,	
   and	
   by	
   signalling	
   to	
   their	
   output	
   targets	
   generate	
   adaptive	
  

behaviour.	
  	
  

	
   MSNs	
  are	
  the	
  primary	
  striatal	
  workforce,	
  accounting	
  for	
  80-­‐98%	
  of	
  the	
  total	
  cell	
  

count	
   (Kemp	
   and	
   Powell,	
   1971a,	
   1971b;	
   Somogyi	
   et	
   al.,	
   1981;	
   Graveland	
   and	
  DiFiglia,	
  

1985;	
  Dubé	
  et	
  al.,	
  1988;	
  Smith	
  and	
  Bolam,	
  1990;	
  Sadikot	
  et	
  al.,	
  1992;	
  Bolam	
  et	
  al.,	
  2000).	
  

Compared	
   to	
   MSNs	
   projecting	
   outside	
   the	
   CPu,	
   striatal	
   interneurons	
   constitute	
   a	
  

minority,	
   comprising	
   between	
   2-­‐15%	
   of	
   the	
   total	
   neuronal	
   population	
   depending	
   on	
  

species.	
  Among	
  these,	
  nitric	
  oxide	
  synthase-­‐,	
  parvalbumin-­‐,	
  calretinin-­‐,	
  neuropeptide	
  Y-­‐	
  

or	
   somatostatin-­‐expressing	
   GABAergic	
   interneurons	
   form	
   extensive	
   feed-­‐forward	
   and	
  

feed-­‐back	
  inhibitory	
  circuits	
  via	
  direct	
  cortical	
  innervation	
  or	
  recurrent	
  connections	
  with	
  

other	
  striatal	
  neurons	
  (Takagi	
  et	
  al.,	
  1983;	
  Cowan	
  et	
  al.,	
  1990;	
  Bennett	
  and	
  Bolam,	
  1993;	
  

Kawaguchi,	
  1993;	
  Smith	
  et	
  al.,	
  1998;	
  Bolam	
  et	
  al.,	
  2000;	
  Ramanathan	
  et	
  al.,	
  2002;	
  English	
  

et	
  al.,	
  2011;	
  Fino	
  and	
  Venance,	
  2011;	
  Ibáñez-­‐Sandoval	
  et	
  al.,	
  2011;	
  Sharott	
  et	
  al.,	
  2012).	
  

These	
   GABA	
   interneuron	
   circuits	
   have	
   a	
   wide-­‐reaching	
   functional	
   impact	
   on	
   striatal	
  

information	
  processing	
  as	
  they	
  regulate	
  the	
  overall	
  excitability	
  of	
  the	
  direct	
  and	
  indirect	
  

pathway	
   MSNs	
   and	
   other	
   interneurons	
   (Sullivan	
   et	
   al.,	
   2008;	
   Brown	
   et	
   al.,	
   2012).	
  

Therefore,	
  GABAergic	
   interneurons	
  play	
  a	
   significant	
   role	
   in	
   striatal	
   function,	
   including	
  

modulation	
   of	
   online	
   processing	
   of	
   the	
   incoming	
   synaptic	
   messages	
   and	
   induction	
   of	
  

long-­‐term	
   plasticity.	
   A	
   different	
   type	
   of	
   interneuron,	
   expressing	
   choline	
  

acetyltransferase	
   (ChAT),	
   is	
   also	
   an	
   important	
   component	
   of	
   striatal	
   computational	
  

circuits	
   (Kawaguchi,	
   1992).	
   The	
   anatomy	
   and	
   role	
   of	
   ChAT-­‐positive	
   interneurons	
   are	
  

discussed	
  in	
  more	
  detail	
  in	
  the	
  subsequent	
  paragraphs	
  (Section	
  1.5).	
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1.2.4.2	
  Corticostriatal	
  projections	
  	
  

	
   Practically	
  the	
  entire	
  cortical	
  mantle	
  sends	
  topographically	
  organized	
  projections	
  

to	
   the	
   CPu	
   in	
   all	
   species	
   (Kemp	
   and	
   Powell,	
   1970;	
   Jones	
   et	
   al.,	
   1977;	
   Tanaka,	
   1987;	
  

McGeorge	
  and	
  Faull,	
  1989;	
  Wictorin	
  and	
  Rklund,	
  1989;	
  Berendse	
  et	
  al.,	
  1992;	
  McFarland	
  

and	
   Haber,	
   2000;	
   Cheatwood	
   et	
   al.,	
   2003;	
   Parent	
   and	
   Parent,	
   2006;	
   Schilman	
   et	
   al.,	
  

2008).	
   These	
   corticostriatal	
   afferents	
   originate	
   from	
   cortical	
   pyramidal	
   neurons	
  

predominantly	
  found	
  in	
  layer	
  III,	
  and	
  deep	
  and	
  superficial	
  parts	
  of	
  layer	
  V,	
  and	
  form	
  two	
  

distinct	
   projections.	
   The	
   pyramidal	
   tract	
   (PT)	
   corticostriatal	
   projection,	
   in	
   addition	
   to	
  

innervating	
   ipsilateral	
   CPu,	
   also	
   sends	
   collaterals	
   to	
   the	
   brainstem,	
   while	
  

intratelencephalic	
  (IT)	
  neurons	
  project	
  to	
  both	
  ipsilateral	
  and	
  contralateral	
  CPu,	
  with	
  no	
  

collaterals	
   outside	
   the	
   telencephalon	
   (Reiner	
   et	
   al.,	
   2010).	
   Interestingly,	
   striatal	
  

innervation	
   density	
   observed	
   following	
   targeting	
   deep	
   cortical	
   layers	
   for	
   anterograde	
  

anatomical	
   tracing	
   is	
   more	
   widespread	
   than	
   from	
   the	
   more	
   superficial	
   layers.	
   The	
  

majority	
  of	
  corticostriatal	
  fibres	
  penetrate	
  the	
  external	
  capsule	
  and	
  directly	
  enter	
  striatal	
  

neuropil.	
   However,	
   fibres	
   originating	
   from	
   layers	
   V	
   and	
   VI	
   tend	
   to	
   join	
   the	
   external	
  

capsule	
  and	
  only	
  emerge	
  near	
  their	
  striatal	
  target	
  area.	
  

	
   Early	
   anatomical	
   studies	
   reported	
   IT	
   and	
   PT	
   corticostriatal	
   projections	
   display	
  

significant	
  variability	
  in	
  the	
  size	
  of	
  their	
  synaptic	
  varicosities,	
  with	
  IT	
  terminals	
  measuring	
  

approximately	
  half	
  the	
  size	
  of	
  PT	
  terminals.	
  By	
  inferring	
  that	
  the	
  terminal	
  diameter	
  could	
  

reliably	
   identify	
   afferents’	
   origin,	
   researchers	
   suggested	
   that	
   PT	
   projections	
   target	
  

indirect,	
  while	
  IT	
  projections	
  preferentially	
  contact	
  direct	
  pathway	
  MSNs	
  (Wright	
  et	
  al.,	
  

1999,	
   2001;	
   Reiner	
   et	
   al.,	
   2003;	
   Lei	
   et	
   al.,	
   2004).	
   A	
   recent	
   study	
   ensuring	
   accurate	
  

separation	
  of	
   these	
  overlapping	
   striatal	
  projections	
  using	
   viral	
   transduction,	
   suggested	
  

that	
  apparent	
  preferential	
  innervation	
  of	
  direct	
  versus	
  indirect	
  pathway	
  MSNs	
  by	
  IT	
  and	
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PT	
  projections	
  may	
  not	
  hold	
  true	
  when	
  examined	
  using	
  physiology.	
  Specifically,	
  both	
  IT	
  

and	
  PT	
   corticostriatal	
   projections	
   formed	
   functional	
   synaptic	
   connections	
  with	
  D1	
   and	
  

D2	
  MSNs	
  (Kress	
  et	
  al.,	
  2013).	
  Further,	
  IT	
  projections	
  had	
  similar	
  connection	
  strength	
  with	
  

both	
  direct	
  and	
   indirect	
  pathway	
  MSNs,	
  while	
  currents	
  recorded	
  following	
  selective	
  PT	
  

afferents	
   stimulation	
   were	
   twice	
   as	
   big	
   in	
   D1	
   MSNs	
   (Kress	
   et	
   al.,	
   2013).	
   Thus,	
   using	
  

optogenetic	
  approach	
  with	
  paired	
  recordings	
  from	
  two	
  MSN	
  classes	
  simultaneously,	
  the	
  

Surmeier	
   group	
   showed	
   that	
   the	
   differences	
   between	
   PT	
   and	
   IT	
   projections	
   in	
  

conduction	
  velocity,	
  measured	
  as	
  a	
  function	
  of	
  EPSP	
  rise	
  time,	
  observed	
  with	
  electrical	
  

stimulation	
   disappear	
   with	
   targeted	
   optical	
   activation.	
   In	
   contrast,	
   the	
   differences	
   in	
  

synaptic	
  strength,	
  measured	
  as	
  a	
  function	
  of	
  EPSP	
  amplitude,	
  become	
  more	
  apparent.	
  

1.2.4.3	
  Thalamostriatal	
  projections	
  

	
   The	
   second	
  major	
   afferent	
   pathway	
   supporting	
   information	
   traffic	
   through	
   the	
  

CPu	
  originates	
  in	
  thalamus.	
  As	
  corticostriatal	
  afferents,	
  thalamic	
  projections	
  to	
  the	
  CPu	
  

are	
   highly	
   topographically	
   organized,	
   displaying	
   prominent	
   medial-­‐to-­‐lateral	
   and	
  

anterior-­‐to-­‐posterior	
  innervation	
  gradients	
  (Schwab	
  et	
  al.,	
  1977;	
  Erro	
  et	
  al.,	
  1999;	
  Smith	
  

et	
   al.,	
   2009;	
   Pan	
   et	
   al.,	
   2010;	
   Galvan	
   and	
   Smith,	
   2011).	
   The	
   total	
   number	
   of	
   striatal	
  

terminals	
  staining	
  for	
  vesicular	
  glutamate	
  transporters	
  VGLUT1	
  and	
  VGLUT2,	
  markers	
  of	
  

cortical	
  and	
  thalamic	
  projections	
  respectively	
  (Fremeau	
  et	
  al.,	
  2004b;	
  Raju	
  et	
  al.,	
  2006,	
  

2008),	
   is	
   similar	
   in	
   rodents	
   (Lacey	
  et	
  al.,	
  2005),	
  although	
   in	
  primate	
  CPu	
  occurrence	
  of	
  

VGLUT1	
   terminals	
   is	
   twice	
   as	
   prevalent	
   as	
   VGLUT2	
   terminals	
   (Raju	
   et	
   al.,	
   2008).	
   Yet,	
  

unlike	
   the	
   whole	
   of	
   cortical	
   mantle,	
   only	
   certain	
   thalamic	
   nuclei	
   provide	
   significantly	
  

large	
  and	
  robust	
  striatal	
  innervation.	
  Specifically,	
  the	
  midline	
  and	
  intralaminar	
  nuclei	
  of	
  

the	
   thalamus	
   form	
   the	
   major	
   thalamostriatal	
   projection	
   pathway,	
   with	
   some	
  

contribution	
   from	
   other	
   sub-­‐regions	
   including	
   ventrolateral,	
   mediodorsal,	
   lateral	
   and	
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anterior	
   thalamic	
   nuclei	
   (Jones	
   and	
   Leavitt,	
   1974;	
   Cornwall	
   and	
   Phillipson,	
   1988;	
  

Berendse	
  and	
  Groenewegen,	
  1990;	
  Giménez-­‐Amaya	
  et	
  al.,	
  1995;	
  Sidibé	
  and	
  Smith,	
  1999;	
  

McFarland	
  and	
  Haber,	
  2000;	
  Van	
  der	
  Werf	
  et	
  al.,	
  2002;	
  Pinto	
  et	
  al.,	
  2003;	
  Cheatwood	
  et	
  

al.,	
  2005;	
  Parent	
  and	
  Parent,	
  2005;	
  Lacey	
  et	
  al.,	
  2007;	
  Kamishina	
  et	
  al.,	
  2008;	
  Kato	
  et	
  al.,	
  

2011).	
   The	
   regional	
   specificity	
   of	
   thalamic	
   innervation	
   likely	
   reflects	
   participation	
   of	
  

distinct	
   functional	
   modules	
   necessary	
   for	
   rapid	
   and	
   efficient	
   information	
   extraction,	
  

processing	
   and	
   transfer	
   from	
   subcortical	
   circuits	
   to	
   the	
   CPu.	
   In	
   contrast,	
   practically	
  

ubiquitous	
   cortical	
   innervation	
   demonstrates	
   that	
   recurrent	
   connections	
   supporting	
  

higher	
  order	
  processing	
  may	
  rely	
  on	
  dynamic	
  participation	
  of	
  multiple	
  processing	
  units.	
  	
  

1.2.4.4	
  Tagging	
  the	
  input	
  origin	
  for	
  differential	
  information	
  processing	
  

	
   As	
  the	
  primary	
  point	
  of	
  contact	
  between	
  the	
  BG	
  and	
  its	
  afferents,	
  striatal	
  circuits	
  

may	
  selectively	
  utilize	
  information	
  with	
  different	
  origin	
  ‘tags’	
  (e.g.	
  based	
  on	
  the	
  timing	
  of	
  

signal	
  arrival	
  or	
  the	
  somatodendritic	
  location	
  of	
  synaptic	
  inputs).	
  It	
  is	
  likely	
  that	
  cortical	
  

and	
  thalamic	
  afferents	
  provide	
  distinct	
  messages	
  that	
  support	
  behavioural	
  performance	
  

in	
   different,	
   yet	
   complementary	
   ways.	
   The	
   distinction	
   can	
   be	
   glimpsed	
   from	
   the	
  

following	
  data:	
  a	
  dramatic	
  increase	
  in	
  corticostriatal	
  contacts	
  is	
  observed	
  in	
  SNc	
  lesioned	
  

rats	
  with	
  L-­‐DOPA-­‐induced	
  dyskinesia,	
  while	
  the	
  number	
  of	
  thalamic	
  projections	
  remains	
  

unaltered	
   (Zhang	
   et	
   al.,	
   2013).	
   These	
   data	
   suggest	
   that	
   remodelling	
   of	
   cortical,	
   not	
  

thalamic	
  synapses	
  is	
  responsible	
  for	
  this	
  pathological	
  state,	
  although,	
  unlike	
  rat	
  models,	
  

human	
  Parkinson’s	
  patients	
  also	
  frequently	
  present	
  with	
  thalamic	
  lesions.	
  The	
  textbook	
  

rule	
  of	
  thumb	
  for	
  the	
  BG	
  anatomy	
  also	
  suggests	
  that	
  direct-­‐indirect	
  pathway	
  distinction	
  

is	
  a	
  hallmark	
  of	
   striatal	
  architecture,	
  while	
  new	
  data	
  argue	
   that	
   functional	
   segregation	
  

can	
  already	
  be	
  observed	
  at	
  cortical	
  level.	
  In	
  particular,	
  motor	
  and	
  sensory-­‐limbic	
  regions	
  

seem	
  to	
  preferentially	
  innervate	
  indirect	
  and	
  direct	
  pathways	
  respectively,	
  compared	
  to	
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thalamic	
  projections	
  which	
  show	
  no	
  selectivity	
  for	
  D1	
  over	
  D2	
  MSN	
  targets	
  (Wall	
  et	
  al.,	
  

2013).	
  

	
   The	
  functional	
  significance	
  of	
  this	
  arrangement	
  remains	
  unknown,	
  but	
  suggests	
  a	
  

possibility	
   of	
   different	
   information	
   types	
   carried	
   by	
   cortical	
   afferents	
   being	
   given	
  

precedence	
  for	
  processing	
  in	
  direct	
  versus	
  indirect	
  BG	
  pathways.	
  Further,	
  data	
  showing	
  

that	
   D1	
   MSNs	
   are	
   less	
   excitable	
   compared	
   to	
   D2	
   MSNs,	
   predominantly	
   due	
   to	
   their	
  

dendritic	
  arbour	
  architecture	
  with	
  D2	
  MSNs	
  having	
  significantly	
   smaller	
  dendritic	
   trees	
  

(Gertler	
   et	
   al.,	
   2008),	
   suggest	
   that	
   differential	
  weighting	
  may	
  be	
   given	
   to	
   the	
   afferent	
  

messages	
  routinely.	
  This	
  hypothesis	
  is	
  further	
  supported	
  by	
  observations	
  that	
  D2	
  MSNs	
  

fire	
   higher	
   number	
   of	
   APs	
   at	
   similar	
   current	
   intensities	
   as	
   D1	
   MSNs	
   (Kreitzer	
   and	
  

Malenka,	
  2007),	
  and	
  D2	
  MSNs	
  generally	
  having	
  lower	
  AP	
  threshold	
  (Cepeda	
  et	
  al.,	
  2008).	
  

Thus,	
   the	
   overall	
   impact	
   of	
   any	
   afferent	
  message	
   on	
   its	
   way	
   to	
   the	
   BG	
   output	
   nuclei	
  

would	
  be	
  determined	
  by	
   two	
  major	
   factors:	
  1)	
   the	
   intrinsic	
  properties	
  of	
   the	
   recipient	
  

MSNs	
  which	
  equally	
  affect	
  all	
  afferents	
  with	
  a	
  similar	
  synaptic	
  contact	
  architecture,	
  and	
  

2)	
   intrinsic	
   properties	
   of	
   the	
   afferents,	
   including	
   preferential	
   contact	
  with	
   a	
   particular	
  

neuronal	
   population,	
   conduction	
   velocity	
   and	
   the	
   mode	
   of	
   information	
   transfer,	
  

including	
  release	
  probability	
  and	
  synaptic	
  plasticity.	
  

	
   Modulatory	
   dopaminergic	
   innervation	
   from	
   the	
  midbrain	
   substantia	
   nigra	
   pars	
  

compacta	
  (SNc)	
  and	
  ventral	
  tegmental	
  area	
  (VTA)	
  converges	
  with	
  cortical	
  and	
  thalamic	
  

terminals	
  at	
   striatal	
   level	
   (Moss	
  and	
  Bolam,	
  2008).	
  The	
  midbrain	
  DA	
  projections	
  shape	
  

network	
   excitability	
   and	
   output	
   of	
   the	
   BG	
   circuits	
   via	
   interaction	
   with	
   local	
   striatal	
  

interneurons,	
   projection	
  MSNs	
  and	
   their	
   afferents	
   (Nicola	
   et	
   al.,	
   2000;	
  Bamford	
  et	
   al.,	
  

2004;	
   Calabresi	
   et	
   al.,	
   2007;	
   Surmeier	
   et	
   al.,	
   2007;	
  Day	
   et	
   al.,	
   2008).	
   In	
   particular,	
   DA	
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governs	
  integration	
  of	
  multiple	
  afferent	
  signals	
  by	
  MSNs	
  (Horvitz,	
  2002;	
  Surmeier	
  et	
  al.,	
  

2007;	
  Gerfen	
  and	
  Surmeier,	
  2011).	
  The	
  anatomy	
  and	
  functional	
  role	
  of	
  the	
  midbrain	
  DA	
  

projections	
  are	
  discussed	
  in	
  more	
  detail	
  in	
  the	
  subsequent	
  sections	
  (Section	
  1.3).	
  

1.2.4.5	
  Striatal	
  subregions	
  and	
  their	
  behavioural	
  functionality	
  	
  

	
   The	
  CPu	
  is	
  a	
  highly	
  heterogeneous	
  nucleus	
  not	
  only	
  because	
  of	
  its	
  varied	
  cell	
  type	
  

composition	
  and	
  abundant	
  innervation	
  from	
  diverse	
  brain	
  structures.	
  Striatal	
  subregions	
  

also	
   have	
   a	
   functional	
   gradient	
   in	
   terms	
   of	
   anatomy,	
   biochemistry	
   and	
   behavioural	
  

output	
   (Voorn	
   et	
   al.	
   2004).	
   Dorsal	
   striatal	
   regions	
   are	
   commonly	
   associated	
   with	
  

sensorimotor	
  functions,	
  while	
  ventral	
  regions	
  are	
  thought	
  of	
  as	
  limbic	
  territories.	
  	
  

	
   The	
   DA	
   innervation	
   to	
   dorsal	
   striatum	
   originates	
   from	
   the	
   SNc,	
   while	
   VTA	
  

projections	
  target	
  more	
  ventral	
  regions,	
  including	
  the	
  nucleus	
  accumbens	
  (NAc),	
  forming	
  

an	
  inverse	
  medio-­‐lateral	
  projection	
  gradient	
  (Björklund	
  and	
  Lindvall,	
  1984;	
  Gerfen	
  et	
  al.,	
  

1987b;	
   Nelson	
   et	
   al.,	
   1996;	
   Haber	
   et	
   al.,	
   2000;	
   McFarland	
   and	
   Haber,	
   2000).	
   The	
  

afferents	
   from	
   motor	
   and	
   sensory	
   cortices	
   preferentially	
   innervate	
   dorsal	
   CPu,	
   while	
  

prefrontal,	
   cingulate,	
   amygdala	
   and	
   hippocampal	
   projections	
   are	
   more	
   prominent	
   in	
  

ventral	
  striatum	
  (Veening	
  et	
  al.,	
  1980;	
  Parent	
  et	
  al.,	
  1983;	
  Berendse	
  et	
  al.,	
  1992;	
  Brog	
  et	
  

al.,	
   1993;	
   McFarland	
   and	
   Haber,	
   2000;	
   Cheatwood	
   et	
   al.,	
   2003;	
   Reep	
   et	
   al.,	
   2003;	
  

Schilman	
   et	
   al.,	
   2008).	
   In	
   summary,	
   dorsolateral	
   CPu	
   (dlCPu)	
   receives	
   inputs	
   from	
   the	
  

primary	
   and	
   secondary	
   sensory	
   and	
  motor	
   cortices,	
   and	
   its	
   DA	
   innervation	
   originates	
  

from	
  the	
  SNc	
  ventral	
  tier.	
  Dorsomedial	
  CPu	
  (dmCPu)	
  is	
  innervated	
  by	
  afferents	
  from	
  the	
  

medial	
   prefrontal	
   cortex	
   and	
   SNc	
   dorsal	
   tier.	
   In	
   ventral	
   CPu,	
   NAc	
   core	
   receives	
  

prominent	
   input	
  from	
  the	
  basolateral	
  amygdala	
  and	
  ventral	
  prefrontal	
  cortex,	
  while	
   its	
  

DA	
  projections	
  originate	
  from	
  the	
  lateral	
  VTA.	
  NAc	
  shell,	
   in	
  turn,	
  receives	
  cortical	
   input	
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from	
  the	
  orbitofrontal	
  cortex	
  and	
  DA	
  projection	
  comes	
  from	
  the	
  medial	
  VTA.	
  Likewise,	
  

for	
  thalamostriatal	
  projections	
  the	
  general	
  rule	
  is	
  for	
  the	
  regions	
  involved	
  in	
  processing	
  

of	
   visceral/limbic	
   information,	
   such	
   as	
   paraventricular	
   and	
  medial	
   posterior	
   nuclei,	
   to	
  

project	
   to	
   ventromedial	
   striatum,	
  while	
  more	
   posterior	
   and	
   lateral	
   intralaminar	
   nuclei	
  

predominantly	
  conveying	
  motor	
   information	
  target	
  dorsolateral	
  striatum	
  (Parent	
  et	
  al.,	
  

1983;	
  Van	
  der	
  Werf	
  et	
  al.,	
  2002;	
  Alloway	
  et	
  al.,	
  2014).	
  The	
  heterogeneity	
  in	
  anatomical	
  

organization	
  of	
  the	
  afferent	
  inputs	
  corresponds	
  to	
  distinct	
  functional	
  roles	
  these	
  striatal	
  

subregions	
  play	
  in	
  behaviour.	
  

	
   Experiments	
   manipulating	
   the	
   connectivity	
   state	
   between	
   corticostriatal	
   and	
  

thalamostriatal	
  networks	
  demonstrated	
  that	
  a	
  close	
  interaction	
  between	
  the	
  CPu	
  and	
  its	
  

afferents	
   is	
   required	
   for	
   intact	
   behavioural	
   performance.	
   For	
   example,	
   unperturbed	
  

information	
  flow	
  between	
  the	
  dlCPu	
  and	
  infralimbic	
  cortical	
  circuits	
  underlies	
  acquisition	
  

of	
   habitual	
   behaviours	
   (Smith	
   and	
   Graybiel,	
   2013),	
   while	
   intact	
   connectivity	
   between	
  

parafascicular	
   nucleus	
   (Pf)	
   and	
   dmCPu	
   are	
   critical	
   to	
   adaptive	
   performance	
   in	
   goal-­‐

directed	
  paradigms	
  following	
  contingency	
  change	
  (Bradfield	
  et	
  al.,	
  2013).	
  Plenty	
  of	
  data	
  

also	
  demonstrate	
  that	
  functional	
  disruption	
  of	
  distinct	
  striatal	
  regions	
  is	
  detrimental	
  to	
  

specific	
  behavioural	
  outcome	
  measures,	
  presenting	
  a	
  good	
  case	
  for	
  double	
  dissociation	
  

between	
  stimulus-­‐response	
   (habitual)	
  and	
  action-­‐outcome	
   (goal-­‐directed)	
   learning	
  and	
  

behavioural	
  performance	
  mediated	
  by	
  dlCPu	
  and	
  dmCPu,	
  respectively.	
  	
  

	
   Interference	
  with	
   the	
  dlCPu	
   function	
   is	
  detrimental	
   to	
   formation	
  of	
  new	
  habits	
  

and	
  performance	
  of	
  already	
  acquired	
  habitual	
  behaviours.	
  	
  For	
   example,	
   rodents	
   no	
  

longer	
   display	
   habitual	
   behavioural	
   performance	
   following	
   dlCPu	
   lesions,	
   reverting	
   to	
  

goal	
  directed	
  actions	
  sensitive	
  to	
  outcome	
  devaluation,	
  and	
  also	
  fail	
  to	
  form	
  new	
  habits	
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(Yin	
   et	
   al.,	
   2004,	
   2006;	
   Quinn	
   et	
   al.,	
   2013).	
   Further,	
   performance	
   of	
   complex	
   motor	
  

sequences,	
  characteristic	
  of	
  habitual	
  behaviour,	
  and	
  operant	
  task	
  learning	
  reliably	
  elicit	
  

increased	
  neuronal	
   activity	
   in	
   the	
   dlCPu	
   (Aldridge	
   et	
   al.,	
   2004;	
   Kimchi	
   et	
   al.,	
   2009).	
   In	
  

humans,	
  habit	
  formation	
  was	
  also	
  linked	
  to	
  increased	
  dlCPu	
  activity,	
  observed	
  following	
  

cue	
  presentation	
  after	
  extensive	
  overtraining	
  (Tricomi	
  et	
  al.,	
  2009).	
  The	
  dmCPu	
  lesions,	
  

in	
   contrast,	
   impair	
   goal-­‐directed	
   performance	
   and	
   lead	
   to	
   reversal	
   to	
   habitual	
  

behaviours,	
  also	
  curtailing	
  acquisition	
  of	
  new	
  action-­‐outcome	
  contingencies	
   (Yin	
  et	
  al.,	
  

2005a,	
   2005b).	
   The	
   Balleine	
   group	
   elegantly	
   addressed	
   double-­‐dissociation	
   between	
  

dlCPu	
  and	
  dmCPu	
  roles	
  in	
  habitual	
  and	
  goal	
  directed	
  behaviours.	
  By	
  selective	
  disruption	
  

of	
  extracellular	
  signal-­‐related	
  kinase	
  activity	
  researchers	
  showed	
  that	
  dlCPu	
  is	
  crucial	
  in	
  

sensorimotor-­‐based	
  learning,	
  while	
  dmCPu	
  is	
  required	
  for	
  acquisition	
  of	
  action-­‐outcome	
  

associations	
  and	
  performance	
  of	
  goal	
  directed	
  behaviours	
  (Shiflett	
  et	
  al.,	
  2010).	
  Finally,	
  

ventral	
   striatum,	
   NAc	
   in	
   particular,	
   is	
   long	
   accepted	
   to	
   mediate	
   basic	
   reward-­‐related	
  

learning	
  based	
  on	
  Pavlovian	
  conditioning	
  paradigms	
  (Everitt	
  et	
  al.,	
  1991;	
  Day	
  et	
  al.,	
  2006,	
  

2007).	
  Together,	
  these	
  data	
  demonstrate	
  that	
  regional	
  specificity	
  in	
  striatal	
  anatomy	
  and	
  

function	
  has	
  prominent	
  correlates	
  in	
  animal	
  behaviour.	
  

1.2.5	
  The	
  role	
  of	
  neuromodulators	
  in	
  basal	
  ganglia	
  functions	
  

	
   The	
  BG	
   functions	
  are	
  also	
  critically	
  dependent	
  on	
  modulatory	
  neurotransmitter	
  

systems.	
   In	
   particular,	
   DA	
   and	
   ACh	
   play	
   a	
   prominent	
   role	
   in	
   facilitating	
   normal	
  

information	
   flow	
   through	
   the	
   BG,	
   especially	
   at	
   striatal	
   level.	
   Collectively	
   these	
  

neuromodulators	
   regulate	
   the	
   excitation	
   balance	
   between	
   direct	
   and	
   indirect	
   BG	
  

pathways,	
   control	
   induction	
   of	
   plasticity	
   between	
   local	
   striatal	
   circuits	
   and	
   their	
  

afferents,	
  and	
  mediate	
  some	
  of	
  the	
  pathological	
  changes	
  following	
  BG	
  dysregulation	
  in	
  

disease	
   (Mercuri	
  et	
  al.,	
  1985;	
  Calabresi	
  et	
  al.,	
  1993,	
  2000a,	
  2000b;	
   Levine	
  et	
  al.,	
  1996;	
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Centonze	
   et	
   al.,	
   1999,	
   2001;	
   Reynolds	
   and	
   Wickens,	
   2002;	
   Zhou	
   et	
   al.,	
   2003).	
   This	
  

dependence	
   is	
   further	
   evidenced	
   by	
   dramatic	
   changes	
   in	
   BG-­‐related	
   behaviours	
   in	
  

human	
  patients	
  with	
   Parkinson’s	
   disease,	
   6-­‐OHDA-­‐lesioned	
   rodents	
   and	
  MPTP-­‐treated	
  

primates.	
   It	
   is	
   also	
   illustrated	
   by	
   disorders	
   of	
   addiction	
   whereby	
   drugs	
   capable	
   of	
  

interfering	
   with	
   dopaminergic	
   neurotransmission	
   cause	
   abnormal	
   habit	
   learning	
   and	
  

thus	
  substance	
  dependence.	
  Furthermore,	
  increased	
  DA	
  transmission	
  is	
  hypothesised	
  to	
  

underlie	
   schizophrenia,	
  psychotic	
  episodes,	
   and	
   in	
   some	
  cases	
  of	
   Tourette’s	
   syndrome	
  

could	
  also	
  produce	
  behavioural	
  hyperactivity,	
  increased	
  stereotypy	
  and	
  reduced	
  control	
  

over	
  motor	
   inhibition	
   (e.g.	
   tics).	
  The	
  data	
  on	
  ACh	
  role	
   in	
  BG	
   function	
  suggest	
   that	
   this	
  

neuromodulator	
  also	
  plays	
  a	
  substantial	
  role	
  in	
  controlling	
  normal	
  BG	
  output.	
  Although	
  

for	
   the	
   cholinergic	
   system	
   the	
   evidence	
   is	
  more	
   circumstantial,	
  mostly	
   related	
   to	
   ACh	
  

regulation	
   of	
   DA	
   transmission	
   and	
   intrinsic	
   excitability	
   of	
   direct	
   and	
   indirect	
   pathway	
  

MSNs.	
   The	
   functional	
   and	
   anatomical	
   organization	
   of	
   these	
   striatal	
   neuromodulatory	
  

systems,	
   as	
   well	
   as	
   their	
   reciprocal	
   interactions	
   and	
   the	
   overall	
   impact	
   on	
   the	
   BG	
  

circuitry,	
  are	
  discussed	
  next.	
  

1.3	
  Midbrain	
  dopaminergic	
  neurons	
  

1.3.1	
   Anatomical	
   organization	
   of	
   the	
   SNc	
   and	
   VTA:	
   ontogeny	
   and	
  

connectivity	
  

	
   The	
  developmental	
  origin	
  of	
  some	
  45	
  000	
  dopaminergic	
  SNc	
  and	
  VTA	
  neurons	
  in	
  

rodents	
   (German	
  and	
  Manaye,	
  1993),	
   can	
  be	
   traced	
  using	
   [3H]-­‐thymidine	
   injections	
   in	
  

pregnant	
  dams,	
  with	
  subsequent	
  co-­‐localization	
  of	
  this	
  marker	
  with	
  tyrosine	
  hydroxylase	
  

(TH)	
   staining.	
   These	
   studies	
   show	
   that	
   the	
   SNc	
   DA	
   neurons	
   are	
   born	
   before	
   the	
   VTA	
  

neurons,	
   around	
   embryonic	
   day	
   11	
   (E11)	
   (Bayer	
   et	
   al.,	
   1995).	
   Originating	
   from	
   a	
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common	
  neuroepithelial	
  source,	
  midbrain	
  DA	
  neurons	
  found	
  in	
  the	
  dorsolateral	
  regions	
  

differentiate	
   earlier	
   than	
   those	
   from	
   the	
   ventromedial	
   tier	
   (Altman	
   and	
   Bayer,	
   1981;	
  

Bayer	
  et	
  al.,	
  1995).	
  A	
  whole	
  host	
  of	
  transcription	
  and	
  neurotrophic	
  factors	
  is	
  involved	
  in	
  

the	
   process	
   of	
   lineage	
   induction,	
   commitment	
   and	
   subsequent	
   differentiation	
   and	
  

survival	
   of	
   the	
   midbrain	
   DA	
   neurons	
   (Smits	
   et	
   al.,	
   2006).	
   These	
   complex	
   signalling	
  

cascades	
  comprise	
  multiple	
  interdependent	
  components	
  intricately	
  regulated	
  along	
  the	
  

time	
   and	
   concentration	
   axis,	
   but	
   they	
   are	
   still	
   incompletely	
   understood.	
   It	
   is	
   well	
  

established,	
  however,	
  that	
  soon	
  after	
  DA	
  neurons	
  are	
  born,	
  they	
  extend	
  their	
  processes	
  

dorsally	
  and	
  then	
  rostrally,	
  forming	
  the	
  medial	
  forebrain	
  bundle	
  upon	
  their	
  exit	
  from	
  the	
  

midbrain	
  on	
  the	
  way	
  to	
  their	
  striatal	
  and	
  cortical	
  targets	
  (Voorn	
  et	
  al.,	
  1988;	
  Nakamura	
  

et	
  al.,	
  2000;	
  Gates	
  et	
  al.,	
  2004).	
  

	
   During	
  early	
  postnatal	
  development	
  dopaminergic	
  innervation	
  of	
  striatum	
  is	
  not	
  

homogenous:	
  patch	
  compartment	
  receives	
  first	
  dopaminergic	
  projections,	
  while	
  matrix	
  

compartment	
  is	
  innervated	
  by	
  later	
  developing	
  dopamine	
  neurons	
  (Gerfen	
  et	
  al.,	
  1987a;	
  

van	
  der	
  Kooy	
  and	
  Fishell,	
  1987).	
  In	
  adult	
  animals	
  these	
  regions	
  can	
  only	
  be	
  distinguished	
  

by	
   neurochemical	
  markers,	
   such	
   as	
   calbindin	
   staining	
   for	
  matrix	
   (Gerfen	
   et	
   al.,	
   1985),	
  

and	
  mu	
  opioid	
  receptors	
  staining	
  for	
  patch	
  compartment	
  (Herkenham	
  and	
  Pert,	
  1981).	
  

Distinct	
  sets	
  of	
  dopamine	
  neurons	
  provide	
  differential	
  input	
  to	
  patch	
  and	
  matrix	
  regions	
  

with	
  VTA	
  and	
  SNc	
  dorsal	
  tier	
  favouring	
  striatal	
  matrix,	
  while	
  SNc	
  ventral	
  tier	
  projections	
  

target	
   striatal	
   patch	
   (Gerfen	
   et	
   al.,	
   1987b).	
   Such	
   anatomical	
   organization	
   is	
   present	
  

across	
   species	
   and	
   found	
   in	
   rodent,	
   cat	
   and	
   primate	
   (Gerfen	
   et	
   al.,	
   1985;	
   Jimenez-­‐

Castellanos	
   and	
   Graybiel,	
   1987;	
   Langer	
   and	
   Graybiel,	
   1989).	
   A	
   more	
   recent	
   study	
  

labelling	
  dopamine	
  neuron	
  axonal	
  arbour	
  in	
  its	
  entirety	
  actually	
  showed	
  that	
  both	
  dorsal	
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and	
   ventral	
   tier	
   SNc	
   neurons	
   could	
   target	
   both	
   patch	
   and	
   matrix	
   compartments,	
  

although	
  any	
  given	
  neuron	
  favours	
  only	
  one	
  territory	
  (Matsuda	
  et	
  al.,	
  2009).	
  	
  	
  

	
   Midbrain	
   efferents	
   from	
   area	
   A9,	
   corresponding	
   to	
   the	
   SNc,	
   project	
   almost	
  

exclusively	
  to	
  dorsal	
  CPu	
  forming	
  nigrostriatal	
  DA	
  projection	
  pathway;	
  while	
  projections	
  

from	
  A8	
  and	
  A10	
  VTA	
  regions	
  form	
  mesolimbocortical	
  pathway,	
  innervating	
  ventral	
  CPu,	
  

cortical	
  and	
  subcortical	
  limbic	
  areas,	
  including	
  prefrontal	
  and	
  cingulate	
  cortices,	
  septum,	
  

basal	
   forebrain	
   and	
   amygdala	
   (Fallon	
   and	
  Moore,	
   1978;	
   Gerfen	
   et	
   al.,	
   1987b;	
   Fallon,	
  

1988;	
  Gasbarri	
  et	
  al.,	
  1994;	
  Del-­‐Fava	
  et	
  al.,	
  2007).	
  These	
  SNc	
  and	
  VTA	
  projections	
  travel	
  

to	
  the	
  forebrain	
  via	
  the	
  medial	
  forebrain	
  bundle	
  (Haber	
  et	
  al.,	
  2000),	
  and	
  upon	
  exit	
  from	
  

this	
   tight	
   axonal	
   bundle	
   near	
   their	
   target	
   areas	
   form	
   extensive	
   axonal	
   arborisations.	
  

These	
   dopaminergic	
   axonal	
   arbours	
   densely	
   innervate	
   all	
   striatal	
   sub-­‐territories	
  

constituting	
   approximately	
   10%	
   of	
   all	
   synaptic	
   contacts	
   (Groves	
   et	
   al.,	
   1994),	
   with	
   an	
  

average	
  nearest	
  neighbour	
  distance	
  of	
  just	
  1.2	
  µm	
  between	
  individual	
  axons	
  (Arbuthnott	
  

and	
   Wickens,	
   2007).	
   The	
   architecture	
   of	
   dopaminergic	
   terminals	
   in	
   the	
   striatum	
   is	
  

described	
  in	
  more	
  detail	
  in	
  the	
  subsequent	
  sections	
  (Section	
  1.3.3).	
  

	
   Early	
   anatomical	
   studies	
   examining	
   afferent	
   projections	
   to	
   the	
   midbrain	
   DA	
  

neurons	
  using	
  anterograde	
  and	
  retrograde	
  tracer	
  injections	
  suggested	
  afferents	
  to	
  both	
  

SNc	
  and	
  VTA	
  neurons	
  display	
  convergent	
  innervation.	
  The	
  majority	
  of	
  midbrain	
  afferent	
  

inputs	
  were	
  found	
  to	
  originate	
  from	
  cortical	
  and	
  subcortical	
  structures,	
  including	
  limbic	
  

cortex,	
   amygdala,	
   hippocampus,	
   ventral	
   pallidum	
   and	
   striatum	
   (Zahm	
   et	
   al.,	
   2011).	
   In	
  

contrast,	
  a	
  recent	
  study	
  employing	
  trans-­‐synaptic	
  rabies	
  virus	
  tracing	
  approach	
  showed	
  

SNc	
  and	
  VTA	
  have	
  a	
  divergent	
  profile	
  of	
  monosynaptic	
  afferent	
  connections.	
  Specifically,	
  

SNc	
   afferents	
   were	
   dominated	
   by	
   projections	
   from	
   sensorimotor	
   cortex,	
   superior	
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colliculus	
   and	
   STN,	
   while	
   VTA	
   predominantly	
   received	
   hypothalamic	
   and	
   dorsal	
   raphe	
  

innervation,	
   and	
   both	
   SNc	
   and	
   VTA	
   were	
   densely	
   innervated	
   by	
   striatopallidal	
  

projections	
   (Watabe-­‐Uchida	
   et	
   al.,	
   2012).	
   These	
   contrasting	
   results	
   are	
   likely	
   to	
   stem	
  

from	
  the	
  methodologies	
  employed.	
  Tracer	
  studies,	
  in	
  general,	
  are	
  limited	
  due	
  to	
  possible	
  

tracer	
   uptake	
   by	
   damaged	
   and	
   intact	
   fibres	
   of	
   passage	
   that	
   form	
   no	
   actual	
   synaptic	
  

connections	
   in	
   the	
   regions	
  where	
   they	
   are	
   detected.	
  Using	
   rabies	
   virus	
   that	
   can	
   cross	
  

one	
   synaptic	
   junction	
   enables	
   detection	
   of	
   afferent	
   connections	
   which	
   actually	
   form	
  

functional	
  contacts	
  with	
  the	
  anatomical	
  structure	
  of	
   interest.	
  For	
  connectivity	
  mapping	
  

using	
   viral	
   transduction,	
   however,	
   limiting	
   factors	
   are	
   the	
   extent	
   of	
   virus	
   spread	
   and	
  

possible	
  off	
  target	
  effects.	
  	
  

	
   Overall,	
   the	
   big	
   picture	
   of	
   the	
   afferent	
  midbrain	
   DA	
   neuron	
   innervation	
   is	
   the	
  

following.	
  Circuits	
  which	
  the	
  SNc	
  and	
  VTA	
  send	
  efferents	
   to	
  also	
  reciprocally	
   innervate	
  

these	
  midbrain	
   regions,	
   forming	
   pallidum-­‐midbrain	
   projecting	
   network	
   (Hattori	
   et	
   al.,	
  

1975).	
  Thus,	
  the	
  internal	
  organization	
  of	
  the	
  BG	
  truly	
  adheres	
  to	
  the	
  rule	
  of	
  closed-­‐loop	
  

circuits,	
   which	
   has	
   important	
   implications	
   for	
   its	
   behavioural	
   output.	
   The	
   other	
   SNc	
  

afferent	
  projection	
  extensively	
  innervating	
  this	
  region	
  and	
  having	
  profound	
  influence	
  on	
  

SNc	
   output	
   is	
   the	
   innervation	
   from	
  brainstem	
  PPN	
   (Clarke	
   et	
   al.,	
   1987;	
   Lokwan	
   et	
   al.,	
  

1999).	
   The	
   VTA	
   role	
   in	
   reward-­‐related,	
   visceral/limbic	
   and	
   subjective	
   decision	
   bias	
  

processing	
   (Stopper	
   and	
   Floresco,	
   2014),	
   is	
   broadly	
   supported	
   by	
   afferents	
   from	
  

periaquedactal	
  grey,	
   locus	
  coeruleus	
  and	
  ventral	
  and	
  dorsomedial	
  medulla,	
  and	
   lateral	
  

habenula	
   complex,	
   respectively	
   (Mejías-­‐Aponte	
   et	
   al.,	
   2009;	
   Omelchenko	
   and	
   Sesack,	
  

2010;	
  Bernard	
  and	
  Veh,	
  2012).	
  Finally,	
  there	
  is	
  some	
  evidence	
  for	
  species	
  differences	
  in	
  

the	
   density	
   and	
   extent	
   of	
   prefrontal	
   cortical	
   innervation	
   of	
   the	
   midbrain	
   between	
  

rodents	
  and	
  primates.	
   In	
  mouse	
  extensive	
  prefrontal	
  afferents	
   selectively	
   target	
  GABA	
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mesoaccumbens	
   projecting	
   and	
  DA	
  mesocortical	
   projecting	
   neurons	
   (Carr	
   and	
   Sesack,	
  

2000).	
  In	
  contrast,	
  primates	
  generally	
  have	
  a	
  small	
  number	
  of	
  sparsely	
  distributed	
  fibres	
  

innervating	
  SNc	
  and	
  VTA	
  (Frankle	
  et	
  al.,	
  2006).	
  	
  

1.3.2	
  Cell	
  type	
  composition	
  of	
  the	
  SNc	
  and	
  VTA	
  neuronal	
  populations	
  

	
   Electron	
   microscopy	
   (EM)	
   studies	
   of	
   the	
   tissue	
   following	
   tracer	
   injections	
   in	
  

SNc/VTA	
   enable	
   to	
   determine	
   the	
   sites	
   of	
   synaptic	
   contact	
   that	
   midbrain	
   projections	
  

make	
  with	
  their	
  post-­‐synaptic	
  neurons.	
  These	
  data	
  revealed	
  that	
  the	
  anatomical	
  sites	
  of	
  

the	
   midbrain	
   afferent	
   terminals	
   did	
   not	
   always	
   co-­‐localize	
   with	
   TH	
   staining.	
   Thus,	
   in	
  

addition	
  to	
  heterogeneity	
  in	
  the	
  afferent	
  and	
  efferent	
  connections,	
  SNc	
  and	
  VTA	
  are	
  also	
  

characterized	
   by	
   heterogeneous	
   cell	
   type	
   composition.	
   While	
   the	
   majority	
   of	
   the	
  

midbrain	
  neurons	
  from	
  these	
  regions,	
  commonly	
  referred	
  to	
  as	
  DA	
  neurons,	
  are	
  indeed	
  

dopaminergic,	
   expressing	
   markers	
   for	
   TH,	
   vesicular	
   monoamine	
   transported	
   2	
   and	
  

dopamine	
  uptake	
  transporter	
  (DAT)	
  (Perrone-­‐Capano	
  et	
  al.,	
  1996;	
  Pickel	
  et	
  al.,	
  2002;	
  Li	
  

et	
  al.,	
  2013),	
  there	
  are	
  subsets	
  of	
  cells	
  which	
  are	
  non-­‐dopaminergic	
  (Swanson,	
  1982).	
  	
  

	
   To	
   date,	
   neurons	
   expressing	
   GABA	
   (Steffensen	
   et	
   al.,	
   1998;	
   Carr	
   and	
   Sesack,	
  

2000)	
   or	
   glutamate	
   (Yamaguchi	
   et	
   al.,	
   2007;	
   Dobi	
   et	
   al.,	
   2010)	
   have	
   been	
   identified	
  

within	
  the	
  VTA,	
  as	
  well	
  as	
  the	
  SNc	
  (Nair-­‐Roberts	
  et	
  al.,	
  2008;	
  Yamaguchi	
  et	
  al.,	
  2013).	
  As	
  

a	
   population,	
   these	
   non-­‐dopaminergic	
  midbrain	
   neurons	
   also	
   give	
   rise	
   to	
   long	
   axonal	
  

projections	
   innervating	
   the	
   same	
   targets	
   as	
   the	
  DA	
   neurons.	
   These	
   non-­‐dopaminergic	
  

cells	
  also	
  form	
  synaptic	
  contacts	
  with	
  local	
  midbrain	
  DA	
  neurons.	
  Furthermore,	
  the	
  early	
  

studies	
  demonstrating	
  co-­‐expression	
  of	
  VGLUT2	
  and	
  DA	
  neuron	
  markers	
  in	
  the	
  midbrain	
  

(Kawano	
  et	
  al.,	
   2006),	
   are	
  now	
  supported	
  by	
   functional	
  evidence.	
  New	
  data	
  present	
  a	
  

case	
   for	
   co-­‐release	
  of	
  DA	
  and	
  other	
  neurotransmitters	
   taking	
  place	
   from	
  SNc	
  and	
  VTA	
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neurons	
   both	
   in	
   vivo	
   and	
   in	
   vitro	
   (Chuhma	
   et	
   al.,	
   2004).	
   Specifically,	
   targeting	
   of	
  

genetically	
   defined	
   DA	
   neuronal	
   populations	
   for	
   selective	
   activation	
   with	
   light	
   using	
  

optogenetics	
  showed	
  that	
  DA	
  neurons	
  are	
  capable	
  of	
  co-­‐releasing	
  glutamate	
  (Stuber	
  et	
  

al.,	
  2010;	
  Tecuapetla	
  et	
  al.,	
  2010;	
  Hnasko	
  et	
  al.,	
  2012;	
  Adrover	
  et	
  al.,	
  2014;	
  Chuhma	
  et	
  

al.,	
  2014),	
  GABA	
   (Tritsch	
  et	
  al.,	
  2012,	
  2014;	
  Nelson	
  et	
  al.,	
  2014b),	
  and	
  yet	
  unidentified	
  

neurotransmitter	
   which	
   excites	
   striatal	
   ChIs	
   (Straub	
   et	
   al.,	
   2014).	
   The	
   functional	
  

significance	
   of	
   this	
   transmitter	
   co-­‐release	
   arrangement	
   remains	
   the	
   subject	
   of	
   intense	
  

debate.	
   Some	
   groups	
   suggest	
   that	
   glutamate	
   co-­‐transmission	
   could	
   aid	
   DA	
   packaging	
  

and	
   storage	
   (Hnasko	
   et	
   al.,	
   2010),	
   as	
   is	
   the	
   case	
   with	
   glutamate-­‐acetylcholine	
   co-­‐

packaging	
  in	
  ChIs	
  (Nelson	
  et	
  al.,	
  2014a).	
  Others	
  argue	
  that	
  no	
  glutamate	
  transporters	
  co-­‐

localize	
   with	
   DA	
   axon	
   terminals	
   in	
   the	
   CPu	
   in	
   adult	
   rodents	
   (Moss	
   et	
   al.,	
   2011),	
  

suggesting	
   lack	
   of	
   classical	
   pre-­‐synaptic	
   machinery	
   for	
   glutamate	
   handling.	
   Thus,	
   it	
   is	
  

possible	
  that	
  glutamate	
  co-­‐transmission	
  from	
  the	
  midbrain	
  DA	
  neurons	
  depends	
  on	
  the	
  

neurodevelopmental	
  stage.	
  	
  

	
   The	
   case	
   of	
  GABA	
   and	
  DA	
   co-­‐transmission	
   is	
   even	
  more	
   controversial.	
   A	
   study	
  

showing	
  that	
  GABA	
  is	
  not	
  synthesized	
  de	
  novo	
  by	
  DA	
  neurons,	
  but	
  is	
  taken	
  up	
  from	
  the	
  

CPu	
  terminals	
  (Tritsch	
  et	
  al.,	
  2014),	
  offered	
  a	
  plausible	
  mechanism	
  for	
  DA	
  and	
  GABA	
  co-­‐

localization	
   at	
   dopaminergic	
   terminals.	
   	
   Yet,	
   the	
   functional	
   role	
   this	
  mechanism	
   could	
  

fulfil	
  remains	
  the	
  subject	
  of	
  speculation.	
  Researchers	
  have	
  suggested	
  that	
  DA-­‐GABA	
  co-­‐

release	
  could	
  be	
  necessary	
  for	
  rapid	
  inhibition	
  of	
  striatal	
  output	
  neurons	
  (Nelson	
  et	
  al.,	
  

2014b),	
   possibly	
   via	
   shunting	
   the	
   response	
   to	
   excitatory	
   cortical	
   and	
   thalamic	
   inputs	
  

(Tritsch	
  et	
  al.,	
  2014),	
  or	
  for	
  mediating	
  feed-­‐forward	
  inhibition	
  (Tritsch	
  et	
  al.,	
  2012).	
  This	
  

mechanism	
  could	
  facilitate	
  filtering	
  of	
  the	
  afferent	
  inputs	
  to	
  the	
  striatal	
  MSNs	
  of	
  cortical	
  

and	
  thalamic	
  origin,	
  ensuring	
  only	
  the	
  strongest	
  signals	
  elicited	
  by	
  the	
  most	
  salient	
  cues	
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are	
  transmitted.	
  Another	
  and	
  not	
  mutually	
  exclusive	
  possibility	
   is	
  that	
  regulation	
  of	
  BG	
  

circuits	
   by	
   SNc	
   and	
   VTA	
   happens	
   via	
   a	
   multitude	
   of	
   signalling	
   cascades	
   employing	
  

different	
  neurotransmitter	
  systems	
  and	
  their	
  respective	
  anatomical	
  organizations.	
  Such	
  

an	
  arrangement	
  would	
  enable	
  semi-­‐independent	
  regulation	
  of	
  distinct	
  receptor	
  classes	
  

on	
  different	
  temporal	
  and	
  spatial	
  scales.	
  For	
  example,	
  GABA	
  transmission	
  mediated	
  by	
  

point-­‐to-­‐point	
   synaptic	
   mechanisms	
   and	
   DA	
   volume	
   transmission	
   could	
   affect	
   striatal	
  

output	
  acting	
  at	
  distinct	
  neuronal	
  subtypes	
   in	
  partially	
  overlapping	
  anatomical	
  regions.	
  

This	
  conjecture	
  is	
  further	
  supported	
  by	
  the	
  data	
  showing	
  distinct	
  release	
  profiles	
  of	
  DA	
  

and	
  GABA	
  from	
  dual	
   transmitter	
  neuronal	
  cell	
  cultures.	
   In	
   this	
  experimental	
  paradigm,	
  

GABA	
  is	
  released	
  in	
  single	
  rapid	
  quantal	
  events	
  as	
  measured	
  by	
  electrophysiology,	
  while	
  

amperometry	
  reveals	
  ‘prolonged’	
  asynchronous	
  release	
  of	
  DA	
  vesicles	
  (Borisovska	
  et	
  al.,	
  

2013).	
  

1.3.3	
   Architecture	
   of	
   dopaminergic	
   circuits	
   in	
   somatodendritic	
   and	
   axon	
  

terminal	
  regions	
  

	
   At	
   the	
  midbrain	
   level,	
  SNc	
  and	
  VTA	
  DA	
  neurons	
  are	
  known	
  to	
  have	
  particularly	
  

long	
   and	
  modestly	
   branched	
   dendrites	
   extending	
   in	
  multiple	
   directions	
   depending	
   on	
  

the	
  tier.	
  Dorsal	
  tier	
  neurons	
  extend	
  their	
  processes	
  longitudinally	
  along	
  the	
  rostro-­‐caudal	
  

and	
  medial-­‐lateral	
  axis,	
  while	
  ventral	
  tier	
  neurons	
  are	
  particularly	
   likely	
  to	
  extend	
  their	
  

dendritic	
  branches	
  ventrally	
  into	
  the	
  SNr	
  (Henny	
  et	
  al.,	
  2012).	
  At	
  the	
  axon	
  terminal	
  level	
  

in	
   the	
   CPu,	
   midbrain	
   DA	
   neurons	
   undergo	
   massive	
   expansion	
   of	
   their	
   total	
   arbour	
  

volume.	
  The	
  axonal	
  arbour	
  of	
  a	
  single	
  rat	
  DA	
  neuron	
  can	
  occupy	
  up	
  to	
  6%	
  of	
  the	
  total	
  

striatal	
  volume	
  (Matsuda	
  et	
  al.,	
  2009),	
  forming	
  a	
  colossal	
  number	
  of	
  synaptic	
  contacts	
  on	
  

the	
  order	
  of	
  150	
  000	
  per	
  neuron	
  (Oorschot,	
  1996;	
  Roberts	
  et	
  al.,	
  2002),	
  although	
  some	
  

estimates	
  reach	
  400	
  000	
  per	
  single	
  SNc	
  neuron	
   innervating	
  CPu	
  territories	
   (Arbuthnott	
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and	
  Wickens,	
  2007).	
  On	
  average,	
  DA	
  axonal	
  varicosities	
  form	
  a	
  synapse	
  every	
  10-­‐20	
  µm3	
  

(Descarries	
  et	
  al.,	
  1996;	
  Matsuda	
  et	
  al.,	
  2009;	
  Threlfell	
  and	
  Cragg,	
  2011).	
  In	
  comparison	
  

to	
  the	
  grand	
  total	
  size	
  of	
  their	
  dendritic	
  and	
  axonal	
  arbour,	
  the	
  cell	
  body	
  of	
  a	
  DA	
  neuron	
  

constitutes	
  less	
  than	
  1%	
  of	
  its	
  total	
  volume	
  (Matsuda	
  et	
  al.,	
  2009;	
  Henny	
  et	
  al.,	
  2012).	
  	
  

	
   Extensive	
   innervation	
   of	
   striatal	
   territories	
   by	
   DA	
   projections	
   ensures	
   that	
   all	
  

striatal	
   microstructures	
   are	
   positioned	
   within	
   1	
   µm	
   of	
   a	
   DA	
   releasing	
   site	
   (Moss	
   and	
  

Bolam,	
   2008).	
   The	
   average	
   intersynaptic	
   distance	
   between	
   neighbouring	
   DA	
   axons	
   is	
  

around	
  3.5	
  µm	
  (Cragg	
  and	
  Rice,	
  2004).	
  This	
  dopaminergic	
  architecture	
  ensures	
   that	
  all	
  

synaptic	
   transmission	
   events,	
   especially	
   those	
   between	
   local	
   striatal	
   circuits	
   and	
   their	
  

glutamatergic	
   afferents,	
   are	
   in	
   a	
   position	
   to	
   be	
  modulated	
   by	
  DA.	
   EM	
  data	
   also	
   show	
  

that	
   the	
   majority	
   of	
   putative	
   DA	
   release	
   sites	
   in	
   the	
   CPu	
   lack	
   post-­‐synaptic	
   density	
  

specialization	
   (Descarries	
  et	
  al.,	
  1996;	
  Descarries	
  and	
  Mechawar,	
  2000),	
   suggesting	
  DA	
  

transmission	
  mostly	
  occurs	
  outside	
  the	
  confinements	
  of	
  a	
  synaptic	
  cleft.	
  The	
  fact	
  that	
  DA	
  

uptake	
   transporters	
   and	
   the	
   majority	
   of	
   DA	
   receptors	
   are	
   predominantly	
   found	
  

extrasynaptically	
   (Nirenberg	
   et	
   al.,	
   1996,	
   1997;	
   Pickel,	
   2000;	
   Rice	
   et	
   al.,	
   2011),	
   also	
  

indicates	
   that	
   the	
   architecture	
   of	
   striatal	
   dopaminergic	
   innervation	
   is	
   conducive	
   to	
  

volume	
  transmission.	
  Similarly,	
  at	
  the	
  midbrain	
  level	
  very	
  few	
  dendro-­‐dendritic	
  synapses	
  

are	
  present	
  (Wilson	
  et	
  al.,	
  1977;	
  Groves	
  and	
  Linder,	
  1983),	
  while	
  DA	
  receptors	
  on	
  the	
  DA	
  

neuron	
   plasma	
   membranes	
   and	
   afferent	
   inputs,	
   as	
   well	
   as	
   DAT	
   are	
   localized	
  

extrasynaptically	
   (Sesack	
   et	
   al.,	
   1994;	
   Yung	
   et	
   al.,	
   1995;	
   Nirenberg	
   et	
   al.,	
   1996).	
  

Therefore,	
   dopaminergic	
   transmission	
   in	
   both	
   axon	
   terminal	
   regions	
   and	
  

somatodendritic	
  areas	
  is	
  likely	
  a	
  subject	
  to	
  volume	
  transmission	
  (Cragg	
  and	
  Rice,	
  2004).	
  

This	
  hypothesis	
   is	
   supported	
  by	
  the	
  data	
  demonstrating	
  DA	
  spillover	
   from	
  the	
  synapse	
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both	
  in	
  the	
  CPu	
  and	
  midbrain,	
  where	
  it	
  can	
  be	
  recorded	
  with	
  electrochemical	
  detection	
  

techniques	
  (Cragg	
  and	
  Rice,	
  2004;	
  Rice	
  and	
  Cragg,	
  2008;	
  Cragg	
  et	
  al.,	
  2011).	
  	
  

1.3.2	
  Dopamine	
  neuron	
  physiology	
  and	
  its	
  relevance	
  to	
  behaviour	
  

	
   Mesostriatal	
  DA	
  neurons	
  typically	
  display	
  two	
  characteristic	
  firing	
  modes	
  in	
  vivo:	
  

low	
  frequency	
  tonic	
  discharge	
  and	
  high	
  frequency	
  burst	
  firing.	
   In	
  tonic	
  mode,	
  midbrain	
  

DA	
   neurons	
   fire	
   single	
   APs	
   at	
   frequencies	
   up	
   to	
   10	
  Hz,	
  while	
   in	
   burst	
   firing	
  mode	
  DA	
  

neurons	
   fire	
   groups	
   of	
   3-­‐5	
   APs	
   at	
   frequencies	
   of	
   up	
   to	
   30-­‐60	
   Hz	
   (Grace	
   and	
   Bunney,	
  

1984a,	
  1984b;	
  Hyland	
  et	
  al.,	
  2002;	
  Floresco	
  et	
  al.,	
  2003;	
  Jeong	
  et	
  al.,	
  2012).	
  Burst	
  firing	
  

mode	
   of	
   DA	
   neurons	
   is	
   frequently	
   characterized	
   as	
   phasic	
   activity,	
   and	
   thought	
   to	
  

encode	
   salient	
   events,	
   including	
   prediction-­‐related	
   information	
   about	
   rewards	
   and	
  

reward	
  delivery	
  (Schultz	
  et	
  al.,	
  1993;	
  Schultz,	
  1998;	
  Morris	
  et	
  al.,	
  2004;	
  Matsumoto	
  and	
  

Hikosaka,	
  2009),	
   aversive	
  events	
   (Brischoux	
  et	
   al.,	
   2009),	
   and	
  possibly	
   stress	
   (Anstrom	
  

and	
  Woodward,	
   2005).	
   Recent	
   data	
   also	
   suggest	
   the	
   existence	
  of	
   a	
   third	
   transmission	
  

mode,	
  extended	
  phasic	
  firing,	
  present	
  during	
  behaviours	
  directed	
  towards	
  distant	
  goals.	
  

Researchers	
  suggest	
  that	
  this	
  mode	
  of	
  DA	
  signalling	
  could	
  be	
  responsible	
  for	
  sustained	
  

motivational	
  drive	
  (Howe	
  et	
  al.,	
  2013).	
  	
  

	
   Correlation	
   analyses	
   of	
   tonic	
   and	
   phasic	
   DA	
   neuron	
   firing	
   modes	
   with	
  

amperometry	
   recordings	
   of	
   striatal	
   DA	
   release	
   demonstrate	
   that	
   distinct	
   DA	
  

transmission	
  modes	
  are	
  associated	
  with	
  each	
   firing	
  mode	
  of	
   the	
  parent	
   cell	
  bodies.	
   In	
  

particular,	
   tonic	
   DA	
   neuron	
   firing	
   results	
   in	
   uniform	
   monoamine	
   concentrations	
  

throughout	
  the	
  CPu,	
  while	
  phasic	
  firing	
  can	
  elicit	
  temporally	
  and	
  spatially	
  heterogeneous	
  

DA	
  concentration	
  profiles	
  (Venton	
  et	
  al.,	
  2003).	
  Thus,	
  transient	
  burst	
  firing	
  of	
  midbrain	
  

DA	
  neurons	
   is	
  expected	
   to	
  produce	
  a	
  different	
   state	
  of	
  network	
   coupling	
  between	
  DA	
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transmission	
   and	
   its	
   downstream	
   effectors	
   than	
   their	
   tonic	
   discharge.	
   Computational	
  

modelling	
  of	
  experimental	
  data	
  also	
  agrees	
  on	
  phasic	
  burst	
  firing	
  of	
  DA	
  neurons	
  carrying	
  

the	
   largest	
   amount	
   of	
   information	
   to	
   their	
   post-­‐synaptic	
   targets,	
   while	
   tonic	
   firing	
  

patterns	
   correspondingly	
   generate	
   a	
   truly	
   stochastic	
   output	
   structure	
   (Jeong	
   et	
   al.,	
  

2012).	
  Consequently,	
  it	
  can	
  be	
  argued	
  that	
  phasic	
  burst	
  firing	
  of	
  DA	
  neurons	
  carries	
  the	
  

largest	
   amount	
   of	
  meaningful	
   information	
   that	
   can	
   be	
   utilized	
   in	
   shaping	
   behavioural	
  

output	
   in	
  a	
  manner	
  that	
  differentially	
  engages	
  distinct	
  subdivisions	
  of	
   the	
  BG	
  circuitry,	
  

depending	
  on	
  the	
  primary	
  striatal	
  recipient	
  territory.	
  

	
   The	
   behavioural	
   relevance	
   of	
   striatal	
   DA	
   signals	
   finds	
   extensive	
   support	
   in	
   the	
  

literature,	
  both	
  as	
  a	
  teaching	
  signal	
   in	
  reinforcement	
  learning	
  and	
  motivating	
  signal	
  for	
  

working	
  towards	
  obtaining	
  a	
  reward.	
  As	
  predicted	
  by	
  Rescorla-­‐Wagner	
   learning	
  model,	
  

the	
  amplitude	
  of	
  responses	
  conveying	
  a	
  teaching	
  signal	
  should	
  decrease	
  with	
  learning.	
  A	
  

similar	
   behaviour	
   is	
   characteristic	
   of	
   DA	
   neuron	
   firing,	
   where	
   electrophysiology	
  

recordings	
   consistently	
   show	
   a	
   decrease	
   in	
   DA	
   neuron	
   firing	
   once	
   reward	
   prediction	
  

error	
   is	
   absent,	
   i.e.	
   learning	
   function	
   has	
   reached	
   asymptote	
   (Hollerman	
   and	
   Schultz,	
  

1998).	
   Further,	
   attenuation	
   of	
   DA	
   signal	
   is	
   observed	
   following	
   extended	
   training	
   as	
  

animals	
   acquire	
   complete	
   knowledge	
   of	
   the	
   temporal	
   structure	
   of	
   a	
   task	
   and	
   fully	
  

anticipate	
   reward-­‐predictive	
   stimuli	
   (Clark	
   et	
   al.,	
   2013).	
   Some	
   researchers,	
   however,	
  

suggest	
  that	
  an	
  alternative	
  explanation	
  of	
  established	
  contingency	
  leading	
  to	
  decreased	
  

attention	
  to	
  conditioned	
  stimulus	
  or	
  even	
  response	
  suppression	
  by	
  conditioned	
  stimulus	
  

cannot	
   be	
   excluded	
   (Holmes	
   and	
   Fam,	
   2013).	
   Amphetamine	
   challenge	
   data	
   also	
  

demonstrate	
   that	
   strict	
   temporal	
   coupling	
   of	
   striatal	
   DA	
   signal	
  with	
   reward	
   predictive	
  

cues	
   is	
   essential	
   for	
   learning	
   (Daberkow	
  et	
   al.,	
   2013).	
   Yet,	
   striatal	
  DA	
   signalling	
   is	
   also	
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extensively	
   involved	
   in	
   motivational	
   aspects	
   of	
   behaviour	
   (Robbins	
   and	
   Everitt,	
   1996;	
  

Berridge	
  and	
  Robinson,	
  1998).	
  	
  

	
   A	
   working	
   model	
   of	
   how	
   motivational	
   and	
   learning	
   aspects	
   of	
   dopaminergic	
  

signalling	
   fit	
   together	
   suggest	
   that	
   tonic	
  DA	
  participates	
   in	
  motivational	
   coding,	
   as	
  DA	
  

tone	
  manipulations	
  globally	
  affect	
  response	
  rates,	
  while	
  phasic	
   increases	
   in	
  DA	
  neuron	
  

activity	
   provide	
   the	
   actual	
   prediction	
   error	
   signal	
   (Niv,	
   2007).	
   This	
   model	
   provides	
   a	
  

plausible	
  account	
  of	
  how	
  behavioural	
  performance	
   is	
   combined	
  across	
  motivation	
  and	
  

learning	
   domains	
   supported	
   by	
   DA	
   signalling.	
   It	
   was	
   further	
   extended	
   by	
  Morita	
   and	
  

Kawaguchi	
  (2013)	
  who	
  put	
  forward	
  a	
  closed-­‐circuit	
  model	
  to	
  incorporate	
  the	
  upstream	
  

circuits	
   affected	
  by	
  DA.	
  Authors	
   suggest	
   that	
   computations	
   performed	
  by	
   intracortical	
  

and	
   corticostriatal	
   loops	
   are	
   differentially	
   modulated	
   by	
   DA	
   acting	
   at	
   D1	
   and	
   D2	
  

receptors	
   on	
   MSNs.	
   Therefore,	
   motivation	
   and	
   learning	
   are	
   supported	
   by	
   indirect	
  

pathway	
  encoding	
  the	
  value	
  of	
  the	
  previous	
  action	
  (template),	
  while	
  the	
  direct	
  pathway	
  

provides	
   the	
   information	
   about	
   the	
   current	
   value	
   (comparator)	
   upon	
   which	
   action	
   is	
  

performed	
  (Morita	
  et	
  al.,	
  2013).	
  By	
  matching	
  the	
  template	
  and	
  comparator	
  values,	
  DA	
  

system	
  identifies	
  the	
  discrepancies,	
  providing	
  motivational	
  and	
  teaching	
  signals.	
  	
  

	
   In	
   order	
   to	
   identify	
   and	
   isolate	
   the	
   necessary	
   and	
   sufficient	
   components	
   for	
  

translation	
   of	
   DA	
   neuron	
   signalling	
   into	
   behavioural	
   output,	
   correlation	
   data	
  must	
   be	
  

supported	
   by	
   direct	
   manipulations	
   of	
   the	
   midbrain	
   circuits.	
   With	
   the	
   advent	
   of	
  

optogenetic	
  approaches,	
   this	
  has	
  been	
  made	
  possible.	
  Now	
  there	
   is	
  data	
  showing	
  that	
  

mimicking	
   reward	
   prediction	
   error	
   by	
   transient	
   selective	
   activation	
   of	
   DA	
   neurons	
  

concurrent	
   with	
   reward	
   delivery	
   leads	
   to	
   cue-­‐elicited	
   reward-­‐seeking	
   behaviour	
   in	
  

blocked	
  learning	
  paradigm	
  (Steinberg	
  et	
  al.,	
  2013).	
  These	
  data	
  indicate	
  that	
  animals	
  have	
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learned	
   the	
   association	
   between	
   a	
   new	
   predictor	
   and	
   reward	
   delivery	
   even	
   though	
  

under	
   normal	
   circumstances	
   previously	
   formed	
   associations	
   would	
   prevent	
   new	
  

learning.	
  	
  Activation	
  of	
  the	
  VTA	
  DA	
  neurons	
  following	
  nose	
  poke	
  in	
  reward	
  magazine	
  was	
  

also	
  sufficient	
  to	
  drive	
  operant	
  responses	
  in	
  the	
  absence	
  of	
  reward	
  delivery	
  (Kim	
  et	
  al.,	
  

2012),	
   further	
   demonstrating	
   the	
   causal	
   role	
   of	
   DA	
   signals	
   in	
   driving	
   reward-­‐seeking	
  

behaviours.	
  	
  

1.4	
  Mechanisms	
  underlying	
  dopamine	
  release	
  

	
   The	
  significance	
  of	
  DA	
  signalling	
   for	
   the	
  BG	
  networks	
   lies	
  not	
  only	
   in	
   its	
   critical	
  

role	
  in	
  mediating	
  normal	
  circuit	
  function	
  and	
  reward-­‐related	
  learning	
  dependent	
  on	
  the	
  

firing	
   mode	
   of	
   the	
   midbrain	
   DA	
   neurons,	
   but	
   also	
   the	
   associated	
   DA	
   release	
   events	
  

occurring	
   in	
   two	
   distinct	
   BG	
   compartments,	
   the	
   midbrain	
   and	
   striatum.	
   Both	
  

somatodendritic	
  and	
  axonal	
  dopamine	
  release	
  depend	
  on	
  the	
  firing	
  rate	
  and	
  pattern	
  of	
  

the	
  midbrain	
  DA	
  neurons,	
  which	
  oscillate	
  between	
  low-­‐frequency	
  tonic	
  firing	
  and	
  short	
  

high	
  frequency	
  burst	
  activity	
  already	
  described.	
  Mechanisms	
  regulating	
  somatodendritic	
  

and	
  axonal	
  DA	
  release	
  are	
  explained	
  next.	
  

1.4.1	
   Midbrain	
   somatodendritic	
   and	
   striatal	
   axon	
   terminal	
   dopamine	
  

release	
  	
  

	
   Neurotransmitter	
   release	
   events	
   require	
   Ca2+	
   entry	
   through	
   voltage-­‐gated	
  

calcium	
  channels	
  (VGCCs)	
  to	
  prime	
  assembly	
  of	
  the	
  vesicle	
  fusion	
  machinery.	
  DA	
  release	
  

in	
   both	
   the	
   somatodendritic	
   compartment	
   and	
   at	
   the	
   axon	
   terminal	
   level	
   have	
   been	
  

shown	
  to	
  be	
  Ca2+-­‐dependent	
  (Rice	
  et	
  al.,	
  1994,	
  1997;	
  Cragg	
  and	
  Greenfield,	
  1997;	
  Chen	
  

and	
  Rice,	
  2001;	
  Ford	
  et	
  al.,	
  2010).	
  Some	
  studies,	
  however,	
  find	
  that	
  Ca2+-­‐dependence	
  of	
  

somatodendritic	
   DA	
   release	
   is	
   substantially	
   lower	
   than	
   the	
   axonal	
   DA	
   release	
   in	
   CPu	
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under	
   similar	
   experimental	
   conditions	
   (Hoffman	
   and	
   Gerhardt,	
   1999;	
   Chen	
   and	
   Rice,	
  

2001;	
   Chen	
   et	
   al.,	
   2006),	
   suggesting	
   minimal	
   Ca2+	
   entry	
   may	
   be	
   required	
   for	
  

somatodendritic	
   release.	
   There	
   are	
   several	
   possible	
   reasons	
   for	
   these	
   contradicting	
  

results.	
  Firstly,	
  species	
  differences	
  between	
  guinea	
  pig	
  and	
  rat/mouse	
  could	
  explain	
  this	
  

discrepancy,	
  especially	
  given	
  that	
  cadmium	
  and	
  VGCCs	
  blockers	
  were	
  previously	
  shown	
  

to	
  inhibit	
  somatodendritic	
  release	
  in	
  rat/mouse	
  slices	
  (Herdon	
  and	
  Nahorski,	
  1989;	
  Jaffe	
  

et	
   al.,	
   1998;	
   Phillips	
   and	
   Stamford,	
   2000).	
   Secondly,	
   prolonged	
  pulse	
   trains	
   for	
   driving	
  

somatodendritic	
   release	
  events	
   can	
  also	
  evoke	
   release	
  of	
  other	
   transmitters,	
   including	
  

GABA,	
   glutamate,	
   ACh,	
   which	
   can	
   dynamically	
   alter	
   DA	
   release	
   via	
   feedforward	
   and	
  

feedback	
  mechanisms	
  (Rice	
  et	
  al.,	
  2011).	
  Lastly,	
  KCl	
  application	
  for	
  driving	
  release	
  events	
  

may	
   collapse	
   normal	
   ionic	
   gradients	
   that	
   regulate	
   vesicle	
   fusion,	
   thus	
   limiting	
  

detectability	
  of	
  Ca2+	
   involvement	
   in	
  DA	
   release.	
  Moreover,	
  Ca2+	
  entry	
   is	
   important	
  not	
  

only	
  for	
  regulation	
  of	
  DA	
  release,	
  but	
  also	
  for	
  homeostatic	
  events	
  which	
  regulate	
  tonic	
  

and	
   burst	
   firing	
   of	
   DA	
   neurons	
   by	
   altering	
   responsiveness	
   of	
   DA	
   neurons	
   to	
   their	
  

glutamatergic	
  inputs	
  (Kim	
  et	
  al.,	
  2013).	
  Overall,	
  blockade	
  of	
  the	
  VGCCs	
  and	
  application	
  of	
  

Ca2+-­‐free	
  perfusion	
  media	
  decrease	
   the	
  amplitude	
  of	
  or	
  completely	
  abolish	
  DA	
  release	
  

events,	
  although	
  may	
  do	
  so	
  to	
  a	
  different	
  extent	
  within	
  the	
  somatodendritic	
  versus	
  axon	
  

terminal	
   regions,	
   depending	
   on	
   the	
   stimulation	
   protocol	
   and	
   species.	
   Another	
   factor	
  

which	
   accounts	
   for	
   the	
   strong	
   Ca2+	
   dependence	
   of	
   axonal	
   DA	
   release	
   compared	
   to	
  

somatodendritic	
   compartment	
   is	
   the	
   compound	
   dependence	
   of	
   both	
   DA	
   and	
   ACh	
  

release	
   on	
   Ca2+,	
  which	
   constitute	
   two	
   lots	
   of	
   4th	
   power	
   dependence	
   on	
   Ca2+	
   entry	
   for	
  

quantal	
  release	
  (Rice	
  et	
  al.,	
  2011).	
  

	
   The	
  assumption	
   that	
  both	
   terminal	
   and	
   somatodendritic	
  DA	
   release	
  events	
   are	
  

supported	
  by	
   vesicle	
   fusion	
   is	
   controversial,	
   however.	
  Data	
   suggest	
   that	
   vesicle	
   fusion	
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events	
   in	
   the	
   SNc	
   are	
   rare	
   (Wilson	
   et	
   al.,	
   1977).	
   Moreover,	
   vesicle	
   density	
   in	
   the	
  

midbrain	
   is	
   low,	
   while	
   DA	
   axon	
   terminals	
   in	
   the	
   CPu	
   are	
   densely	
   packed	
  with	
   readily	
  

identifiable	
  vesicles	
  (Wilson	
  et	
  al.,	
  1977;	
  Groves	
  and	
  Linder,	
  1983;	
  Nirenberg	
  et	
  al.,	
  1996,	
  

1997).	
  Consequently,	
  some	
  researchers	
  suggest	
  that	
  somatodendritic	
  DA	
  release	
   is	
  not	
  

supported	
   by	
   classical	
   vesicle	
   fusion	
   processes	
   but	
   rather	
   reversal	
   of	
   DAT,	
  which	
  may	
  

explain	
  its	
  limited	
  dependence	
  on	
  Ca2+	
  entry	
  in	
  some	
  species.	
  Further,	
  somatodendritic	
  

DA	
  storage	
  is	
  suggested	
  to	
  take	
  place	
  at	
  the	
  endoplasmic	
  reticulum	
  (Mercer	
  et	
  al.,	
  1979;	
  

Wassef	
  et	
  al.,	
  1981).	
  Yet,	
   the	
  bulk	
  of	
  data	
  show	
  that	
   for	
  both	
  axonal	
  and	
  dendritic	
  DA	
  

release	
   are	
   dependent	
   on	
   both	
  AP	
   propagation	
   and	
   calcium	
   as	
   evoked	
  DA	
   events	
   are	
  

abolished	
   by	
   sodium	
   channel	
   blocker	
   tetrodotoxin	
   (TTX)	
   and	
   in	
   Ca2+-­‐free	
   solutions	
   or	
  

following	
  application	
  of	
  VGCCs	
  blockers	
   (Rice	
  et	
  al.,	
  1994,	
  1997;	
  Cragg	
  and	
  Greenfield,	
  

1997;	
  Chen	
  and	
  Rice,	
  2001;	
  Ford	
  et	
  al.,	
  2010).	
  Furthermore,	
  somatodendritic	
  DA	
  release	
  

is	
  not	
  prevented	
  by	
  DAT	
  inhibitors	
  which	
  would	
  be	
  expected	
  to	
  prevent	
  DAT	
  reversal	
  as	
  

an	
   alternative	
   mechanism	
   of	
   release	
   to	
   vesicular	
   exocytosis	
   (Cragg	
   et	
   al.,	
   1997a;	
  

Hoffman	
  et	
  al.,	
  1998;	
  Chen	
  and	
  Rice,	
  2001).	
  Moreover,	
  VTA	
  DA	
  release,	
  evoked	
  by	
  in	
  vivo	
  

stimulation	
  of	
  the	
  medial	
  forebrain	
  bundle,	
  shows	
  an	
  increase	
   in	
  signal	
  amplitude	
  with	
  

DAT	
   blockade	
   and	
   is	
   depleted	
   by	
   continuous	
   stimulation	
   lasting	
   5	
   seconds	
   and	
   longer	
  

(Kita	
   et	
   al.,	
   2009).	
   Therefore,	
   fundamentally	
   similar	
   release	
   mechanisms	
   probably	
  

regulate	
  DA	
  release	
   in	
  both	
  neuronal	
  compartments,	
  even	
  though	
  conventional	
  vesicle	
  

fusion	
  processes	
  in	
  the	
  somatodendritic	
  regions	
  may	
  not	
  support	
  all	
  evoked	
  DA	
  events,	
  

contrary	
   to	
   spontaneous	
   DA	
   release	
   (Fortin	
   et	
   al.,	
   2006).	
   It	
   is	
   also	
   possible	
   that	
  

differences	
   in	
   the	
   mechanisms	
   regulating	
   exocytosis	
   of	
   DA-­‐containing	
   vesicles	
   from	
  

dendrites	
   versus	
   axon	
   terminal	
   compartments	
   is	
   determined	
   by	
   fine-­‐tuned	
   regulation	
  

processes	
  that	
  are	
  species-­‐specific.	
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   Release	
   events	
   in	
   the	
   somatodendritic	
   and	
   axon	
   terminal	
   regions	
   do	
   differ	
   in	
  

terms	
  of	
  the	
  extracellular	
  DA	
  concentrations	
  and	
  the	
  timecourse	
  of	
  DA	
  signal.	
  Generally,	
  

release	
   levels	
   are	
   substantially	
  higher	
   in	
  CPu	
  and	
  NAc,	
  while	
  VTA	
  and	
  SNc	
   show	
  more	
  

modest	
   evoked	
   extracellular	
   DA	
   concentrations	
   (Cragg	
   and	
  Greenfield,	
   1997;	
   Cragg	
   et	
  

al.,	
   1997a;	
   Rice	
   et	
   al.,	
   1997;	
   Ford	
   et	
   al.,	
   2010).	
   Even	
   in	
   the	
  midbrain	
   itself	
   evoked	
  DA	
  

amplitudes	
   follow	
   a	
   gradient	
   from	
  VTA	
   to	
  medial	
   SNc	
   to	
   lateral	
   SNc,	
  with	
   the	
   highest	
  

extracellular	
  DA	
  concentrations	
  on	
  the	
  order	
  of	
  1	
  µM	
  observed	
  in	
  the	
  latter	
  (Rice	
  et	
  al.,	
  

1997).	
   The	
   exact	
   reason	
   for	
   this	
   regional	
   heterogeneity	
   in	
   DA	
   release	
   still	
   remains	
  

unknown.	
  Although	
  it	
  is	
  likely	
  to	
  be	
  the	
  function	
  of	
  vesicle	
  loading	
  as	
  well	
  as	
  the	
  relative	
  

density	
  of	
  the	
  release	
  sites,	
  and	
  the	
  larger	
  extracellular	
  volume	
  fraction	
  in	
  the	
  midbrain	
  

compared	
  to	
  the	
  CPu	
  (Rice	
  and	
  Nicholson,	
  1991;	
  Cragg	
  et	
  al.,	
  2001).	
  Another	
  possibility	
  is	
  

the	
  termination	
  of	
  DA	
  signal	
  by	
  D2	
  autoreceptors	
  which	
  differ	
  between	
  somatodendritic	
  

and	
   axon	
   terminal	
   compartments,	
   having	
   significantly	
   weaker	
   influence	
   on	
   limiting	
  

evoked	
  DA	
  release	
  in	
  the	
  midbrain	
  (Cragg	
  and	
  Greenfield,	
  1997).	
  In	
  summary,	
  the	
  main	
  

factors	
  contributing	
  to	
  prolonged	
  timecourse	
  of	
  DA	
  transients	
  in	
  the	
  midbrain	
  compared	
  

to	
   the	
  CPu	
  would	
  be	
   the	
   level	
   of	
  DAT	
   expression/activity,	
   the	
   size	
   of	
   the	
   extracellular	
  

volume	
   fraction,	
  which	
   lead	
   to	
   delayed	
   DA	
   signal	
   termination	
   in	
   SNc	
   and	
   VTA	
   due	
   to	
  

limited	
  DA	
  uptake	
   and	
   increased	
  diffusion,	
   respectively,	
   and	
   reduced	
  D2	
   autoreceptor	
  

control	
  (Cragg	
  et	
  al.,	
  1997b,	
  2001;	
  Chen	
  and	
  Rice,	
  2001;	
  Rice	
  and	
  Cragg,	
  2008;	
  Ford	
  et	
  al.,	
  

2010).	
   Importantly,	
   both	
   somatodendritic	
   and	
   axon	
   terminal	
   release	
   events	
   can	
   be	
  

frequency-­‐	
  or	
  pulse	
  number-­‐dependent	
  (Rice	
  et	
  al.,	
  1997;	
  Rice	
  and	
  Cragg,	
  2004;	
  Zhang	
  

and	
  Sulzer,	
  2004;	
  Fortin	
  et	
  al.,	
  2006;	
   John	
  et	
  al.,	
  2006;	
  Kita	
  et	
  al.,	
  2009).	
  This	
   suggests	
  

that	
   the	
   firing	
  activity	
  of	
   the	
  midbrain	
  DA	
  neurons	
   is	
  dynamically	
   translated	
   in	
   release	
  

events	
  that	
  may	
  reflect	
  the	
  degree	
  of	
  DA	
  neuron	
  excitation.	
  However,	
  DA	
  transmission	
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in	
   striatum	
   is	
   extensively	
   regulated	
   by	
   local	
   striatal	
   factors,	
   including	
   the	
   cholinergic	
  

system,	
  which	
   controls	
   dynamic	
   gating	
   of	
   DA	
   release	
   probability	
   and	
   also	
   drives	
   local	
  

striatal	
  DA	
  release,	
  as	
  outlined	
  in	
  the	
  next	
  sections	
  (Section	
  1.6).	
  

1.4.2	
  Factors	
  regulating	
  regional	
  variability	
  of	
  striatal	
  dopamine	
  release	
  

	
   The	
   timecourse	
   and	
   amplitude	
   of	
   evoked	
   DA	
   transients	
   in	
   striatum	
   can	
   vary	
  

significantly	
   between	
   different	
   regions.	
   Availability	
   and	
   absolute	
   concentrations	
   of	
  

evoked	
   extracellular	
   DA	
   ([DA]o)	
   in	
   the	
   CPu	
   and	
   NAc	
   are	
   strongly	
   governed	
   by	
   factors	
  

regulating	
  striatal	
  DA	
  release,	
  such	
  as	
  autoinhibition	
  of	
  DA	
  release	
  by	
  D2	
  receptors,	
  and	
  

DAT-­‐mediated	
   uptake	
   of	
   [DA]o.	
   For	
   example,	
   with	
   single	
   pulse	
   stimulation,	
   the	
  

timecourse	
  of	
  evoked	
  DA	
  signal	
  reaching	
  its	
  peak	
  and	
  subsequently	
  being	
  terminated	
  by	
  

DAT	
   is	
   similar	
   between	
   different	
   striatal	
   territories.	
   However,	
   in	
   the	
   presence	
   of	
   D2	
  

receptor	
  antagonist,	
  with	
  pulse	
  train	
  stimulation	
  lasting	
  1000	
  ms	
  or	
  longer,	
  the	
  maximal	
  

response	
  is	
  reached	
  within	
  500	
  ms	
  in	
  dorsal	
  CPu,	
  whilst	
  in	
  the	
  NAc	
  extracellular	
  DA	
  levels	
  

continue	
  to	
  rise	
  for	
  the	
  whole	
  stimulus	
  duration.	
  While	
  initial	
  release	
  probability,	
  which	
  

is	
  tightly	
  regulated	
  by	
  ACh	
  and	
  is	
  higher	
  in	
  CPu	
  than	
  NAc,	
  contributes	
  to	
  this	
  difference,	
  

the	
   primary	
   players	
   are	
   likely	
   to	
   be	
   inhibition	
   of	
   DA	
   release	
   by	
   D2	
   receptors	
   and	
  

availability	
  of	
  DA	
  transporters	
  (Cragg	
  and	
  Greenfield,	
  1997;	
  Cragg	
  et	
  al.,	
  2000,	
  2002).	
  	
  

	
   Striatal	
   DAT	
   expression	
   follows	
   dorsolateral	
   to	
   ventromedial	
   gradient	
   with	
  

significantly	
  higher	
  expression	
  and	
  activity	
  levels	
  of	
  DAT	
  in	
  the	
  dlCPu,	
  corresponding	
  to	
  

the	
   sensorimotor	
   striatal	
   territory	
   (Cragg	
   et	
   al.,	
   2000,	
   2002;	
   Voorn	
   et	
   al.,	
   2004).	
  

Consistent	
   with	
   DAT	
   expression	
   gradient,	
   DA	
   signal	
   termination	
   upon	
   its	
   extracellular	
  

release	
   happens	
   faster	
   in	
   the	
   dlCPu,	
   than	
   in	
   the	
   ventromedial	
   CPu	
   (vmCPu)	
   or	
   NAc.	
  

Similar	
   to	
   the	
   ventral	
   striatum,	
   limited	
   uptake	
   substantially	
   hinders	
   the	
   rate	
   of	
   DA	
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clearance	
  following	
  exocytotic	
  events	
  in	
  the	
  SNc	
  and	
  VTA,	
  although	
  in	
  the	
  midbrain	
  this	
  

process	
   is	
   also	
   significantly	
   affected	
   by	
   diffusion	
   (Cragg	
   et	
   al.,	
   1997b,	
   2001;	
   Chen	
   and	
  

Rice,	
  2001;	
  Rice	
  and	
  Cragg,	
  2008;	
  Ford	
  et	
  al.,	
  2010).	
  	
  

	
   D2	
   receptor-­‐dependent	
   regulation	
   of	
   DA	
   release	
   via	
   autoinhibition	
   also	
   shows	
  

regional	
   specificity.	
   It	
   is	
   likely	
   to	
   be	
   another	
   important	
   factor	
   which	
   determines	
   the	
  

shape	
  of	
  extracellularly	
  recorded	
  evoked	
  DA	
  transients.	
  D2	
  autoreceptors	
  on	
  DA	
  neurons	
  

suppress	
  DA	
  release	
  in	
  the	
  SNc	
  (Cragg	
  and	
  Greenfield,	
  1997)	
  and	
  striatum	
  (Phillips	
  et	
  al.,	
  

2002;	
   Moquin	
   and	
   Michael,	
   2009),	
   whilst	
   VTA	
   seemingly	
   lacks	
   D2	
   autoreceptor	
  

regulation	
  (Cragg	
  and	
  Greenfield,	
  1997;	
  Kita	
  et	
  al.,	
  2009).	
  Further,	
   in	
  CPu	
  post-­‐synaptic	
  

D2	
   receptors	
   on	
  MSNs	
   also	
   have	
   an	
   inhibitory	
   effect	
   on	
   DA	
   release	
   (Anzalone	
   et	
   al.,	
  

2012).	
  Thus,	
  the	
  distinct	
  timecourse	
  of	
  evoked	
  DA	
  release	
  observed	
  in	
  different	
  midbrain	
  

and	
  striatal	
  territories	
  likely	
  incorporates	
  feedback	
  signal	
  provided	
  by	
  D2	
  receptors.	
  	
  

	
   Regional	
  variability	
  of	
  DA	
   release	
   regulation	
  by	
  D2	
   receptor-­‐mediated	
   feedback	
  

and	
  possibly	
  DAT	
  expression	
  gradient,	
  at	
   least	
   in	
   the	
  CPu	
  and	
  NAc,	
  has	
  been	
   taken	
  by	
  

some	
  researchers	
  to	
  mean	
  that	
  distinct	
  DA	
  release	
  micro	
  domains	
  exist.	
  Arguably,	
  these	
  

distinct	
  micro	
  domains	
  present	
  with	
  different	
  DA	
   release	
  dynamics	
   in	
   the	
  experiments	
  

where	
  the	
  same	
  tissue	
  and	
  electrodes	
  are	
  used	
  for	
  the	
  monoamine	
  recordings	
  with	
  fast-­‐

scan	
   cyclic	
   voltammetry	
   (FCV)	
   (Moquin	
   and	
  Michael,	
   2009,	
   2011;	
  Mitch	
   Taylor	
   et	
   al.,	
  

2012;	
  Shu	
  et	
  al.,	
  2013;	
  Taylor	
  et	
  al.,	
  2013).	
  These	
  claims	
  are	
  not	
  unequivocally	
  accepted,	
  

given	
  the	
  inherently	
  stochastic	
  nature	
  of	
  neurotransmitter	
  release	
  in	
  any	
  given	
  system.	
  

Moreover,	
   the	
   fact	
   that	
  FCV	
  recordings	
  which	
  sample	
  DA	
  release	
   from	
  a	
  population	
  of	
  

transmitter	
   releasing	
   sites	
  may	
   not	
   converge	
   on	
   the	
   same	
   population	
  within	
   any	
   one	
  

striatal	
   region	
   all	
   of	
   the	
   time	
   also	
   undermines	
   the	
   micro	
   domain	
   hypothesis.	
   It	
   is	
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possible,	
  however,	
  that	
  such	
  micro	
  domains	
  indeed	
  exist,	
  providing	
  an	
  additional	
  axis	
  for	
  

the	
   fine-­‐tuned	
   regulation	
   of	
   the	
   local	
   computational	
   circuitry	
   by	
   DA.	
   In	
   addition,	
   to	
  

highlight	
  the	
  behavioural	
  relevance	
  of	
  D2-­‐mediated	
  inhibition	
  of	
  DA	
  release,	
  at	
  least	
  for	
  

the	
   somatodendritic	
   compartment,	
   mice	
   lacking	
   D2	
   receptors	
   in	
   the	
   midbrain	
   DA	
  

neurons	
   present	
   with	
   enhanced	
   DA	
   synthesis	
   and	
   release	
   which	
   leads	
   to	
  

hyperlocomotion,	
  enhanced	
  motivation	
  and	
  cocaine	
  hypersensitivity	
  (Bello	
  et	
  al.,	
  2011).	
  

	
   	
  The	
  auto	
  regulation	
  of	
  release	
  by	
  the	
  DA	
  system	
  itself	
  plays	
  a	
  prominent	
  role	
  in	
  

supporting	
  normal	
  functioning	
  of	
  the	
  BG	
  circuits.	
  Nonetheless,	
  all	
  the	
  data	
  collected	
  to	
  

date	
   suggest	
   that	
   these	
   internal	
   control	
   systems	
  are	
   routinely	
  overridden	
  by	
  ACh	
  axis,	
  

both	
   in	
  CPu	
  and	
  NAc	
   (Threlfell	
  and	
  Cragg,	
  2011).	
  Therefore,	
   striatal	
   cholinergic	
   system	
  

and	
   its	
   close	
   interactions	
   with	
   striatal	
   dopaminergic	
   innervation,	
   in	
   particular	
   the	
  

regulation	
  of	
  DA	
  neurotransmission	
  at	
  the	
  axon	
  terminal	
  level,	
  are	
  discussed	
  next.	
  

1.5	
  Striatal	
  cholinergic	
  interneurons	
  

1.5.1	
  Anatomy	
  and	
   functional	
   characteristics	
   of	
   the	
   striatal	
   cholinergic	
  

interneurons	
  

The	
   birth	
   date	
   of	
   striatal	
   cholinergic	
   interneurons	
   (ChIs)	
   in	
   the	
   embryonic	
  

development	
  cycle	
   is	
   close	
   to	
   the	
   time	
  when	
   the	
  midbrain	
  DA	
  neurons	
  are	
  generated.	
  

Specifically,	
   tissue	
  graft	
   transplants	
   from	
   the	
   foetal	
   rodent	
  brain	
   suggest	
   that	
  ChIs	
   are	
  

born	
   in	
   the	
  medial	
   ganglionic	
   eminence	
   around	
   E12.5	
   (Olsson	
   et	
   al.,	
   1998).	
   These	
   ChI	
  

precursors	
   then	
  migrate	
   tangentially	
   from	
  the	
  progenitor	
  zone	
  to	
   the	
  CPu,	
  where	
  they	
  

differentiate	
   into	
   local	
   striatal	
   interneurons	
   (Marin	
   et	
   al.,	
   2000).	
   ChIs	
   are	
   the	
   resident	
  

striatal	
  ChAT-­‐positive	
   interneurons,	
  with	
   fusiform-­‐	
  or	
  polygonal-­‐shaped	
  giant	
   cell	
   body	
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(20-­‐50	
   µm)	
   and	
   aspiny	
   dendrites,	
   which	
   are	
   tonically	
   active,	
   maintaining	
   one	
   of	
   the	
  

highest	
   cholinergic	
   marker	
   levels	
   in	
   the	
   whole	
   brain	
   (Hoover	
   et	
   al.,	
   1978;	
   Smith	
   and	
  

Bolam,	
  1990;	
  Wilson	
  et	
  al.,	
  1990;	
  Kawaguchi,	
  1992,	
  1993;	
  Bolam	
  et	
  al.,	
  2000).	
  Given	
  that	
  

ChIs	
  constitute	
  roughly	
  ~1-­‐5%	
  of	
  the	
  total	
  number	
  of	
  striatal	
  neurons,	
  depending	
  on	
  the	
  

species,	
  their	
  functional	
  impact	
  is	
  staggering	
  and	
  is	
  broadly	
  supported	
  by	
  their	
  extensive	
  

dendritic	
   and	
   axonal	
   arbours	
   innervating	
   large	
   striatal	
   territories	
   (Kemp	
   and	
   Powell,	
  

1971a;	
  Bolam	
  et	
  al.,	
  1984;	
  Phelps	
  et	
  al.,	
  1985).	
  The	
  lower	
  percentage	
  of	
  ChIs	
  is	
  generally	
  

found	
  in	
  rodents,	
  while	
  primates	
  are	
  reported	
  to	
  have	
  higher	
  cell	
  count	
  of	
  ChIs	
  relative	
  

to	
  the	
  total	
  striatal	
  neurons,	
  as	
  previously	
  reported	
  for	
  other	
  striatal	
  interneuron	
  types	
  

(Wu	
   and	
   Parent,	
   2000).	
   The	
   architecture	
   of	
   dendritic	
   and	
   axonal	
   arborisations	
   of	
   ChIs	
  

enables	
   them	
   to	
   create	
   densely	
   interconnected	
   networks	
   which	
   extensively	
  

communicate	
  to	
  regulate	
  population	
  activity	
  either	
  directly	
  (Drukarch	
  et	
  al.,	
  1990)	
  or	
  via	
  

recruitment	
  of	
  fast-­‐spiking	
  GABAergic	
  interneurons	
  (Sullivan	
  et	
  al.,	
  2008).	
  The	
  functional	
  

significance	
  of	
  the	
  networks	
  built	
  by	
  the	
  striatal	
  ChIs	
  is	
  further	
  supported	
  by	
  data	
  from	
  

the	
  human	
  brain.	
  In	
  the	
  caudate	
  and	
  putamen	
  regions	
  with	
  fewer	
  ChIs,	
  cells	
  are	
  larger	
  in	
  

size,	
  suggesting	
  an	
  increase	
  in	
  size	
  may	
  be	
  required	
  to	
  compensate	
  for	
  the	
  lack	
  of	
  higher	
  

ChI	
  density	
  (Bernácer	
  et	
  al.,	
  2007).	
  

	
  The	
   total	
   number	
  of	
   axonal	
   varicosities	
   formed	
  by	
  a	
   single	
  ChI	
   can	
   total	
   up	
   to	
  

500	
   000,	
   with	
   a	
   10	
   µm	
   radius	
   sphere	
   of	
   striatal	
   neuropil	
   containing	
   on	
   average	
   400	
  

cholinergic	
   axon	
   terminals	
   (Contant	
   et	
   al.,	
   1996;	
   Descarries	
   and	
   Mechawar,	
   2000;	
  

Threlfell	
  and	
  Cragg,	
  2011).	
  Although	
  the	
  size	
  of	
  a	
  single	
  ChI	
  in	
  the	
  entirety	
  of	
  its	
  dendritic	
  

and	
  axonal	
  arbour	
  has	
  not	
  been	
   formally	
  quantified,	
   rough	
  estimates	
   suggest	
   that	
   the	
  

total	
   volume	
   of	
   striatal	
   tissue	
   occupied	
   by	
   DA	
   terminals	
   is	
   on	
   the	
   same	
   order	
   as	
   the	
  

tissue	
  volume	
  taken	
  up	
  by	
  cholinergic	
  processes.	
  The	
  immunohistochemical	
  markers	
  for	
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these	
   neurotransmitter	
   systems	
   overlap	
   substantially	
   (Zhou	
   et	
   al.,	
   2001).	
   Extensive	
  

arborisation	
  of	
  ChI	
  processes	
  are	
  also	
  closely	
   interposed	
  with	
  the	
  dopaminergic	
  axonal	
  

lattice	
   (Contant	
   et	
   al.,	
   1996;	
   Descarries	
   and	
   Mechawar,	
   2000).	
   Moreover,	
   similar	
   to	
  

striatal	
   dopaminergic	
   transmission,	
   there	
   is	
   evidence	
   that	
  ACh,	
   a	
   classic	
  point-­‐to-­‐point	
  

transmitter	
   in	
  the	
  peripheral	
  nervous	
  system	
  and	
  at	
  the	
  neuromuscular	
   junction,	
  could	
  

employ	
   volume	
   transmission	
   in	
   the	
   central	
   nervous	
   system.	
   Specifically,	
   there	
   is	
   a	
  

significant	
  mismatch	
  between	
  the	
  location	
  of	
  ACh	
  release	
  sites	
  and	
  their	
  respective	
  post-­‐

synaptic	
   ACh	
   receptors,	
   as	
   well	
   as	
   low	
   incidence	
   of	
   synaptic	
   specializations	
   on	
  

cholinergic	
  structures	
  (Wainer	
  et	
  al.,	
  1984;	
  Houser,	
  1990;	
  Hill	
  et	
  al.,	
  1993;	
  Mrzljak	
  et	
  al.,	
  

1993;	
   Umbriaco	
   et	
   al.,	
   1994;	
   Descarries	
   et	
   al.,	
   1997;	
   Arroyo-­‐Jim	
   nez	
   et	
   al.,	
   1999;	
  

Mechawar	
  et	
  al.,	
  2002;	
  Kawai	
  et	
  al.,	
  2007).	
  Together,	
  data	
  suggest	
  that	
  the	
  architecture	
  

of	
  the	
  cholinergic	
  and	
  dopaminergic	
  circuits	
  is	
  conducive	
  to	
  their	
  close	
  interaction	
  both	
  

with	
   each	
   other	
   and	
   other	
   components	
   of	
   striatal	
   computational	
   circuitry.	
   This	
  

hypothesis	
   finds	
   extensive	
   support	
   in	
   the	
   literature	
  with	
   data	
   showing	
   that	
   reciprocal	
  

interactions	
  between	
  ACh	
  and	
  DA	
  are	
  critical	
  to	
  normal	
  striatal	
  function	
  (Bertorelli	
  et	
  al.,	
  

1992;	
  Di	
  Chiara	
  et	
  al.,	
  1994;	
  Calabresi	
  et	
  al.,	
  2000b,	
  2007;	
  Rakovska	
  et	
  al.,	
  2003;	
  Rice	
  and	
  

Cragg,	
  2004;	
  Zhang	
  and	
  Sulzer,	
  2004;	
  Bonsi	
  et	
  al.,	
  2011).	
  	
  	
  

	
   ChIs,	
   also	
   termed	
   tonically	
   active	
   interneurons	
   (TANs),	
   have	
   been	
   shown	
   to	
  

display	
  tonic	
  firing	
  both	
  in	
  vivo	
  and	
  in	
  vitro	
  (Wilson	
  et	
  al.,	
  1990;	
  Kawaguchi,	
  1993;	
  Aosaki	
  

et	
   al.,	
   1994b;	
   Bennett	
   and	
  Wilson,	
   1998,	
   1999;	
   Zhou	
   et	
   al.,	
   2002).	
   Tonic	
   AP	
   firing	
   in	
  

striatal	
  ChIs	
  happens	
   independent	
  of	
   their	
   synaptic	
   inputs	
  and	
   is	
   regulated	
  by	
   intrinsic	
  

pace-­‐making	
  mechanisms	
   (Bennett	
  and	
  Wilson,	
  1998;	
  Bennett	
  et	
  al.,	
   2000).	
  Previously	
  

believed	
  to	
  be	
  the	
  sole	
  source	
  of	
  striatal	
  cholinergic	
   innervation	
  (Woolf,	
  1991;	
  Contant	
  

et	
  al.,	
  1996),	
  ChIs	
  maintain	
  consistently	
  high	
  ACh	
  levels	
  in	
  the	
  striatum.	
  The	
  ACh	
  signal	
  is	
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terminated	
   through	
   hydrolysis	
   of	
   ACh	
   into	
   choline	
   and	
   acetic	
   acid	
   by	
  

acetylcholinesterase	
   (AChE),	
   although	
   ACh	
   degradation	
   rate	
   is	
   expected	
   to	
   differ	
  

between	
  patch	
  and	
  matrix	
  compartments	
  due	
  to	
  variable	
  AChE	
  activity	
   levels	
  (Graybiel	
  

and	
  Ragsdale,	
  1978;	
  Messamore,	
  1993).	
  	
  The	
  latest	
  anatomical	
  data	
  further	
  suggest	
  that	
  

the	
   brainstem	
   innervation	
   could	
   be	
   another	
   significant	
   source	
   of	
   striatal	
   ACh.	
  

Specifically,	
   cholinergic	
   afferents	
   from	
   rostral	
   and	
   caudal	
   PPN	
   territories	
   and	
  

laterodorsal	
   tegmental	
   nucleus	
   (LDT),	
   provide	
   relatively	
   sparse,	
   but	
   robust	
   and	
  

topographically	
  organized	
  innervation	
  of	
  all	
  striatal	
  subregions	
  (Dautan	
  et	
  al.,	
  2014).	
  The	
  

functional	
   significance	
  of	
   this	
  newly	
  described	
  projection	
   is	
   currently	
   the	
  subject	
  of	
  an	
  

intense	
  study	
  effort,	
  and	
  some	
  of	
  the	
  relevant	
  data	
  will	
  be	
  discussed	
  in	
  Chapter	
  4.	
  	
  	
  

1.5.2	
   Behavioural	
   relevance	
   of	
   cholinergic	
   interneuron	
   activity:	
  

encoding	
  of	
  novel/unexpected	
  events	
  and	
  learning	
  

	
   Striatal	
   ChIs	
   encode	
   behaviourally	
   salient	
   events,	
   including	
   occurrence	
   of	
  

novel/unexpected	
   and/or	
   motivationally	
   relevant	
   events,	
   as	
   well	
   as	
   contextual	
  

information	
   about	
   action	
   performance	
   (Graybiel	
   et	
   al.,	
   1994;	
   Calabresi	
   et	
   al.,	
   2000b;	
  

Apicella,	
  2002,	
  2007;	
  Kimura	
  et	
  al.,	
  2003).	
  Some	
  researchers	
  even	
  suggest	
  that	
  dorsally-­‐	
  

and	
  ventrally-­‐located	
  putative	
  ChIs	
  encode	
  different	
  aspects	
  of	
   task	
  performance,	
  with	
  

the	
  former	
  conveying	
  motor	
  and	
  the	
  latter	
  transmitting	
  task-­‐related	
  information	
  (Yarom	
  

and	
  Cohen,	
  2011).	
  Although	
  the	
  causal	
  evidence	
  from	
  studies	
  which	
  directly	
  manipulate	
  

ChI	
  activity	
   to	
  measure	
  behavioural	
  outcomes	
   is	
   currently	
   lacking,	
   the	
   type	
  of	
  afferent	
  

inputs	
   that	
   ChIs	
   receive	
   from	
   their	
   cortical,	
   but	
   most	
   significantly	
   thalamic	
   afferents,	
  

argues	
  that	
  transient	
  activation	
  of	
  ChIs	
  could	
  convey	
  alerting	
  response	
  to	
  behaviourally	
  

significant	
  cues	
  (Sadikot	
  et	
  al.,	
  1992;	
  Pisani	
  et	
  al.,	
  2000;	
  Matsumoto	
  et	
  al.,	
  2001;	
  Van	
  der	
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Werf	
  et	
  al.,	
  2002;	
  Reynolds	
  and	
  Wickens,	
  2004;	
  Lacey	
  et	
  al.,	
  2007;	
  Ding	
  et	
  al.,	
  2010;	
  Doig	
  

et	
  al.,	
  2014).	
  	
  

	
   The	
  unique	
  feature	
  of	
  ChI	
  participation	
  in	
  behaviour	
  is	
  that	
  they	
  transiently	
  alter	
  

their	
   tonic	
   activity	
   in	
   response	
   to	
   behaviourally	
   relevant,	
   alerting	
   or	
   unexpected	
   cues	
  

even	
  prior	
  to	
  conditioning.	
  With	
  repeated	
  cue	
  presentation	
  TANs	
  show	
  habituation	
  and	
  

the	
  amplitude	
  of	
  their	
  responses	
  diminishes.	
  Yet,	
  ChIs	
  also	
  acquire	
  characteristic	
  burst-­‐

pause	
  firing	
  pattern	
  following	
  conditioning,	
  which	
  is	
  thought	
  to	
  be	
  the	
  main	
  correlate	
  of	
  

ChI	
  involvement	
  in	
  learning	
  (Aosaki	
  et	
  al.,	
  1994b;	
  Schulz	
  et	
  al.,	
  2011).	
  Acquisition	
  of	
  this	
  

response	
  pattern	
  could	
  happen	
  via	
  entrainment	
  of	
  ChI	
  activity	
  to	
  cue	
  or	
  reward	
  related	
  

information	
  by	
  synchronized	
  cortical	
  or	
   thalamic	
   inputs	
   (Reynolds	
  and	
  Wickens,	
  2004),	
  

perhaps	
  with	
   the	
   added	
   contribution	
  of	
   long-­‐latency	
   cortically	
   driven	
  excitation	
   to	
   aid	
  

rebound	
  ChI	
  spiking	
  (Schulz	
  and	
  Reynolds,	
  2013).	
  This	
  feature	
  of	
  the	
  ChIs	
  makes	
  them	
  a	
  

significant	
   player	
   in	
   the	
   field	
   of	
   adaptive	
   behavioural	
   control.	
   However,	
   as	
   the	
   data	
  

presented	
   in	
   the	
   next	
   section	
   argue,	
   it	
   is	
   not	
   ACh	
   alone	
   that	
   makes	
   conditioning	
  

paradigms	
  work.	
  

1.5.3	
   Coordinated	
   processing	
   of	
   behaviourally	
   significant	
   events	
   by	
  

dopaminergic	
  and	
  striatal	
  cholinergic	
  systems	
  

	
   The	
  behavioural	
  relevance	
  of	
   interactions	
  between	
  DA	
  neurons	
  and	
  ChIs	
  can	
  be	
  

glimpsed	
  from	
  the	
  studies	
  showing	
  coincident	
  firing	
  of	
  the	
  two	
  neuron	
  classes	
  recorded	
  

in	
   SNc	
   and	
   CPu,	
   respectively,	
   in	
   conditioning	
   paradigms.	
   Specifically,	
   midbrain	
   DA	
  

neurons	
   and	
   striatal	
   ChIs	
   show	
   temporally	
   coincident	
   responses	
   to	
   reward-­‐related	
  

events	
  in	
  probabilistic	
  instrumental	
  conditioning	
  task	
  (Morris	
  et	
  al.,	
  2004).	
  The	
  Bergman	
  

group	
   show	
   that	
   the	
   intrinsic	
   activity	
   patterns	
   of	
   ChIs	
   and	
   DA	
   neurons	
   during	
   task	
  



	
   	
   	
  

	
   	
   	
  

38	
  

performance	
  change	
  in	
  opposing	
  direction,	
  with	
  DA	
  neurons	
  showing	
  a	
  phasic	
   increase	
  

in	
   their	
   spiking	
   activity,	
   while	
   ChIs	
   pause	
   their	
   ongoing	
   tonic	
   firing	
   in	
   a	
   temporally	
  

coincident	
  manner	
  (Morris	
  et	
  al.,	
  2004).	
  Authors	
  interpret	
  the	
  data	
  of	
  single	
  unit	
  activity	
  

during	
   cue	
   presentation,	
   response	
   execution	
   and	
   reward	
   delivery	
   anticipation	
   as	
   DA	
  

neurons	
   encoding	
   information	
   about	
   the	
   reward,	
   while	
   ChI	
   responses	
   keeping	
   circuit	
  

timing.	
   This	
   conclusion	
   emerged	
   from	
   observation	
   that	
   ChI	
   activity	
   did	
   not	
   encode	
  

reward,	
   but	
   instead	
   ChI	
   responses	
   correlated	
   with	
   reward	
   omission,	
   suggesting	
   the	
  

cholinergic	
  system	
  kept	
  track	
  of	
  when	
  the	
  outcome	
  was	
  to	
  occur.	
  Further,	
  in	
  light	
  of	
  data	
  

showing	
   that	
   ChI	
   pauses	
   enable	
   an	
   increase	
   in	
   the	
   amplitude	
  of	
   striatal	
  DA	
   signals	
   by	
  

mechanisms	
  described	
   in	
   the	
   following	
   section	
   (Cragg	
  and	
  Rice,	
   2004;	
  Rice	
   and	
  Cragg,	
  

2004;	
  Zhang	
  and	
  Sulzer,	
  2004),	
  it	
  is	
  plausible	
  to	
  argue	
  that	
  ChIs	
  could	
  set	
  the	
  time	
  during	
  

which	
  DA	
  signals	
  are	
  processed	
  most	
  efficiently	
   to	
  govern	
  behavioural	
  performance.	
  A	
  

later	
  study	
  from	
  the	
  same	
  group	
  also	
  showed	
  coincident	
  albeit	
  opposite	
  responses	
  of	
  DA	
  

neurons	
   and	
   ChIs	
   in	
   a	
   classical	
   conditioning	
   task	
  with	
   rewarding	
   and	
   aversive	
   events,	
  

demonstrating	
   that	
   both	
   neuronal	
   populations	
   were	
   more	
   strongly	
   modulated	
   by	
  

rewards	
  (Joshua	
  et	
  al.,	
  2008).	
  The	
  authors	
  again	
  interpret	
  their	
  data	
  as	
  indicating	
  that	
  DA	
  

neurons	
  encode	
  the	
  cue	
  and	
  outcome	
  delivery,	
  while	
  ChIs	
  encode	
  the	
  outcome	
  delivery	
  

and	
   omission.	
   Computational	
   modelling	
   of	
   these	
   data	
   also	
   suggests	
   complementary	
  

encoding	
  of	
  salient	
  events	
  by	
  striatal	
  ACh	
  and	
  DA	
  transmission	
  (Tan	
  and	
  Bullock,	
  2008).	
  	
  

	
   The	
   observation	
   that	
   the	
   two	
   transmitter	
   systems	
   encode	
   different	
   task	
  

parameters	
   during	
   execution	
   of	
   a	
   given	
   behavioural	
   episode	
   coincides	
   with	
  

interpretation	
  of	
  adaptive	
  coding	
  supported	
  by	
  close	
  interactions	
  between	
  ACh	
  and	
  DA.	
  

The	
   question,	
   however,	
   is	
   what	
   information	
   the	
   two	
   systems	
   provide,	
   and	
   one	
  

explanation	
   is	
   that	
   while	
   DA	
   signals	
   supply	
   the	
   prediction	
   error	
   signal,	
   ChIs	
   set	
   the	
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temporal	
   frame	
   for	
   when	
   the	
   information	
   provided	
   by	
   dopaminergic	
   system	
   is	
   to	
   be	
  

considered.	
   This	
   hypothesis	
   is	
   supported	
   by	
   the	
   data	
   showing	
   dynamic	
   gating	
   of	
   DA	
  

release	
  by	
  ACh,	
  which	
  is	
  discussed	
  in	
  the	
  next	
  section.	
  Importantly,	
  gating	
  of	
  DA	
  signals	
  

by	
  ChIs	
  doesn’t	
  just	
  support	
  the	
  timing	
  idea,	
  but	
  also	
  suggests	
  direct	
  shaping	
  of	
  DA	
  signal	
  

by	
   ACh	
   transmission.	
   Further,	
   it	
   has	
   been	
   shown	
   in	
   the	
   literature	
   that	
   pauses	
   in	
   ChIs	
  

acquired	
  with	
  learning	
  are	
  dependent	
  on	
  DA	
  (Aosaki	
  et	
  al.,	
  1994a),	
  and	
  that	
  interference	
  

with	
   either	
   DA	
   or	
   ACh	
   transmission	
   significantly	
   impairs	
   reward-­‐related	
   procedural	
  

learning	
   and	
   even	
   produces	
   neglect-­‐like	
   symptoms	
   (Ljungberg	
   and	
   Ungerstedt,	
   1976;	
  

Knowlton	
  et	
  al.,	
  1996;	
  Matsumoto	
  et	
  al.,	
  1999;	
  Kitabatake	
  et	
  al.,	
  2003).	
  Together,	
  these	
  

data	
  suggest	
  that	
  close	
  interactions	
  between	
  striatal	
  ACh	
  and	
  DA	
  axes	
  on	
  anatomical	
  and	
  

functional	
   levels	
   support	
   complementary	
   encoding	
   that	
   is	
   necessary	
   for	
   adaptive	
  

behaviour.	
  

1.6	
   Interaction	
   between	
   striatal	
   cholinergic	
   and	
   dopaminergic	
  

systems	
  at	
  the	
  synaptic	
  level	
  in	
  driving	
  dopamine	
  release	
  events	
  

	
   Close	
   examination	
   of	
   data	
   from	
   behavioural	
   studies	
   is	
   necessary	
   for	
  

understanding	
   the	
   context	
   in	
   which	
   ACh-­‐DA	
   interactions	
   happen,	
   and	
   explaining	
   the	
  

behavioural	
  relevance	
  of	
  striatal	
  signalling	
  cascades	
  supported	
  by	
  ACh	
  and	
  DA	
  release.	
  It	
  

is	
   also	
   necessary	
   to	
   understand	
   the	
   mechanisms	
   governing	
   those	
   interactions.	
   This	
  

section	
   will	
   expand	
   on	
   the	
   processes	
   governing	
   interdependence	
   of	
   ACh	
   and	
   DA	
  

transmission	
  in	
  regulating	
  striatal	
  DA	
  release.	
  



	
   	
   	
  

	
   	
   	
  

40	
  

1.6.1	
  The	
  antagonistic	
  balance	
  hypothesis	
  	
  

	
   The	
  early	
  conceptual	
  framework	
  for	
  understanding	
  ACh-­‐DA	
  interactions	
  was	
  that	
  

the	
  two	
  neurotransmitter	
  systems	
  operated	
  in	
  an	
  antagonistic	
  balance.	
  Several	
   lines	
  of	
  

evidence	
   supported	
   this	
   case.	
   Firstly,	
   data	
   from	
   Parkinson’s	
   studies	
   provided	
   perhaps	
  

the	
   most	
   dramatic	
   demonstration	
   of	
   this	
   effect	
   with	
   administration	
   of	
   drugs	
   which	
  

inhibit	
  ACh	
  (e.g.	
  atropine)	
  or	
  increase	
  DA	
  (e.g.	
  L-­‐DOPA)	
  to	
  the	
  patients	
  alleviating	
  motor	
  

and	
  some	
  cognitive	
  symptoms	
  and	
  producing	
  similar	
  therapeutic	
  outcomes	
  (Pisani	
  et	
  al.,	
  

2003;	
  Calabresi	
  et	
  al.,	
  2006;	
  Bonsi	
  et	
  al.,	
  2011;	
  Smith	
  et	
  al.,	
  2012b).	
  Secondly,	
  a	
  wealth	
  of	
  

data	
   from	
  physiology	
   studies	
   show	
   that	
  at	
   the	
  post-­‐synaptic	
  neuron	
   level	
  DA	
  and	
  ACh	
  

release/application	
  have	
  the	
  opposing	
  effects	
  on	
  both	
  the	
  intrinsic	
  excitability	
  of	
  striatal	
  

MSNs	
   and	
   plasticity	
   induction	
   between	
   the	
   striatal	
   circuitry	
   and	
   its	
   glutamatergic	
  

afferents	
   (Calabresi	
   et	
   al.,	
   2000b,	
   2007;	
   Reynolds	
   and	
  Wickens,	
   2002;	
   Centonze	
   et	
   al.,	
  

2003;	
  Wang	
  et	
  al.,	
  2006,	
  2013;	
  Fino	
  and	
  Venance,	
  2010).	
  Finally,	
  there	
  is	
  data	
  suggesting	
  

that	
  DA	
  release	
  can	
  inhibit	
  or	
  reduce	
  the	
  rate	
  of	
  ChI	
  firing	
  by	
  activating	
  D2	
  receptors	
  and	
  

potentiating	
  slow	
  hyperpolarisation	
  currents,	
  which	
  in	
  turn	
  inhibit	
  ACh	
  release	
  (DeBoer	
  

and	
  Abercrombie,	
   1996;	
  DeBoer	
   et	
   al.,	
   1996;	
   Pisani	
   et	
   al.,	
   2000;	
  Maurice	
   et	
   al.,	
   2004;	
  

Reynolds	
  et	
  al.,	
  2004;	
  Deng	
  et	
  al.,	
  2007;	
  Sanchez	
  et	
  al.,	
  2011b).	
  On	
  the	
  flip	
  side,	
  the	
  data	
  

regarding	
   ACh	
   release	
   either	
   inhibiting	
   or	
   potentiating	
   DA	
   release	
   had	
   until	
   recently	
  

been	
   highly	
   inconsistent.	
   While	
   some	
   researchers	
   showed	
   that	
   ACh	
   exercises	
   tonic	
  

inhibitory	
   influence	
   on	
   DA	
   release	
   (Kudernatsch	
   and	
   Sutor,	
   1994),	
   others	
   found	
   both	
  

increases	
   and	
   decreases	
   in	
   the	
   amplitude	
   of	
   evoked	
   DA	
   transients	
   following	
  

manipulation	
   of	
   the	
   cholinergic	
   axis.	
   Recently,	
   an	
   explanation	
   for	
   these	
   data	
   has	
  

emerged	
  from	
  this	
  lab,	
  with	
  the	
  idea	
  of	
  dynamic	
  gating	
  of	
  DA	
  release	
  probability	
  by	
  ACh.	
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1.6.2	
  Dynamic	
  frequency-­dependent	
  gating	
  of	
  striatal	
  dopamine	
  release	
  

by	
  acetylcholine	
  

A	
  basic	
  feature	
  of	
  any	
  transmitter-­‐releasing	
  synapse	
  is	
  the	
  release	
  probability	
  (Pr)	
  

that	
   characterizes	
   this	
   synapse.	
   The	
   Pr	
   is	
   a	
   product	
   of	
   multiple	
   interdependent	
   but	
  

random	
   factors	
   due	
   to	
   stochastic	
   nature	
  of	
   the	
   transmitter	
   release	
   events,	
   and	
   in	
   the	
  

case	
  of	
  dopaminergic	
  system,	
  the	
  function	
  of	
  extracellular	
  ACh	
  levels.	
  Data	
  collected	
  by	
  

our	
   group	
   and	
   others	
   suggest	
   that	
   the	
   cholinergic	
   system	
   operates	
   a	
   gain	
   control	
  

mechanism	
   on	
   striatal	
   DA	
   release:	
   by	
   increasing	
   the	
   release	
   probability	
   of	
   the	
   first	
  

spiking	
  event	
  and	
  introducing	
  a	
  short-­‐term	
  depression	
  for	
  the	
  subsequent	
  APs	
  arriving	
  in	
  

close	
   succession	
   (Schmitz	
   et	
   al.,	
   2002;	
   Cragg,	
   2003),	
   via	
   two	
   distinct	
   acetylcholine	
  

receptor	
   types.	
   Specifically,	
   nicotinic	
   ACh	
   receptors	
   (nAChRs)	
   residing	
   on	
   DA	
   axon	
  

terminals	
   and	
   muscarinic	
   ACh	
   autoreceptors	
   (mAChRs)	
   on	
   ChIs	
   have	
   been	
   shown	
   to	
  

dynamically	
  gate	
  DA	
  release	
   in	
  a	
  frequency-­‐dependent	
  manner	
  (Zhou	
  et	
  al.,	
  2001;	
  Rice	
  

and	
  Cragg,	
  2004;	
  Zhang	
  and	
  Sulzer,	
  2004;	
  Exley	
  et	
  al.,	
  2008;	
  Threlfell	
  et	
  al.,	
  2010;	
  Cohen	
  

et	
  al.,	
  2012).	
  	
  

The	
  functional	
  implications	
  are	
  at	
  least	
  two-­‐fold.	
  Firstly,	
  when	
  nAChRs	
  are	
  briefly	
  

activated	
  by	
  ACh,	
  electrical	
  stimulation	
  of	
  DA	
  axons	
  in	
  vitro	
  results	
  in	
  DA	
  release	
  events	
  

that	
   vary	
   very	
   little	
   with	
   stimulation	
   frequency	
   or	
   pulse	
   number.	
   Thus,	
   activation	
   of	
  

nAChRs	
  effectively	
  clamps	
  Pr	
  at	
   the	
  dopaminergic	
  synapse/release	
  site	
  to	
  a	
  single	
  high	
  

value,	
  boosting	
  release	
  for	
  individual	
  action	
  potentials	
  or	
  low	
  frequencies,	
  and	
  reducing	
  

the	
  gain	
  during	
  successive	
  action	
  potentials	
  in	
  a	
  high	
  frequency	
  burst.	
  Thus,	
  short-­‐term	
  

depression	
   of	
   Pr	
   at	
   short	
   interpulse	
   intervals	
   limits	
   the	
   amount	
   of	
   DA	
   released	
  

(Abeliovich	
   et	
   al.,	
   2000;	
   Cragg,	
   2003;	
  Montague	
   et	
   al.,	
   2004).	
   However,	
   when	
   nAChR	
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effects	
   are	
   removed	
   either	
   by	
   receptor	
   desensitization	
   via	
   inhibition	
   of	
   AChE	
   activity	
  

leading	
   to	
   increased	
   extracellular	
   ACh	
   or	
   via	
   application	
   of	
   nicotine,	
   or	
   blocked	
   by	
  

application	
   of	
   nAChR	
   antagonists,	
   the	
   picture	
   of	
   release	
   changes	
   dramatically:	
   low	
  

frequency	
  or	
  single	
  pulse	
  stimulations	
  now	
  evoke	
  significantly	
  lower	
  DA	
  levels	
  than	
  high	
  

frequency	
   bursts	
   (Rice	
   and	
   Cragg,	
   2004;	
   Zhang	
   and	
   Sulzer,	
   2004).	
   Under	
   these	
  

circumstances,	
  the	
  activity	
  of	
  DA	
  neurons	
  can	
  be	
  dynamically	
  translated	
  into	
  the	
  release	
  

events	
  where	
  extracellular	
  DA	
  concentrations,	
  i.e.	
  signal	
  amplitude,	
  can	
  reflect	
  the	
  rate	
  

of	
   input	
   activity	
  or	
   stimulation	
   strength.	
   The	
   same	
  principles	
   apply	
   to	
  manipulation	
  of	
  

cholinergic	
   transmission	
   by	
   interfering	
   with	
   mAChR	
   function:	
   activating	
   mAChRs	
  

effectively	
   shuts	
   down	
   spiking	
   activity	
   in	
   ChIs	
   via	
   autoinhibition	
   and	
   by	
   reducing	
  

extracellular	
  ACh	
  levels	
  decreases	
  cholinergic	
  tone	
  at	
  nAChRs,	
  which	
  no	
  longer	
  exercise	
  

their	
  control	
  on	
  DA	
  Pr	
  (Threlfell	
  et	
  al.,	
  2010).	
  

Different	
  subtypes	
  of	
  nAChRs	
  and	
  mAChRs	
  are	
  known	
  to	
  mediate	
  the	
  influence	
  of	
  

the	
  cholinergic	
  system	
  on	
  DA	
  transmission	
   in	
  dorsal	
  and	
  ventral	
  striatum	
  (Threlfell	
  and	
  

Cragg,	
   2011).	
   For	
   the	
   purpose	
   of	
   this	
   introduction	
   I	
   focus	
   on	
   nicotinic	
   receptor	
  

expression	
  on	
  dopaminergic	
  terminals	
  and	
  muscarinic	
  receptor	
  expression	
  on	
  cholinergic	
  

neurons,	
   because	
   other	
   striatal	
   cell	
   types	
   also	
   express	
   diverse	
   combinations	
   of	
   these	
  

receptors.	
  Striatally-­‐projecting	
  dopaminergic	
  neurons	
  express	
  a	
  diverse	
  array	
  of	
  α	
  (α3-­‐7)	
  

and	
   β	
   (β2-­‐4)	
   nAChR	
   subunits,	
   which	
   form	
   homomeric	
   or	
   heteromeric	
   pentamers	
  

consisting	
   of	
   different	
   subunit	
   combinations	
   (Picciotto	
   et	
   al.,	
   1998;	
   Champtiaux	
   et	
   al.,	
  

2003;	
  Salminen	
  et	
  al.,	
   2004;	
  Exley	
  et	
  al.,	
   2008,	
  2011,	
  2012;	
  Gotti	
  et	
  al.,	
   2010).	
  The	
  α3	
  

subunit,	
  however,	
  is	
  not	
  present	
  in	
  rodent,	
  but	
  is	
  found	
  in	
  primate	
  striatum	
  (Gotti	
  et	
  al.,	
  

2005;	
  Quik	
  et	
  al.,	
  2005).	
  All	
  nAChRs	
  on	
  striatal	
  DA	
  axon	
  terminals	
  putatively	
  contain	
  β2	
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subunit	
  (Champtiaux	
  et	
  al.,	
  2003;	
  Salminen	
  et	
  al.,	
  2004),	
  while	
  expression	
  of	
  α4,	
  α5	
  and	
  

α6	
   subunits	
   is	
   thought	
   to	
   vary	
   between	
   different	
   striatal	
   territories.	
   In	
   particular,	
  

α4α5β2-­‐containing	
   subtypes	
   of	
   nAChR	
   are	
   predominantly	
   found	
   and	
   govern	
  

dopaminergic	
   transmission	
   in	
   the	
   CPu,	
  while	
   in	
   the	
   NAc	
   dopaminergic	
   transmission	
   is	
  

regulated	
  by	
  α4α6β2β3-­‐containing	
  subtypes	
  of	
  nAChR	
  (Drenan	
  et	
  al.,	
  2010;	
  Exley	
  et	
  al.,	
  

2011,	
  2012).	
  	
  

In	
  contrast	
  to	
  the	
  ligand-­‐gated	
  nAChRs	
  which	
  form	
  a	
  channel	
  pore	
  in	
  the	
  cellular	
  

membrane	
   to	
   exercise	
   their	
   action,	
   mAChRs	
   are	
   G-­‐protein-­‐coupled.	
   Five	
   different	
  

mAChR	
   subtypes	
  M1-­‐M5	
   are	
   divided	
   into	
   two	
   large	
   families	
   according	
   to	
   their	
   down-­‐

stream	
   effector	
   coupling,	
   M1-­‐like	
   (M1,	
   M2,	
   M5)	
   and	
   M2-­‐like	
   (M2,	
   M4).	
   In	
   striatum	
  

predominantly	
  M1,	
  M2	
  and	
  M4	
  mAChR	
  subtypes	
  are	
  found	
  (Zhang	
  et	
  al.,	
  2002b;	
  Zhou	
  et	
  

al.,	
   2003).	
   ChIs	
   in	
   particular	
   express	
   and	
   are	
   extensively	
   modulated	
   by	
   M2	
   and	
   M4	
  	
  

mAChRs	
   (Yan	
   and	
   Surmeier,	
   1996;	
   Alcantara	
   et	
   al.,	
   2001;	
   Ding	
   et	
   al.,	
   2006).	
  

Pharmacologically,	
   subtype-­‐specific	
   ligands	
   for	
   mAChRs	
   are	
   lacking.	
   Thus,	
   mouse	
  

receptor-­‐specific	
   knockout	
   models	
   only	
   recently	
   began	
   to	
   elucidate	
   differential	
  

involvement	
   of	
   mAChR	
   subtypes	
   in	
   striatal	
   function.	
   For	
   example,	
   experiments	
  

measuring	
   potassium-­‐stimulated	
   3H-­‐ACh	
   release	
   in	
   mice	
   lacking	
   either	
   M2	
   or	
   M4	
  

receptors	
   suggested	
   that	
   autoinhibition	
   of	
   striatal	
   ACh	
   release	
   is	
   predominantly	
  

mediated	
   via	
   M4	
   mAChRs	
   (Zhang	
   et	
   al.,	
   2002a).	
   Preparations	
   for	
   those	
   experiments,	
  

however,	
   lacked	
   regional	
   information	
   as	
   the	
   whole	
   striata	
   from	
   the	
   single	
   receptor	
  

knockout	
  mouse	
  brains	
  were	
  processed.	
  Thus,	
  more	
  recently,	
  both	
  M2	
  and	
  M4	
  receptors	
  

have	
  been	
  shown	
  to	
  regulate	
  ACh	
  release	
  in	
  dorsal	
  striatum,	
  whilst	
  in	
  NAc	
  core	
  and	
  shell	
  

M4	
   mAChRs	
   dominate	
   (Threlfell	
   et	
   al.,	
   2010).	
   These	
   observations	
   suggest	
   that	
  

predominance	
  of	
  M4	
  versus	
  combined	
  M2-­‐M4	
  mAChRs	
  signalling	
   in	
  striatum	
   is	
   strongly	
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influenced	
  by	
  the	
  dorso-­‐ventral	
  divide.	
  These	
  data	
  present	
  another	
  example	
  of	
  region-­‐	
  

or	
  domain-­‐specific	
  control	
  over	
  striatal	
  function	
  and	
  in	
  particular	
  fine-­‐tuning	
  of	
  ACh-­‐DA	
  

interactions.	
  Nonetheless,	
   advancements	
   in	
   the	
   field	
   of	
   optogenetics	
   showed	
   that	
   the	
  

dynamic	
   gating	
   hypothesis	
   was	
   still	
   oversimplified,	
   and	
   in	
   fact	
   that	
   under	
   the	
   right	
  

conditions	
  activation	
  of	
  the	
  cholinergic	
  system	
  can	
  directly	
  drive	
  DA	
  release.	
  

1.6.3	
   Direct	
   drive	
   of	
   striatal	
   dopamine	
   release	
   by	
   cholinergic	
  

interneurons	
  

	
   Direct	
  axon-­‐axonic	
  interaction	
  for	
  driving	
  DA	
  release	
  by	
  ACh	
  were	
  uncovered	
  by	
  

recent	
   investigations	
  coupling	
  FCV	
  with	
  optogenetics	
  (Cachope	
  et	
  al.,	
  2012;	
  Threlfell	
  et	
  

al.,	
   2012).	
   This	
   newly	
   identified	
   mechanism	
   bypasses	
   the	
   need	
   for	
   activation	
   of	
   the	
  

parent	
  cell	
  bodies	
  residing	
  in	
  the	
  SNc	
  and	
  VTA	
  in	
  driving	
  terminal	
  DA	
  release	
  in	
  the	
  CPu	
  

and	
  NAc.	
  This	
  body	
  of	
  work	
  revealed	
  that	
  interactions	
  between	
  ChIs	
  and	
  DA	
  go	
  beyond	
  

the	
   modulatory	
   gate-­‐keeping	
   that	
   governs	
   contrast	
   enhancement	
   between	
   tonic	
   and	
  

phasic	
  DA	
   signals	
   during	
   ChI	
   pauses	
   (Cragg,	
   2006).	
   In	
   fact,	
   ChIs	
   can	
   also	
   directly	
   drive	
  

striatal	
  DA	
  release,	
  by	
  activating	
  nAChRs	
  on	
  DA	
  axon	
   terminals	
  and	
   triggering	
   local	
  DA	
  

release	
  events	
  both	
  in	
  dorsal	
  and	
  ventral	
  striatum	
  (Cachope	
  et	
  al.,	
  2012;	
  Threlfell	
  et	
  al.,	
  

2012).	
  This	
  ACh-­‐evoked	
  drive	
  of	
  striatal	
  DA	
  release	
   is	
  present	
  both	
   in	
  vivo	
  and	
   in	
  vitro,	
  

and	
  was	
  shown	
  using	
   two	
  different	
  mouse	
  models.	
  Our	
  group	
  used	
  knock-­‐in	
  ChAT-­‐Cre	
  

mouse	
   line	
   in	
   which	
   a	
   floxed	
   viral	
   vector	
   for	
   selective	
   light	
   activation	
   of	
   ChIs	
   was	
  

stereotaxically	
  injected	
  (Threlfell	
  et	
  al.,	
  2012).	
  The	
  Cheer	
  group	
  used	
  a	
  bacterial	
  artificial	
  

chromosome	
   (BAC)	
  model	
   constitutively	
   expressing	
   an	
   optogenetic	
   construct	
   in	
   ChAT-­‐

positive	
   neurons	
   (Cachope	
   et	
   al.,	
   2012).	
   A	
   later	
   study,	
   however,	
   found	
   increased	
  

vesicular	
  acetylcholine	
  transporter	
  copy	
  number	
  expression	
  in	
  this	
  line	
  and	
  consequently	
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an	
   increased	
  cholinergic	
   tone	
   (Kolisnyk	
  et	
  al.,	
  2013).	
  However,	
   the	
   fact	
   that	
   the	
   locally	
  

mediated	
   ACh-­‐evoked	
   DA	
   signalling	
   was	
   present	
   across	
   different	
   recording	
   and	
  

stimulation	
   conditions,	
   and	
   in	
   different	
   mouse	
   models	
   suggests	
   that	
   this	
   is	
   a	
   robust	
  

phenomenon.	
  The	
  main	
  body	
  of	
  work	
  presented	
  in	
  this	
  thesis	
  focuses	
  on	
  exploring	
  and	
  

characterizing	
   candidate	
   networks	
   that	
   could	
   engage	
   and	
   regulate	
   this	
   local	
   drive	
   of	
  

striatal	
  DA	
  release.	
  

Understanding	
   which	
   afferent	
   inputs	
   trigger	
   ChI-­‐evoked	
   DA	
   signalling	
   in	
   striatum	
  

would	
   also	
   provide	
   a	
   major	
   scientific	
   advance.	
   A	
   direct	
   drive	
   of	
   DA	
   release	
   by	
   ACh	
  

indicates	
   that	
   the	
   local	
  cholinergic	
  control	
  of	
  striatal	
  DA	
  transmission	
  goes	
  beyond	
  the	
  

dynamic	
  gating	
  of	
  DA	
  release	
  in	
  response	
  to	
  spiking	
  activity	
  of	
  the	
  midbrain	
  DA	
  neurons,	
  

and	
   instead	
   can	
  directly	
  mediate	
  DA	
   release	
  events.	
   The	
   staggering	
   implication	
  of	
   this	
  

finding	
   is	
   that	
   the	
   information	
  encoded	
  by	
  ChIs,	
  and	
  possibly	
   their	
   long-­‐range	
  afferent	
  

inputs	
  synchronizing	
  ChI	
  activity,	
  might	
  also	
  be	
  translated	
  into	
  striatal	
  DA	
  signals.	
  Under	
  

these	
   circumstances,	
   striatal	
   DA	
   transmission	
   could	
   reflect	
   not	
   only	
   parameters	
  

encoding	
  reward-­‐prediction	
  error	
  or	
  related	
  states	
  conveyed	
  by	
  the	
  phasic	
  burst	
  firing	
  of	
  

the	
  midbrain	
  DA	
  neurons.	
   It	
  could	
  also	
   incorporate	
  signalling	
  from	
  other	
  systems,	
  such	
  

as	
   thalamostriatal	
   or	
   corticostriatal	
   projections,	
   which	
   can	
   provide	
   attentional	
   and/or	
  

contextual	
  information,	
  creating	
  an	
  expectation	
  set	
  for	
  aiding	
  task	
  performance.	
  

1.6.4	
  Other	
  mechanisms	
  regulating	
  axonal	
  dopamine	
  release	
  	
  

	
   	
  Regulation	
   of	
   axonal	
   DA	
   release	
   by	
   the	
   cholinergic	
   system	
   is	
   best	
   put	
   in	
  

perspective	
   by	
   comparing	
   it	
   to	
   other	
   mechanisms	
   that	
   locally	
   regulate	
   striatal	
   DA	
  

release.	
  While	
  ACh-­‐DA	
  interactions	
  happen	
  on	
  a	
  millisecond	
  time	
  scale	
  and	
  are	
  mediated	
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by	
  direct	
   interaction	
  between	
   the	
   two	
   systems,	
  other	
   regulatory	
   intermediaries	
   acting	
  

on	
  different	
  time	
  scales	
  and	
  involving	
  diverse	
  secondary	
  signalling	
  cascades	
  also	
  exist.	
  	
  

	
   The	
  most	
  simple	
  example	
  is	
  that	
  of	
  DA	
  release	
  suppression	
  by	
  glutamate	
  acting	
  

at	
  metabotropic	
  glutamate	
  receptors	
  (mGluRs)	
  on	
  DA	
  axon	
  terminals,	
  mGluR	
  I	
  subtype	
  in	
  

particular	
   (Paquet	
   and	
   Smith,	
   2003;	
   Zhang	
   and	
   Sulzer,	
   2003).	
   Activation	
   of	
  mGluR	
   I	
   is	
  

unlikely	
  to	
  happen	
  routinely	
  under	
  experimental	
  conditions	
  employing	
  short	
  stimulation	
  

protocols.	
  Yet,	
  prolonged	
  depolarization	
  of	
  multiple	
  circuits,	
  including	
  glutamatergic,	
  as	
  

is	
   the	
   case	
   with	
   long	
   pulse	
   train	
   electrical	
   stimulations,	
   is	
   likely	
   to	
   drive	
   glutamate	
  

‘spillover’	
   leading	
   to	
  DA	
  release	
   inhibition	
  via	
  SK	
  channel	
  activation	
   (Zhang	
  and	
  Sulzer,	
  

2003).	
  Similarly,	
  only	
  long	
  pulse	
  train	
  stimulations	
  reveal	
  the	
  involvement	
  of	
  ionotropic	
  

glutamate	
  (AMPA)	
  and	
  GABA	
  (GABAA)	
  receptors	
  in	
  regulation	
  of	
  striatal	
  DA	
  release,	
  with	
  

application	
  of	
  their	
  respective	
  antagonists	
  leading	
  to	
  activation	
  and	
  inhibition	
  of	
  evoked	
  

[DA]o	
  respectively	
  (Avshalumov	
  et	
  al.,	
  2003,	
  2008).	
  These	
  interactions	
  happen	
  on	
  a	
  much	
  

longer	
   time	
  scale	
   than	
  can	
  be	
  revealed	
  by	
  a	
  single	
  pulse	
  or	
  short	
  high	
   frequency	
  burst	
  

protocols,	
   and	
   involve	
   an	
   intermediary.	
   In	
   this	
   case,	
   it	
   is	
   the	
   MSNs,	
   which	
   are	
   also	
  

activated	
   by	
   local	
   electrical	
   stimulation	
   (Kita,	
   1996)	
   and	
   express	
   AMPA	
   and	
   GABAA	
  

receptors	
  (Bernard	
  and	
  Bolam,	
  1998;	
  Chen	
  et	
  al.,	
  1998;	
  Fujiyama	
  et	
  al.,	
  2000).	
  The	
  data	
  

show	
  that	
  activated	
  MSNs	
  stimulate	
  production	
  and	
  release	
  of	
  H2O2,	
  which	
  serves	
  as	
  a	
  

secondary	
   messenger	
   in	
   regulation	
   of	
   striatal	
   DA	
   release	
   by	
   glutamatergic	
   and	
  

GABAergic	
  transmission	
  with	
  long	
  stimulation	
  protocols	
  (Avshalumov	
  et	
  al.,	
  2003,	
  2008;	
  

Patel	
  et	
  al.,	
  2011).	
  These	
  interactions	
  are	
  predominantly	
  found	
  in	
  dorsal	
  striatum,	
  while	
  

local	
  regulation	
  of	
  dopaminergic	
  signalling	
  in	
  the	
  ventral	
  striatum	
  presents	
  an	
  even	
  more	
  

complex	
  picture.	
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   Data	
   on	
   regulation	
   of	
   DA	
   release	
   in	
   the	
   NAc	
   core	
   and	
   shell	
   reveal	
   extensive	
  

involvement	
  of	
  cannabinoid	
  receptors.	
  Systemic	
  administration	
  of	
  CB1	
  receptor	
  agonist	
  

suppresses	
   the	
   evoked	
   DA	
   release,	
   simultaneously	
   increasing	
   the	
   frequency	
   and	
  

amplitude	
   of	
   spontaneously	
   occurring	
   DA	
   events	
   in	
   vivo	
   (Cheer	
   et	
   al.,	
   2004,	
   2007).	
  

Administration	
  of	
  δ-­‐opioid	
  and	
  µ-­‐opioid	
  receptor	
  agonists	
  suppresses	
  DA	
  release	
  evoked	
  

by	
   single	
   pulse	
   and	
   enhances	
   release	
   by	
   intermediate	
   stimulation	
   frequencies	
   via	
  

modulation	
  of	
  ChI	
  activity,	
  while	
  κ-­‐opioid	
  receptor	
  agonist	
  uniformly	
  inhibits	
  DA	
  release	
  

across	
   all	
   stimulation	
   frequencies	
   independently	
   of	
   ChIs	
   (Svingos	
   et	
   al.,	
   2001a,	
   2001b;	
  

Britt	
  and	
  McGehee,	
  2008).	
  Finally,	
  nitric	
  oxide	
  supplied	
  by	
  the	
   local	
  striatal	
  nitric	
  oxide	
  

synthase-­‐positive	
   interneurons	
   can	
   directly	
   regulate	
   DA	
   release	
   in	
   activity	
   dependent	
  

manner,	
  similar	
  to	
  when	
  nAChR	
  activity	
  is	
  suppressed	
  (Hartung	
  et	
  al.,	
  2011).	
  

	
   Together,	
   these	
   data	
   demonstrate	
   that	
   striatal	
   DA	
   release	
   is	
   also	
   subject	
   to	
  

multiple	
   regulatory	
   mechanisms	
   outside	
   the	
   cholinergic	
   axis	
   and	
   dopaminergic	
  

autoregulation.	
   These	
   mechanisms	
   involve	
   multiple	
   signalling	
   cascades	
   and	
   yet	
   again	
  

emphasize	
   the	
   complexity	
   of	
   functional	
   and	
   anatomical	
   organization	
   of	
   the	
   BG,	
  

particularly	
   in	
  regulation	
  of	
  striatal	
  DA	
  transmission.	
  While	
  gating	
  of	
  evoked	
  DA	
  by	
  the	
  

above	
  processes	
  happens	
  on	
  a	
   longer	
  time	
  scale	
  than	
  ACh-­‐dependent	
  regulation	
  of	
  DA	
  

release	
  and	
  release	
  probability,	
  and	
  is	
  secondary	
  to	
  ACh-­‐DA	
  interactions,	
  it	
  is	
  important	
  

to	
   be	
   aware	
   of	
   these	
   effects.	
   Furthermore,	
   paradigms	
   which	
   employ	
   electrical	
  

stimulation	
  are	
  most	
   likely	
   to	
  drive	
   those	
  secondary	
  gating	
  mechanisms	
  by	
  concurrent	
  

stimulation	
   of	
   multiple	
   circuits	
   releasing	
   a	
   multitude	
   of	
   neurotransmitters	
   and	
  

neuromodulators,	
  especially	
  if	
  long	
  stimulation	
  protocols	
  (<1000	
  ms)	
  are	
  used.	
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1.7	
  Studying	
  basal	
  ganglia	
  circuit	
  components	
  with	
  optogenetics	
  

	
   The	
   combined	
   use	
   of	
   optogenetics	
   and	
   FCV	
   enabled	
   our	
   group	
   and	
   others	
   to	
  

explore	
  whether	
  synchronous	
  activation	
  of	
  a	
  population	
  of	
  striatal	
  ChIs	
  can	
  directly	
  drive	
  

local	
   DA	
   release.	
   This	
   experimental	
   question	
   could	
   not	
   be	
   addressed	
   using	
   electrical	
  

stimulation,	
  as	
  such	
  an	
  approach	
  would	
  also	
  activate	
  the	
  DA	
  axis	
  directly.	
  In	
  this	
  section,	
  

I	
  explore	
  the	
  working	
  principles	
  of	
  optogenetics,	
  and	
  how	
  this	
  technique	
  could	
  be	
  used	
  

to	
  answer	
  fundamental	
  questions	
  about	
  locally	
  evoked	
  striatal	
  DA	
  neurotransmission.	
  

1.7.1	
  Driving	
  neural	
  circuit	
  activity	
  with	
  light	
  

	
   The	
  use	
  of	
  conventional	
  stimulation	
  methods,	
  such	
  as	
  electrical	
  stimulation,	
  has	
  

shortcomings	
   for	
   investigating	
   how	
   isolated	
   circuits	
   function.	
   Although	
   electrical	
  

stimulation	
  is	
  temporally	
  precise,	
  it	
  is	
  non-­‐specific	
  in	
  the	
  cell	
  types	
  that	
  it	
  depolarizes	
  in	
  

the	
   vicinity	
   of	
   the	
   stimulating	
   electrode.	
   Thus,	
   it	
   cannot	
  be	
  used	
   to	
   activate	
   a	
   specific	
  

pathway	
  or	
   cell	
   type.	
   Investigations	
   into	
   the	
   roles	
  of	
   specific	
   circuits	
   therefore	
   require	
  

use	
  of	
  cocktails	
  of	
  receptor	
  antagonists	
  for	
  known	
  interfering	
  transmitters,	
  while	
  other	
  

unknown	
  substances	
   that	
  might	
  also	
  be	
  released	
   in	
   response	
  to	
  stimulation	
  cannot	
  be	
  

controlled	
  for.	
  Consequently,	
  insights	
  from	
  electrical	
  stimulation	
  approaches	
  are	
  limited.	
  

The	
   recent	
   introduction	
   of	
   optogenetics	
   has	
   overcome	
   this	
   major	
   shortcoming.	
  

Optogenetics	
   enables	
   study	
   of	
   the	
   functions	
   of	
   defined	
   circuits	
   and	
   cells	
   with	
   a	
  

specificity	
  that	
  has	
  previously	
  been	
  unattainable.	
  In	
  the	
  context	
  of	
  the	
  work	
  presented	
  in	
  

this	
   thesis,	
   optogenetic	
   stimulation	
   of	
   corticostriatal	
   and	
   thalamostriatal	
   afferents	
  

significantly	
   advanced	
   our	
   ability	
   to	
   explore	
   the	
   contribution	
  made	
   by	
   each	
   circuit	
   in	
  

driving	
  ChI-­‐evoked	
  DA	
  release.	
  It	
  also	
  enabled	
  us	
  to	
  examine	
  the	
  role	
  of	
  specific	
  thalamic	
  

subregion,	
  which	
  with	
  electrical	
  stimulation	
  approach	
  would	
  be	
  impossible.	
  



	
   	
   	
  

	
   	
   	
  

49	
  

	
   In	
   overview,	
   optogenetics	
   is	
   an	
   optical	
   stimulation	
   technique	
   whereby	
   light-­‐

sensitive	
   ion	
   channels,	
   such	
   as	
   channelrhodopsin-­‐2	
   (ChR2),	
   or	
   ion	
   pumps,	
   such	
   as	
  

halorhodopsin-­‐3	
   (eNpHR	
   3.0)	
   or	
   archaerhodopsin-­‐3	
   (Arch	
   3.0),	
   are	
   expressed	
   in	
   a	
  

population	
   of	
   genetically	
   identifiable	
   cells	
   to	
   allow	
   their	
   activity	
   to	
   be	
   controlled	
  with	
  

light.	
  Depending	
  on	
  the	
  type	
  of	
  opsin	
  chosen,	
  neuronal	
  circuits	
  targeted	
  for	
  optogenetic	
  

stimulation	
   can	
   be	
   either	
   depolarized	
   or	
   hyperpolarized	
   with	
   light	
   of	
   appropriate	
  

wavelength	
   and	
   intensity.	
   Specifically,	
   ChR2	
   is	
   a	
   light-­‐sensitive	
   algal	
   cation	
   channel	
  

(Nagel	
   et	
   al.,	
   2003),	
   that	
   can	
   be	
   expressed	
   in	
   mammalian	
   neurons	
   making	
   them	
  

amenable	
  to	
  depolarization	
  with	
  473	
  nm	
  blue	
  light	
  with	
  high	
  temporal	
  precision	
  (Boyden	
  

et	
  al.,	
  2005;	
  Gradinaru	
  et	
  al.,	
  2007).	
  Further,	
  in	
  neurons	
  where	
  ChR2	
  is	
  expressed	
  at	
  high	
  

levels	
   in	
  axons	
  and	
  terminals,	
   terminal	
  arbours	
  can	
  be	
  directly	
  excited	
  by	
   light	
  even	
   in	
  

the	
   absence	
   of	
   intact	
   connection	
   with	
   their	
   parent	
   cell	
   body	
   (Petreanu	
   et	
   al.,	
   2007).	
  

eNpHR	
  3.0	
  is	
  an	
  inward	
  chloride	
  ion	
  pump,	
  which	
  following	
  light	
  activation	
  increases	
  the	
  

intracellular	
   concentration	
   of	
   Cl-­‐	
   leading	
   to	
   neuronal	
   hyperpolarization,	
   and	
   has	
   been	
  

successfully	
  used	
  to	
  inhibit	
  neuronal	
  activity	
  and	
  manipulate	
  behaviour	
  in	
  rodents	
  (Han	
  

and	
  Boyden,	
  2007;	
  Royer	
  et	
  al.,	
  2010;	
  Britt	
  et	
  al.,	
  2012;	
  Mattis	
  et	
  al.,	
  2012;	
  Smith	
  et	
  al.,	
  

2012a;	
  Smith	
  and	
  Graybiel,	
  2013).	
  Arch	
  3.0	
  is	
  another	
  light-­‐activatable	
  ion	
  pump,	
  which	
  

pumps	
  H+	
   out	
   into	
   the	
   extracellular	
   space	
   to	
   achieve	
   hyperpolarization,	
   and	
   has	
   been	
  

successfully	
   applied	
   for	
   neuronal	
   response	
   inhibition	
   and	
   behavioural	
  manipulation	
   in	
  

mouse	
  (Chow	
  et	
  al.,	
  2010;	
  Beltramo	
  et	
  al.,	
  2013;	
  Znamenskiy	
  and	
  Zador,	
  2013).	
  Both	
  of	
  

these	
   hyperpolarizing	
   tools	
   have	
   red-­‐shifted	
   light	
   activation	
   response	
   in	
   the	
   yellow-­‐

green	
   spectra	
   around	
   560	
   nm,	
   although	
   they	
   can	
   also	
   be	
   activated	
   by	
   blue	
   light.	
  

	
   Overall,	
   optogenetic	
  methods	
  achieve	
   sophisticated	
   control	
  over	
   the	
  activity	
  of	
  

specific	
  neural	
  circuits	
  and	
  genetically	
  defined	
  neuronal	
  populations,	
  including	
  activation	
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and	
   inhibition,	
   using	
   cell-­‐type	
   specific	
   expression	
   of	
   depolarizing	
   and	
   hyperpolarizing	
  

opsins.	
  To	
  date,	
   this	
  has	
  been	
  achieved	
  primarily	
  through	
  the	
  use	
  of	
  transgenic	
  rodent	
  

driver	
   lines	
   expressing	
   Cre-­‐recombinase	
   under	
   the	
   control	
   of	
   a	
   neuron-­‐type-­‐specific	
  

promoter,	
   combined	
   with	
   injections	
   of	
   floxed	
   viral	
   constructs,	
   whereby	
   opsins	
   are	
  

expressed	
  in	
  a	
  neuron-­‐type-­‐specific	
  manner.	
  This	
  is	
  the	
  approach	
  that	
  was	
  also	
  adopted	
  

for	
   the	
   work	
   presented	
   here	
   and	
   it	
   is	
   described	
   next	
   using	
   the	
   example	
   of	
   ChR2.	
   An	
  

alternative	
   method	
   for	
   expression	
   of	
   optogenetic	
   constructs	
   if	
   not	
   using	
   Cre-­‐LoxP	
  

system,	
   is	
   by	
   using	
   cell-­‐type	
   specific	
   promoters	
   (e.g.	
   Thy	
   1)	
   in	
   vectors	
   driving	
   opsin	
  

expression.	
  This	
  way	
  optogenetics	
  can	
  be	
  used	
   in	
  wild-­‐type	
  animals,	
  but	
   this	
  approach	
  

lacks	
  the	
  specificity	
  offered	
  by	
  the	
  Cre-­‐LoxP	
  system.	
  

1.7.2	
  Expressing	
  opsin	
  constructs	
  in	
  cell	
  type-­specific	
  manner	
  

	
   The	
  Cre-­‐LoxP	
  optogenetic	
  approach	
  enables	
  cell	
  type-­‐specific	
  expression	
  of	
  ChR2	
  

using	
   viral	
   vector	
   delivery	
   of	
   doubly-­‐floxed	
   inverted	
   open	
   reading	
   frame	
   constructs	
  

carrying	
   the	
   gene	
   sequence	
   from	
   algae	
   Chlamydomonas	
   reinhardtii	
   that	
   encodes	
   the	
  

light-­‐activated	
   cation	
   channel	
   (Boyden	
   et	
   al.,	
   2005;	
   Zhang	
   et	
   al.,	
   2006;	
   Cardin	
   et	
   al.,	
  

2009,	
  2010;	
  Tsai	
  et	
  al.,	
  2009).	
  Such	
  constructs	
  use	
  a	
  strong	
  general	
  promoter	
  (e.g.	
  EF-­‐1α)	
  

to	
  drive	
  ChR2	
  expression	
  as	
  due	
   to	
   the	
   low	
  single	
   channel	
   conductance,	
  high	
   levels	
  of	
  

cell	
  surface	
  expression	
  are	
  required	
  for	
  successful	
  activation	
  of	
  neurons	
  with	
   light	
  (Lin,	
  

2011;	
  Yizhar	
  et	
  al.,	
  2011).	
  These	
  construct	
  are	
  usually	
  packaged	
   in	
  replication-­‐deficient	
  

viral	
   vectors,	
   for	
   example	
   adeno-­‐associated	
   virus	
   (AAV),	
   which	
   offer	
   extensive	
   spatial	
  

spread	
  and	
  high	
  transduction	
  levels	
  (Taymans	
  et	
  al.,	
  2007;	
  Cardin	
  et	
  al.,	
  2009).	
  	
  

	
   The	
   Cre-­‐loxP	
   system	
   is	
   ideal	
   for	
   selective	
   optogenetic	
   control	
   of	
   genetically-­‐

defined	
   neuronal	
   networks	
   owing	
   to	
   the	
   ready	
   availability	
   of	
   transgenic	
   mouse	
   lines	
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expressing	
  Cre-­‐recombinase	
  under	
  numerous	
  cell-­‐type	
  specific	
  promoters	
  using	
  knock-­‐in	
  

or	
  BAC	
  technology	
  (Gong	
  et	
  al.,	
  2007;	
  Tsai	
  et	
  al.,	
  2009;	
  Madisen	
  et	
  al.,	
  2010;	
  Taniguchi	
  et	
  

al.,	
   2011;	
   Zhao	
   et	
   al.,	
   2011).	
   Cre-­‐recombinase	
   expressing	
   rat	
   lines	
   are	
   also	
   emerging	
  

(Weber	
   et	
   al.,	
   2011;	
  Witten	
   et	
   al.,	
   2011;	
   Schönig	
   et	
   al.,	
   2012).	
   Thus,	
   it	
   is	
   possible	
   to	
  

virally	
  deliver	
  opsins	
   to	
  a	
   specific	
  brain	
   region	
  using	
   stereotaxic	
   surgery.	
  Only	
   the	
  Cre-­‐

positive	
  cells	
  in	
  the	
  target	
  area	
  will	
  activate	
  ChR2	
  expression	
  by	
  selective	
  recombination	
  

of	
   the	
   loxP	
   sites	
   in	
   the	
   construct	
   resulting	
   in	
   inversion	
   of	
   the	
   transcription	
   frame	
   and	
  

subsequent	
   expression	
   of	
   ChR2	
   driven	
   by	
   the	
   strong	
   ubiquitous	
   promoter.	
   For	
   my	
  

optogenetic	
  work,	
  I	
  used	
  different	
  mouse	
  Cre	
  lines	
  and	
  targeted	
  stereotaxic	
  injections	
  of	
  

AAV-­‐packaged	
  floxed	
  vectors	
  to	
  drive	
  opsin	
  expression	
  in	
  selected	
  neuronal	
  populations,	
  

described	
  in	
  more	
  detail	
  in	
  Chapter	
  2.	
  

1.7.3	
  Choosing	
  vectors	
  for	
  targeted	
  opsin	
  expression	
  

	
   Currently	
   available	
   data	
   on	
   AAV	
   vectors	
   suggest	
   that	
   different	
   serotypes	
   may	
  

have	
   differential	
   ‘preferences’	
   for	
   a	
   cell	
   type	
   that	
   they	
   predominantly	
   transduce	
  

(Rabinowitz	
   et	
   al.,	
   2002;	
   Broekman	
   et	
   al.,	
   2006;	
   Korecka	
   et	
   al.,	
   2011;	
   Sanchez	
   et	
   al.,	
  

2011a;	
   Hutson	
   et	
   al.,	
   2012).	
   This	
   factor	
   is	
   important	
   when	
   choosing	
   a	
   vector,	
   as	
  

preferential	
  transduction	
  of	
  a	
  particular	
  cell	
  type	
  could	
  mean	
  that	
  low	
  expression	
  levels	
  

are	
  achieved	
   in	
  the	
  cell	
  population	
  of	
   interest	
   if	
   ‘wrong’	
  construct	
   is	
  used.	
  Preferential	
  

transduction	
   with	
   higher	
   expression	
   levels	
   in	
   a	
   related	
   pathway	
   may	
   also	
   confound	
  

results	
  where	
   experimentally	
   unrelated	
   co-­‐activation	
  masks	
   the	
   signals	
   from	
   the	
  main	
  

pathway	
   of	
   interest.	
   To	
   address	
   these	
   concerns	
   in	
   the	
   work	
   presented	
   in	
   this	
   thesis,	
  

AAV5-­‐packaged	
   ChR2	
   construct	
   was	
   employed	
   as	
   it	
   has	
   better	
   reported	
   transduction	
  

efficiency	
   and	
   spread	
   (Burger	
   et	
   al.,	
   2004;	
   Paterna	
   et	
   al.,	
   2004;	
   Taymans	
   et	
   al.,	
   2007;	
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Markakis	
  et	
  al.,	
  2010),	
  as	
  well	
  as	
  previously	
  reported	
  success	
  in	
  activating	
  projections	
  to	
  

ChIs	
  originating	
  from	
  caudal	
  intralaminar	
  thalamus	
  (Threlfell	
  et	
  al.,	
  2012).	
  	
  

	
   Another	
   critical	
   issue	
   in	
   vector	
   choice	
   that	
   emerged	
   from	
   the	
   experiments	
  

targeting	
  corticostriatal	
  and	
  thalamostriatal	
  projections	
  with	
  AAV5-­‐packaged	
  ChR2	
  was	
  

that	
  the	
  direction	
  of	
  vector	
  trafficking	
  from	
  the	
  injection	
  site	
  could	
  differ	
  between	
  AAV	
  

serotypes.	
  Very	
   few	
  publications	
   to	
  date	
  explicitly	
  distinguish	
  between	
   retrograde	
  and	
  

anterograde	
   trafficking	
   of	
   AAV-­‐packaged	
   injectable	
   ChR2	
   constructs.	
   There	
   is	
   now	
  

sufficient	
   evidence,	
   however,	
   to	
   suggest	
   that	
   different	
   AAV	
   serotypes	
   used	
   for	
   opsin	
  

packaging	
  differentially	
  employ	
  axonal	
   transport	
   in	
   rodents	
  and	
  primates	
   (Ciesielska	
  et	
  

al.,	
   2011;	
   Masamizu	
   et	
   al.,	
   2011).	
   For	
   example,	
   AAV	
   serotype	
   2	
   is	
   transported	
   only	
  

anterogradely,	
   while	
   AAV	
   serotype	
   6	
   has	
   the	
   capacity	
   for	
   preferential	
   retrograde	
  

transport	
   (Salegio	
   et	
   al.,	
   2012).	
   In	
   the	
  work	
   presented	
   here,	
   I	
   have	
   encountered	
   both	
  

retrograde	
  and	
  anterograde	
  axonal	
  transport	
  for	
  ChR2	
  packaged	
  in	
  AAV	
  serotype	
  5	
  but	
  

not	
  serotype	
  2,	
  which	
  is	
  consistent	
  with	
  observations	
  made	
  by	
  other	
  groups	
  (Paterna	
  et	
  

al.,	
  2004).	
  These	
  issues	
  are	
  discussed	
  in	
  more	
  in	
  Chapters	
  3	
  and	
  4.	
  

1.7.4	
  LED	
  versus	
   laser	
   for	
   light	
  activation	
  of	
  opsin-­expressing	
  neuronal	
  

populations	
  

 The	
   choice	
   between	
   a	
   laser	
   and	
   a	
   light	
   emitting	
   diode	
   (LED)-­‐based	
   system	
   for	
  

optical	
  activation	
  depends	
  on	
  the	
  type	
  of	
  stimulation	
  required	
  for	
  the	
  experiment.	
  Use	
  

of	
   a	
   laser	
   system	
   offers	
   focused	
   spot	
   illumination	
   achievable	
   by	
   directing	
   the	
   light	
  

through	
   the	
   microscope	
   optics	
   via	
   a	
   fibre-­‐optic	
   cable.	
   Depending	
   on	
   microscope	
  

objective	
  magnification	
   and	
   the	
   size	
   of	
   fibre-­‐optic	
   cable,	
   a	
   spot	
   size	
   as	
   small	
   as	
   a	
   few	
  

micrometres	
  can	
  be	
  achieved.	
  This	
  set	
  up	
  offers	
  advantages	
  in	
  targeting	
  small	
  volumes	
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of	
   tissue,	
   even	
   though	
   due	
   to	
   diffractive	
   properties	
   of	
   the	
   brain,	
   light	
   scattering	
  may	
  

occur.	
  For	
  the	
  work	
  on	
  ChI-­‐evoked	
  DA	
  release	
  using	
  a	
  focused	
  laser	
  beam	
  of	
  only	
  15	
  µm	
  

in	
  diameter	
  to	
  activate	
  ChR2-­‐expressing	
  ChIs,	
  our	
  group	
  was	
  able	
  to	
  establish	
  that	
  action	
  

potentials	
   synchronised	
   in	
   only	
   a	
   few	
   cells	
   were	
   required	
   to	
   directly	
   drive	
   striatal	
   DA	
  

release	
   (Threlfell	
   et	
   al.,	
   2012).	
   In	
   contrast,	
   the	
   use	
   of	
   an	
   LED	
   system	
  enables	
   full-­‐field	
  

illumination	
   of	
   the	
   tissue	
   under	
   the	
   microscope	
   objective,	
   although	
   focused	
   spot	
  

illumination	
  can	
  also	
  be	
  achieved	
  to	
  some	
  degree	
  with	
  an	
  LED	
  using	
  a	
  pin-­‐hole	
  system,	
  

but	
  for	
  that	
  purpose	
  LED	
  systems	
  needs	
  to	
  be	
  coupled	
  to	
  the	
  microscope	
  optics.	
  

The	
   amount	
   of	
   depolarization	
   generated	
   in	
   a	
   given	
   cell	
   by	
   optical	
   stimulation	
  

reflects	
   the	
   summation	
   of	
   photocurrents	
   from	
   all	
   activated	
   opsin	
   channels,	
   and	
   is	
  

proportional	
   to	
   the	
   light	
   intensity	
  at	
   the	
   target	
  and	
   the	
   illuminated	
  surface	
  area.	
  On	
  a	
  

per	
  cell	
  basis,	
  a	
  diffuse	
  light	
  from	
  an	
  LED	
  system	
  having	
  lower	
  light	
  intensity	
  power,	
  but	
  

able	
   to	
   cover	
   larger	
   illumination	
   area,	
   could	
   have	
   the	
   same	
   effect	
   as	
   high-­‐intensity	
  

illumination	
   from	
   a	
   highly	
   focused	
   laser	
   beam	
  on	
   a	
   smaller	
   surface	
   area.	
   However,	
   in	
  

practical	
  terms,	
  experiments	
  run	
  on	
  LED	
  and	
   laser	
  systems	
  can	
  be	
  expected	
  to	
  depend	
  

on	
   the	
   geometry	
   of	
   the	
   system	
   under	
   study,	
   the	
   expression	
   pattern	
   of	
   opsin,	
   the	
  

question	
   addressed	
   and	
   the	
   measured	
   outcome.	
   For	
   example,	
   when	
   population	
  

activation	
  with	
   little	
   spatial	
   specificity	
   is	
   required,	
   a	
   full	
   field	
   LED	
   approach	
  would	
   be	
  

suitable,	
  whereas	
  to	
  study	
  effects	
  of	
  activation	
  of	
  a	
  single	
  synapse/cell,	
  a	
  laser	
  might	
  be	
  

required.	
  Work	
  performed	
  in	
  our	
   lab	
  shows	
  that	
  both	
  small	
  spot	
   laser	
   illumination	
  and	
  

full	
   field	
   LED	
   illumination	
   can	
   be	
   used	
   interchangeably	
   when	
   studying	
   a	
   population-­‐

based	
  response,	
  i.e.	
  locally	
  evoked	
  DA	
  release,	
  at	
  least	
  when	
  directly	
  driving	
  population	
  

activity	
  in	
  striatal	
  ChIs.	
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By	
  contrast,	
  when	
  using	
  ChR2	
  to	
  activate	
  thalamostriatal	
  or	
  corticostriatal	
  terminals	
  

to	
  depolarise	
  ChIs	
  and	
  subsequently	
  evoke	
  DA	
  release,	
  we	
  used	
  the	
  LED	
  system.	
  ChR2-­‐

expressing	
  thalamic	
  or	
  cortical	
  terminals	
  which	
  innervate	
  individual	
  ChIs	
  are	
  likely	
  to	
  be	
  

variable	
   in	
   number	
   and	
   patchy	
   in	
   expression	
   pattern.	
   In	
   part,	
   this	
   happens	
   due	
   to	
  

variable	
  transduction	
  of	
  parent	
  neurons	
  with	
  ChR2.	
  Therefore,	
  the	
  probability	
  of	
  driving	
  

ChI-­‐evoked	
  DA	
   release	
   by	
   activation	
   of	
   thalamic/cortical	
   afferents	
   is	
   lower	
   than	
  when	
  

directly	
  driving	
  a	
  population	
  of	
  ChIs.	
  Thus,	
  focused	
  spot-­‐illumination	
  of	
  tissue	
  with	
  laser	
  

would	
   be	
   and	
   was	
   less	
   successful	
   than	
   full-­‐field	
   illumination	
   with	
   LED	
   in	
   these	
  

experiments.	
   Consequently,	
   LED	
   system	
  was	
   used	
   to	
   ensure	
   that	
   any	
   ChR2-­‐expressing	
  

fibres	
  present	
  in	
  the	
  field	
  of	
  view,	
  which	
  may	
  happen	
  to	
  be	
  in	
  close	
  proximity	
  to	
  or	
  make	
  

synaptic	
  contacts	
  with	
  sparsely	
  distributed	
  ChIs	
  can	
  be	
  activated	
  with	
  blue	
  473	
  nm	
  light	
  

to	
  drive	
  ACh-­‐evoked	
  DA	
  release	
  by	
  depolarization	
  of	
  striatal	
  ChIs	
  via	
  activation	
  of	
  their	
  

glutamatergic	
  afferents	
  of	
  thalamic	
  or	
  cortical	
  origin.	
  

1.8	
  Parkinson’s	
  disease:	
  α-­synuclein	
  and	
  dopamine	
  

	
   In	
   addition	
   to	
   exploring	
   the	
   circuits	
   which	
   support	
   dopaminergic	
   signalling	
   in	
  

health,	
   an	
   important	
   aspect	
   of	
   characterizing	
   factors	
   which	
   regulate	
   DA	
  

neurotransmission	
   is	
   related	
   to	
  understanding	
  DA	
   in	
  disease.	
   In	
   this	
   case,	
   the	
  primary	
  

focus	
   of	
   discussion	
  will	
   be	
   Parkinson’s	
   disease	
   (PD),	
   as	
   a	
  mouse	
  model	
   of	
   this	
   human	
  

condition	
  was	
  also	
  used	
  for	
  the	
  work	
  presented	
  in	
  this	
  thesis	
  to	
  integrate	
  aspects	
  of	
  DA	
  

and	
  ACh	
  interactions	
  which	
  are	
  relevant	
  to	
  both	
  health	
  and	
  diseased	
  states.	
  	
  

1.8.1	
  Dopamine	
  neuron	
  degeneration	
  in	
  Parkinson’s	
  disease	
  

PD	
  is	
  a	
  neurodegenerative	
  condition	
  widely	
  affecting	
  aging	
  populations,	
  with	
  the	
  

global	
  prevalence	
  of	
  1.8	
  per	
  100	
  of	
  persons	
  aged	
  over	
  65	
  (de	
  Rijk	
  et	
  al.,	
  2000).	
  PD	
  is	
  the	
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result	
  of	
  degeneration	
  of	
  a	
  subset	
  of	
  dopaminergic	
  neurons	
  residing	
  in	
  the	
  SNc	
  (Yamada	
  

et	
   al.,	
   1990;	
   Fearnley	
   and	
   Lees,	
   1991),	
   which	
   disrupts	
   normal	
   functioning	
   of	
   the	
   BG.	
  

Specifically,	
   degeneration	
   of	
   SNc	
   neuromelanin-­‐positive	
   and	
   calbindin-­‐negative	
   cells	
  

results	
   in	
   dopaminergic	
   denervation	
   of	
   striatum	
   (Hirsch	
   et	
   al.,	
   1988;	
   Kish	
   et	
   al.,	
   1988;	
  

Scherman	
  et	
  al.,	
  1989),	
  and	
  aberrant	
   synaptic	
  weighting	
  of	
  activity	
   in	
   this	
  brain	
   region	
  

(Calabresi	
   et	
   al.,	
   1993).	
   Consequently,	
   in	
   patients	
   suffering	
   from	
   PD,	
   a	
   triad	
   of	
  motor	
  

symptoms	
   encompassing	
   bradykinesia,	
   rigidity	
   and	
   resting	
   tremor,	
   and	
   non-­‐motor	
  

impairments	
  become	
  manifest.	
  	
  

The	
   success	
   of	
   dopamine	
   replacement	
   therapies	
   in	
   alleviating	
   movement	
  

impairments,	
   at	
   least	
   during	
   the	
   early	
   disease	
   stages	
   prior	
   to	
   the	
   onset	
   of	
   secondary	
  

dyskinesias,	
  suggests	
   that	
  dopaminergic	
  deficits	
  are	
  central	
   to	
   the	
  motor	
  phenotype	
   in	
  

PD	
   (Smith	
   et	
   al.,	
   2012b).	
  Moreover,	
   during	
   the	
   later	
   disease	
   stages	
   patients	
   begin	
   to	
  

present	
   with	
   additional	
   cognitive	
   and	
   neuropsychiatric	
   impairments,	
   indicative	
   of	
  

dysfunction	
   in	
   other	
   neural	
   circuits	
   (Dubois	
   and	
   Pillon,	
   1997).	
   This	
   observation	
  

underscores	
  the	
  importance	
  of	
  interactions	
  between	
  DA	
  and	
  other	
  neurotransmitters	
  in	
  

maintaining	
   functional	
  homeostasis.	
  Mechanisms	
  underlying	
   the	
  dysfunctional	
   state	
  of	
  

DA	
  transmission	
  in	
  PD	
  are	
  still	
  not	
  established	
  unequivocally.	
  	
  	
  

1.8.2	
  SNCA	
  gene	
  involvement	
  in	
  Parkinson’s	
  disease	
  

Genetic	
  and	
  genome-­‐wide	
  association	
  studies	
  point	
  to	
  the	
  SNCA	
  gene	
  (encoding	
  

α-­‐synuclein	
  protein)	
   involvement	
   in	
  both	
  sporadic	
  and	
   familial	
  PD	
   (Satake	
  et	
  al.,	
  2009;	
  

Simón-­‐Sánchez	
   et	
   al.,	
   2009).	
   Identified	
   point	
   mutations	
   (A53T,	
   A30P	
   and	
   E46K)	
  

(Polymeropoulos	
   et	
   al.,	
   1997;	
   Krüger	
   et	
   al.,	
   1998;	
   Zarranz	
   et	
   al.,	
   2004),	
   as	
   well	
   as	
  

duplication	
  and	
  triplication	
  of	
  the	
  SNCA	
  locus	
  (Polymeropoulos	
  et	
  al.,	
  1997;	
  Krüger	
  et	
  al.,	
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1998;	
   Zarranz	
   et	
   al.,	
   2004)	
   are	
   known	
   to	
   cause	
   autosomal	
   dominant	
   PD.	
   GWAS	
   also	
  

support	
  the	
  involvement	
  SNCA	
  gene	
  in	
  sporadic	
  cases	
  (Venda	
  et	
  al.,	
  2010).	
  

Pathophysiology	
   data	
   from	
   SNCA	
   locus	
   multiplication	
   studies	
   highlight	
   a	
   gene	
  

dosage	
  effect.	
  The	
  SNCA	
  gene	
  triplication	
  leads	
  to	
  earlier	
  symptom	
  onset,	
  more	
  severe	
  

disease	
  progression	
  with	
  the	
  added	
  burden	
  of	
  dementia,	
  compared	
  to	
  duplication	
  (Fuchs	
  

et	
  al.,	
  2007).	
  However,	
  clinical	
  variability	
  in	
  disease	
  onset	
  and	
  advancement	
  rates	
  could	
  

reflect	
  not	
  only	
  the	
  gene	
  dosage	
  effects,	
  but	
  also	
  point	
  to	
  different	
  aetiological	
  pathways	
  

determined	
   by	
   the	
   site	
   of	
   action	
   of	
   aberrant	
   quality/quantity	
   of	
   α-­‐synuclein.	
   For	
  

example,	
   global	
   overexpression	
   of	
   α-­‐synuclein	
   could	
   undermine	
   a	
  multitude	
   of	
   neural	
  

systems	
  and	
  cell	
  types,	
  leading	
  to	
  generalized	
  break	
  down	
  in	
  normal	
  cellular	
  physiology,	
  

whilst	
   ‘restricted’	
   point	
   mutations	
   could	
   selectively	
   affect	
   SNc	
   neurons	
   due	
   to	
   yet	
  

unidentified	
  vulnerability	
  mechanism.	
  

1.8.3	
  Aggregation	
  of	
  α-­synuclein	
  protein	
  in	
  Parkinson’s	
  disease	
  

Lewy	
  body	
  pathology,	
  present	
   in	
  most	
  patients	
  with	
   idiopathic	
  and	
   familial	
  PD,	
  

also	
   attests	
   to	
   involvement	
   of	
   α-­‐synuclein	
   in	
   disease-­‐related	
   processes.	
   Lewy	
   body	
  

pathology	
  is	
  characterized	
  by	
  cytoplasmic	
  filamentous	
  aggregates	
  containing	
  α-­‐synuclein	
  

found	
  in	
  surviving	
  dopaminergic	
  cells	
  and	
  other	
  neurons,	
  and	
  is	
  one	
  of	
  the	
  hallmark	
  PD	
  

features	
  (Baba	
  et	
  al.,	
  1998;	
  Spillantini	
  et	
  al.,	
  1998).	
  It	
  remains	
  undetermined	
  whether	
  α-­‐

synuclein	
  aggregation	
  is	
  a	
  neurotoxic	
  event	
  in	
  itself,	
  leading	
  to	
  neuronal	
  dysfunction	
  and	
  

subsequent	
  apoptosis,	
  or	
  a	
  way	
  in	
  which	
  cells	
  cope	
  with	
  a	
  protein	
  displaying	
  abnormal	
  

properties.	
   Given	
   that	
   post-­‐translation	
   modifications	
   of	
   α-­‐synuclein,	
   including	
  

phosphorylation	
  (Fujiwara	
  et	
  al.,	
  2002),	
  oxidation	
  (Hashimoto	
  et	
  al.,	
  1999),	
  or	
  alterations	
  

in	
   its	
  normal	
   turnover	
   rate	
   	
  prime	
  aggregate	
   formation	
   (Al-­‐Mansoori	
  et	
  al.,	
  2013),	
   it	
   is	
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possible	
  that	
  cellular	
  quality	
  control	
  mechanisms	
  attempt	
  to	
  sequester	
  aberrant	
  protein	
  

by	
  forming	
  fibrils.	
  	
  

Despite	
   different	
   rates	
   of	
   aggregate	
   formation,	
   both	
   wild-­‐type	
   and	
   mutant	
  

oligomeric	
  α-­‐synuclein	
   species	
  display	
  neurotoxic	
  properties,	
   at	
   least	
   in	
  a	
   culture	
  dish,	
  

and	
  assemble	
  basic	
  building	
  blocks	
  for	
  fibril	
  formation	
  (Lashuel	
  et	
  al.,	
  2002;	
  Kayed	
  et	
  al.,	
  

2003;	
   Feng	
   et	
   al.,	
   2010;	
   van	
   Rooijen	
   et	
   al.,	
   2010;	
   Giehm	
   et	
   al.,	
   2011).	
   Thus,	
   it	
   is	
  

hypothesised	
  that	
  high-­‐order	
  oligomeric	
  α-­‐synuclein	
  species	
  allow	
  cells	
  to	
  lower	
  toxicity	
  

incurred	
   by	
   pre-­‐fibrillar	
   structures,	
   which	
   can,	
   for	
   example,	
   perforate	
   neuronal	
   lipid	
  

bilayer	
  (Tsigelny	
  et	
  al.,	
  2012)	
  or	
  disrupt	
  mitochondrial	
  membrane	
  integrity	
  (Nakamura	
  et	
  

al.,	
   2011).	
   Several	
   early	
   studies	
   suggested	
   that	
   up-­‐regulation	
   and	
   aggregation	
   of	
   α-­‐

synuclein	
   in	
  response	
  to	
  neural	
   insult	
  may	
  have	
  neuroprotective	
  effects	
   (Bodner	
  et	
  al.,	
  

2006;	
  Quilty	
  et	
  al.,	
  2006).	
  However,	
  data	
  emerging	
  from	
   in	
  vivo	
   rodent	
  studies	
  suggest	
  

that	
   fibril	
   formation	
   could	
   be	
   the	
   final	
   common	
   pathway	
   for	
   SNc	
   neuronal	
   death	
  

(Taschenberger	
  et	
  al.,	
  2012).	
  	
  

In	
  the	
  face	
  of	
  contradictory	
  findings	
  from	
  cell	
  culture	
  and	
  animal	
  model	
  studies,	
  

in	
   human	
   disease	
   it	
   also	
   remains	
   controversial	
   whether	
   neurophysiological	
  

manifestations	
  of	
  PD	
  are	
  preceded	
  or	
  followed	
  by	
  α-­‐synuclein	
  aggregate	
  formation,	
  and	
  

what	
  form	
  those	
  aggregates	
  adopt	
  initially.	
  Post-­‐mortem	
  tissue	
  samples	
  predominantly	
  

from	
   late-­‐stage	
   PD	
   available	
   for	
   histology	
   commonly	
   present	
  with	
   α-­‐synuclein	
   fibrillar	
  

tangles,	
   whilst	
   oligomeric	
   structures	
   are	
   no	
   longer	
   detectable.	
   Further,	
   TH	
   staining	
   of	
  

brains	
  obtained	
  from	
  patients	
  with	
  Incidental	
  Lewy	
  Body	
  Disease,	
  presenting	
  with	
  Lewy	
  

body	
   pathology	
   but	
   no	
   PD,	
   is	
   reduced	
   (Beach	
   et	
   al.,	
   2008),	
   signifying	
   that	
   aggregate	
  

formation	
   is	
   detrimental	
   to	
   SNc	
   neurons.	
   Yet,	
   cell	
   death	
   could	
   have	
   occurred	
   at	
   an	
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earlier	
  time	
  point,	
  therefore	
  co-­‐manifestation	
  of	
  Lewy	
  body	
  pathology	
  with	
  reduced	
  TH	
  

staining	
  does	
  not	
  address	
  whether	
  oligomeric	
  or	
  fibrillar	
  species	
  resulted	
  in	
  DA	
  neuron	
  

degeneration.	
  

Regardless	
  of	
  current	
  technological	
  limitations	
  in	
  establishing	
  a	
  direct	
  causal	
  link	
  

between	
  α-­‐synuclein	
   fibrillation	
   and	
   SNc	
   neuronal	
   death,	
   the	
   above	
   data	
   suggest	
   that	
  

disruption	
  of	
  normal	
  α-­‐synuclein	
  function	
  is	
  detrimental.	
  Specifically,	
  overexpression	
  or	
  

alterations	
   in	
   protein’s	
   constitutional	
   biophysical	
   properties,	
   may	
   result	
   in	
   a	
   host	
   of	
  

neurodegenerative	
   conditions,	
   including	
   PD,	
   dementia	
   with	
   Lewy	
   bodies,	
   multiple	
  

system	
  atrophy	
  and	
  others	
  (Campbell	
  et	
  al.,	
  2001;	
  Tong	
  et	
  al.,	
  2010).	
  

1.8.4	
  Mouse	
  models	
  for	
  investigating	
  early	
  Parkinson’s	
  disease	
  stages	
  	
  

To	
   elucidate	
   the	
   involvement	
   of	
   α-­‐synuclein	
   in	
   human	
   PD,	
   especially	
   at	
   pre-­‐

symptomatic	
  and	
  early	
  disease	
  stages,	
  animal	
  models,	
  mainly	
  rodents	
  where	
  α-­‐synuclein	
  

expression	
   was	
   experimentally	
   manipulated,	
   are	
   commonly	
   employed.	
   For	
   example,	
  

several	
   studies	
   report	
   progressive	
   reduction	
   in	
   nigrostriatal	
   dopamine	
   transmission	
   in	
  

models	
  overexpressing	
  human	
  wild-­‐type	
  α-­‐synuclein	
  using	
  vector-­‐driven	
  overexpression,	
  

including	
  lentiviral-­‐	
  or	
  AAV-­‐packaged	
  constructs	
  (Kirik	
  et	
  al.,	
  2002;	
  Lo	
  Bianco	
  et	
  al.,	
  2002;	
  

Lundblad	
  et	
  al.,	
  2012),	
  or	
  using	
  heterologous	
  gene	
  promoters,	
  such	
  as	
  Thy1	
  (Lam	
  et	
  al.,	
  

2011).	
   Several	
  mutant	
  α-­‐synuclein	
  models	
   presenting	
  with	
   dopaminergic	
   deficits	
  were	
  

also	
  reported,	
  and	
  those	
  were	
  created	
  using	
  a	
  mouse	
  prion	
  promoter	
  for	
  A53T	
  variant	
  

overexpression	
   (Gispert	
   et	
   al.,	
   2003;	
   Kurz	
   et	
   al.,	
   2010;	
   Platt	
   et	
   al.,	
   2012)	
   or	
   BAC	
  

technology	
   for	
   A30P	
   variant	
   expression	
   (Taylor	
   et	
   al.,	
   2014).	
   Transgenic	
   approaches	
  

employing	
   general	
   promoters,	
   however,	
   only	
   allow	
   for	
   a	
   coarse	
   manipulation	
   of	
   α-­‐

synuclein	
  expression,	
  and	
  no	
  wild-­‐type	
  α-­‐synuclein	
  model	
  reported	
  to	
  date	
  was	
  created	
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using	
  endogenous	
  promoters/regulatory	
  elements.	
  The	
  latter	
  step	
  is	
  crucially	
  important	
  

to	
  ensure	
   that	
   the	
  native	
  expression	
  profile	
  of	
   the	
  SNCA	
   gene	
   is	
   recapitulated,	
   and	
   to	
  

ascertain	
   that	
  no	
  compensatory	
   changes	
  due	
   to	
  aberrant	
  protein	
  expression	
  occurred.	
  

Viral	
   overexpression,	
   in	
   contrast,	
   exclusively	
   produces	
   acute	
   models,	
   where	
   normal	
  

developmental	
  regulation	
  or	
  even	
  long-­‐term	
  presence	
  of	
  abnormally	
  high	
  protein	
  levels	
  

is	
  amiss.	
  	
  

A	
  mouse	
  model,	
  overexpressing	
  α-­‐synuclein	
  at	
  levels	
  relevant	
  to	
  human	
  disease	
  

under	
  the	
  endogenous	
  promoter	
  on	
  a	
  mouse	
  SNCA	
  knock-­‐out	
  background,	
  was	
  created	
  

in	
  Wade-­‐Martins	
   laboratory	
  using	
  BAC	
  technology	
  (Janezic	
  et	
  al.,	
  2013).	
  Further	
  details	
  

on	
   generation	
   of	
   this	
  mouse	
  model	
  will	
   be	
   given	
   in	
   Chapter	
   5.	
   This	
   transgenic	
  model	
  

expresses	
   human	
   wild	
   type	
   protein	
   at	
   1.9	
   times	
   the	
   level	
   of	
   endogenous	
   mouse	
   α-­‐

synuclein,	
  roughly	
  corresponding	
  to	
  α-­‐synuclein	
  levels	
  seen	
  in	
  patients	
  with	
  SNCA	
  locus	
  

duplications	
   (Janezic	
   et	
   al.,	
   2013).	
   The	
  mouse	
   is	
   null	
   for	
  mouse	
   α-­‐synuclein	
   to	
   ensure	
  

that	
   no	
   interference	
   form	
   the	
   endogenous	
   gene	
   undermines	
   the	
   integrity	
   of	
  

experimental	
  findings	
  for	
  overexpression	
  of	
  human	
  protein.	
  Thus,	
  age	
  and	
  sex-­‐matched	
  

littermates	
   lacking	
   mouse	
   α-­‐synuclein	
   (Snca	
   -­‐/-­‐)	
   serve	
   as	
   controls	
   for	
   the	
   α-­‐synuclein	
  

overexpressing	
  transgenic	
  mice	
  on	
  mouse	
  α-­‐synuclein	
  null	
  background	
  (SNCA	
  OVX).	
  	
  

Previous	
   work	
   in	
   this	
   laboratory	
   found	
   release	
   deficits	
   in	
   dorsal	
   striatum	
   of	
  

transgenic	
   animals.	
   Specifically,	
   SNCA	
   OVX	
   mice	
   presented	
   with	
   approximately	
   30%	
  

reduction	
  in	
  dopamine	
  release	
  from	
  young	
  adulthood	
  throughout	
  their	
  lifespan	
  (Janezic	
  

et	
   al.,	
   2013).	
   Multidisciplinary	
   characterization	
   of	
   the	
   model	
   further	
   revealed	
   that	
  

release	
   deficits	
   were	
   present	
   prior	
   to	
   SNc	
   neuronal	
   loss	
   or	
   manifestation	
   of	
   motor	
  

impairments.	
   These	
   observations	
   support	
   the	
   notion	
   that	
   a	
   dysfunctional	
   state	
   of	
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dopaminergic	
   transmission	
   caused	
   by	
   aberrant	
   α-­‐synuclein	
   levels	
   disrupts	
   the	
   system	
  

prior	
   to	
   the	
   onset	
   of	
   neuronal	
   loss.	
   Further,	
   biochemical	
   assays	
   and	
   in	
   vivo	
  

electrophysiology	
   showed	
   alterations	
   in	
   vesicle	
   pool	
   distributions	
   and	
   subsequent	
  

reduction	
   in	
   the	
   firing	
   rates	
   of	
   SNc	
   neurons	
   in	
   aged	
   animals	
   (Janezic	
   et	
   al.,	
   2013),	
  

suggesting	
  that	
  the	
  process	
  of	
  disruption	
  is	
  gradual	
  and	
  happens	
  across	
  multiple	
  cellular	
  

function	
  domains.	
  

The	
   work	
   on	
   this	
   mouse	
   model	
   of	
   PD	
   was	
   further	
   extended	
   by	
   research	
  

undertaken	
  as	
  part	
  of	
   this	
   thesis	
  work,	
  with	
   the	
  main	
   focus	
  on	
   functional	
   interactions	
  

between	
   dopaminergic	
   and	
   cholinergic	
   systems.	
   In	
   particular,	
   I	
   wanted	
   to	
   address	
  

whether	
  interference	
  with	
  ACh	
  action	
  on	
  nAChRs	
  or	
  mAChRs	
  would	
  uncover	
  any	
  further	
  

DA	
  release	
  deficits	
  which	
  could	
  be	
  masked	
  or	
  compensated	
  for	
  by	
  ACh,	
  as	
  discussed	
  in	
  

Chapter	
  5.	
  

1.9	
  Summary	
  

	
   An	
  outline	
  of	
  the	
  background	
  literature	
  necessary	
  to	
  provide	
  context	
  for	
  the	
  work	
  

presented	
  in	
  this	
  thesis	
  is	
  presented	
  in	
  this	
  chapter.	
  The	
  anatomy	
  and	
  function	
  of	
  the	
  BG	
  

circuits	
  are	
  very	
  complex,	
  yet	
  currently	
  the	
  field	
  has	
  accumulated	
  enough	
  data	
  to	
  begin	
  

elucidating	
  the	
  processes	
  which	
  govern	
  function	
  of	
  the	
  BG.	
  The	
  knowledge	
  of	
  anatomical	
  

structure	
   is	
   absolutely	
   vital	
   for	
   understanding	
   circuit	
   connectivity	
   and	
   is	
   indispensable	
  

for	
   identifying	
   the	
   basic	
   building	
   blocks	
   supporting	
   adaptive	
   behaviour.	
   In	
   turn,	
  

physiology	
  and	
   functional	
  data	
  help	
   to	
  explain	
  how	
   these	
   components	
   interact	
  on	
   the	
  

cellular	
  and	
  systems	
  levels.	
  The	
  architecture	
  of	
  ACh	
  and	
  DA	
  systems	
  in	
  striatum	
  enables	
  

close	
   interactions	
   between	
   the	
   two	
   neurotransmitters,	
   and	
   functional	
   data	
  

unequivocally	
  suggest	
  that	
  they	
  interact	
  in	
  complex	
  ways.	
  ACh	
  transmission	
  in	
  the	
  CPu	
  is	
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able	
   both	
   to	
   dynamically	
   gate	
   the	
   release	
  probability	
   from	
  DA	
   terminals,	
   but	
   also	
   can	
  

directly	
  drive	
  DA	
  release	
  events	
  via	
  axo-­‐axonic	
  interactions.	
  The	
  behavioural	
  significance	
  

of	
   these	
  processes	
   is	
  difficult	
   to	
  overestimate,	
   and	
   it	
   is	
   further	
  emphasized	
  by	
   studies	
  

showing	
   that	
   both	
   ACh	
   and	
  DA	
   are	
   involved	
   in	
   a	
  wide	
   variety	
   of	
   processes	
  mediating	
  

learning	
  and	
  adaptive	
  behaviour.	
  	
  

	
   In	
   this	
   body	
   of	
   scholarly	
   work	
   I	
   explore	
   striatal	
   afferent	
   circuits	
   which	
   could	
  

support	
  local	
  ACh-­‐evoked	
  drive	
  of	
  DA	
  release	
  events.	
  Specifically,	
  the	
  data	
  presented	
  in	
  

Chapters	
  3	
  and	
  4	
  examine	
  and	
  functionally	
  characterize	
  striatal	
  afferent	
  circuits	
  capable	
  

of	
   driving	
   population	
   activity	
   in	
   striatal	
   ChIs	
   and	
   thus	
   engage	
   ACh-­‐evoked	
   striatal	
   DA	
  

signalling.	
  These	
  chapters	
   further	
  explore	
  some	
  methodological	
   issues	
  arising	
   from	
  the	
  

use	
   of	
   optogenetics	
   for	
   mapping	
   functional	
   interactions	
   of	
   reciprocally	
   connected	
  

networks	
  with	
  a	
  third	
  circuit.	
  Chapter	
  4	
  also	
  investigates	
  use	
  of	
  alternative	
  optogenetic	
  

tools,	
  such	
  as	
  hyperpolarizing	
  ion	
  pumps,	
  for	
  manipulating	
  population	
  activity	
  of	
  striatal	
  

ChIs	
   for	
   driving	
   ACh-­‐evoked	
   DA	
   release	
   and	
   explores	
   whether	
   brainstem	
   cholinergic	
  

afferents	
  can	
  contribute	
  to	
  or	
  drive	
  striatal	
  DA.	
  In	
  Chapter	
  5	
  I	
  explore	
  the	
  ACh-­‐DA	
  axis	
  in	
  

a	
   mouse	
   model	
   of	
   Parkinson’s	
   disease,	
   and	
   further	
   examine	
   possible	
   mechanisms	
  

underlying	
  dopaminergic	
  transmission	
  deficits	
  in	
  the	
  SNCA	
  OVX	
  line.	
  Chapter	
  2	
  provides	
  

an	
  overview	
  of	
  the	
  methods	
  and	
  techniques	
  used	
  in	
  the	
  current	
  work.	
  Finally,	
  Chapter	
  6	
  

places	
  all	
  the	
  presented	
  data	
  together	
  in	
  an	
  attempt	
  to	
  synthesize	
  a	
  bigger	
  picture	
  of	
  the	
  

BG	
  function	
  based	
  on	
  the	
  past	
  research	
  and	
  currently	
  made	
  experimental	
  observations.	
  



Figure 1.1 Simpli�ed circuit diagram of the major components and pathways of the basal ganglia 
This diagram shows the major projection pathways of the basal ganglia circuits and their respective 
input and output targets. Red connections are excitatory glutamatergic projections, blue connections 
are inhibitory GABAergic projections and green are modulatory dopaminergic innervation. Many 
connections are purposefully omitted for simplicity. 
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2.1	
  Methods	
  overview	
  

	
   Electrochemical	
   detection	
   of	
   monoamine	
   neurotransmitters	
   and	
   their	
  

metabolites	
   exploits	
   a	
   well-­‐known	
   property	
   of	
   catecholamines	
   (e.g.	
   dopamine	
   (DA),	
  

noradrenaline	
   (NA))	
   and	
   indoleamines	
   (e.g.	
   serotonin	
   (5-­‐HT))	
   to	
   undergo	
   oxidation.	
  

Electrochemical	
  detection	
  techniques,	
  such	
  as	
  voltammetry,	
  measure	
  currents	
  produced	
  

during	
  redox,	
  or	
  electron	
  exchange,	
  reactions.	
  During	
  the	
  process	
  of	
  oxidation	
  electrons	
  

are	
   lost	
   from	
   a	
   compound	
   being	
   oxidised,	
   whereas	
   during	
   reduction	
   of	
   a	
   species	
  

electrons	
   are	
   gained.	
   The	
   redox	
   current	
   thus	
   generated	
   is	
   proportional	
   to	
   the	
  

concentration	
   of	
   the	
   chemical	
   in	
   the	
   brain	
   tissue	
   or	
  medium,	
   and	
   is	
   recorded	
   as	
   the	
  

Faradaic	
  current	
  in	
  voltammetry	
  experiments.	
  The	
  exact	
  concentration	
  of	
  the	
  compound	
  

of	
  interest	
  can	
  be	
  subsequently	
  deduced	
  from	
  a	
  calibration	
  value	
  obtained	
  by	
  measuring	
  

current	
   from	
  a	
  known	
  concentration	
  of	
   the	
  chemical	
  of	
   interest	
   to	
  determine	
  current-­‐

concentration	
   function.	
   Electrochemical	
   detection	
   approaches,	
   therefore,	
   allow	
   for	
   an	
  

accurate	
  quantification	
  of	
  electroactive	
  neurotransmitter	
  levels	
  in	
  the	
  brain,	
  both	
  in	
  vivo	
  

and	
  in	
  vitro,	
  and	
  can	
  be	
  used	
  to	
  study	
  factors	
  regulating	
  monoamine	
  neurotransmission.	
  

Work	
  presented	
   in	
   this	
   thesis	
  employed	
  a	
  voltammetric	
  approach	
   to	
  study	
   the	
  circuits	
  

which	
  govern	
  and	
  the	
  properties	
  of	
  striatal	
  DA	
  transmission.	
  

2.2	
  Fast-­scan	
  cyclic	
  voltammetry	
  

2.2.1	
  Fast-­scan	
  cyclic	
  voltammetry:	
  background	
  

	
   The	
   earliest	
   voltammetry	
   experiments	
   performed	
   by	
   Ralph	
   Adams’	
   group	
   at	
  

carbon	
  paste	
  electrodes	
   in	
  vivo	
   served	
  as	
  a	
  proof	
  of	
  principle	
   for	
   in	
   situ	
  DA	
  detection,	
  

although	
   recorded	
   signals	
   were	
   contaminated	
   by	
   other	
   electroactive	
   species,	
   such	
   as	
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ascorbate	
  (Kissinger	
  et	
  al.,	
  1973).	
  The	
  large	
  size	
  of	
  the	
  carbon	
  paste	
  electrodes,	
  reaching	
  

150	
   –	
   300	
   µm	
   in	
   diameter,	
   incurred	
   significant	
   tissue	
   damage	
   at	
   implantation	
   and	
  

required	
   slow	
   scan	
   rates.	
   Both	
   of	
   these	
   parameters	
   considerably	
   limited	
   spatial	
   and	
  

temporal	
  resolution	
  that	
  the	
  original	
  voltammetry	
  techniques	
  could	
  offer.	
  

	
   The	
  invention	
  of	
  carbon-­‐fibre	
  microelectrodes	
  (CFMs),	
  whereby	
  diameter	
  of	
  the	
  

recording	
  electrode	
  was	
  reduced	
  to	
  7	
  –	
  10	
  µm	
  (Gonon	
  et	
  al.,	
  1978;	
  Armstrong-­‐James	
  and	
  

Millar,	
  1979),	
  curtailed	
  high	
  levels	
  of	
  mechanical	
  damage	
  incurred	
  by	
  electrode	
  insertion	
  

in	
  the	
  brain	
  tissue.	
  Further,	
  significantly	
  smaller	
  diameter	
  of	
  carbon	
  fibre	
  enabled	
  use	
  of	
  

shorter	
  recording	
  tip	
   length	
  for	
  CFMs,	
  thus	
   lowering	
  background	
  charging	
  currents	
  and	
  

facilitating	
   higher	
   voltage	
   scans	
   rates.	
   While	
   the	
   background	
   current	
   is	
   directly	
  

proportional	
  to	
  the	
  voltage	
  scan	
  rate,	
  the	
  Faradaic	
  current	
  is	
  proportional	
  to	
  its	
  square	
  

root	
  (Bond,	
  1980).	
  This	
  means	
  that	
  in	
  a	
  typical	
  CFM	
  with	
  the	
  background	
  current	
  in	
  the	
  

range	
  of	
  ~1	
  µA,	
  detection	
  of	
  1	
  µM	
  of	
  extracellular	
  DA	
  would	
  generate	
  oxidation	
  current	
  

in	
  the	
  low	
  nA	
  range.	
  Thus,	
  high	
  scan	
  rates	
  with	
  large	
  carbon	
  paste	
  electrodes	
  could	
  only	
  

be	
  achieved	
  by	
  sacrificing	
  data	
  quality.	
  Improvements	
  introduced	
  by	
  invention	
  of	
  CFMs	
  

have	
   substantially	
   increased	
   both	
   temporal	
   and	
   spatial	
   resolution	
   of	
   voltammetry	
  

approaches,	
   leading	
   to	
   the	
   emergence	
   of	
   fast-­‐scan	
   cyclic	
   voltammetry	
   (FCV).	
  

Concurrently,	
   in	
   vitro	
   voltammetry	
   applications	
   introduced	
   a	
   more	
   controlled	
  

physiological	
  environment	
  for	
  electrochemical	
  detection	
  experiments,	
  including	
  greater	
  

precision	
  of	
  pharmacological	
  manipulations	
  in	
  terms	
  of	
  time	
  and	
  concentration	
  of	
  drug	
  

applications,	
  and	
  anatomically	
  precise	
   localization	
  of	
   the	
  electrode	
   insertion	
  sites	
   (Rice	
  

et	
  al.,	
  1985;	
  Kelly	
  and	
  Wightman,	
  1987).	
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   FCV	
  at	
  CFMs	
  is	
  the	
  current	
  state-­‐of-­‐the-­‐art	
  technique	
  for	
  real-­‐time	
  monitoring	
  of	
  

identifiable	
   electroactive	
   molecules,	
   such	
   as	
   monoamines,	
   with	
   sub-­‐second	
   temporal	
  

and	
   micrometer	
   spatial	
   resolution.	
   This	
   electrochemical	
   detection	
   approach	
   is	
  

particularly	
   suited	
   to	
  monitoring	
  of	
  neurotransmission,	
  both	
  evoked	
  and	
   spontaneous,	
  

as	
  discrete	
   release	
  and	
  uptake	
  events	
   can	
  be	
   resolved.	
  Also,	
   the	
   small	
   size	
  of	
  CFMs	
   is	
  

appropriate	
   for	
   detecting	
   transmitters	
   with	
   remarkable	
   regional	
   specificity,	
   enabling	
  

sampling	
  of	
  release	
  in	
  discrete	
  brain	
  regions.	
  

2.2.2	
   Fast-­scan	
   cyclic	
   voltammetry	
   compared	
   to	
   other	
   electrochemical	
  

detection	
  approaches	
  

	
   Several	
   alternative	
   electrochemical	
   detection	
   methods	
   are	
   also	
   available,	
   but	
  

none	
  are	
  currently	
  able	
  to	
  surpass	
  the	
  advantages	
  offered	
  by	
  FCV	
  at	
  CFMs	
  in	
  real-­‐time	
  

monitoring	
   of	
   identifiable	
   transmitter	
   exocytosis.	
   Whilst	
   electrochemical	
   detection	
  

approaches	
   like	
  amperometry	
  or	
  high-­‐performance	
   liquid	
  chromatography	
   (HPLC)	
  with	
  

electrochemical	
   detection	
   may	
   offer	
   higher	
   sensitivity,	
   detecting	
   lower	
   levels	
   of	
  

compounds	
  of	
  interest,	
  or	
  even	
  detect	
  several	
  electroactive	
  species	
  simultaneously	
  (e.g.	
  

microdialysis	
   with	
   HPLC	
   with	
   electrochemical	
   detection),	
   both	
   techniques	
   have	
  

disadvantages.	
  

	
   Currents	
   recorded	
  during	
  amperometric	
  events	
  are	
  directly	
  proportional	
   to	
   the	
  

number	
  of	
  oxidized	
   transmitter	
  molecules.	
  By	
  employing	
   continuous	
   scan	
   sweeps	
  at	
   a	
  

fixed	
  potential	
  amperometry	
  provides	
  higher	
  electrode	
  sensitivity	
  due	
  to	
  better	
  signal	
  to	
  

noise	
   ratio	
   than	
   FCV.	
   As	
   there	
   are	
   no	
   timing	
   limitations	
   associated	
   with	
   sweep	
  

waveforms	
  used	
  in	
  FCV,	
  amperometry	
  also	
  offers	
  higher	
  temporal	
  resolution	
  as	
  timing	
  is	
  

only	
   limited	
   by	
   electronics	
   used	
   for	
   data	
   acquisition	
   (Michael	
   and	
   Wightman,	
   1999).	
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However,	
  this	
  greater	
  temporal	
  resolution	
  comes	
  with	
  a	
  price,	
  as	
  amperometry	
  provides	
  

no	
   information	
   to	
   allow	
   identification	
   of	
   the	
   detected	
   compounds.	
   In	
   contrast,	
   a	
  

characteristic	
  FCV	
  voltammogram	
   is	
  unique	
  to	
  each	
  electroactive	
  species	
  and	
  acts	
  as	
  a	
  

fingerprint	
   for	
   classification	
   of	
   chemicals	
   that	
   are	
   being	
   detected	
   (Stamford,	
   1989;	
  

Zimmerman	
  and	
  Wightman,	
  1991).	
  For	
  example,	
   in	
  FCV	
  measurements	
  both	
  DA	
  and	
  5-­‐

HT	
  have	
  a	
   similar	
  oxidation	
  potential	
  occurring	
  approximately	
  at	
  +630	
  mV,	
  but	
  display	
  

different	
   reduction	
   profiles	
   with	
   DA	
   reducing	
   at	
   -­‐250	
   mV	
   and	
   5-­‐HT	
   having	
   a	
   dual	
  

reduction	
  profile	
  with	
  peaks	
  appearing	
  at	
   -­‐20	
  mV	
  and	
   -­‐670	
  mV	
  (Figure	
  2.1).	
  This	
  holds	
  

true	
  with	
   the	
   triangular	
   scan	
  waveform	
   that	
   our	
   group	
   routinely	
   employs.	
   It	
  may	
   not	
  

always	
   be	
   seen	
   with	
   other	
   waveforms,	
   especially	
   if	
   they	
   do	
   not	
   include	
   suitable	
  

potentials	
   for	
  registering	
  oxidation	
  and	
  reduction	
  processes	
  happening	
  at	
  higher/lower	
  

voltages.	
   Further,	
   some	
   compounds	
  may	
  have	
   remarkably	
   similar	
   voltammograms,	
   for	
  

example	
   DA	
   and	
   NA	
   (Figure	
   2.1).	
   Thus,	
   additional	
   pharmacological	
   and/or	
   anatomical	
  

evidence	
   is	
   required	
   to	
   confirm	
   the	
   identity	
  of	
   the	
   species,	
   as	
   for	
   instance	
   is	
   the	
   case	
  

with	
  mixed	
  DA	
  and	
  NA	
  detection	
  in	
  the	
  bed	
  nucleus	
  of	
  stria	
  terminalis.	
  

	
   Microdialysis	
  is	
  a	
  sampling	
  technique	
  where	
  transmitter	
  molecules	
  are	
  recovered	
  

from	
   the	
   extracellular	
   fluid	
   removed	
   from	
   the	
   brain	
   by	
   separation	
   on	
   a	
   hollow	
   fibre	
  

column	
  filled	
  with	
  a	
  sorbent	
  using	
  HPLC	
  and	
  subsequently	
  presence	
  of	
  any	
  electroactive	
  

species	
  is	
  quantified	
  using	
  electrochemical	
  detection.	
  While	
  microdialysis	
  with	
  HPLC	
  and	
  

electrochemical	
   detection	
   permit	
   concurrent	
   detection	
   of	
   several	
   electroactive	
  

compounds	
   at	
   very	
   low	
   levels,	
   FCV	
   provides	
   significantly	
   better	
   temporal	
   and	
   spatial	
  

resolution.	
  FCV	
  recording	
  sweeps	
  happen	
  on	
  the	
  order	
  of	
  milliseconds	
  (5	
  ms	
  for	
  our	
  set	
  

up),	
  whilst	
  dialysate	
   samples	
   for	
  HPLC	
  are	
  normally	
   collected	
  over	
  minutes	
  and	
  hours,	
  

enabling	
  detection	
  of	
  slow	
  changes	
  in	
  transmitter	
  release	
  or	
  basal	
  neurochemical	
  levels	
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only.	
   The	
   large	
   size	
   of	
   microdialysis	
   probes,	
   ranging	
   from	
   ~	
   250	
   µm	
   to	
   ~	
   1	
   mm,	
   on	
  

average	
  disrupts	
  tissue	
  integrity	
  up	
  to	
  ~	
  1.5	
  mm	
  away	
  from	
  the	
  probe	
  implantation	
  site	
  

(Clapp-­‐Lilly	
  et	
  al.,	
  1999).	
  Thus,	
  microdialysis	
  probes	
  limit	
  sampling	
  to	
  considerably	
  larger	
  

areas	
   than	
   CFMs	
   (~	
   10	
   µm),	
   which	
   provide	
   significantly	
   better	
   spatial	
   resolution	
   and	
  

ensure	
   minimal	
   tissue	
   damage	
   (Peters	
   et	
   al.,	
   2004).	
   Tissue	
   trauma	
   associated	
   with	
  

microdialysis	
  probe	
  implantation,	
  both	
  during	
  its	
  insertion	
  through	
  the	
  tissue	
  and	
  at	
  the	
  

recording	
   site,	
   is	
   also	
   a	
   significant	
   shortcoming.	
   In	
   particular,	
   tissue	
   damage	
   generally	
  

produces	
  results	
  that	
  are	
  different	
  from	
  what	
  the	
  true	
  state	
  of	
  neurotransmission	
  would	
  

be	
  at	
  an	
  uninjured	
  site	
  (Yang	
  and	
  Michael,	
  2007).	
  Further,	
  in	
  FCV	
  experiments	
  detection	
  

of	
   electroactive	
   compounds	
   happens	
   in	
   situ	
   and	
   no	
   specimens	
   are	
   removed,	
   ensuring	
  

normal	
  homeostatic	
  processes	
  remain	
  unaltered.	
  	
  

2.2.3	
  Fast-­scan	
  cyclic	
  voltammetry:	
  principles	
  of	
  voltammetric	
  detection	
  

of	
  extracellular	
  dopamine	
  	
  

	
   The	
  Faradaic	
   current	
   recorded	
  with	
  FCV	
  provides	
  a	
   read-­‐out	
  of	
   redox	
   reactions	
  

happening	
   at	
   CFMs,	
   arising	
   from	
   voltage	
   scan	
   sweeps	
   encompassing	
   the	
   potentials	
  

known	
   to	
   oxidise	
   the	
   neurochemical	
   of	
   interest.	
   For	
   electrochemical	
   detection	
   of	
   DA,	
  

voltage	
   scan	
   from	
   negative	
   to	
   positive	
   potential	
   oxidises	
   DA	
   to	
   dopamine-­‐o-­‐quinone,	
  

which	
  is	
  subsequently	
  reduced	
  back	
  to	
  DA	
  during	
  positive	
  to	
  negative	
  phase	
  of	
  the	
  scan	
  

(Figure	
  2.2a).	
  The	
  amount	
  of	
  current	
  generated	
  by	
  DA	
  redox	
  reactions	
  is	
  proportional	
  to	
  

its	
  concentration	
  in	
  tissue,	
  and	
  thus	
  the	
  extracellular	
  concentration	
  of	
  DA	
  ([DA]o)	
  can	
  be	
  

determined	
  from	
  a	
  known	
  calibration	
  value.	
  	
  

The	
   resulting	
   cyclic	
   voltammograms	
   from	
   these	
   redox	
   reactions	
   also	
   help	
   to	
  

identify	
  the	
  detected	
  species,	
  as	
  each	
  compound	
  has	
  a	
  characteristic	
  signature	
  of	
  typical	
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oxidation	
   and	
   reduction	
   potentials.	
   Experimentally	
   recorded	
   voltammograms	
   can	
   be	
  

directly	
   compared	
   to	
   voltammograms	
   from	
   electrode	
   calibration	
   with	
   a	
   fixed	
  

concentration	
  of	
  a	
  given	
  electrochemical	
  compound,	
  to	
  ascertain	
  neurochemical	
  identity	
  

and	
  consider	
  whether	
  there	
  is	
  any	
  cross-­‐contamination	
  from	
  other	
  electroactive	
  species.	
  

Importantly,	
   because	
   the	
   transmitter	
   being	
   detected	
   in	
   the	
   extracellular	
   space	
   comes	
  

from	
   the	
   direct	
   vicinity	
   of	
   the	
   recording	
   CFM,	
   FCV	
   data	
   suffers	
   significantly	
   less	
   from	
  

signal	
  distortion	
  due	
  to	
  component	
  diffusion	
  away	
  from	
  the	
  release	
  sites	
  (Wightman	
  et	
  

al.,	
   1988),	
   as	
   diffusion	
   away	
   from	
   the	
   recording	
   electrode	
   is	
   equal	
   to	
   transmitter	
  

diffusion	
  towards	
  it.	
  	
  

2.2.4	
  Waveform	
  scan	
  for	
  detection	
  of	
  [DA]o	
  

	
   Electrochemical	
  properties	
  of	
  the	
  compound	
  to	
  be	
  detected	
  determine	
  the	
  shape	
  

of	
  the	
  voltage	
  scan	
  waveform.	
  For	
  the	
  purposes	
  of	
  electrochemical	
  detection	
  of	
  DA	
  with	
  

FCV,	
  a	
  biphasic	
  triangular	
  waveform	
  scan	
  is	
  commonly	
  used.	
  DA	
  adsorption	
  on	
  the	
  CFM	
  

surface	
  during	
   triangular	
   scan	
  waveform	
   is	
   relatively	
   low,	
  and	
   is	
   further	
   limited	
  by	
   the	
  

electrode	
   being	
   switched	
   out	
   of	
   circuit	
   in	
   between	
   sweeps.	
   Moreover,	
   triangular	
  

waveform	
   introduces	
   fewer	
   recording	
   artefacts	
   due	
   to	
   multiple	
   switches	
   in	
   polarity	
  

(Threlfell	
   and	
   Cragg,	
   2007),	
   yet	
   allows	
   for	
   monitoring	
   of	
   the	
   reduction	
   potential	
  

signature	
  to	
  distinguish	
  DA	
  from	
  neurotransmitters	
  with	
  similar	
  oxidation	
  profiles	
  such	
  

as	
  5-­‐HT.	
  	
  

	
   Our	
  laboratory	
  uses	
  triangular	
  current	
  scan	
  waveform	
  against	
  Ag/AgCl	
  reference	
  

electrode	
  from	
  -­‐0.7	
  V	
  to	
  +1.3	
  V	
  and	
  back	
  to	
  -­‐0.7	
  V.	
  This	
  scan	
  range	
  allows	
  capturing	
  the	
  

expected	
   oxidation	
   and	
   reduction	
   peaks	
   for	
   DA	
   occurring	
   at	
   +630	
   mV	
   and	
   -­‐250	
   mV,	
  

respectively	
  (Figure	
  2.2b).	
  The	
  cyclic	
  component	
  of	
  FCV	
  approach	
  comes	
  from	
  induction	
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and	
   recording	
  of	
  both	
  oxidation	
  and	
   reduction	
  elements	
  of	
   the	
   redox	
   cycle.	
  Return	
   to	
  

the	
  baseline	
  zero	
  current	
  at	
  the	
  end	
  of	
  each	
  scan	
  facilitates	
  maintenance	
  of	
  unperturbed	
  

electrochemical	
   environment	
   as	
   it	
   allows	
   diffusion	
   to	
   replenish	
   oxidized	
   agents	
  

(Stamford	
  et	
  al.,	
  1992).	
  The	
  negative	
  phase	
  of	
  the	
  scan	
  which	
  reduces	
  oxidised	
  DA	
  also	
  

allows	
   sampling	
   of	
   evoked	
   DA	
   release	
   with	
   minimal	
   consumption,	
   ensuring	
   more	
  

accurate	
   quantification	
   of	
   extracellular	
   DA	
   release	
   and	
   uptake	
   compared	
   to	
  

amperometry	
  (Schönfuss	
  et	
  al.,	
  2001;	
  Venton	
  et	
  al.,	
  2003).	
  	
  

	
   The	
  scan	
  duration	
  of	
  5	
  ms	
  with	
  return	
  to	
  baseline	
  zero	
  current	
  lasting	
  for	
  another	
  

120	
  ms	
  enables	
  sampling	
  rate	
  of	
  800	
  V/s	
  during	
  our	
  FCV	
  experiments.	
  	
  Thus,	
  the	
  entire	
  

scan	
   lasting	
  no	
   longer	
   than	
  5	
  ms	
  during	
  which	
   scan	
  wave	
  goes	
  2	
  V	
  up	
  and	
  2	
  V	
  down,	
  

approximates	
   the	
   duration	
   of	
   physiological	
   neurotransmitter	
   release	
   events	
   which	
  

happen	
  on	
   the	
  order	
  of	
  milliseconds.	
   In	
   turn,	
   scan	
   frequency	
  of	
  8	
  Hz	
  enables	
  accurate	
  

read-­‐out	
  of	
  [DA]o	
  in	
  tissue	
  every	
  125	
  ms.	
  Other	
  groups	
  choose	
  different	
  scan	
  waveforms,	
  

but	
  variation	
  in	
  these	
  setting	
  will	
  affect	
  sensitivity,	
  selectivity	
  and	
  temporal	
  resolution	
  of	
  

FCV	
  measurements	
  (Armstrong-­‐James	
  et	
  al.,	
  1980;	
  Kennedy	
  et	
  al.,	
  1992).	
  	
  

2.2.5	
  Carbon	
  fibre	
  microelectrodes	
  for	
  recording	
  [DA]o	
  

	
   First	
   invented	
   by	
   Francois	
   Gonon	
   (Gonon	
   et	
   al.,	
   1978,	
   1980)	
   and	
   Julian	
  Millar	
  

(Armstrong-­‐James	
  and	
  Millar,	
  1979;	
  Armstrong-­‐James	
  et	
  al.,	
  1980),	
  CFMs	
  revolutionized	
  

voltammetry	
  applications	
  in	
  neuroscience	
  and	
  enabled	
  development	
  of	
  FCV	
  in	
  its	
  current	
  

form.	
  7	
  µm	
   in	
  diameter,	
   the	
   size	
  of	
   commonly	
  used	
  CFMs	
  exceed	
   the	
   size	
  of	
   synaptic	
  

cleft	
   (~10	
   nm),	
   but	
   permits	
   sampling	
   of	
   transmitter	
   which	
   escaped	
   confines	
   of	
   the	
  

synapse.	
   Thus,	
   CFMs	
   are	
  well	
   suited	
   to	
  monitoring	
   volume	
   transmission,	
   including	
  DA	
  

neurotransmission	
   (Rice	
   and	
   Cragg,	
   2008).	
   The	
   length	
   of	
   a	
   typical	
   electrode	
   (~50-­‐120	
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µm)	
  also	
  ensures	
  sampling	
  from	
  a	
  population	
  of	
  DA	
  releasing	
  sites,	
  rather	
  than	
  a	
  single	
  

site.	
  This	
   could	
  arguably	
  provide	
  a	
  more	
   representative	
  estimate	
  of	
  neurotransmission	
  

properties	
   within	
   a	
   given	
   sampling	
   region,	
   primarily	
   due	
   to	
   characteristic	
   release	
  

heterogeneity	
   within	
   a	
   single	
   site	
   and	
   between	
   different	
   transmitter	
   releasing	
   sites.	
  

Consequently,	
  population	
  sampling	
  supported	
  by	
  FCV	
  at	
  CFMs	
  is	
  expected	
  to	
  provide	
  a	
  

more	
  accurate	
  estimate	
  of	
  the	
  average	
  or	
  typical	
  transmitter	
  release	
  state.	
  	
  

	
   The	
   small	
   size	
   of	
   CFMs	
   incurs	
   little	
   or	
   no	
   tissue	
   damage	
   both	
   for	
   in	
   vivo	
  

experiments	
   requiring	
   electrode	
   implantation	
   and	
   for	
   in	
   vitro	
   sampling	
   of	
   release	
   in	
  

acute	
   slices.	
   Further,	
   unlike	
   carbon	
   paste	
   electrodes,	
   the	
   active	
   surface	
   of	
   a	
   CFM	
   is	
  

largely	
  parallel	
  to	
  the	
  tissue	
  surface	
  during	
  insertions,	
  and	
  thus	
  is	
  less	
  likely	
  to	
  be	
  coated	
  

with	
  tissue	
  fragments	
  which	
  frequently	
  render	
  electrode	
  unusable.	
  Yet,	
  electrode	
  fouling	
  

with	
  tissue	
  fragments	
  still	
  happens	
  with	
  CFMs,	
  and	
  because	
  it	
  typically	
  alters	
  electrode	
  

properties,	
   including	
   electrode	
   response	
   time,	
   we	
   use	
   CFMs	
   only	
   once	
   and	
   always	
  

calibrate	
  them	
  at	
  the	
  end	
  of	
  the	
  experiment.	
  	
  	
  

2.2.5.1	
  Carbon	
  fibre	
  microelectrode	
  sensitivity	
  and	
  selectivity	
  

	
   A	
   typical	
   CFM	
   has	
   a	
   fast	
   response	
   time,	
   and	
   hence	
   is	
   well	
   suited	
   to	
   kinetic	
  

characterization	
  of	
  DA	
  release	
  events,	
  including	
  the	
  time	
  course	
  of	
  signal	
  build-­‐up	
  during	
  

exocytotic	
   release,	
   and	
  decay	
  due	
   to	
  diffusion	
  of	
   [DA]o	
   away	
   from	
   the	
  CFM	
  and	
   [DA]o	
  

uptake	
   by	
   transporters.	
   However,	
   sensitivity	
   of	
   CFMs	
   is	
   limited,	
   and	
   therefore	
   FCV	
   at	
  

CFMs	
  is	
  most	
  appropriate	
  for	
  monitoring	
  evoked	
  release	
  events.	
  In	
  particular,	
  recording	
  

of	
   spontaneous	
   neurotransmission	
   may	
   be	
   difficult	
   if	
   extracellular	
   neurotransmitter	
  

levels	
   are	
   below	
   the	
   detection	
   threshold	
   of	
   a	
   CFM.	
   Thus,	
   the	
   reported	
   lack	
   of	
  

spontaneous	
   striatal	
   DA	
   release	
   in	
   vitro	
   may	
   not	
   be	
   due	
   to	
   the	
   actual	
   absence	
   of	
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transmitter	
   release	
   from	
   dopaminergic	
   terminals	
   severed	
   from	
   their	
   parent	
   somas.	
  

Instead,	
   spontaneous	
  DA	
   release	
   events	
  may	
  occur,	
   but	
   the	
   [DA]o	
   could	
   be	
   below	
   the	
  

detection	
  threshold.	
  Typical	
  sensitivity	
  of	
  CFMs	
  to	
  DA	
  used	
  in	
  the	
  current	
  work	
  was	
  on	
  

the	
   order	
   of	
   15-­‐30	
   nA/µM	
   as	
   determined	
   from	
   CFMs	
   calibration	
   with	
   a	
   fixed	
   DA	
  

concentration,	
   and	
  detection	
   limits	
  were	
  ~	
  100	
  nM	
  as	
   calculated	
  based	
  on	
  2	
   standard	
  

deviations	
  above	
  the	
  noise	
  level.	
  

	
   Signals	
   recorded	
  at	
  CFMs	
   in	
  FCV	
  experiments	
  presented	
  here	
  were	
  classified	
  as	
  

DA	
   by	
   comparing	
   the	
   potentials	
   for	
   peak	
   oxidation	
   (+500-­‐600	
   mV	
   vs.	
   Ag/AgCl)	
   and	
  

reduction	
  (-­‐250	
  mV	
  vs.	
  Ag/AgCl)	
  with	
  currents	
  recorded	
  during	
  calibration	
  with	
  2	
  µM	
  DA	
  

dissolved	
   in	
   experimental	
   media,	
   i.e.	
   calibration	
   voltammograms	
   (Figure	
   2.3).	
   The	
  

signature	
  cyclic	
  voltammograms	
  allow	
  for	
  a	
  reasonable	
  certainty	
  regarding	
  the	
   identity	
  

of	
  detected	
  DA.	
  Nonetheless,	
  there	
  still	
  exists	
  a	
  possibility	
  of	
  cross	
  contamination	
  from	
  

other	
   electroactive	
   substances,	
   such	
   as	
   acids	
   (e.g.	
   ascorbic	
   acid),	
   DA	
   metabolites	
  

(DOPAC)	
   or	
   other	
   transmitters	
   (5-­‐HT	
   and	
   NA),	
   especially	
   for	
   small	
   or	
   noisy	
   signals.	
  

Therefore,	
   double	
   confirmation	
   with	
   anatomical	
   (location)	
   and	
   pharmacological	
  

approaches	
  (receptors,	
  transporters,	
  known	
  modulators)	
  is	
  desirable,	
  and	
  was	
  employed	
  

in	
  present	
  investigations	
  where	
  appropriate.	
  	
  

	
   Another	
  way	
  to	
  circumvent	
  possible	
  cross-­‐contamination	
  from	
  related	
  species	
  in	
  

detecting	
  the	
  actual	
  electroactive	
  transmitter	
  over	
  its	
  metabolic	
  precursors	
  is	
  electrode	
  

pre-­‐treatment,	
   for	
   example	
   using	
   Nafion	
   coating	
   (Gerhardt	
   et	
   al.,	
   1984;	
   Crespi	
   et	
   al.,	
  

1988;	
   Kawagoe	
   et	
   al.,	
   1992;	
   Pihel	
   et	
   al.,	
   1996).	
   This	
   step	
   facilitates	
   an	
   increase	
   in	
  

sensitivity	
  of	
   the	
  CFMs	
   to	
  one	
  electroactive	
  component	
  over	
  others,	
   for	
  example	
  5-­‐HT	
  

over	
   5-­‐hydroxyindoleacetic	
   acid	
   and	
   uric	
   acid,	
   and	
   DA	
   over	
   ascorbic	
   acid	
   and	
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dihydroxyphenylacetic	
  acid.	
  This	
  procedure,	
  however,	
  can	
  also	
  change	
  electrode	
  kinetics	
  

making	
  it	
  slow.	
  Consequently,	
  electrode	
  pre-­‐treatment	
  is	
  not	
  widely	
  employed	
  for	
  FCV.	
  

The	
   latter	
   is	
   designed	
   to	
   measure	
   events	
   of	
   very	
   short	
   duration,	
   and	
   therefore	
   any	
  

kinetic	
   alterations	
   introduced	
   by	
   pre-­‐treatment	
   would	
   be	
   detrimental	
   to	
   detection	
   of	
  

release	
  events	
  lasting	
  only	
  a	
  few	
  milliseconds.	
   	
  

	
   Untreated	
  CFMs	
  themselves	
  have	
  differential	
  sensitivity	
  to	
  various	
  monoamines,	
  

with	
  2-­‐fold	
  greater	
  sensitivity	
  to	
  DA	
  over	
  NA	
  (Noga	
  et	
  al.,	
  2004),	
  and	
  3-­‐10	
  fold	
  greater	
  

sensitivity	
  to	
  5-­‐HT	
  than	
  DA	
  (Cragg	
  et	
  al.,	
  1997b).	
  This	
  characteristic	
  of	
  CFMs	
  ensures	
  that	
  

even	
   in	
   brain	
   regions	
   where	
   several	
   monoamine	
   neurotransmitters	
   are	
   present,	
   the	
  

intrinsic	
  electrode	
  sensitivity	
  allows	
  for	
  preferential	
  capture	
  of	
  one	
  signal	
  over	
  another.	
  

For	
  the	
  data	
  reported	
  here,	
  all	
  FCV	
  recordings	
  were	
  performed	
  in	
  striatum:	
  a	
  region	
  with	
  

high	
  density	
  DA	
  innervation,	
  and	
  relatively	
  low	
  contribution	
  from	
  5-­‐HT	
  or	
  NA	
  projection	
  

fibres,	
   as	
   evidenced	
   by	
   successful	
   DA	
   detection	
   in	
   striatum	
  both	
   in	
   vivo	
   (Ewing	
   et	
   al.,	
  

1983;	
  Millar	
  et	
  al.,	
  1985;	
  Stamford	
  et	
  al.,	
  1985)	
  and	
   in	
  vitro	
  (Rice	
  et	
  al.,	
  1985;	
  Kelly	
  and	
  

Wightman,	
  1987;	
  Bull	
  et	
  al.,	
  1990).	
  In	
  contrast	
  to	
  the	
  relatively	
  ‘clean’	
  profile	
  of	
  striatal	
  

DA	
  innervation,	
  cross-­‐contamination	
  from	
  other	
  electroactive	
  neurotransmitters	
  is	
  more	
  

likely	
   to	
   occur	
   in	
   other	
   regions	
   such	
   as	
   SNc	
   and	
   VTA	
   (Rice	
   et	
   al.,	
   1994;	
   Cragg	
   et	
   al.,	
  

1997b;	
  Iravani	
  and	
  Kruk,	
  1997;	
  Moukhles	
  et	
  al.,	
  1997;	
  John	
  et	
  al.,	
  2006).	
  For	
  example,	
  5-­‐

HT	
   and	
   DA	
   are	
   present	
   in	
   the	
   midbrain	
   at	
   comparable	
   extracellular	
   concentrations,	
  

meaning	
   that	
  careful	
  examination	
  of	
  voltammograms	
  and	
  pharmacology	
  are	
  necessary	
  

to	
   confirm	
   identity	
   of	
   the	
   detected	
   species.	
   The	
   same	
   cross-­‐contamination	
   challenge	
  

holds	
   true	
   of	
   NA	
   and	
   DA	
   co-­‐presence	
   in	
   the	
   bed	
   nucleus	
   of	
   stria	
   terminalis,	
   VTA	
   and	
  

subthalamic	
  nucleus	
  (Cragg	
  et	
  al.,	
  1997a,	
  2004;	
  Miles	
  et	
  al.,	
  2002;	
  Park	
  et	
  al.,	
  2009),	
  with	
  

the	
  added	
  complication	
  of	
  NA	
  and	
  DA	
  having	
  very	
  similar	
  voltammogram	
  signatures.	
  In	
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this	
  case,	
  inhibition	
  of	
  transmitter-­‐specific	
  transporters	
  is	
  vital	
  for	
  accurate	
  classification	
  

of	
  the	
  detected	
  species.	
  

2.2.5.2	
  Carbon	
  fibre	
  microelectrode	
  fabrication	
  	
  

	
   All	
  CFMs	
  used	
  in	
  experiments	
  presented	
  in	
  this	
  thesis	
  were	
  made	
  in-­‐house,	
  using	
  

epoxy-­‐free	
   carbon	
   fibre	
   7	
   µm	
   in	
   diameter	
   (Goodfellow	
   Cambridge	
   Ltd,	
   UK).	
   Single	
  

strands	
  of	
  carbon	
  fibre	
  were	
  threaded	
  through	
  borosilicate	
  glass	
  capillary	
  tubes	
  (Harvard	
  

Apparatus,	
  UK;	
  outer	
  diameter	
  2	
  mm,	
   inner	
  diameter	
  1.16	
  mm)	
   immersed	
   in	
  acetone.	
  

This	
  step	
  was	
  taken	
  to	
  facilitate	
  insertion	
  of	
  a	
  free-­‐floating	
  fibre	
  strand	
  inside	
  the	
  glass	
  

capillary,	
   and	
   remove	
   any	
   residual	
   epoxy	
   coating	
   from	
   the	
   fibre	
   surface.	
   Once	
   single	
  

fibre	
  strand	
  was	
   inserted	
  through	
  the	
  whole	
   length	
  of	
  the	
  capillary,	
  the	
  glass	
  tube	
  was	
  

removed	
  from	
  acetone,	
  dried	
  with	
  filter	
  paper	
  and	
  pulled	
  on	
  a	
  vertical	
  electrode	
  puller	
  

at	
  high	
  heat	
  setting	
  (Narishige,	
  Japan).	
  Pulled	
  capillaries	
  formed	
  two	
  glass	
  electrodes	
  of	
  

equal	
   length	
   with	
   carbon	
   fibre	
   remaining	
   inside	
   only	
   one	
   of	
   the	
   pulled	
   pipettes.	
   The	
  

latter	
  was	
  used	
   for	
  CFM	
  production.	
  Puller	
  heat	
   settings	
  were	
  adjusted	
  so	
   that	
  a	
   tight	
  

seal	
   between	
   glass	
   capillary	
   and	
   carbon	
   fibre	
  was	
   formed	
   to	
   ascertain	
   good	
  electrode	
  

quality	
  (i.e.	
  low	
  noise	
  levels),	
  whilst	
  the	
  glass/fibre	
  boundary	
  was	
  still	
  visible	
  under	
  100x	
  

microscope	
  objective	
  (10x	
  eyepiece	
  X	
  10x	
  objective)	
  to	
  cut	
  fibre	
  of	
  specific	
  length.	
  	
  

	
   The	
   exposed	
   end	
  of	
   the	
   fibre	
  was	
   cut	
   to	
   a	
   final	
   tip	
   length	
   of	
   ~	
   100	
  µm	
  with	
   a	
  

scalpel	
  blade,	
  ensuring	
  that	
  the	
  seal	
  between	
  carbon	
  fibre	
  and	
  glass	
  capillary	
  remained	
  

intact.	
  Then,	
  a	
  length	
  of	
  insulated	
  wire	
  was	
  cleared	
  of	
  its	
  plastic	
  coating	
  5	
  mm	
  from	
  both	
  

ends,	
   and	
   treated	
   with	
   conductive	
   silver	
   paint	
   at	
   one	
   end,	
   which	
   was	
   subsequently	
  

inserted	
  inside	
  the	
  glass	
  capillary.	
  Wire	
  was	
  fixed	
  in	
  place	
  with	
  cyanoacrylate	
  glue.	
  This	
  

wire	
  made	
  an	
  electronic	
  connection	
  between	
  the	
  carbon	
  fibre	
  and	
  the	
  voltammeter.	
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   Before	
  use	
  in	
  an	
  experiment,	
  CFMs	
  were	
  allowed	
  to	
  charge	
  in	
  tissue	
  for	
  at	
  least	
  

30	
  min	
  or	
  until	
  no	
  more	
  drift	
  in	
  full	
  signal	
  gain	
  was	
  observed	
  and	
  the	
  recording	
  baseline	
  

was	
  steady.	
  CFMs	
  were	
  inserted	
  ~100	
  µm	
  below	
  the	
  tissue	
  surface	
  at	
  a	
  45°	
  angle	
  (Figure	
  

2.4).	
  This	
  insertion	
  depth	
  was	
  chosen	
  to	
  ensure	
  that	
  the	
  entire	
  exposed	
  carbon	
  fibre	
  was	
  

embedded	
  within	
  the	
  slice,	
  while	
  angled	
  CFM	
  positioning	
  minimizes	
  tissue	
  damage.	
  Each	
  

fabricated	
  electrode	
  was	
  used	
  once	
  only,	
   to	
  prevent	
  changes	
   in	
  electrode	
  kinetics	
  and	
  

sensitivity	
   that	
   may	
   occur	
   due	
   to	
   DA	
   adsorption	
   on	
   the	
   CFM	
   surface	
   with	
   time	
   and	
  

fouling	
   of	
   the	
   electrode	
   surface	
   with	
   tissue	
   fragments,	
   which	
   by	
   far	
   is	
   the	
   most	
  

significant	
  contributor	
  to	
  changes	
  in	
  electrode	
  kinetics	
  and	
  sensitivity.	
  At	
  the	
  end	
  of	
  each	
  

experiment,	
  CFMs	
  were	
  calibrated	
  with	
  2	
  µM	
  DA	
  dissolved	
  in	
  experimental	
  media.	
  This	
  

concentration	
  of	
  DA	
  was	
  chosen	
  as	
  one	
   in	
   the	
   range	
  of	
  experimentally	
   recorded	
   [DA]o	
  

measurements	
   and	
  within	
   the	
   range	
  where	
   it	
   is	
   directly	
   proportional	
   to	
   the	
   current	
   it	
  

generates	
  	
  (Figure	
  2.5).	
  

2.2.6	
  Fast-­scan	
  cyclic	
  voltammetry:	
  recording	
  equipment	
  

	
   The	
  working	
  (CFM),	
  reference	
  (Ag/AgCl)	
  and	
  auxiliary	
  electrodes	
  were	
  connected	
  

via	
   a	
   headstage	
   to	
  Millar	
   voltammeter	
   (Julian	
  Millar,	
   Barts	
   and	
   the	
   London	
   School	
   of	
  

Medicine	
   and	
   Dentistry),	
   which	
   served	
   as	
   a	
   three-­‐electrode	
   potentiostat.	
   The	
   Millar	
  

voltammeter	
  was	
   connected	
   to	
  both	
   an	
  oscilloscope	
   for	
   continuous	
  monitoring	
  of	
   the	
  

applied	
   triangular	
   waveform	
   and	
   background-­‐subtracted	
   Faradaic	
   current,	
   and	
   data	
  

acquisition	
   system	
   (Digidata	
   1440A)	
   coupled	
   to	
   a	
   PC	
   via	
   an	
   acquisition	
   card	
   for	
   data	
  

recording	
   and	
   storage.	
   This	
   arrangement	
   creates	
   a	
   sample-­‐and-­‐hold	
   circuit,	
   which	
  

provides	
  background-­‐subtracted	
  voltammograms	
  of	
  the	
  detected	
  substance,	
  in	
  this	
  case	
  

DA,	
  that	
  can	
  be	
  monitored	
  in	
  real	
  time	
  and	
  the	
  signal,	
  or	
  the	
  change	
  above	
  background,	
  

can	
   be	
   amplified	
   as	
   necessary.	
   Data	
   were	
   digitized	
   at	
   50	
   kHz	
   using	
   Digidata	
   1440A	
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acquisition	
   board	
   and	
   stored	
   for	
   off-­‐line	
   analysis.	
   All	
   signals	
   from	
   the	
   CFMs	
   were	
  

recorded	
   using	
   Whole	
   Cell	
   Program	
   (WCP)	
   (University	
   of	
   Strathclyde,	
   Glasgow)	
   or	
  

AxoScope	
  10.2	
  (Molecular	
  Devices)	
  software	
  packages.	
  	
  

	
   Stimuli	
   for	
   evoking	
   DA	
   release	
   were	
   generated	
   out-­‐of-­‐phase	
   with	
   the	
  

voltammetric	
  scans	
  to	
  prevent	
  stimulus	
  artefacts	
  from	
  clashing	
  with	
  DA	
  currents,	
  using	
  a	
  

dual	
   protocol	
   stimulator	
   pulse	
   generator	
   (Digitime	
   DS3,	
   UK)	
   triggered	
   by	
   Millar	
  

voltammeter.	
  Stimulation	
  pulses	
  varying	
  in	
  number	
  and	
  frequency	
  were	
  delivered	
  either	
  

to	
  an	
  electrical	
  stimulating	
  electrode	
  via	
  a	
  constant	
  current	
  isolated	
  stimulator	
  unit	
  (FHC,	
  

USA)	
  or	
  to	
  an	
  LED	
  system	
  directly	
  coupled	
  to	
  microscope	
  objective	
  via	
  fluorescence	
  arm.	
  

Stimuli	
   were	
   delivered	
   out	
   of	
   phase	
   with	
   the	
   voltammetric	
   scans	
   in	
   one	
   of	
   the	
   two	
  

different	
  ways.	
   Firstly,	
  by	
  blanking	
  any	
   stimuli	
  delivered	
  during	
  a	
  voltammetric	
   sweep;	
  

this	
  approach	
  was	
  employed	
  for	
   long	
  stimulation	
  protocols.	
  Secondly,	
  by	
   introducing	
  a	
  

fixed	
   duration	
   phase	
   delay	
   for	
   the	
   electronic	
   timing	
   circuit	
   to	
   offset	
   stimulus	
   onset	
  

clashing	
   with	
   the	
   ongoing	
   voltage	
   scan.	
   This	
   method	
   was	
   employed	
   for	
   all	
   routine	
  

experiments	
  using	
  short	
  and	
   intermediate	
  stimulus	
  durations.	
  Delivering	
  stimuli	
  out	
  of	
  

phase	
  with	
  FCV	
  current	
  scan	
  is	
  important	
  for	
  ensuring	
  that	
  stimulation	
  artefacts,	
  which	
  

are	
  common	
  in	
  electrical	
  stimulation	
  protocols	
  and	
  frequently	
  obscure	
  real	
  DA	
  peaks,	
  do	
  

not	
  distort	
  recorded	
  electrochemical	
  currents.	
  

2.2.7	
  Fast-­scan	
  cyclic	
  voltammetry	
  in	
  vitro	
  

	
   Although	
  FCV	
  was	
  initially	
  developed	
  as	
  an	
  in	
  vivo	
  method	
  and	
  is	
  widely	
  used	
  for	
  

monitoring	
   monoamines	
   in	
   intact	
   brain	
   (Stamford	
   et	
   al.,	
   1992;	
   Park	
   et	
   al.,	
   2011;	
  

Takmakov	
  et	
  al.,	
  2011),	
  there	
  are	
  several	
  advantages	
  to	
  using	
  FCV	
  in	
  slice	
  work.	
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   Firstly,	
   in	
  vitro	
  approach	
  affords	
  precise	
  control	
  over	
  physiological	
  environment	
  

during	
   data	
   acquisition.	
   Thus,	
   most	
   physiological	
   factors	
   that	
   significantly	
   influence	
  

signal	
  detection,	
  such	
  as	
   ionic	
  composition,	
  temperature,	
  oxygenation	
  and	
  pH	
  levels	
  of	
  

the	
  media,	
  can	
  be	
  readily	
  adjusted	
  to	
  meet	
  experimental	
  demands.	
  On	
  the	
  other	
  hand,	
  

work	
   in	
  acute	
  slices	
  means	
   that	
  a	
  non-­‐physiological	
  preparation	
   is	
  used,	
  as	
   the	
   readily	
  

adjustable	
  pH,	
  temperature	
  and	
  salt	
  content	
  of	
  superfusates	
  are	
  not	
  native.	
  Nonetheless	
  

slice	
   recordings	
   enable	
   better	
   control	
   over	
   concentrations	
   of	
   the	
   applied	
   drugs	
   in	
  

addition	
   to	
   reducing	
   interference	
   from	
   other	
   transmitter	
   systems.	
   Control	
   over	
   drug	
  

concentrations	
   is	
   particularly	
   difficult	
   for	
   in	
   vivo	
   recordings	
   that	
   rely	
   on	
   systemic	
  

administration	
   of	
   pharmacological	
   agents	
   as	
   drug	
   metabolism	
   and	
   pharmacokinetics	
  

frequently	
   change	
   drug	
   concentration,	
   making	
   it	
   difficult	
   to	
   determine	
   the	
   final	
   drug	
  

dose	
   at	
   the	
   site	
   of	
   interest.	
   Likewise,	
   contribution	
   from	
   different	
   neurotransmitter	
  

systems	
  makes	
   it	
  difficult	
  to	
  unpick	
  the	
  circuits	
   involved	
  due	
  to	
   intact	
  connectivity	
  and	
  

inability	
   to	
   precisely	
   control	
   the	
   concentration	
   of	
   the	
   applied	
   receptor	
  

agonists/antagonists	
  which	
  may	
  show	
  selectivity	
  only	
  at	
  certain	
  concentrations.	
  

	
   Secondly,	
   visually	
   guided	
   electrode	
   placement	
   in	
   vitro	
   using	
   known	
   anatomical	
  

landmarks	
  ensures	
  precise	
  targeting	
  of	
  the	
  CFM	
  towards	
  the	
  intended	
  recording	
  site.	
  In	
  

contrast,	
  stereotaxic	
  coordinates,	
  which	
  only	
  offer	
  rough	
  approximations	
  for	
  localization	
  

of	
   the	
   site	
  of	
   interest,	
   guide	
   in	
   vivo	
   electrode	
  placements.	
   Therefore,	
   actual	
   electrode	
  

location	
   for	
   in	
   vivo	
   experiments	
   can	
   only	
   be	
   confirmed	
   post-­‐hoc,	
   and	
   electrode	
  

misplacement	
   is	
   a	
   relatively	
   frequent	
   occurrence,	
   meaning	
   the	
   animal	
   use	
   is	
   often	
  

greater.	
  Also,	
  in	
  vitro	
  recordings	
  allow	
  multiple	
  electrode	
  placements	
  and	
  therefore	
  data	
  

collections	
  from	
  multiple	
  recording	
  sites	
  during	
  the	
  same	
  experiment	
  is	
  possible.	
  In	
  this	
  

configuration	
   FCV	
   approach	
   can	
   also	
   be	
   combined	
   with	
   other	
   techniques	
   for	
   which	
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visualization	
   is	
   beneficial,	
   such	
   as	
   electrophysiology	
   (Stamford	
   et	
   al.,	
   1993),	
   or	
   crucial,	
  

such	
  as	
  calcium	
  imaging.	
  

	
   Finally,	
   in	
   vitro	
   preparations	
   facilitate	
   the	
   study	
   of	
   isolated	
   circuits	
   due	
   to	
  

simplified	
  connectivity	
  profile	
  of	
  the	
  slice.	
  A	
  number	
  of	
  afferent	
  and	
  efferent	
  projection	
  

pathways	
  present	
  in	
  an	
  intact	
  brain	
  are	
  severed,	
  reducing	
  the	
  barrage	
  of	
   incoming	
  and	
  

outgoing	
  synaptic	
  messages.	
  Yet,	
  basic	
  local	
  circuitry	
  composed	
  of	
  different	
  neuron	
  and	
  

interneuron	
   types,	
   glia	
   cells	
   and	
   modulatory	
   transmitters	
   remains	
   intact.	
   Conversely,	
  

removing	
   interference	
   from	
   large-­‐scale	
   afferent	
   projections	
   and	
   feedback	
   loops	
   could	
  

change	
   the	
   rules	
   that	
   govern	
   interactions	
   between	
   neurotransmitters	
   and	
   their	
  

regulatory	
   elements,	
   and	
   in	
   particular	
   obscure	
   the	
   contribution	
   from	
   other	
   circuit	
  

elements	
   that	
  may	
  be	
   absent	
   in	
   a	
   slice	
  preparation.	
   Consequently,	
   some	
  observations	
  

may	
  not	
  be	
  strictly	
  physiological	
  and	
  require	
  cautious	
  extrapolation	
  to	
  in	
  vivo	
  context.	
  

2.3	
  Preparation	
  of	
  acute	
  slices	
  for	
  monitoring	
  striatal	
  [DA]o	
  in	
  vitro	
  

2.3.1	
  Animals	
  

	
   All	
   animal	
   procedures	
  were	
   approved	
   by	
   the	
   Ethical	
   Review	
   Committee	
   of	
   the	
  

University	
  of	
  Oxford,	
   and	
  performed	
  under	
   the	
  authority	
  of	
   a	
  UK	
  Home	
  Office	
  Project	
  

Licence	
   in	
   accordance	
   with	
   the	
   Animals	
   (Scientific	
   Procedures)	
   Act	
   1986	
   (amended	
  

2012).	
  

	
   For	
  the	
  experimental	
  work	
  reported	
  here,	
  mouse	
  (mus	
  musculus)	
  was	
  the	
  species	
  

of	
  choice	
  for	
  several	
  reasons.	
  Firstly,	
  as	
  a	
  mammalian	
  species,	
  mouse	
  models	
  enable	
  the	
  

study	
   of	
   systems	
   closely	
   related	
   to	
   human,	
   with	
   particularly	
   high	
   homology	
   for	
  

phylogenetically	
   conserved	
   pathways.	
   Secondly,	
   a	
   plethora	
   of	
   previous	
   voltammetry	
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experiments	
   used	
   mouse	
   models.	
   The	
   current	
   results,	
   therefore,	
   can	
   be	
   directly	
  

compared	
  with	
  other	
  studies,	
  given	
  the	
  background	
  strain	
  used	
  was	
  the	
  same.	
  Thirdly,	
  

across	
  all	
  mammalian	
  species	
  currently	
  used	
  in	
  scientific	
  research,	
  understanding	
  of	
  and	
  

ability	
   to	
  manipulate	
  mouse	
  genome	
   is	
   the	
  most	
  advanced.	
  Numerous	
  transgenic	
   lines	
  

carrying	
  tailor-­‐made	
  genetically	
  encoded	
  changes,	
  such	
  as	
  carrying	
  specific	
  transgenes	
  to	
  

model	
  human	
  disease,	
  or	
  expressing	
  proteins	
  in	
  cell-­‐specific	
  manner,	
  such	
  as	
  Cre-­‐mouse	
  

driver	
  lines,	
  are	
  readily	
  available	
  off-­‐the-­‐shelf.	
  Finally,	
  work	
  with	
  mouse	
  models	
  enables	
  

the	
  use	
  of	
  lower	
  order	
  mammalian	
  species	
  compared	
  to	
  rat	
  or	
  primate,	
  yet	
  the	
  species	
  

which	
   can	
   directly	
   inform	
  work	
   in	
   other	
  mammals.	
   Experiments	
   presented	
   here,	
   used	
  

several	
  different	
  mouse	
  lines	
  bred	
  on	
  pure	
  C57Bl6/J	
  background.	
  	
  

	
   Wild	
   type	
   (WT)	
   C57Bl6/J	
   mice	
   (Charles	
   River)	
   were	
   chosen	
   for	
   routine	
  

experiments	
  requiring	
  control	
  WT	
  data	
  and	
  for	
  pilot	
  experiments	
   in	
  Chapter	
  3.	
  For	
  the	
  

work	
  characterizing	
  a	
  mouse	
  model	
  of	
  Parkinson’s	
  disease	
  in	
  Chapter	
  5,	
  mice	
  expressing	
  

high	
   levels	
   of	
   human	
   wild	
   type	
   α-­‐synuclein	
   on	
   a	
   mouse	
   α-­‐synuclein	
   knockout	
  

background	
   (SNCA	
  OVX)	
   and	
  α-­‐synuclein	
   knockout	
   littermate	
   controls	
   (Snca	
   -­‐/-­‐)	
   were	
  

used	
   (Janezic	
   et	
   al.,	
   2013).	
   These	
   studies	
   were	
   further	
   extended	
   by	
   using	
   Synapsin	
   3	
  

knockout	
  mice	
  (Feng	
  et	
  al.,	
  2002;	
  Kile	
  et	
  al.,	
  2010)	
  on	
  WT	
  (Synapsin	
  3	
  -­‐/-­‐)	
  or	
  mouse	
  α-­‐

synuclein	
  null	
  (Synapsin	
  3	
  -­‐/-­‐	
  Snca	
  -­‐/-­‐)	
  background.	
  

For	
  optogenetic	
  experiments	
   in	
  Chapters	
  3	
  and	
  4,	
   several	
  Cre-­‐driver	
   lines	
  were	
  

employed,	
  including	
  CaMK2a-­‐Cre,	
  ChAT-­‐Cre	
  and	
  DAT-­‐Cre	
  lines	
  on	
  C57Bl6/J	
  background.	
  

The	
  Cre-­‐driver	
  lines	
  were	
  employed	
  for	
  opsin	
  transduction	
  using	
  Cre-­‐loxP	
  system,	
  which	
  

restricts	
   transgene	
   expression	
   to	
   neuronal	
   populations	
   expressing	
   Cre-­‐recombinase	
  

following	
   floxed	
  vector	
   injections.	
  Transgenic	
  mouse	
   lines	
  used	
   in	
   this	
  work	
  selectively	
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expressed	
  Cre-­‐recombinase	
  protein	
   in	
  neurons	
  positive	
   for	
  Ca2+	
   calmodulin-­‐dependent	
  

kinase	
   II	
   (CaMK2),	
   choline	
   acetyltransferase	
   (ChAT)	
   or	
   dopamine	
   transporter	
   (DAT),	
  

respectively.	
   The	
   transgenic	
   Cre	
   mice	
   were	
   bred	
   locally	
   from	
   homozygote	
   for	
   ChAT-­‐

internal	
   ribosome	
   entry	
   site	
   (IRES)-­‐Cre,	
   DAT-­‐IRES-­‐Cre,	
   or	
   CaMK2-­‐Cre	
   obtained	
   from	
  

Jackson	
   Laboratories	
   (B6.129S6-­‐Chattm1(cre)Lowl/J,	
   stock	
   006410;	
   B6.SJL-­‐Slc6a3tm1.1(cre)Bkmn	
  

/J,	
   stock	
   006660;	
   B6.Cg-­‐Tg(CaMK2a-­‐Cre)T29-­‐1Stl/J,	
   stock	
   005359).	
   For	
   generation	
   of	
  

heterozygous	
   lines,	
   predominantly	
   employed	
   for	
   the	
   work	
   described	
   here,	
   male	
  

homozygous	
  Cre-­‐expressing	
   transgenic	
  males	
  were	
   crossed	
  with	
  WT	
  C57Bl6/J	
   females.	
  

For	
   optogenetic	
   experiments	
   exploring	
   the	
   role	
   of	
   cholinergic	
   brainstem	
   afferents	
   in	
  

driving	
   ACh-­‐evoked	
   striatal	
   DA	
   release	
   in	
   Chapter	
   4,	
   ChAT-­‐Cre	
   rats	
   were	
   also	
   used	
  

(Witten	
  et	
  al.,	
  2011;	
  Dautan	
  et	
  al.,	
  2014).	
  

	
   All	
  mouse	
  and	
  rat	
  lines	
  were	
  maintained	
  on	
  a	
  12h	
  light/dark	
  cycle	
  with	
  ad	
  libitum	
  

access	
  to	
  food	
  and	
  water.	
  	
  

2.3.2	
  Preparation	
  and	
  maintenance	
  of	
  acute	
  brain	
  slices	
  for	
  FCV	
  

	
   Mice	
  were	
  sacrificed	
  by	
  cervical	
  dislocation	
  or	
  overdose	
  of	
  isoflurane	
  anaesthesia	
  

and	
   decapitated.	
   Rats	
   were	
   deeply	
   anaesthetised	
   with	
   isoflurane	
   and	
   decapitated.	
  

Brains	
  were	
   quickly	
   removed	
   from	
   the	
   skulls	
   and	
   placed	
   in	
   ice-­‐cold	
   oxygenated	
   aCSF.	
  

Acute	
  300	
  µm-­‐thick	
  coronal	
  slices	
  were	
  cut	
  on	
  a	
  vibratome	
  (Leica	
  VT1200S)	
  with	
  tissue	
  

submerged	
   in	
   ice-­‐cold	
   continuously	
   oxygenated	
   solution.	
   Coronal	
   slices,	
   containing	
  

caudate-­‐putamen	
   (CPu)	
   and	
   nucleus	
   accumbens	
   (NAc)	
   (+1.5	
   mm	
   to	
   +0.5	
   mm	
   from	
  

bregma	
   in	
  mouse,	
   Paxinos	
   and	
   Franklin,	
   2008),	
  were	
   collected	
   for	
   experiments.	
   For	
   a	
  

subset	
   of	
   experiments	
   where	
   electrical	
   stimulation	
   of	
   corticostriatal	
   fibres	
   was	
  

employed,	
  acute	
  300	
  µm-­‐thick	
  slices	
  containing	
  CPu	
  and	
  NAc	
  were	
  cut	
  in	
  sagittal	
  plane.	
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   Once	
   cut,	
   sections	
   were	
   incubated	
   at	
   room	
   temperature	
   for	
   one	
   hour.	
   Then,	
  

individual	
   slices	
   were	
   transferred	
   to	
   a	
   recording	
   chamber	
   superfused	
   continuously	
   (2	
  

ml/min)	
  with	
  oxygenated	
  aCSF	
  at	
  32°C.	
  Slices	
  were	
  allowed	
  to	
  equilibrate	
  for	
  at	
  least	
  30	
  

min	
   in	
   the	
   recording	
   chamber,	
  whilst	
   the	
   CFM	
  was	
   charging	
   in	
   tissue.	
   This	
   incubation	
  

time	
  is	
  determined	
  by	
  ascorbate	
  and	
  DOPAC	
  degradation,	
  which	
  happens	
  after	
  30	
  min	
  of	
  

slice	
  incubation	
  in	
  a	
  superfused	
  bath	
  (Schenk	
  et	
  al.,	
  1983;	
  Rice	
  et	
  al.,	
  1994).	
  Therefore,	
  

pre-­‐experimental	
  incubation	
  in	
  the	
  recording	
  chamber	
  eliminates	
  the	
  potential	
  for	
  cross-­‐

contamination	
  of	
  DA	
  signals	
  from	
  these	
  compounds.	
  Further,	
  30	
  min	
  equilibration	
  time	
  

allows	
  slice	
  physiology	
  to	
  adjust	
  to	
  different	
  temperature	
  and	
   ionic	
  composition	
  of	
  the	
  

superfusate	
  and	
  for	
  the	
  CFM	
  to	
  charge.	
  	
  

	
   For	
  all	
  optogenetic	
  experiments,	
  slices	
  were	
  cut	
  in	
  high	
  Mg2+	
  solution	
  containing	
  

in	
  mM:	
  85	
  NaCl,	
  25	
  NaHCO3,	
  2.5	
  KCl,	
  1.25	
  NaH2PO4,	
  0.5	
  CaCl2,	
  7	
  MgCl2,	
  10	
  glucose,	
  75	
  

sucrose,	
  and	
  maintained	
  in	
  aCSF	
  containing	
  in	
  mM:	
  130	
  NaCl,	
  25	
  NaHCO3,	
  2.5	
  KCl,	
  1.25	
  

NaH2PO4,	
  2	
  CaCl2,	
  2	
  MgCl2,	
  10	
  glucose.	
  For	
  all	
  other	
  FCV	
  experiments,	
  for	
  slice	
  cutting	
  

and	
  maintenance,	
  HEPES-­‐buffered	
  aCSF	
  was	
  used	
  containing	
  in	
  mM:	
  120	
  NaCl,	
  5	
  KCl,	
  20	
  

NaHCO3,	
  6.7	
  HEPES	
  acid,	
  3.3	
  HEPES	
  salt,	
  2	
  CaCl2,	
  2	
  MgSO4,	
  1.2	
  KH2PO4,	
  10	
  glucose,	
  and	
  

bath	
  perfusion	
  media	
  was	
  bicarbonate-­‐buffered	
  aCSF	
   containing	
   in	
  mM:	
  124	
  NaCl,	
  3.7	
  

KCl,	
  26	
  NaHCO3,	
  2.4	
  CaCl2,	
  1.3	
  MgSO4,	
  1.3	
  KH2PO4,	
  10	
  glucose.	
  

2.4	
  Fast-­scan	
  cyclic	
  voltammetry	
  data	
  acquisition	
  and	
  processing	
  

2.4.1	
  Data	
  acquisition	
  

	
   After	
   slices	
   were	
   transferred	
   to	
   the	
   recording	
   chamber	
   superfused	
   with	
  

oxygenated	
   aCSF	
   at	
   32°C	
   and	
   allowed	
   to	
   equilibrate	
   for	
   30	
  min,	
   FCV	
   recordings	
  were	
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performed	
   in	
   different	
   sites	
   of	
   interest	
   in	
   striatum.	
   The	
   choice	
   of	
   sampling	
   regions	
   is	
  

explained	
   in	
   more	
   detail	
   in	
   each	
   individual	
   results	
   chapter.	
   Light	
   or	
   electrical	
  

stimulations	
  were	
   delivered	
   every	
   2.5	
  min.	
   The	
   choice	
   of	
   stimulation	
   protocols	
   is	
   also	
  

explained	
   in	
   individual	
   results	
   chapters.	
  Electrically	
  or	
   light	
  evoked	
  DA	
   transients	
  were	
  

recorded	
  before/during/after	
  drug	
  application	
  or	
  just	
  sampled	
  in	
  different	
  release	
  sites.	
  

2.4.2	
  Data	
  processing	
  and	
  statistical	
  analyses	
  

	
   All	
   the	
   data	
   were	
   acquired	
   and	
   processed	
   using	
   AxoScope	
   10.2	
   (Molecular	
  

Devices)	
  or	
  Whole	
  Cell	
  Program	
  (WCP,	
  University	
  of	
  Strathclyde,	
  Glasgow,	
  UK)	
  software	
  

packages.	
   Data	
   were	
   then	
   pre-­‐processed	
   and	
   analysed	
   using	
   custom	
   written	
   Excel	
  

macros	
   scripts	
   (Prof	
   S.	
   Cragg	
   &	
   Dr	
   K.	
   Jennings).	
   	
   Subsequently,	
   these	
   data	
   sets	
   were	
  

plotted	
  and	
  analysed	
  statistically	
  using	
  GraphPad	
  Prism	
  6.0	
  software.	
  The	
  details	
  of	
  the	
  

statistical	
  analyses	
  employed	
  are	
  provided	
  in	
  individual	
  results	
  chapters.	
  

2.4.3	
  Drugs	
  

	
   D-­‐(2R)-­‐amino-­‐5-­‐phosphonopentanoate	
   (D-­‐AP5),	
   4-­‐(8-­‐methyl-­‐9H-­‐1,3-­‐dioxolo[4,5-­‐

h][2,3]benzodiazepin-­‐5-­‐yl)-­‐benzenamine	
  hydrochloride	
  (GYKI	
  52466	
  hydrochloride),	
  KN-­‐

62,	
   bicuculine,	
   saclofen,	
   (S)-­‐α-­‐methyl-­‐4-­‐carboxyphenylglycine	
   (MCPG)	
   and	
  

Oxotremorine-­‐M	
   (Oxo-­‐M)	
  were	
   purchased	
   from	
   Tocris	
   Bioscience	
   or	
   Ascent	
   Scientific.	
  

Cocaine,	
   dihydro-­‐β-­‐erythroidine	
   (DHβE)	
   and	
   all	
   other	
   chemicals	
   were	
   purchased	
   from	
  

Sigma-­‐Aldrich.	
  	
  

	
   All	
   solutions	
   were	
   prepared	
   using	
   distilled	
   and	
   de-­‐ionized	
   water.	
   Drugs	
   were	
  

dissolved	
   in	
   distilled	
   and	
   de-­‐ionized	
   water,	
   aqueous	
   alkali	
   (MCPG),	
   acid	
   (GYKI	
   52466	
  

hydrochloride)	
  or	
  dimethylsulphoxide	
  (DMSO)	
  (L-­‐741,626;	
  KN-­‐62)	
  to	
  make	
  stock	
  aliquots	
  

at	
  1000-­‐10000	
  ×	
  final	
  concentrations	
  and	
  stored	
  at	
  -­‐20°C.	
  The	
  drug	
  stocks	
  were	
  diluted	
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to	
  the	
  final	
  concentration	
  in	
  oxygenated	
  aCSF	
  from	
  frozen	
  aliquots	
   immediately	
  before	
  

use	
   and	
   were	
   bath	
   applied.	
   None	
   of	
   the	
   drugs	
   at	
   the	
   concentrations	
   used	
   altered	
  

electrode	
  sensitivity.	
  	
  

2.5	
  Stimulating	
  striatal	
  dopamine	
  release	
  in	
  vitro	
  

	
   Striatal	
  DA	
  innervation	
  originates	
  from	
  the	
  midbrain	
  neurons	
  residing	
  in	
  the	
  SNc	
  

and	
  VTA	
   (Nelson	
  et	
   al.,	
   1996).	
   Both	
  of	
   these	
  neuronal	
   populations	
   are	
   tonically	
   active	
  

and	
   exhibit	
   transient	
   increases	
   in	
   their	
   firing	
   rate,	
   hypothesized	
   to	
   encode	
   reward	
  

prediction	
   error	
   (Schultz,	
   1998;	
   Matsumoto	
   and	
   Hikosaka,	
   2009).	
   Despite	
   their	
   tonic	
  

activity	
   in	
   vivo	
  which	
   translates	
   into	
   spontaneous	
   release	
  events	
  both	
   in	
   the	
  midbrain	
  

and	
  in	
  the	
  CPu	
  (O’Neill	
  et	
  al.,	
  1982),	
  in	
  vitro	
  striatal	
  dopaminergic	
  axon	
  terminals	
  severed	
  

from	
   their	
   parent	
   somas	
   under	
   normal	
   drug-­‐free	
   physiological	
   conditions	
   show	
   no	
  

spontaneous	
  DA	
  release	
  events	
  (Rice	
  et	
  al.,	
  2011).	
  It	
  is	
  possible	
  that	
  spontaneous	
  release	
  

events	
   from	
   severed	
   DA	
   terminals	
   do	
   occur,	
   but	
   if	
   so,	
   they	
   remain	
   below	
   the	
   CFM	
  

detection	
   threshold.	
   Therefore,	
   in	
   vitro	
   recording	
   of	
   DA	
   release	
   with	
   FCV	
   at	
   CFMs	
   in	
  

acute	
   slices	
   requires	
   active	
   stimulation	
   of	
   striatal	
   dopaminergic	
   axon	
   terminals.	
   There	
  

are	
  several	
  approaches	
  currently	
  available	
  for	
  evoking	
  striatal	
  DA	
  release.	
  

2.5.1	
  Electrical	
  stimulation	
  	
  

	
   Electrical	
   microstimulation	
   has	
   been	
   classically	
   used	
   for	
   evoking	
   striatal	
   DA	
  

release	
   in	
   vitro.	
   The	
   basic	
   working	
   principle	
   behind	
   this	
   approach	
   is	
   that	
   direct	
   or	
  

alternating	
   current	
   pulses	
   of	
   fixed	
   duration	
   are	
   delivered	
   to	
   the	
   tip	
   of	
   a	
   stimulating	
  

electrode	
   positioned	
   in	
   close	
   contact	
   with	
   tissue	
   surface.	
   This	
   current	
   is	
   of	
   small	
  

amplitude	
  (mA	
  scale)	
  and	
  short	
  duration	
  (ms	
  scale),	
  and	
  is	
  used	
  for	
  direct	
  excitation	
  of	
  

cellular	
  membranes,	
  most	
  likely	
  via	
  direct	
  depolarization,	
  in	
  the	
  vicinity	
  of	
  the	
  electrode	
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tip.	
   Such	
   discrete	
   stimulation	
   events	
   directly	
   activate	
   striatal	
   DA	
   terminals,	
   and	
   DA	
  

release	
  transients	
  can	
  be	
  recorded	
  in	
  response	
  to	
  each	
  of	
  the	
  delivered	
  stimulations	
  at	
  

2.5	
  min	
  intervals	
  for	
  up	
  to	
  9	
  hours	
  (Bull	
  et	
  al.,	
  1990).	
  One	
  advantage	
  of	
  this	
  approach	
  is	
  

that	
   no	
   additional	
   preparations	
   are	
   required	
   for	
   such	
   experiments,	
   unlike	
   with	
   light-­‐

activation	
  of	
  ChR2	
  expressing	
  neurons/terminals	
  as	
  will	
  be	
  described	
  in	
  the	
  next	
  section,	
  

which	
   require	
   transgenic	
   animals	
   and/or	
   surgery.	
   Therefore,	
   electrical	
   stimulation	
  

approach	
   can	
   be	
   readily	
   used	
   with	
   any	
   tissue.	
   Further,	
   the	
   technique	
   itself	
   is	
   well	
  

characterized	
  and	
  understood.	
  	
  

	
   Local	
  electrical	
  stimulation,	
  however,	
  depolarizes	
  all	
  membranes	
  in	
  the	
  vicinity	
  of	
  

the	
  stimulating	
  electrode,	
  and	
  thus	
  can	
  offer	
  no	
  selective	
  activation	
  of	
  a	
  single	
  cell	
  type	
  

or	
  projection	
  pathway.	
  Further,	
  passive	
  current	
  spread,	
  radiating	
  up	
  to	
  2	
  mm	
  away	
  from	
  

stimulating	
   electrode	
   tip	
   (Tehovnik	
   et	
   al.,	
   2006),	
   introduces	
   the	
   possibility	
   of	
  

compromising	
   quality	
   of	
   site-­‐sampling	
   experiments	
   where	
   only	
   the	
   first	
   read-­‐out	
   of	
  

released	
  DA	
  is	
  used	
  for	
  quantitative	
  evaluation	
  of	
  release	
  levels.	
  For	
  example,	
  in	
  the	
  site	
  

sampling	
   experiments	
  performed	
   in	
   the	
  SNCA	
  OVX	
   and	
  Snca	
   -­‐/-­‐	
   lines	
   (Chapter	
   5).	
   The	
  

likelihood	
  of	
  stimulating	
  more	
  than	
  one	
  nuclei	
  or	
  projection	
  pathway,	
  especially	
  in	
  small	
  

brains	
   such	
   as	
  mouse,	
   also	
   introduces	
   serious	
   confounds	
   into	
   the	
   experiments	
  where	
  

stimulation	
  specificity	
  is	
  required.	
  This	
  certainly	
  was	
  the	
  case	
  with	
  the	
  experiments	
  using	
  

distal	
  electrical	
  stimulation	
  of	
  corticostriatal	
  projections	
  in	
  WT	
  slices	
  (Chapter	
  3).	
  

	
   For	
  the	
  experiments	
  described	
  here,	
  electrical	
  current	
  stimulation	
  was	
  delivered	
  

via	
  a	
  bipolar	
  concentric	
  Pt/Ir	
  electrode	
  with	
  25	
  µm	
  tip	
  diameter,	
  using	
  constant	
  current	
  

stimulus	
  isolation	
  unit	
  (FHC,	
  USA).	
  The	
  stimulating	
  Pt/Ir	
  electrode	
  was	
  positioned	
  on	
  the	
  

slice	
  surface,	
  100	
  µm	
  away	
  from	
  the	
  recording	
  CFM,	
  unless	
  otherwise	
  stated	
  (Figure	
  2.6).	
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It	
  was	
  always	
  positioned	
  first,	
  to	
  avoid	
  disturbing	
  tissue	
  around	
  the	
  CFM	
  due	
  to	
  impact	
  

from	
  Pt/Ir	
   electrode	
  movement.	
   Pulse	
   duration	
  was	
   200	
  µs,	
   and	
  peri-­‐maximal	
   current	
  

amplitude	
  used	
  in	
  all	
  experiments	
  employing	
  electrical	
  stimulation	
  was	
  0.6	
  mA.	
  Electrical	
  

stimuli	
   were	
   delivered	
   at	
   2.5	
   min	
   intervals	
   to	
   enable	
   sustainable	
   DA	
   release	
   for	
   the	
  

entire	
  duration	
  of	
  the	
  experiment.	
  

2.5.2	
  Optogenetic	
  stimulation	
  

	
   The	
   recent	
   emergence	
   of	
   optogenetics	
   has	
   circumvented	
   some	
   confounds	
  

associated	
   with	
   electrical	
   stimulation.	
   This	
   technique	
   was	
   described	
   in	
  more	
   detail	
   in	
  

Chapter	
   1.	
   Briefly,	
   the	
   basic	
   working	
   principle	
   behind	
   optogenetics	
   is	
   that	
   opsin	
  

channels,	
   such	
  as	
  ChR2,	
  expressed	
  on	
   the	
  cellular	
  membranes,	
  directly	
   transduce	
   light	
  

energy	
   used	
   to	
   activate	
   them	
   into	
   membrane	
   potential	
   changes	
   by	
   changing	
   their	
  

conformation	
   and	
   forming	
   cation-­‐permeable	
   channel	
   pore.	
   This	
   tool	
   has	
   been	
   widely	
  

used	
  for	
  depolarizing	
  single	
  neurons	
  and	
  circuits.	
  Alternatively,	
  membrane	
  expression	
  of	
  

hyperpolarizing	
   tools,	
   such	
   as	
   eNpHR	
   3.0,	
   an	
   inward	
   chloride	
   pump,	
   or	
   Arch	
   3.0,	
   an	
  

outward	
   proton	
   pump,	
   enables	
   silencing	
   of	
   neuronal	
   activity.	
   These	
   ion	
   pumps	
   upon	
  

light	
  activation	
  directly	
  move	
  one	
  ion	
  per	
  photon	
  of	
  light	
  across	
  the	
  cellular	
  membrane	
  

(Geibel	
   et	
   al.,	
   2001;	
   Seki	
   et	
   al.,	
   2007).	
   Thus,	
   opsins	
   behave	
   as	
   light-­‐activatable	
   non-­‐

selective	
  ion	
  channels,	
  or	
  light-­‐activatable	
  ion-­‐selective	
  pumps.	
  Cells	
  targeted	
  to	
  express	
  

such	
  opsins	
  become	
  amenable	
  to	
  control	
  of	
  their	
  activity	
  with	
  light,	
  both	
  at	
  the	
  level	
  of	
  

the	
   soma	
   and	
   axon	
   terminals.	
  Optical	
   stimulation	
   approaches	
   employing	
   optogenetics	
  

offer	
   an	
   advantage	
   in	
   enabling	
   selective	
   activation	
   of	
   genetically	
   defined	
   cell	
  

populations,	
   and	
   thereby	
   facilitate	
   functional	
   isolation	
   of	
   a	
   particular	
   circuit.	
   For	
   the	
  

series	
   of	
   experiments	
   described	
   here,	
   optogenetic	
   approach	
   enabled	
   preferential	
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activation	
  of	
  thalamostriatal	
  or	
  corticostriatal	
   terminals,	
  either	
  of	
  which	
  are	
  difficult	
   to	
  

target	
  selectively	
  with	
  electrical	
  stimulation.	
  

	
   For	
   the	
  main	
   body	
   of	
   work	
   presented	
   here,	
   ChR2	
  was	
   the	
   opsin	
   of	
   choice	
   for	
  

inducing	
  direct	
  membrane	
  depolarization	
  with	
  blue	
  473	
  nm	
   light.	
   To	
   selectively	
   target	
  

ChR2	
  expression	
  to	
  a	
  subset	
  of	
  cortical	
  or	
  thalamic	
  neurons	
  in	
  a	
  CaMK2a-­‐Cre	
  driver	
  line	
  

with	
   stereotaxic	
   viral	
   vector	
   injections	
   Cre-­‐loxP	
   system	
   was	
   used.	
   A	
   doubly-­‐floxed	
  

inverted	
  open	
  reading	
  frame	
  construct	
  under	
  strong	
  general	
  promoter	
  (EF-­‐1α)	
  carrying	
  a	
  

gene	
   sequence	
   from	
   Chlamydomonas	
   reinhardtii	
   for	
   light-­‐activatable	
   cation	
   channel	
  

ChR2	
   was	
   used	
   (pAAV-­‐EF1α-­‐D10-­‐hChR2(H134R)EYFP-­‐WPRE-­‐pA)	
   (Boyden	
   et	
   al.,	
   2005;	
  

Zhang	
  et	
  al.,	
  2006;	
  Tsai	
  et	
  al.,	
  2009)	
  (Figure	
  2.7).	
  The	
  H134R	
  point	
  mutation	
  introduced	
  

into	
  the	
  native	
  ChR2	
  genetic	
  sequence	
  increases	
  light	
  sensitivity	
  and	
  decreases	
  channel	
  

desensitization	
   leading	
   to	
   the	
   overall	
   increase	
   in	
   evoked	
   photocurrents,	
   but	
   at	
   the	
  

expense	
   of	
   slower	
   channel	
   closing	
   kinetics	
   than	
   wild-­‐type	
   ChR2	
   (Lin,	
   2011).	
   In	
   this	
  

experimental	
   paradigm,	
   ChR2	
   expression	
   occurs	
   selectively	
   in	
   neurons	
   expressing	
  Cre-­‐

recombinase,	
  where	
  Cre-­‐mediated	
   inversion	
  of	
  ChR2	
  sequence	
   into	
  correct	
  orientation	
  

allows	
   transcription	
   of	
   ChR2	
   by	
   ubiquitous	
   EF-­‐1α	
   promoter.	
   The	
   ChR2	
   construct	
   was	
  

packaged	
   into	
  AAV	
  vectors,	
  and	
  serotypes	
  2	
  and	
  5	
  were	
  chosen	
  for	
   these	
  experiments	
  

(Cardin	
  et	
  al.,	
  2009;	
  Tsai	
  et	
  al.,	
  2009;	
  Kravitz	
  et	
  al.,	
  2010;	
  Lin,	
  2011).	
  Typical	
  viral	
   titers	
  

were	
   ~1012	
   IU	
   ml−1,	
   and	
   injection	
   volumes	
   were	
   400	
   nl	
   per	
   site,	
   unless	
   specified	
  

otherwise.	
  

	
   For	
  a	
  subset	
  of	
  experiments	
  in	
  ChAT-­‐Cre	
  mouse	
  driver	
  line,	
  hyperpolarizing	
  light-­‐

activatable	
   tools	
  were	
   employed.	
  AAV2-­‐packaged	
   eYFP-­‐tagged	
   eNpHR	
  3.0	
   vector	
   from	
  

Karl	
  Deisseroth	
  where	
  viral	
  DNA	
  included	
  the	
  loxP-­‐flanked	
  sequence	
  for	
  eNpHR3.0	
  from	
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Natronomonas	
  pharaonis	
  driven	
  by	
  the	
  human	
  elongation	
  factor	
  1a	
  promoter	
  (EEF1A1)	
  

was	
   injected	
   in	
   CPu	
   in	
   ChAT-­‐Cre	
   line	
   (Raimondo	
   et	
   al.,	
   2012).	
   AAV5-­‐packaged	
   eGFP-­‐

tagged	
  Arch	
  3.0	
  construct	
  from	
  Ed	
  Boyden	
  driving	
  Arch	
  3.0	
  from	
  Halorubrum	
  sodomense	
  

expression	
  in	
  loxP-­‐dependent	
  manner	
  under	
  CAG	
  promoter	
  was	
  also	
  used	
  (rAAV5-­‐Arch-­‐

FLEX-­‐GFP)	
   for	
  CPu	
   injections	
   in	
   a	
  different	
   group	
  of	
  ChAT-­‐Cre	
  mice.	
   For	
   these	
   vectors,	
  

Cre-­‐mediated	
   floxed-­‐site	
   excision	
   and	
   inversion	
   of	
   transgene	
   sequence	
   into	
   correct	
  

orientation	
   allows	
   transcription	
   of	
   the	
   opsin	
   protein	
   by	
   the	
   associated	
   promoter	
  

sequence	
  in	
  striatal	
  ChIs	
  selectively.	
  Typical	
  viral	
  titers	
  were	
  ~1012	
  IU	
  ml−1,	
  and	
  injection	
  

volumes	
  were	
  800	
  nl	
  per	
  site	
  with	
  all	
  mice	
  injected	
  bilaterally.	
  These	
  light-­‐activatable	
  ion	
  

pumps	
  have	
  red-­‐shifted	
  response	
  spectra	
  and	
  were	
  stimulated	
  with	
  560	
  nm	
  yellow	
  LED.	
  	
  

	
   ChR2	
   vectors	
   were	
   purchased	
   from	
   Gene	
   Therapy	
   Centre	
   Virus	
   Vector	
   Core,	
  

University	
  of	
  North	
  Carolina	
  from	
  Karl	
  Deisseroth.	
  eNpHR	
  3.0	
  vector	
  was	
  a	
  gift	
  from	
  Dr	
  

Tommas	
  Ellender	
   (Ackerman	
  group)	
   and	
  Arch	
  3.0	
   vector	
  was	
   a	
   gift	
   from	
   James	
  Cooke	
  

(King	
  group).	
  	
   	
  

2.5.3	
  Stereotaxic	
  surgery	
  for	
  optogenetic	
  experiments	
  

	
   Stereotaxic	
   injections	
   of	
   Cre-­‐inducible	
   recombinant	
   AAV-­‐packaged	
   vectors	
  

containing	
   gene	
   sequence	
   for	
   ChR2,	
   eNpHR	
   3.0	
   or	
   Arch	
   3.0	
   were	
   performed	
   on	
  

homozygous	
   and	
  heterozygous	
   CaMK2a-­‐Cre	
  mice	
   (21-­‐40d),	
   and	
  heterozygous	
  DAT-­‐Cre	
  

mice	
  (30-­‐45d)	
  and	
  ChAT-­‐Cre	
  mice	
  (30-­‐45d).	
  	
  

	
   Animals	
  were	
  anaesthetised	
  with	
   isoflurane	
   (2%	
  w/o)	
  and	
  placed	
   in	
   stereotaxic	
  

frame	
  (WPI),	
  with	
  head	
  securely	
  positioned	
  in	
  between	
  ear	
  bars,	
  and	
  shaved.	
  The	
  shaved	
  

area	
  was	
  cleaned	
  with	
  antimicrobial	
  agent	
  (HiBi	
  scrub,	
  1:3	
  dilution	
  in	
  dH2O),	
  and	
  sterile	
  

environment	
  was	
   established	
  with	
   autoclaved	
   surgical	
   drape.	
  After	
   injection	
  of	
   a	
   local	
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anaesthetic	
   (Marcaine,	
   1:3	
   dilution	
   in	
   sterile	
   saline),	
   an	
   incision	
   in	
   the	
   skin	
  was	
  made	
  

with	
   a	
   scalpel	
   blade.	
   Bilateral	
   burr	
   hole	
   craniotomies	
   were	
   made	
   over	
   the	
   target	
  

injection	
  sites	
  using	
  small	
  hand	
  drill.	
  With	
  2.5	
  µl	
  Hamilton	
  syringe	
  microinjector	
  with	
  a	
  

33-­‐gauge	
   needle	
   400-­‐800	
   nl	
   of	
   the	
   viral	
   vector	
   were	
   pressure	
   injected	
   in	
   each	
  

hemisphere.	
   Unless	
   otherwise	
   stated,	
   all	
   injections	
  were	
   performed	
   bilaterally.	
   In	
   our	
  

hands,	
   using	
   a	
   33-­‐gauge	
   needle	
   for	
   stereotaxic	
   injections	
   conferred	
   the	
   advantage	
   of	
  

more	
   precise	
   targeting	
   of	
   the	
   injection	
   sites	
   based	
   on	
   given	
   coordinates	
   compared	
   to	
  

glass	
  pipettes,	
  even	
  though	
  needle	
  incurs	
  more	
  collateral	
  tissue	
  damage	
  in	
  the	
  process	
  

insertion	
  and	
   removal.	
   The	
  virus	
  was	
   injected	
  at	
  300	
  nl/min	
   flow	
   rate,	
   followed	
  by	
  10	
  

min	
  delay	
  before	
  needle	
  retraction	
  to	
  decrease	
  backflow	
  of	
  vector	
  up	
  the	
  injection	
  tract	
  

and	
   reduce	
   non-­‐specific	
   transduction.	
   Finally,	
   wound	
  was	
   closed	
  with	
   surgical	
   suture,	
  

and	
  after	
  administration	
  of	
  subcutaneous	
  doses	
  of	
  post-­‐operative	
  analgesic	
   (Metacam,	
  

1:4	
   dilution	
   in	
   sterile	
   saline)	
   and	
   sterile	
   saline	
   mice	
   were	
   allowed	
   to	
   recover	
   in	
   a	
  

Thermacage	
  unit	
  (Bioservices,	
  UK).	
  All	
  surgical	
  procedures	
  were	
  performed	
  aseptically.	
  

	
   All	
   bregma	
   coordinates	
  were	
   taken	
   from	
   adult	
  mouse	
   brain	
   atlas	
   (Paxinos	
   and	
  

Franklin,	
  2008).	
  AAV5	
  ChR2	
  and	
  AAV2	
  ChR2	
  vector	
  injections	
  in	
  CaMK2a-­‐Cre	
  mouse	
  line	
  

were	
  selectively	
  targeted	
  to	
  the	
  motor	
  cortex,	
  areas	
  M1	
  (ML	
  1.7	
  mm,	
  AP	
  +1.3	
  mm,	
  DV	
  

1.0	
  mm	
  from	
  bregma)	
   (Figure	
  2.8a),	
  or	
  Pf	
  nucleus	
  of	
   the	
  caudal	
   intralaminar	
   thalamus	
  

(ML	
   0.8	
   mm,	
   AP	
   -­‐2.3	
   mm,	
   DV	
   3.5	
  mm)	
   (Figure	
   2.8b).	
   Two	
   distinct	
   groups	
   of	
   animals	
  

received	
  cortical	
  and	
  thalamic	
  injections.	
  For	
  a	
  subset	
  of	
  experiments	
  employing	
  AAV2-­‐

based	
  ChR2	
  construct,	
  dual	
  bilateral	
  thalamus	
  +	
  cortex	
   injections	
  were	
  performed.	
  The	
  

expression	
   time	
   allowed	
  was	
   between	
   4-­‐14	
  weeks	
   to	
   ensure	
   sufficient	
   levels	
   of	
   opsin	
  

expression,	
  consistent	
  with	
  previously	
  published	
  observations	
  (Zhang	
  et	
  al.,	
  2010;	
  Yizhar	
  

et	
  al.,	
  2011;	
  Ellender	
  et	
  al.,	
  2013).	
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   For	
   anatomical	
   localization	
   of	
   the	
   AAV5-­‐	
   and	
   AAV2-­‐packaged	
   ChR2	
   constructs	
  

following	
  their	
  transportation	
  from	
  the	
   injection	
  site,	
   injections	
  targeted	
  to	
  the	
  central	
  

CPu	
  under	
  cortical	
  M1	
  area	
  (1.5	
  mm	
  ML,	
  +0.5	
  mm	
  AP,	
  3.2	
  mm	
  DV	
  from	
  bregma)	
  were	
  

performed	
   in	
   the	
  DAT-­‐Cre	
  mice	
   (Figure	
   2.8c).	
   400	
   nl	
   of	
   AAV-­‐packaged	
  ChR2	
   construct	
  

were	
  injected	
  per	
  hemisphere,	
  all	
  mice	
  were	
  injected	
  bilaterally.	
  4-­‐6	
  weeks	
  later	
  brains	
  

from	
  the	
  injected	
  DAT-­‐Cre	
  mice	
  were	
  processed	
  for	
  immunohistochemistry.	
  

	
   For	
   the	
   experiments	
   where	
   hyperpolarizing	
   optogenetic	
   tools	
   were	
   used	
   to	
  

examine	
  direct	
   inhibition	
   of	
   ChI	
   population	
   activity	
   for	
   driving	
  ACh-­‐evoked	
  DA	
   release	
  

following	
   a	
   ‘pause’,	
   800	
   nl	
   of	
   AAV-­‐packaged	
   Arch	
   3.0	
   or	
   eNpHR	
   3.0	
   construct	
   were	
  

injected	
  per	
  hemisphere	
  in	
  the	
  central	
  CPu	
  (1.5	
  mm	
  ML,	
  +0.5	
  mm	
  AP,	
  3.2	
  mm	
  DV	
  from	
  

bregma)	
   of	
   adult	
   ChAT-­‐Cre	
  mice.	
   All	
   animals	
   received	
   bilateral	
   injections,	
   6-­‐11	
  weeks	
  

were	
  allowed	
  for	
  opsin	
  expression.	
  

2.5.4	
  Light-­activation	
  of	
  opsin-­expressing	
  neurons	
  and	
  terminals	
  

	
   ChR2-­‐expressing	
   cortical	
   or	
   thalamic	
   terminals	
   in	
   striatum,	
   visualised	
   by	
   eYFP	
  

fused	
  to	
  the	
  ChR2	
  sequence,	
  were	
  activated	
  using	
  473	
  nm	
  LED	
  system	
  (OptoLED,	
  CAIRN).	
  

The	
  LED	
  was	
  directly	
  coupled	
  to	
  the	
  microscope	
  objective	
  via	
  a	
  fibre	
  optic	
  coupled	
  to	
  the	
  

fluorescence	
   arm.	
   The	
   LED	
   system	
   provided	
   full-­‐field	
   illumination	
   of	
   the	
   striatum,	
  

activating	
  all	
  ChR2-­‐expressing	
  somas	
  and	
  terminal	
  fibres	
  in	
  the	
  field	
  of	
  view	
  (Figure	
  2.9).	
  

This	
   illumination	
   area	
   constitutes	
   a	
   region	
   2.2	
   mm	
   in	
   diameter	
   for	
   a	
   X10	
   immersion	
  

objective	
  used	
  in	
  this	
  work.	
  TTL-­‐driven	
  light	
  pulses	
  (2	
  ms	
  wide)	
  were	
  delivered	
  at	
  2.5	
  min	
  

intervals	
   and	
   generated	
   out-­‐of-­‐phase	
   with	
   voltammetric	
   scans	
   to	
   prevent	
   possible	
  

interference	
  from	
  photovoltaic	
  currents.	
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   473	
  nm	
  light	
  pulses	
  were	
  delivered	
  with	
  the	
  LED	
  stimulation	
  current	
  value	
  set	
  to	
  

7.0.	
  This	
  corresponded	
  to	
  the	
  light	
  power	
  read-­‐out	
  of	
  62.9	
  mW	
  by	
  the	
  Thor	
  Labs	
  power	
  

meter	
  (PM-­‐160)	
  at	
  the	
  microscope	
  objective,	
  thus	
  producing	
  28.6	
  mW/mm2	
  light	
  power	
  

density	
  output.	
  Light	
  stimulation	
  power	
  was	
  not	
  adjusted	
  on	
  experiment-­‐to-­‐experiment	
  

basis,	
  as	
  eYFP	
  signal	
   intensity,	
  and	
  therefore	
  putative	
  ChR2	
  expression	
  levels,	
  observed	
  

following	
  cortical	
  and	
  thalamic	
   injections	
  with	
  AAV5	
  ChR2	
  4	
  weeks	
  post-­‐injection	
  were	
  

consistently	
   high.	
   Current	
   value	
   of	
   7.0	
   was	
   also	
   chosen	
   as	
   it	
   reliably	
   evoked	
   large	
  

amplitude	
   DA	
   events	
   sustainable	
   over	
   time,	
   while	
   decreasing	
   light	
   current	
   to	
   lower	
  

values	
  led	
  to	
  a	
  sharp	
  drop	
  off	
  in	
  release	
  levels,	
  and	
  increasing	
  current	
  resulted	
  in	
  events	
  

which	
   ‘oscillated’	
   between	
   larger	
   and	
   smaller	
   evoked	
   [DA]o.	
   For	
   AAV2	
   experiments	
  

stimulation	
  power	
  was	
   also	
   set	
   to	
   the	
  maximum	
  current	
  output	
   value	
  of	
   7,	
   chosen	
   to	
  

maximize	
   the	
   chances	
   of	
   finding	
   light-­‐evoked	
   DA	
   release	
   in	
   case	
   insufficient	
   terminal	
  

depolarization	
   was	
   due	
   to	
   low	
   stimulation	
   intensity.	
   It	
   was	
   also	
   the	
   maximal	
   current	
  

value	
   at	
   which	
   LED	
   power	
   box	
   could	
   accurately	
   deliver	
   pulse	
   trains	
   of	
   more	
   than	
   20	
  

pulses	
  without	
  overloading,	
  resulting	
  in	
  premature	
  termination	
  of	
  light	
  stimuli	
  delivery.	
  	
  

	
   Expression	
  of	
  eNpHR	
  3.0	
  and	
  Arch	
  3.0	
  in	
  striatal	
  ChIs	
  was	
  visualized	
  by	
  eYFP	
  and	
  

eGFP	
   tags,	
   respectively.	
   For	
   light	
   activation	
   of	
   the	
   hyperpolarizing	
   ion	
   pumps	
   560	
   nm	
  

yellow	
   light	
   LED	
   system	
  was	
   used	
   (OptoLED,	
   CAIRN).	
   The	
   LED	
   stimulation	
   box	
   current	
  

value	
  was	
  set	
  between	
  5.0-­‐7.0,	
  which	
  corresponded	
  to	
  the	
  light	
  power	
  read-­‐out	
  at	
  the	
  

objective	
  of	
  23.4-­‐30.8	
  mW	
  by	
  the	
  Thor	
  Labs	
  power	
  meter	
  (PM-­‐160).	
  This	
  light	
  power	
  at	
  

the	
   objective	
   translated	
   to	
   10.6-­‐14.0	
  mW/mm2	
   power	
   density.	
   The	
   power	
   output	
  was	
  

adjusted	
  between	
  lower	
  and	
  higher	
  current	
  values	
  to	
  prevent	
  the	
  LED	
  from	
  overloading	
  

during	
  stimuli	
  delivery	
  lasting	
  longer	
  than	
  30	
  pulses	
  or	
  requiring	
  pulse	
  width	
  of	
  10	
  ms.	
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2.6	
  Immunohistochemistry	
  for	
  optogenetic	
  experiments	
  

2.6.1	
  Histological	
  analyses:	
  cortical	
  injection	
  localization	
  

	
   Localization	
  of	
  the	
  cortical	
  injection	
  sites	
  was	
  done	
  with	
  the	
  help	
  of	
  polystyrene	
  

fluorescent	
   spheres	
   (Invitrogen).	
   5-­‐20	
   nl	
   of	
   these	
   red	
   fluorospheres	
   were	
   injected	
   in	
  

addition	
  to	
  the	
  AAV-­‐packaged	
  ChR2	
  construct	
  in	
  a	
  subset	
  of	
  experiments.	
  300	
  μm	
  slices	
  

used	
   for	
   FCV	
   experimental	
   recordings	
   were	
   subsequently	
   fixed	
   in	
   paraformaldehyde	
  

(PFA)	
  fixative	
  for	
  at	
  least	
  24	
  h	
  and	
  maximum	
  of	
  48	
  h	
  at	
  4°C	
  (0.1M	
  PBS	
  with	
  4%	
  PFA	
  and	
  

0.2%	
   saturated	
   picric	
   acid,	
   pH	
   7.2-­‐7.4,	
   Somogyi	
   and	
   Takagi,	
   1982).	
   For	
   fixation,	
   slices	
  

were	
  held	
  between	
  filter	
  paper	
  to	
  ensure	
  that	
  they	
  were	
  flat	
  for	
  microscopy.	
  Following	
  

fixation,	
  tissue	
  was	
  washed	
  in	
  PBS	
  (5x5	
  min),	
  mounted	
  on	
  gel-­‐coated	
  microscope	
  slides	
  

and	
   coverslipped	
   using	
   hard	
   set	
   Vectashield	
  mounting	
  medium	
   (Vector	
   Laboratories).	
  

Location	
  of	
   fluorescent	
  beads	
  and	
  eYFP	
  expression	
  was	
  visualized	
  using	
  a	
   fluorescence	
  

microscope	
  Olympus	
  BX41	
   (Olympus	
  medical)	
   coupled	
   to	
  Q-­‐Click	
   cooled	
  monochrome	
  

CCD	
   camera	
   using	
   Q-­‐capturePro	
   7.0	
   software.	
   For	
   fluorescence	
   microscopy	
   imaging	
  

work	
  no	
  additional	
   staining	
  was	
   required	
  either	
   for	
   visualization	
  of	
  eYFP-­‐tagged	
  ChR2-­‐

transduced	
   cells	
   and	
   processes	
   or	
   red	
   fluorescent	
   spheres,	
   as	
   signal	
   intensity	
   in	
   both	
  

channels	
  was	
  high.	
  

2.6.2	
  Histological	
  analyses:	
  thalamic	
  injection	
  site	
  localization	
  

	
   Following	
   striatal	
   slice	
   preparation	
   from	
   Pf-­‐injected	
   CaMK2a-­‐Cre	
   mice,	
   the	
  

remaining	
   brain	
   blocks	
   containing	
   thalamus	
  were	
   fixed	
   in	
   4%	
  PFA	
   and	
   0.2%	
   saturated	
  

picric	
   acid	
   (pH	
   7.2-­‐7.4),	
   and	
   stored	
   at	
   4°C.	
   After	
   at	
   least	
   72	
   h	
   in	
   fixative,	
   these	
   blocks	
  

were	
   washed	
   in	
   PBS	
   (5x5	
   min)	
   and	
   re-­‐sectioned	
   at	
   50	
   μm	
   or	
   100	
   μm	
   on	
   a	
   vibrating	
  

microtome	
  (VT1000S,	
  Leica	
  Microsystems).	
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   50	
   μm	
   thick	
   sections	
   containing	
   caudal	
   intralaminar	
   thalamus	
   were	
   further	
  

processed	
   to	
   delineate	
   Pf	
   boundaries	
   from	
   its	
   neighbouring	
   nuclei	
   as	
   previously	
  

described	
  in	
  Ellender	
  et	
  al.	
  (2013)	
  using	
  immunostaining	
  for	
  cerebellin-­‐1	
  (Kusnoor	
  et	
  al.,	
  

2010).	
   Sections	
  were	
  washed	
   in	
  PBS	
   (5x5	
  min)	
   and	
  heat-­‐treated	
  at	
  80°C	
   for	
  30	
  min	
   in	
  

sodium	
  citrate	
  buffer	
  (10	
  mM,	
  pH	
  5.95).	
  After	
  heat-­‐treatment,	
  vials	
  were	
  allowed	
  to	
  cool	
  

down	
   to	
   room	
   temperature	
   and	
   sections	
   were	
   again	
   washed	
   in	
   PBS	
   (5x5	
  min).	
   Slices	
  

were	
   then	
   blocked	
   with	
   20%	
   normal	
   goat	
   serum	
   (NGS)	
   (Jackson	
   ImmunoResearch	
  

Laboratories	
  Inc.)	
  in	
  0.3%	
  Triton-­‐X-­‐100	
  PBS	
  (PBS-­‐Tx)	
  on	
  a	
  shaker	
  at	
  room	
  temperature	
  for	
  

60	
  min.	
  	
  

	
   Then	
  sections	
  were	
   incubated	
  in	
  the	
  primary	
  antibody,	
  1:2500	
  rabbit	
  polyclonal	
  

α-­‐	
   cerebellin-­‐1	
   (Prof	
   J.	
  Morgan,	
   St.	
   Jude	
  Children’s	
   Research	
  Hospital)	
  with	
   1%	
  NGS	
   in	
  

PBS-­‐Tx	
  overnight	
  at	
  4°,	
  and	
  washed	
  5x5	
  min	
  in	
  PBS.	
  The	
  secondary	
  antibody	
  was	
  a	
  1:500	
  

dilution	
   of	
   goat	
   α-­‐rabbit-­‐DyLight	
   594	
   fluorophore	
   (Jackson	
   ImmunoResearch	
  

Laboratories	
   Inc.)	
   in	
  PBS-­‐Tx	
   in	
  which	
   the	
   sections	
  were	
   incubated	
   for	
  2	
  hours	
  at	
   room	
  

temperature	
   on	
   a	
   shaker.	
   Thereafter,	
   the	
   sections	
   were	
   washed	
   5x5	
   min	
   in	
   PBS,	
  

mounted	
  on	
  gelled	
  microscope	
  slides	
  and	
  coverslipped	
  with	
  hard	
  set	
  mounting	
  medium	
  

Vectashield	
  (Vector	
  Laboratories).	
  Location	
  of	
  DyLight	
  594-­‐tagged	
  Pf	
  neurons	
  and	
  eYFP	
  

expression	
   in	
   the	
   ChR2-­‐transduced	
   cells	
   and	
   processes	
   was	
   visualized	
   using	
   a	
  

fluorescence	
  microscope	
   Olympus	
   BX41	
   (Olympus	
  medical)	
   coupled	
   to	
   Q-­‐Click	
   cooled	
  

monochrome	
  CCD	
  camera	
  using	
  Q-­‐capturePro	
  7.0	
   software.	
   eYFP-­‐expressing	
   terminals	
  

and	
  cells	
  identified	
  as	
  ChR2-­‐containing	
  required	
  no	
  additional	
  immunostaining	
  for	
  eYFP	
  

as	
  high	
  levels	
  of	
  fluorescence	
  intensity	
  in	
  transduced	
  fibres/	
  somas	
  were	
  present	
  even	
  in	
  

heat-­‐treated	
  fixed	
  slices.	
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In	
   a	
   subset	
   of	
   surgeries,	
   5-­‐20nl	
   of	
   red	
   polystyrene	
   fluorescent	
   spheres	
  

(Invitrogen)	
  were	
  injected	
  together	
  with	
  the	
  ChR2	
  construct	
  to	
  mark	
  the	
  exact	
  location	
  

of	
   the	
  Pf	
   injection	
   tracts.	
   In	
   this	
  case,	
   fixed	
   thalamic	
  brain	
  blocks	
  were	
  re-­‐sectioned	
  at	
  

100	
  µm,	
  washed	
   in	
  PBS	
   (5x5	
  min)	
  and	
  mounted	
  with	
  Vetashield	
   (Vector	
  Laboratories).	
  

For	
  fluorescence	
  microscopy	
  imaging	
  work	
  no	
  additional	
  staining	
  was	
  required	
  either	
  for	
  

visualization	
   of	
   eYFP-­‐tagged	
   ChR2	
   or	
   red	
   fluorescent	
   spheres.	
   These	
   sections	
   were	
  

visualized	
  using	
  a	
  fluorescence	
  microscope	
  Olympus	
  BX41	
  (Olympus	
  medical)	
  coupled	
  to	
  

Q-­‐Click	
  cooled	
  monochrome	
  CCD	
  camera	
  and	
  Q-­‐capturePro	
  7.0	
  software.	
  	
  

2.6.3	
   Histological	
   analyses:	
   confirmation	
   of	
   retrograde-­anterograde	
  

axonal	
  transport	
  of	
  AAV-­packaged	
  ChR2	
  vectors	
  

Whole	
   brains	
   from	
   the	
   AAV5	
   ChR2	
   or	
   AAV2	
   ChR2	
   CPu-­‐injected	
   DAT-­‐Cre	
   mice	
  

were	
   fixed	
   in	
   4%	
  PFA	
   for	
   at	
   least	
   72h	
   after	
   animals	
  were	
   transcardially	
   perfused	
  with	
  

PBS.	
   Then	
   brains	
   were	
   washed	
   in	
   PBS	
   (5x5	
   min),	
   and	
   re-­‐sectioned	
   at	
   50	
   µm.	
   Slices	
  

containing	
   the	
   CPu,	
   SNc	
   and	
   VTA	
   were	
   collected	
   for	
   fluorescence	
   microscopy.	
   These	
  

sections	
  were	
  washed	
  in	
  PBS	
  (5x5	
  min),	
  mounted	
  on	
  gelled	
  slides	
  and	
  coverslipped	
  with	
  

hard	
   set	
   Vetashield	
  mounting	
  medium	
   (Vector	
   Laboratories).	
   These	
  mounted	
   sections	
  

were	
   then	
   examined	
   for	
   eYFP	
   fluorescence	
   to	
   determine	
   the	
   possibility	
   of	
   retrograde	
  

axonal	
  transport	
  of	
  the	
  AAV-­‐packaged	
  ChR2	
  constructs	
  used	
  in	
  this	
  work.	
  	
  

A	
  subset	
  of	
  section	
  was	
  processed	
   for	
  TH	
   immunostaining.	
  Re-­‐sectioned	
  50	
  µm	
  

slices	
  were	
  washed	
   in	
  PBS	
   (5x5min),	
   and	
   then	
  blocked	
  with	
  10%	
  NGS	
  and	
  10%	
  bovine	
  

serum	
   albumin	
   (BSA)	
   in	
   PBS-­‐Tx	
   for	
   30	
   min	
   on	
   a	
   shaker	
   at	
   room	
   temperature.	
   Then	
  

sections	
  were	
  again	
  washed	
  in	
  PBS	
  (5x5min)	
  and	
  incubated	
  overnight	
  in	
  1%	
  NGS,	
  1%	
  BSA	
  

and	
  1:2000	
  dilution	
  of	
   primary	
   rabbit	
   anti-­‐TH	
  antibody	
   (Sigma)	
   in	
   PBS-­‐Tx	
   at	
   4°C.	
  After	
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overnight	
  incubation	
  sections	
  were	
  washed	
  in	
  PBS	
  (5x5min)	
  and	
  incubated	
  for	
  2	
  h	
  on	
  a	
  

shaker	
   at	
   room	
   temperature	
  with	
   1%	
  NGS,	
   1%	
   BSA	
   and	
   1:2000	
   dilution	
   of	
   secondary	
  

DyLight	
   594	
   goat	
   anti-­‐rabbit	
   antibody	
   (Jackson	
   ImmunoResearch	
   Laboratories	
   Inc.)	
   in	
  

PBS-­‐Tx.	
   Subsequently,	
   sections	
   were	
   washed,	
   mounted	
   on	
   microscopy	
   slides	
   and	
  

coverslipped	
  with	
  Vectashield	
  (Vector	
  Laboratories).	
  	
  

Sections	
   were	
   visualized	
   using	
   a	
   fluorescence	
   microscope	
   Olympus	
   BX41	
  

(Olympus	
   medical)	
   coupled	
   to	
   Q-­‐Click	
   cooled	
   monochrome	
   CCD	
   camera	
   and	
   Q-­‐

capturePro	
   7.0	
   software.	
   As	
   before,	
   no	
   additional	
   immunostaining	
   was	
   required	
   for	
  

visualizing	
   eYFP	
   in	
   the	
   brains	
   from	
   DAT-­‐Cre	
   mice	
   where	
   the	
   ChR2	
   construct	
   was	
  

transported	
  retrogradely	
  from	
  the	
  CPu	
  injection	
  site	
  to	
  the	
  midbrain.	
  

2.6.4	
   Histological	
   analyses:	
   expression	
   of	
   eNpHR	
   3.0	
   and	
   Arch	
   3.0	
   in	
  

striatum	
  

To	
  visualize	
  expression	
  of	
  Arch	
  3.0	
  and	
  eNpHR	
  3.0	
  constructs	
  in	
  striatal	
  ChIs,	
  300	
  

µm	
   striatal	
   coronal	
   sections	
   were	
   fixed	
   after	
   being	
   used	
   for	
   FCV	
   recordings	
   in	
   PFA	
  

fixative	
   for	
   at	
   least	
   24	
   h	
   and	
  maximum	
   of	
   48	
   h	
   at	
   4°C.	
   For	
   fixation,	
   slices	
   were	
   held	
  

between	
   filter	
   paper	
   to	
   ensure	
   that	
   they	
  were	
   flat	
   for	
  microscopy.	
   Following	
   fixation,	
  

slices	
  were	
  washed	
  in	
  PBS	
  (5x5	
  min),	
  mounted	
  on	
  gelled	
  slides	
  using	
  Vectashield	
  (Vector	
  

Laboratories).	
   Location	
  of	
   fluorescently	
   tagged	
  opsins	
   in	
   striatum	
  and	
  striatal	
  ChIs	
  was	
  

visualized	
  using	
  a	
  fluorescence	
  microscope	
  Olympus	
  BX41	
  (Olympus	
  medical)	
  coupled	
  to	
  

Q-­‐Click	
  cooled	
  monochrome	
  CCD	
  camera	
  and	
  Q-­‐capturePro	
  7.0	
  software.	
  No	
  additional	
  

staining	
  was	
   required	
   either	
   for	
   visualization	
   of	
   eGFP-­‐tagged	
   Arch	
   3.0	
   or	
   eYFP-­‐tagged	
  

eNpHR	
  3.0	
  due	
  to	
  high	
  signal	
  intensity.	
  



Figure 2.1 Triangular waveform and representative calibration voltammograms for dopamine, 
serotonin and noradrenalin
Waveform scan from -0.7 V to +1.3 V relative to Ag/AgCl reference electrode. Representative voltammo-
grams from CFM calibration with 2 µM dopamine (DA), 0.5 µM serotonin (5-HT) and 2 µM noradrenalin 
(NA), showing characteristic oxidation peaks occuring at + 0.6 V and reduction peaks for DA and NA 
occuring at -0.25 V, while 5-HT has dual reduction pro�le with reduction peaks at -0.02 V and -0.67 V.  
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Figure 2.2 Oxidation of dopamine to dopamine-o-quinone generates Faradic current recorded at 
CFM with FCV
(a) During positive phase of the triangular waveform scan from -0.7 V to +1.3 V DA oxidises to DA-o-
quinone, which is subsequently reduced back to DA during the negative phase of the scan from +1.3 V 
to -0.7 V, the whole process is lasting 5 ms. (b) The resulting Faradic current recoded with FCV at CFM 
produces DA voltammogram showing typical DA signature of oxidation peak occurring at +0.6 V and 
reduction peak at -0.2 V.
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Figure 2.3 Representative cyclic voltammograms of [DA]o evoked with light or electrical current 
stimulation and respective [DA] calibration voltammograms for the same CFMs
Representative voltammograms from CFM calibration with 2 µM dopamine showing characteristic DA 
oxidation peak occurring at +0.6 V and reduction peak at -0.25 V.  Light evoked [DA]o was recorded in 
CPu of CaMK2a-Cre mouse injected with AAV5 ChR2 vector in cortical area M1. Electrically evoked [DA]o 
was recorded in CPu of Snca -/- mouse. 
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Figure 2.4 Positioning of the recording CFM for detection of evoked [DA]o in acute slices
A schematic showing positioning of the recording CFM, which is inserted up to 100 µm below the 
tissue surface at a 45º angle. Angled electrode positioning minimizes tissue damage incurred by 
electrode insertion, while 100 µm insertion depth ensures that the whole of the CFM tip is within the 
slice, detecting evoked [DA]o from a population of DA-releasing sites.

Figure 2.5 Linear relationship between dopamine concentration and oxidation current
Typical calibration graph illustrating the linear relationship between applied DA concentration and the 
resulting DA oxidation, or Faradaic, current measured with FCV at CFM. The resulting calibration factor 
for DA sensitivity at this electrode was 29.32 nA/µM in aCSF at 32ºC, R2=0.94 (n=3 calibrations).
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Figure 2.6 Positioning of bipolar stimulating electrode and CFM for recording of evoked [DA]o 
with FCV at CFM following local electrical stimulation
A schematic showing positioning of stimulating bipolar electrode for driving striatal DA release with 
electrical current stimulation. Typical pulse width was 2 ms and perimaximal current amplitude was 0.6 
mA. The stimulating electrode is placed on the very surface of brain tissue to minimize mechanical 
damage from the electrode tip. The CFM is positioned ~100 µm away from the bipolar electrode and is 
inserted up to 100 µm below the tissue surface.
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bipolar electrode recording CFM

~100 μm
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Figure 2.7 Channelrhodopsin-2 construct
The recombinant Cre-dependent vector carrying an inverted double-�oxed gene sequence for 
channelrhodopsin-2 (ChR2) fused with enhanced yellow �uorescent protein (eYFP) under strong 
general promoter EF-1a. Cre-dependent excision of loxP sites inverts the construct in the correct 
orientation to enable transcription of ChR2 in neurons expressing Cre-recombinase.
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Figure 2.8 Targeting of viral vector injections to motor cortex, caudal intralaminar thalamus and 
striatum in Cre-mouse driver lines
Schematics of the mouse brain in coronal plane showing targeting of AAV-packaged �oxed viral vector 
injections in mice expressing Cre-recombinase in genetically de�ned neuronal populations. Stereotaxic 
injections of AAV-packaged vectors carrying gene sequences for depolarizing and hyperpolarizing 
opsins were targeted to cortical area M1 (a), caudal intralaminar thalamus Pf nucleus (b) or central 
striatum CPu (c).
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Figure 2.9 Full-�eld LED stimulation of opsin-transduced circuits for FCV recordings of light-
evoked [DA]o
 A schematic showing set up for full �eld LED stimulation of opsin-transduced cell bodies and/or 
terminals in acute striatal slices in mice. 300 µm-thick coronal sections where opsin expression was 
con�rmed by visualizing �uorescent tags were used for FCV at CFM recordings of light-evoked [DA]o. 
Full-�eld LED stimulation covered an area 2.2 mm in diameter under x10 immersion objective. CFM was 
inserted in tissue 100 µm below the surface in the region where high �uorescence intensity was 
detected. This region and the CFM insertion site were centred in the �eld of view to ensure the centre 
of the light circle was aligned with the CFM position.  

LED 473nm

CFM

CPu

M2

M1

S1
cc

Cg

NAc

d=2.2mm

LED
CFM

100 μm

101



	
   	
   	
  

	
   	
   	
  

102	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

3.	
  Acetylcholine-­evoked	
  striatal	
  dopamine	
  release:	
  

exploring	
  circuits	
  driving	
  cholinergic	
  interneuron	
  

activity	
  with	
  AAV5	
  ChR2	
  



	
   	
   	
  

	
   	
   	
  

103	
  

3.1	
  Introduction	
  

3.1.1	
   Historical	
   perspective:	
   dynamic	
   gating	
   of	
   dopamine	
   release	
   by	
  

acetylcholine	
  

Historically,	
   cross	
   talk	
   between	
   ACh	
   and	
   DA	
   was	
   best	
   encompassed	
   by	
   the	
  

dynamic	
  gating	
  hypothesis.	
   It	
   emerged	
   from	
  data	
   showing	
   that	
  ACh	
   release	
  by	
   striatal	
  

ChIs	
  operates	
  a	
  local	
  gain	
  control	
  mechanism	
  on	
  translation	
  of	
  DA	
  neuron	
  soma	
  activity	
  

into	
   release	
   events	
   at	
   striatal	
   dopaminergic	
   axon	
   terminals.	
   Acting	
   at	
   nAChRs	
   on	
   DA	
  

axons	
   and/or	
   mAChRs	
   on	
   ChIs,	
   ACh	
   dynamically	
   gates	
   DA	
   release	
   probability	
   (Pr),	
  

controlling	
   the	
   amplitude	
   of	
   striatal	
   DA	
   signals	
   following	
   SNc/VTA	
   activation,	
   or	
   local	
  

electrical	
   stimulation	
   of	
   striatal	
   dopaminergic	
   terminals	
   (Rice	
   and	
   Cragg,	
   2004;	
   Zhang	
  

and	
  Sulzer,	
  2004;	
  Exley	
  et	
  al.,	
  2008;	
  Threlfell	
  et	
  al.,	
  2010;	
  Cohen	
  et	
  al.,	
  2012;	
  Patel	
  et	
  al.,	
  

2012).	
   Specifically,	
   tonic	
   activation	
   of	
   nAChRs	
   by	
   low	
   extracellular	
   ACh	
   concentrations	
  

increases	
   the	
   initial	
   Pr	
   for	
   single/first	
   pulse	
   stimulation,	
   whilst	
   triggering	
   short-­‐term	
  

depression	
  during	
  subsequent	
  depolarisations	
  arriving	
  in	
  close	
  temporal	
  proximity.	
  This	
  

arrangement	
  effectively	
  creates	
  a	
  low	
  pass	
  filter	
  on	
  striatal	
  DA	
  signalling	
  (Cragg,	
  2006).	
  

Functionally	
   it	
   translates	
   in	
   DA	
   release	
   events	
   of	
   similar	
   amplitude	
   regardless	
   of	
  

stimulation	
  frequency	
  when	
  nAChRs	
  are	
  active.	
  Yet,	
  when	
  nAChRs	
  are	
  inactivated	
  either	
  

by	
   desensitization	
   or	
   receptor	
   antagonism,	
   ACh	
   no	
   longer	
   governs	
   DA	
   Pr:	
   evoked	
   DA	
  

transients	
  begin	
  to	
  display	
  a	
  frequency-­‐dependent	
  increase	
  in	
  amplitude.	
  Similar	
  effects	
  

are	
  exercised	
  by	
  mAChRs,	
  which	
  by	
  limiting	
  ChIs	
  firing	
  remove	
  ACh	
  tone,	
  an	
  action	
  that	
  is	
  

equivalent	
  to	
  nAChRs	
  inactivation	
  (Threlfell	
  et	
  al.,	
  2010).	
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3.1.2	
  State-­of-­the-­art	
  knowledge:	
  acetylcholine	
  drives	
  striatal	
  dopamine	
  

release	
  

	
   Data	
   supporting	
   the	
   dynamic	
   gating	
   hypothesis	
   was	
   acquired	
   using	
   electrical	
  

stimulation.	
  This	
  approach	
  enables	
  discrete	
  and	
  temporally	
  precise	
  activation	
  of	
  striatal	
  

DA	
   release,	
   but	
   lacks	
   specificity	
   in	
   the	
   cell	
   types	
   it	
   depolarizes.	
   Thus,	
   it	
   significantly	
  

limited	
  the	
  ability	
  to	
  dissect	
  out	
  the	
  role	
  played	
  by	
  striatal	
  ChIs.	
  In	
  contrast,	
  optogenetic	
  

probing	
   of	
   cellular/circuit	
   function	
   enables	
   precise	
   targeting	
   of	
   genetically-­‐defined	
  

neuronal	
   populations	
   for	
   light	
   activation	
   (Packer	
   et	
   al.,	
   2013).	
   Application	
   of	
  

optogenetics	
  for	
  examining	
  the	
  role	
  of	
  ChIs	
  in	
  DA	
  transmission	
  revealed	
  a	
  mechanism	
  for	
  

direct	
   stimulation	
  of	
   striatal	
  DA	
   release	
  by	
  ChIs.	
  Using	
  a	
  Cre-­‐loxP	
   system	
  to	
   selectively	
  

express	
   ChR2	
   in	
   striatal	
   ChIs	
   of	
   ChAT-­‐Cre	
  mice	
  with	
   viral	
   vector	
   injections,	
   our	
   group	
  

showed	
   that	
   ACh	
   released	
   upon	
   synchronous	
   activation	
   of	
   a	
   small	
   ChI	
   population	
  

directly	
   drives	
   DA	
   release	
   in	
   dorsal	
   striatum	
   in	
   vitro,	
   acting	
   at	
   nAChRs	
   on	
   DA	
   axon	
  

terminals	
   (Threlfell	
  et	
  al.,	
  2012).	
   Joseph	
  Cheer’s	
  group	
  also	
   showed	
   that	
  ChIs	
  drive	
  DA	
  

release	
  in	
  the	
  NAc	
  in	
  vivo,	
  although	
  they	
  employed	
  a	
  mouse	
  model	
  which	
  constitutively	
  

expresses	
  ChR2	
  in	
  ChIs	
  throughout	
  the	
  brain	
  (Cachope	
  et	
  al.,	
  2012).	
  

	
   Together,	
   these	
   elegantly	
   performed	
   studies	
   provided	
   the	
   direct	
   evidence	
   for	
  

axo-­‐axonic	
  action	
  of	
  ACh	
  on	
  dopaminergic	
  terminals	
  driving	
  striatal	
  DA	
  release.	
  ACh-­‐DA	
  

interactions	
   most	
   likely	
   occur	
   via	
   volume	
   transmission,	
   and	
   not	
   classical	
   axo-­‐axonic	
  

synapses	
   found	
   in	
   cerebral	
   cortex	
   (Tamás	
   and	
   Szabadics,	
   2004;	
  Wang	
   and	
   Sun,	
   2012;	
  

Takács	
  et	
  al.,	
  2014).	
  This	
   local	
  drive	
  of	
  striatal	
  DA	
  events	
  bypasses	
  the	
  need	
  for	
  parent	
  

cell	
  body	
  activation	
  of	
  SNc/VTA	
  neurons,	
  suggesting	
  that	
  in	
  some	
  circumstances	
  striatal	
  

DA	
  signalling	
  may	
  happen	
  independently	
  of	
  midbrain	
  activity.	
  The	
  drive	
  of	
  DA	
  release	
  by	
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the	
  local	
  striatal	
  circuits	
  highlights	
  an	
  additional	
  level	
  of	
  fine-­‐tuned	
  ACh	
  control	
  over	
  DA	
  

neurotransmission	
  not	
  previously	
  considered.	
  	
  	
  

3.1.3	
  Possible	
  drivers	
  of	
  acetylcholine-­evoked	
  striatal	
  dopamine	
  release	
  

	
   Synchronized	
   activity	
   in	
   a	
   small	
   population	
   of	
   ChIs	
   is	
   the	
   crucial	
   parameter	
   for	
  

ACh-­‐evoked	
  drive	
  of	
   striatal	
  DA	
   release.	
  No	
  DA	
  events	
   follow	
   current	
   injections	
  which	
  

trigger	
  APs	
  in	
  single	
  ChIs	
  recorded	
  in	
  current	
  clamp	
  mode,	
  yet	
  a	
  laser	
  beam	
  as	
  small	
  as	
  

15	
  µm	
   in	
   diameter	
   drives	
   ACh-­‐evoked	
   DA	
   release	
   successfully	
   (Threlfell	
   et	
   al.,	
   2012).	
  

Given	
  the	
  extensive	
  arborisations	
  and	
  the	
  average	
  neighbour	
  distance	
  of	
  a	
  few	
  microns	
  

between	
   processes	
   of	
   nearby	
   ChIs,	
   the	
   laser	
   beam	
   likely	
   depolarized	
   a	
   small	
   ChI	
  

population	
  by	
  activating	
  ChR2	
  on	
  several	
  neurons	
  simultaneously.	
  	
  

	
   The	
  requirement	
  for	
  synchronized	
  population	
  activity	
  may	
  be	
  rooted	
  in	
  the	
  high	
  

levels	
  of	
  AChE	
  activity	
  in	
  striatum	
  (Calabresi	
  et	
  al.,	
  2000a;	
  Zhou	
  et	
  al.,	
  2001;	
  Bernácer	
  et	
  

al.,	
  2007).	
  This	
  enzyme	
  rapidly	
  catalyses	
  the	
  breakdown	
  of	
  extracellular	
  ACh,	
  and	
  thus,	
  if	
  

only	
   one	
   or	
   two	
  ChIs	
   released	
  ACh,	
  may	
   prevent	
   a	
   sufficient	
   number	
   of	
   post-­‐synaptic	
  

nAChRs	
  from	
  being	
  activated	
  for	
  driving	
  DA	
  release.	
  Further,	
  as	
  tonically	
  active	
  neurons	
  

(Wilson	
  et	
  al.,	
  1990;	
  Goldberg	
  and	
  Wilson,	
  2005;	
  Goldberg	
  and	
  Reynolds,	
  2011),	
  ChIs	
  are	
  

likely	
  to	
  display	
  de-­‐synchronized	
  population	
  firing,	
  generating	
  high	
  levels	
  of	
  background	
  

noise	
   with	
   ‘random’	
   ACh	
   release	
   events.	
   Therefore,	
   synchronized	
   population	
   activity	
  

may	
   enable	
   the	
   DA	
   system	
   to	
   distinguish	
   noise	
   from	
   ‘real’	
   signal.	
   Concurrently,	
   ACh	
  

release	
   supported	
   by	
   de-­‐synchronized	
   spiking	
   of	
   individual	
   ChIs	
   likely	
   provides	
   tonic	
  

occupancy	
  of	
  nAChRs	
  on	
  DA	
  axons	
  dynamically	
  gating	
  DA	
  Pr.	
  Whatever	
   the	
   reason	
   for	
  

synchronicity	
  to	
  be	
  the	
  determinant	
  of	
  successful	
  drive	
  of	
  striatal	
  DA	
  release	
  by	
  ACh,	
  it	
  

needs	
  to	
  be	
  supported	
  by	
  the	
  cholinergic	
  system	
  architecture	
  and	
  physiology.	
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Widespread	
   dendritic	
   and	
   axonal	
   fields	
   of	
   neighbouring	
   ChIs	
   interdigitate	
   and	
  

efficient	
   re-­‐current	
   connections	
   between	
   local	
   ChI	
   networks	
   are	
   likely	
   to	
   aid	
  

synchronization	
  of	
  population	
  activity	
  (Bolam	
  et	
  al.,	
  1984).	
  Electrophysiology	
  studies	
  also	
  

suggest	
   that	
  ChIs	
   function	
  as	
   a	
  network.	
  Cross-­‐correlogram	
  physiology	
  data	
   show	
   that	
  

ChI	
   pairs	
   are	
   coupled	
   in	
   their	
   characteristic	
   burst-­‐pause-­‐burst	
   discharge	
   (Morris	
   et	
   al.,	
  

2004;	
  Graybiel,	
  2008),	
  and	
  abnormal	
  levels	
  of	
  synchronous	
  ChI	
  discharges	
  are	
  recorded	
  

in	
   pathological	
   states	
   (Raz	
   et	
   al.,	
   1996).	
   Together,	
   these	
   data	
   suggest	
   that	
   the	
   striatal	
  

cholinergic	
   system	
   could	
   successfully	
   employ	
   synchronous	
   population	
   activity	
   as	
   the	
  

means	
  of	
  conveying	
  task-­‐relevant	
  information	
  to	
  its	
  downstream	
  targets,	
  DA	
  axons.	
  

Afferent	
   projections	
   can	
   also	
   aid	
   generation	
   of	
   synchronous	
   activity	
   in	
   ChI	
  

networks	
  by	
  ensuring	
  decoding	
  and	
  integration	
  of	
  correlated	
  inputs	
  by	
  multiple	
  recipient	
  

cells.	
  Thus,	
  it	
  is	
  necessary	
  to	
  determine	
  the	
  extended	
  neuronal	
  circuits	
  capable	
  of	
  driving	
  

this	
  local	
  ChI-­‐evoked	
  DA	
  signalling	
  cascade.	
  Moreover,	
  the	
  state	
  of	
  synchrony	
  induced	
  by	
  

optogenetic	
  stimulation	
  of	
  ChIs	
  may	
  have	
   limited	
  correlates	
   in	
  vivo,	
  as	
   this	
  stimulation	
  

approach	
   enables	
   rapid	
   and	
   direct	
   depolarization	
   of	
   ChR2-­‐expressing	
   neurons	
   by	
  

induction	
   of	
   cation	
   flow	
   though	
   the	
   channels	
   that	
   ChR2	
   forms	
   in	
   the	
   neuronal	
  

membranes	
  upon	
  light-­‐induced	
  conformational	
  change	
  in	
  its	
  pore	
  structure.	
  

The	
  work	
  presented	
  in	
  this	
  thesis	
  aimed	
  to	
  explore	
  the	
  circuits	
  capable	
  of	
  driving	
  

ChI-­‐evoked	
  DA	
  release	
  pursuing	
  two	
  main	
  objectives.	
  Firstly,	
  showing	
  that	
  this	
  local	
  DA	
  

signalling	
   cascade	
   is	
   physiologically	
   relevant	
   and	
   can	
   potentially	
   be	
   engaged	
   in	
   vivo.	
  

Secondly,	
   exploring	
   functional	
   characteristics	
   of	
   the	
   extended	
   circuits	
   capable	
   of	
  

recruiting	
  ACh-­‐evoked	
  drive	
  of	
  striatal	
  DA.	
  I	
  examined	
  afferents	
  to	
  striatal	
  ChIs	
  known	
  to	
  

be	
  strong	
  physiological	
  drivers	
  of	
  ChI	
  activity	
  in	
  vivo	
  and	
  in	
  vitro.	
  By	
  probing	
  whether	
  ChI	
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population	
   activity	
   can	
   be	
   engaged	
   via	
   stimulation	
   of	
   their	
   afferent	
   inputs,	
   hence	
  

removing	
   the	
   activation	
   site	
   one	
   set	
   of	
   synaptic	
   connections	
   away	
   from	
   the	
   primary	
  

driver	
   mechanism,	
   I	
   aimed	
   to	
   demonstrate	
   that	
   ChI-­‐evoked	
   DA	
   signalling	
   is	
  

physiologically	
   relevant.	
   In	
   particular,	
   I	
   explored	
  whether	
   driving	
   afferent	
   circuits	
  with	
  

stimulation	
  rates	
  known	
  to	
  be	
  present	
  in	
  behavioural	
  conditions	
  and/or	
  brain	
  states	
  that	
  

readily	
  engage	
  striatal	
  computational	
  circuits,	
  such	
  as	
  events	
  signalling	
  arousal,	
  can	
  also	
  

drive	
   local	
   striatal	
  DA	
   release,	
  putatively	
   via	
  population	
  activity	
   in	
  ChIs.	
   There	
   is	
   some	
  

evidence	
  that	
  thalamic	
  projections	
  are	
  able	
  to	
  recruit	
  ChI-­‐evoked	
  DA	
  release	
  (Threlfell	
  et	
  

al.,	
  2012).	
  However,	
   the	
  possibility	
  of	
  other	
  excitatory	
  projections	
   to	
  ChIs	
  driving	
  ACh-­‐

evoked	
  DA	
  events,	
  including	
  those	
  from	
  sensorimotor	
  cortex,	
  has	
  remained	
  unexplored.	
  

3.1.4	
   Thalamostriatal	
   and	
   corticostriatal	
   projections	
   as	
   candidate	
  

drivers	
  of	
  acetylcholine-­evoked	
  striatal	
  dopamine	
  

	
   Afferents	
   capable	
   of	
   engaging	
   synchronous	
   ChI	
   population	
   activity	
   should	
  

provide	
  robust	
  striatal	
  innervation,	
  as	
  ChIs	
  are	
  a	
  relatively	
  rare	
  cell	
  type,	
  constituting	
  1-­‐

2%	
   of	
   striatal	
   neuron	
   count	
   in	
   rodents.	
   Both	
   cortical	
   and	
   thalamic	
   projections	
   to	
   CPu	
  

fulfil	
   these	
   criteria.	
   The	
   wealth	
   of	
   anatomical	
   data	
   on	
   thalamostriatal	
   afferents	
  

demonstrate	
   that	
   the	
   centromedian-­‐parafascicular	
   complex	
   of	
   the	
   caudal	
   intralaminar	
  

thalamus	
  provides	
  densest	
  CPu	
  innervation	
  (Berendse	
  and	
  Groenewegen,	
  1990;	
  Van	
  der	
  

Werf	
  et	
  al.,	
  2002;	
  Smith	
  et	
  al.,	
  2004;	
  Sadikot	
  and	
  Rymar,	
  2009).	
  These	
  data	
  also	
   show	
  

that	
  afferents	
  from	
  the	
  parafascicular	
  nucleus	
  (Pf)	
  in	
  particular	
  target	
  proximal	
  and	
  distal	
  

dendritic	
   shafts	
   and	
   spines	
   of	
   striatal	
   ChIs,	
   forming	
   asymmetric	
   synaptic	
   contacts	
   on	
  

those	
  structures	
  (Lapper,	
  1992;	
  Sadikot	
  et	
  al.,	
  1992;	
  Lacey	
  et	
  al.,	
  2007;	
  Doig	
  et	
  al.,	
  2014).	
  

Functionally,	
   these	
   monosynaptic	
   connections	
   between	
   the	
   intralaminar	
   thalamic	
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afferents	
  and	
  striatal	
  ChIs	
  modulate	
  ChI	
  firing	
  rates	
  both	
  in	
  vivo	
  and	
  in	
  vitro	
  (Consolo	
  et	
  

al.,	
   1996b;	
  Matsumoto	
  et	
   al.,	
   2001;	
   Lacey	
  et	
   al.,	
   2007;	
  Ding	
  et	
   al.,	
   2010;	
   Schulz	
   et	
   al.,	
  

2011;	
   Doig	
   et	
   al.,	
   2014).	
   They	
   also	
   contribute	
   to	
   synchronization	
   of	
   ChI	
   firing	
   in	
  

conditioning	
   paradigms	
   (Graybiel,	
   2008).	
   These	
   anatomy	
   and	
   physiology	
   data	
   are	
  

consistent	
  with	
   the	
  observation	
   that	
  optogenetic	
  activation	
  of	
   striatal	
  Pf	
   terminals	
  can	
  

elicit	
  ChI-­‐evoked	
  DA	
  release	
  (Threlfell	
  et	
  al.,	
  2012).	
  	
  

	
   By	
  contrast,	
  until	
   recently,	
   there	
  was	
  a	
   lack	
  of	
  anatomical	
  evidence	
   for	
  a	
  direct	
  

innervation	
   of	
   striatal	
   ChIs	
   by	
   cortical	
   afferents.	
   Frontoparietal	
   cortical	
   areas,	
  

sensorimotor	
   regions	
   in	
   particular,	
   densely	
   innervate	
   CPu	
   in	
   rodents	
   (McGeorge	
   and	
  

Faull,	
   1989;	
   Berendse	
   et	
   al.,	
   1992;	
   Cheatwood	
   et	
   al.,	
   2003,	
   2005;	
   Reep	
   et	
   al.,	
   2003;	
  

Kamishina	
   et	
   al.,	
   2008;	
   Schilman	
  et	
   al.,	
   2008).	
  Whether	
   these	
  projections	
   also	
  directly	
  

target	
  striatal	
  ChIs	
  was	
  unknown.	
  Early	
  studies	
  either	
  failed	
  to	
  identify	
  cortical	
  synaptic	
  

contacts	
  on	
  ChIs	
  or	
  suggested	
  the	
  existence	
  of	
  distal	
  and	
  sparse	
  synapses	
  (Meredith	
  and	
  

Wouterlood,	
  1990;	
  Lapper,	
  1992;	
  Thomas	
  et	
  al.,	
  2000;	
  Alcantara	
  et	
  al.,	
  2001).	
  The	
  latest	
  

data,	
   however,	
   demonstrate	
   that	
   cortical	
   projections	
   indeed	
   synapse	
   on	
   distal	
   and	
  

proximal	
  dendrites	
  of	
  ChIs,	
  albeit	
  the	
  number	
  of	
  synapses	
  was	
  estimated	
  to	
  be	
  one	
  third	
  

of	
  those	
  formed	
  by	
  thalamic	
  afferents	
  (Doig	
  et	
  al.,	
  2014).	
  These	
  findings	
  are	
  consistent	
  

with	
   electrophysiology	
   data	
   showing	
   intact	
   monosynaptic	
   functional	
   connectivity	
  

between	
  cortex	
  and	
  ChIs,	
  as	
  cortical	
  stimulations	
  drive	
  changes	
  in	
  ChIs	
  firing	
  rates	
  in	
  vivo	
  

and	
  in	
  vitro	
  (Wilson	
  et	
  al.,	
  1990;	
  Consolo	
  et	
  al.,	
  1996a;	
  Pisani	
  et	
  al.,	
  2000;	
  Reynolds	
  and	
  

Wickens,	
  2004;	
  Ding	
  et	
  al.,	
   2010;	
  Doig	
  et	
  al.,	
   2014).	
   Together,	
   these	
  data	
   suggest	
   that	
  

corticostriatal	
   afferents	
   could	
   also	
   fulfil	
   the	
   task	
   of	
   driving	
   ACh-­‐evoked	
   DA	
   release	
   by	
  

recruiting	
  ChI	
  population	
  activity.	
  This	
  possibility	
  remained	
  unexplored	
  until	
  now.	
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   Determining	
   whether	
   thalamic	
   afferents	
   are	
   the	
   sole	
   input	
   capable	
   of	
   driving	
  

ACh-­‐evoked	
   DA	
   has	
   important	
   implications	
   for	
   understanding	
   the	
   role	
   of	
   this	
   local	
  

dopaminergic	
   signalling	
   cascade	
   in	
   striatal	
   function.	
   Based	
   on	
   the	
   type	
   of	
   information	
  

that	
  Pf	
  projections	
  likely	
  supply	
  to	
  striatal	
  ChIs,	
  thalamically-­‐induced	
  drive	
  of	
  DA	
  release	
  

could	
   create	
   a	
   preparatory	
   or	
   expectation	
   set	
   for	
   contextually-­‐embedded	
   action	
  

performance	
  by	
  aiding	
  activation	
  of	
  D1	
  MSNs	
   (Hernández-­‐López	
  et	
  al.,	
  1997;	
  Podda	
  et	
  

al.,	
   2010).	
   In	
   particular,	
   this	
   mechanism	
   would	
   support	
   acquisition	
   and	
   execution	
   of	
  

discriminatory-­‐based	
  learning	
  (Kato	
  et	
  al.,	
  2011).	
   If	
  cortical	
  projections	
  can	
  also	
  engage	
  

sufficient	
  ChI	
  synchronization	
  to	
  drive	
  ACh-­‐evoked	
  DA,	
  cortically-­‐elicited	
  DA	
  events	
  could	
  

provide	
   a	
   filter	
   for	
   active	
   input	
   selection	
   via	
   D2	
   receptor	
   activation	
   on	
   corticostriatal	
  

terminals	
   (Bamford	
  et	
  al.,	
   2004).	
   Specifically,	
   cortical	
  drive	
  of	
  DA	
   release	
   could	
  enable	
  

feed-­‐forward	
   facilitation	
   of	
   highly	
   active	
   corticostriatal	
   inputs,	
   augmenting	
   learning	
   of	
  

situationally	
  appropriate	
  behaviours.	
  The	
  thalamic	
  projections	
  could	
  also	
  fulfil	
  this	
  role,	
  

but	
  as	
  a	
  feedback	
  mechanism.	
  Hence,	
  identifying	
  afferent	
  projections	
  capable	
  of	
  driving	
  

ACh-­‐evoked	
   striatal	
   DA	
   is	
   necessary	
   for	
   comprehending	
   functional	
   and	
   behavioural	
  

significance	
  of	
  locally-­‐mediated	
  DA	
  signalling.	
  

3.1.5	
  Early	
  studies	
  of	
  glutamate-­evoked	
  striatal	
  dopamine	
  release	
  

	
   Prior	
   to	
   the	
  data	
   showing	
   striatal	
  DA	
   release	
   following	
   Pf	
   afferents	
   stimulation	
  

(Threlfell	
  et	
  al.,	
  2012),	
   the	
  possibility	
  of	
  other	
  glutamatergic	
  projections	
  to	
  ChIs	
  driving	
  

ACh-­‐evoked	
   DA	
   events	
   remained	
   unexplored.	
   There	
   is	
   some	
   evidence,	
   however,	
   of	
  

glutamate	
   transmission	
   increasing	
   extracellular	
   DA	
   levels,	
   suggesting	
   glutamate-­‐

dependent	
  ACh-­‐evoked	
  DA	
  drive	
  could	
  be	
  an	
  established	
  phenomenon.	
  	
  	
  

	
   A	
  number	
  of	
  studies	
  from	
  the	
  early	
  1990s	
  reported	
  increased	
  DA	
  efflux	
  in	
  striatal	
  

synaptosomal	
   preparations	
   and	
   in	
   vivo	
   microdialysis	
   experiments	
   upon	
   glutamate	
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application	
   (Chéramy	
  et	
  al.,	
  1986;	
  Leviel	
  et	
  al.,	
  1990;	
  Shimizu	
  et	
  al.,	
  1990;	
  Krebs	
  et	
  al.,	
  

1991;	
   Lonart	
   and	
   Zigmond,	
   1991;	
   Verma	
   and	
  Moghaddam,	
   1998).	
   These	
   observations	
  

have	
   been	
   subject	
   to	
   much	
   controversy,	
   given	
   the	
   lack	
   of	
   evidence	
   for	
   glutamate	
  

receptor	
   localization	
  to	
  DA	
  axon	
  terminals	
   (Moss	
  et	
  al.,	
  2011).	
  Some	
  groups	
  suggested	
  

that	
   glutamate	
   application	
   could	
   trigger	
   DA	
   release	
   via	
   DAT	
   reversal	
   (Lonart	
   and	
  

Zigmond,	
  1991)	
  or	
  even	
  exercise	
  direct,	
  activity-­‐independent	
   facilitatory	
  and	
   inhibitory	
  

effects	
   on	
   DA	
   release	
   (Roberts	
   and	
   Anderson,	
   1979;	
   Leviel	
   et	
   al.,	
   1990;	
   Borland	
   and	
  

Michael,	
  2004).	
  The	
  unequivocal	
  evidence	
  for	
  the	
  processes	
  underlying	
  these	
  glutamate	
  

actions	
  on	
  DA	
  release	
  was	
  lacking.	
  

	
   While	
   these	
  early	
  experiments	
  provide	
   some	
  evidence	
   for	
  direct	
  modulation	
  of	
  

DA	
   release	
   by	
   glutamate,	
   they	
   were	
   mostly	
   based	
   on	
   HLPC	
   analyses	
   of	
   dialysates	
  

collected	
  over	
  a	
  long	
  period	
   in	
  vivo.	
  Consequently,	
  these	
  data	
  do	
  not	
  accurately	
  reflect	
  

moment-­‐to-­‐moment	
  changes	
  in	
  extracellular	
  DA	
  levels	
  or	
  delineate	
  the	
  circuits	
  involved.	
  

The	
   Glowinski	
   group	
   in	
   the	
   1970s	
   showed	
   that	
   DA	
   release	
   could	
   also	
   be	
   evoked	
   by	
  

electrical	
   stimulation	
   of	
   the	
   cortex	
   in	
   cat,	
   although	
   authors	
   concluded	
   the	
   recorded	
  

terminal	
  DA	
  release	
  to	
  be	
  the	
  result	
  of	
  direct	
  SNc	
  activation	
  (Nieoullon	
  et	
  al.,	
  1978).	
  The	
  

above	
  data,	
  therefore,	
  set	
  a	
  scene	
  for	
  our	
  investigation	
  of	
  glutamate-­‐dependent	
  drive	
  of	
  

striatal	
   DA	
   release.	
   Unlike	
   the	
   past	
   studies	
   advocating	
   direct	
   glutamate	
   effects	
   on	
  DA	
  

transmission,	
  we	
  suggest	
  that	
  the	
  mechanism	
  at	
  play	
  actually	
  involves	
  an	
  intermediary	
  in	
  

the	
  face	
  of	
  resident	
  ChIs.	
  

3.1.6	
  Summary	
  

	
   The	
   early	
   studies	
   of	
   ACh-­‐DA	
   interactions	
   in	
   striatum	
   put	
   forward	
   a	
   number	
   of	
  

working	
   hypotheses	
   for	
   describing	
   this	
   relationship.	
   The	
   dynamic	
   gating	
   hypothesis	
   of	
  

DA	
   release	
   by	
   the	
   cholinergic	
   system	
   stood	
   its	
   ground	
   until	
   the	
   advancements	
   in	
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research	
  technology	
  provided	
  evidence	
  for	
  this	
  conceptualization	
  of	
  ACh-­‐DA	
  relationship	
  

being	
  oversimplified	
  yet.	
  Coupling	
  of	
  FCV	
  with	
  selective	
  optogenetic	
  activation	
  of	
  striatal	
  

ChIs	
   uncovered	
   an	
   unprecedented	
   level	
   of	
   cooperativity	
   between	
   ACh	
   and	
   DA,	
  

demonstrating	
   that	
  ChIs	
   can	
  evoke	
   striatal	
  DA	
   release	
  via	
  nAChRs	
   located	
  on	
  DA	
  axon	
  

terminals.	
   However,	
   whether	
   this	
   local	
   DA	
   signalling	
   cascade	
   can	
   be	
   recruited	
  

physiologically	
  to	
  a	
  large	
  extent	
  remained	
  unexplored.	
  The	
  experiments	
  described	
  in	
  this	
  

chapter	
  aimed	
  to	
  examine	
  the	
  relative	
  roles	
  and	
  functional	
  characteristics	
  of	
  cortical	
  and	
  

thalamic	
  afferents	
  to	
  striatal	
  ChIs	
  in	
  driving	
  ACh-­‐evoked	
  DA	
  release	
  events.	
  

3.1.7	
  Goals	
  and	
  aims	
  of	
  the	
  current	
  study	
  

	
   In	
  this	
  work	
  we	
  set	
  out	
  to	
  investigate	
  the	
  recruitment	
  of	
  ACh-­‐evoked	
  DA	
  release	
  

by	
   two	
   well-­‐established	
   physiological	
   drivers	
   of	
   ChI	
   activity,	
   corticostriatal	
   and	
  

thalamostriatal	
   projections,	
   originating	
   from	
   primary	
   motor	
   cortex	
   and	
   Pf	
   nucleus	
   of	
  

caudal	
   intralaminar	
   thalamus,	
   respectively.	
   These	
   afferents	
   were	
   previously	
   shown	
   to	
  

increase	
   the	
   firing	
   rate	
   of	
   tonically	
   active	
   ChIs	
   in	
   vivo	
   and	
   in	
   vitro.	
   Firstly,	
   I	
   employed	
  

electrical	
  stimulation	
  of	
  corticostriatal	
  afferents	
  in	
  sagittal	
  slices	
  for	
  detection	
  of	
  evoked	
  

DA	
  events.	
  Secondly,	
   I	
  used	
  selective	
  optogenetic	
  activation	
  of	
  cortical	
  and	
  Pf	
  thalamic	
  

terminals	
   in	
   coronal	
   striatal	
   slices	
   coupled	
   with	
   FCV	
   recordings	
   of	
   light-­‐evoked	
   DA	
  

events.	
  Experimental	
   results	
  showed	
  that	
  both	
  M1	
  cortical	
  and	
  Pf	
   thalamic	
  projections	
  

are	
  capable	
  of	
  driving	
  striatal	
  DA	
  release,	
  and	
  ChIs	
  play	
  the	
  gatekeeper	
  role	
  in	
  mediating	
  

this	
  glutamate-­‐dependent	
  drive	
  of	
  striatal	
  DA	
  signalling.	
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3.2	
  Methods	
  

	
   Methods	
  used	
  were	
  as	
  described	
  in	
  Chapter	
  2,	
  unless	
  otherwise	
  stated	
  here.	
  	
  

3.2.1	
  Animals	
  

	
   Adult	
   (35-­‐70d)	
   male	
   C57Bl6/J	
   wild	
   type	
   (WT)	
   mice	
   were	
   used	
   for	
   electrical	
  

stimulation	
  experiments.	
  Adult	
  (21-­‐40d)	
  male	
  and	
  female	
  homozygous	
  and	
  heterozygous	
  

CaMK2a-­‐Cre	
   mice	
   (B6.Cg-­‐Tg(CaMK2a-­‐Cre)T29-­‐1Stl/J,	
   stock	
   005359)	
   were	
   used	
   for	
  

optogenetic	
   experiments.	
   For	
   anatomy	
   experiments	
   addressing	
   anterograde	
   versus	
  

retrograde	
  axonal	
  transport	
  of	
  the	
  AAV5	
  vector,	
  adult	
  (30-­‐45d)	
  male	
  heterozygous	
  DAT-­‐

Cre	
  mice	
  (B6.SJL-­‐Slc6a3tm1.1(cre)Bkmn	
  /J,	
  stock	
  006660)	
  were	
  used.	
  	
  

3.2.2	
  Optogenetic	
  surgery	
  

Stereotaxic	
   injections	
   of	
   AAV5-­‐packaged	
   floxed	
   ChR2	
   construct	
   for	
   optogenetic	
  

experiments	
  were	
  performed	
  on	
  CaMK2a-­‐Cre	
  mice	
   (21-­‐40d).	
  400	
  nl	
  of	
   the	
  AAV5	
  ChR2	
  

vector	
  were	
  pressure-­‐injected	
  per	
  hemisphere	
  bilaterally.	
  4-­‐10	
  weeks	
  were	
  allowed	
  for	
  

opsin	
   transduction	
   to	
   ensure	
   sufficiently	
   high	
   levels	
   of	
   ChR2	
   expression.	
   For	
   the	
  

corticostriatal	
   afferents	
   injections	
   targeted	
   primary	
  motor	
   cortex	
  M1	
   (ML	
   1.7	
  mm,	
  AP	
  

+1.3	
  mm,	
  DV	
  1.0	
  mm	
   from	
  bregma)	
  or	
   somatosensory	
   cortex	
  M1/S1	
   (ML	
  2.6	
  mm,	
  AP	
  

+0.5	
  mm,	
  DV	
  2.1	
  mm	
  from	
  bregma).	
  During	
  the	
  later	
  stages,	
  all	
   injections	
  targeted	
  M1	
  

exclusively.	
  For	
  the	
  thalamostriatal	
  afferents	
   injections	
  targeted	
  the	
  Pf	
  nucleus	
  (ML	
  0.7	
  

mm,	
  AP	
  -­‐2.3	
  mm,	
  DV	
  3.5	
  mm	
  from	
  bregma).	
  

For	
  anatomical	
  localization	
  of	
  the	
  AAV5	
  ChR2	
  vector	
  following	
  its	
  transportation	
  

from	
  the	
  injection	
  site,	
  DAT-­‐Cre	
  mice	
  (30-­‐45d)	
  received	
  injections	
  targeting	
  central	
  CPu	
  

(1.5	
  mm	
  ML,	
  +0.5	
  mm	
  AP,	
  3.2	
  mm	
  DV	
  from	
  bregma).	
  400	
  nl	
  of	
  the	
  ChR2	
  construct	
  were	
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injected	
   per	
   hemisphere	
   bilaterally.	
   After	
   4-­‐6	
   weeks	
   incubation	
   time,	
   mice	
   were	
  

transcardially	
  perfused	
  with	
  PBS	
  and	
  their	
  brains	
  were	
  fixed.	
  

3.2.3	
  Slice	
  preparation	
  

Acute	
  slices	
  were	
  prepared	
  as	
  described	
  in	
  Chapter	
  2.	
  Brains	
  from	
  the	
  WT	
  mice	
  

for	
   the	
   electrical	
   stimulation	
   experiments	
  were	
   cut	
   in	
   sagittal	
   plane	
   starting	
   from	
   the	
  

midline.	
   4-­‐5	
   consecutive	
   sagittal	
   slices	
   containing	
   CPu	
   and	
   NAc	
   were	
   collected	
   for	
  

experimentation.	
  

3.2.4	
  Stimulation	
  protocols	
  and	
  experimental	
  set	
  up	
  

	
   To	
   probe	
   the	
   role	
   of	
   corticostriatal	
   afferents	
   in	
   driving	
   ChI-­‐evoked	
  DA	
   release,	
  

electrical	
  stimulation	
  of	
  descending	
  L5/6	
  fibres	
  in	
  WT	
  sagittal	
  sections	
  was	
  used.	
  Coronal	
  

slices	
  from	
  AAV5	
  ChR2-­‐injected	
  CaMK2a-­‐Cre	
  mice	
  were	
  used	
  in	
  optogenetic	
  experiments	
  

where	
  cortical	
  or	
  thalamic	
  striatal	
  terminals	
  were	
  activated	
  with	
  blue	
  light.	
  

3.2.4.1	
  Distal	
  electrical	
  stimulation	
  	
  

The	
   stimulating	
   Pt/Ir	
   electrode	
  was	
   first	
   positioned	
   in	
   corpus	
   callosum	
   (CC),	
   in	
  

sagittal	
   slices	
   preserving	
   the	
   integrity	
   of	
   ipsilateral	
   and	
   crossed	
   corticostriatal	
  

projections.	
  The	
  working	
  CFM	
  was	
  placed	
  distally	
  450-­‐500	
  µm	
  away	
  from	
  the	
  stimulating	
  

electrode	
   in	
   dorsal	
   CPu.	
   After	
   the	
   CC	
   stimulation	
   protocols	
   were	
   completed,	
   the	
  

stimulating	
   electrode	
   was	
   positioned	
   for	
   intrastriatal	
   (CPu)	
   stimulation,	
   equidistantly	
  

from	
  the	
  CFM.	
  For	
  the	
  control	
  experiments	
  designed	
  to	
  probe	
  glutamate	
  involvement	
  in	
  

evoked	
  DA	
  events	
  during	
   intrastriatal	
  distal	
  stimulation,	
  both	
  the	
  stimulating	
  electrode	
  

and	
  CFM	
  were	
  positioned	
  in	
  dorsal	
  CPu	
  450-­‐500	
  µm	
  apart.	
  Electrical	
  current	
  amplitude	
  

was	
  adjusted	
  between	
  0.8-­‐2.0	
  mA	
  to	
  ensure	
  evoked	
  [DA]o	
  were	
  sufficiently	
   large	
  to	
  be	
  

easily	
  detected	
   in	
  control	
   	
  pre-­‐drug	
  recordings.	
  A	
  range	
  of	
  stimulation	
  frequencies	
  and	
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pulse	
  number,	
  including	
  single	
  pulses,	
  paired	
  pulses	
  and	
  pulse	
  trains	
  at	
  10-­‐100	
  Hz	
  were	
  

used.	
  	
  	
  

3.2.4.2	
  Optogenetic	
  stimulation	
  

	
   ChR2-­‐expressing	
   cortical	
   and	
   thalamic	
   terminals	
   were	
   visualised	
   by	
   eYFP	
  

expression	
  and	
  DA	
  release	
  was	
  sampled	
  in	
  areas	
  with	
  high	
  fluorescence	
  signal	
  intensity.	
  

ChR2-­‐expressing	
  terminals	
  were	
  depolarized	
  using	
  a	
  blue	
  473	
  nm	
  LED.	
  Light	
  stimulation	
  

protocols	
  were	
  designed	
  to	
  reflect	
  physiological	
  firing	
  frequencies	
  of	
  each	
  of	
  the	
  afferent	
  

pathways	
  observed	
  in	
  vivo.	
  For	
  thalamic	
  projections	
  single	
  pulses	
  and	
  trains	
  of	
  5	
  pulses	
  

at	
  10	
  Hz	
  were	
  used,	
  for	
  cortical	
  afferents	
  single	
  pulses	
  and	
  trains	
  of	
  10	
  pulses	
  at	
  25	
  Hz	
  

were	
  employed.	
  	
  

3.2.5	
  Fast-­scan	
  cyclic	
  voltammetry	
  

Striatal	
  DA	
  release	
  following	
  electrical	
  stimulation	
  of	
  corticostriatal	
  projections	
  in	
  

sagittal	
   sections,	
   or	
   light	
   activation	
   of	
   ChR2-­‐expressing	
   cortical/thalamic	
   terminals	
   in	
  

coronal	
  slices	
  was	
  monitored	
  with	
  FCV	
  at	
  CFMs	
  as	
  described	
  in	
  Chapter	
  2.	
  	
  	
  

3.2.6	
  Immunohistochemistry	
  and	
  injection	
  site	
  localization	
  

Immunohistochemical	
  processing	
  was	
  carried	
  out	
  as	
  described	
  in	
  Chapter	
  2.	
  

100	
   µm	
   thick	
   Pf-­‐	
   and	
   300	
   µm	
   thick	
   M1-­‐containing	
   sections	
   from	
   the	
   animals	
  

where	
  5-­‐20nl	
  of	
  red	
  polystyrene	
  fluorescent	
  spheres	
  (Invitrogen)	
  were	
  injected	
  together	
  

with	
  the	
  ChR2	
  construct	
  were	
  used	
  for	
  identification	
  of	
  the	
  injection	
  sites.	
  50	
  µm	
  thick	
  

sections	
   containing	
  Pf	
  were	
   immunostained	
  with	
  α-­‐cerebellin-­‐1	
   antibody,	
   the	
  putative	
  

marker	
  of	
  Pf	
  neurons	
  (Kusnoor	
  et	
  al.,	
  2010;	
  Ellender	
  et	
  al.,	
  2013).	
  These	
  sections	
  were	
  

then	
  used	
  for	
  co-­‐localization	
  of	
  ChR2	
  with	
  the	
  secondary	
  antibody	
  conjugated	
  to	
  DyLight	
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594	
   fluorophore	
   (Jackson	
   ImmunoResearch	
   Laboratories	
   Inc.).	
   50	
  µm	
  slices	
   containing	
  

SNc	
  and	
  VTA	
  from	
  CPu-­‐injected	
  DAT-­‐Cre	
  mice	
  were	
  examined	
  for	
  eYFP	
  signal	
  to	
  detect	
  

retrograde	
   AAV5	
   ChR2	
   transport,	
   and	
   some	
   of	
   the	
   sections	
   were	
   processed	
   for	
  

immunostaining	
  with	
  TH	
  antibody	
  to	
  show	
  co-­‐localization	
  of	
  TH-­‐positive	
  cells	
  with	
  eYFP-­‐

expressing	
  fibres.	
  

Visualization	
  of	
  ChR2-­‐expressing	
  cell	
  bodies	
  and	
  processes	
   in	
  all	
  Cre	
  driver	
   lines	
  

was	
   possible	
   without	
   additional	
   immunostaining	
   due	
   to	
   high	
   levels	
   of	
   eYFP	
   signal	
  

intensity	
  in	
  heat-­‐treated	
  and	
  unprocessed	
  PFA-­‐fixed	
  sections.	
  

3.2.7	
  Drugs	
  

D-­‐AP5,	
  GYKI	
  52466	
  hydrochloride	
  (GYKI),	
  bicuculine,	
  saclofen,	
  Oxo-­‐M	
  and	
  MCPG	
  

were	
   purchased	
   from	
   Tocris	
   Bioscience	
   or	
   Ascent	
   Scientific.	
   DHβE	
   and	
   all	
   other	
  

chemicals	
  were	
  purchased	
   from	
  Sigma	
  Aldrich.	
  All	
   solutions	
  were	
  prepared	
   in	
  distilled	
  

de-­‐ionized	
   water	
   or	
   aqueous	
   acid	
   (GYKI)	
   to	
  make	
   stock	
   aliquots	
   at	
   1000-­‐10000x	
   final	
  

concentrations	
  and	
  stored	
  at	
  -­‐20°C.	
  Drug	
  stocks	
  were	
  diluted	
  in	
  oxygenated	
  aCSF	
  from	
  

frozen	
   aliquots	
   immediately	
   before	
   use	
   and	
   were	
   bath	
   applied.	
   None	
   of	
   the	
   drugs	
  

altered	
  electrode	
  sensitivity	
  at	
  the	
  concentrations	
  used.	
  

3.2.8	
  Data	
  analyses	
  

All	
   data	
  were	
   recorded,	
   pre-­‐processed	
   and	
   analysed	
  using	
  Whole	
   Cell	
   Program	
  

(University	
   of	
   Strathclyde,	
   Glasgow)	
   or	
   AxoScope	
   10.2	
   (Axon	
   Laboratories)	
   software	
  

packages	
  and	
  in-­‐house	
  Excel	
  macros	
  scripts	
  (Prof	
  S.	
  Cragg	
  &	
  Dr	
  K.	
  Jennings).	
  All	
  statistical	
  

analyses	
  and	
  data	
  plotting	
  were	
  performed	
  using	
  GraphPadPrism	
  6.0.	
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The	
  data	
  are	
  expressed	
  as	
  mean	
  ±	
  standard	
  error	
  of	
  the	
  mean	
  (SEM),	
  where	
  N	
  is	
  

the	
  number	
  of	
  animals	
  and	
  n	
  is	
  the	
  total	
  number	
  of	
  observations.	
  Typically,	
  2-­‐4	
  slices	
  per	
  

animal	
   were	
   recorded	
   from	
   for	
   optogenetic	
   experiments,	
   1-­‐3	
   slices	
   per	
   animal	
   for	
  

electrical	
   stimulation	
   experiments.	
   The	
   minimum	
   N	
   for	
   each	
   experimental	
   data	
   set	
  

presented	
  here	
   is	
   3,	
   unless	
  otherwise	
   stated.	
  DA	
   transients	
   represent	
   traces	
   averaged	
  

across	
   different	
   experiments	
   that	
   employed	
   the	
   same	
   experimental	
  manipulation	
   and	
  

are	
  always	
  normalized	
   to	
   their	
  mean	
  peak	
   control	
   value	
   (single	
  pulse	
  or	
  pulse	
   train	
   in	
  

pre-­‐drug	
   condition),	
   unless	
   the	
   data	
   are	
   presented	
   as	
   raw	
   extracellular	
   DA	
  

concentrations	
  in	
  µM	
  ([DA]o).	
  Mean	
  evoked	
  DA	
  transients	
  were	
  calculated	
  by	
  averaging	
  

at	
  least	
  4	
  traces	
  from	
  every	
  recording	
  site	
  for	
  each	
  stimulation	
  and/or	
  drug	
  application	
  

protocol.	
  The	
  averaged	
  data	
  were	
  plotted	
  and	
  analysed	
  statistically	
  using	
  comparison	
  of	
  

the	
  means	
  and	
  regression	
  analyses.	
  When	
  raw	
  data	
  passed	
  Shapiro-­‐Wilk	
  normality	
  tests,	
  

parametric	
  tests	
  were	
  used.	
  The	
  mean	
  peak	
  evoked	
  DA	
  values	
  were	
  used	
  for	
  statistical	
  

comparisons,	
  unless	
  otherwise	
  stated.	
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3.3	
  Results	
  

3.3.1	
  Electrical	
  stimulation	
  of	
  corticostriatal	
  afferents	
  

To	
   test	
   whether	
   corticostriatal	
   afferents	
   could	
   drive	
   ChI-­‐evoked	
   DA	
   release	
  

electrical	
   stimulation	
   was	
   used	
   in	
   exploratory	
   studies.	
   This	
   approach	
   presented	
   a	
  

potential	
  for	
  straightforward	
  experiments	
  remotely	
  activating	
  corticostriatal	
  afferents	
  in	
  

WT	
   tissue.	
   However,	
   this	
   turned	
   out	
   to	
   be	
   not	
   the	
   case	
   for	
   several	
   reasons	
   outlined	
  

below.	
   It	
  was	
  possible	
   to	
  detect	
   striatal	
  DA	
   release	
  with	
  distal	
  electrical	
   stimulation	
  of	
  

corticostriatal	
  fibres	
  (Figure	
  3.1b-­‐f,	
  3.3b-­‐f),	
  although	
  evoked	
  DA	
  transients	
  were	
  typically	
  

small,	
   on	
   the	
  order	
  of	
   0.4-­‐0.7	
  µM.	
  Thus,	
   only	
   1	
   in	
   3	
   experiments	
  had	
   sufficiently	
   high	
  

release	
  levels	
  to	
  complete	
  data	
  acquisition	
  following	
  pharmacological	
  manipulations.	
  

Ionotropic	
  glutamate	
  AMPA	
  (GYKI,	
  10	
  µM)	
  and	
  NMDA	
  (D-­‐AP5,	
  50	
  µM)	
  receptor	
  

antagonists	
  were	
  used	
   to	
  delineate	
   glutamate-­‐dependent	
   component	
   in	
  DA	
   transients	
  

evoked	
  by	
  distal	
  electrical	
  stimulation	
  of	
  corticostriatal	
  afferents	
   in	
  CC	
  (Figure	
  3.1a).	
  D-­‐

AP5	
   and	
   GYKI	
   application	
   on	
   average	
   reduced	
   peak	
   evoked	
   [DA]o	
   to	
   38%	
   of	
   control	
  

across	
  all	
   stimulation	
  protocols	
   (Figure	
  3.1b-­‐f).	
   iGluR	
  antagonists	
  decreased	
  evoked	
  DA	
  

release	
   independently	
   of	
   stimulation	
   frequency.	
   Two-­‐way	
   ANOVA	
   showed	
   the	
   main	
  

effect	
   of	
   drug	
   application	
   (F(1,136)=476.0,	
   p<0.0001),	
   and	
   post-­‐hoc	
   Bonferroni	
   t-­‐tests	
  

revealed	
   that	
   for	
   every	
   stimulation	
   protocol	
   peak	
   evoked	
   [DA]o	
   was	
   significantly	
  

decreased	
  with	
  iGluR	
  antagonism	
  (p<0.0001)	
  (Figure	
  3.1g).	
  However,	
  progressive	
  decline	
  

in	
   evoked	
   [DA]o	
   over	
   time	
   likely	
   exaggerated	
   the	
   observed	
   drug	
   effects	
   (Figure	
   3.1h),	
  

because	
  no	
  steady	
  baseline	
  could	
  be	
  achieved	
  in	
  control	
  prior	
  to	
  drug	
  administration.	
  To	
  

investigate	
   whether	
   decrease	
   in	
   evoked	
   [DA]o	
   was	
   due	
   to	
   tissue	
   quality	
   decline,	
   the	
  

stimulating	
   electrode	
   was	
   moved	
   and	
   positioned	
   for	
   remote	
   intrastriatal	
   (CPu)	
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stimulation	
  (Figure	
  3.1a).	
  Distal	
  CPu	
  stimulation	
  in	
  iGluR	
  block	
  evoked	
  DA	
  transients	
  with	
  

larger	
  amplitude	
  compared	
  to	
  distal	
  CC	
  stimulation	
  in	
  drug-­‐free	
  conditions	
  (Figure	
  3.1b-­‐

f),	
   thus	
   revealing	
   a	
   significant	
   passive	
   current	
   component	
   in	
   evoked	
   [DA]o.	
   The	
  

implications	
  are	
  two-­‐fold.	
  Firstly,	
  a	
  decrease	
  in	
  evoked	
  [DA]o	
  following	
  iGluR	
  antagonism	
  

was	
  not	
  purely	
  due	
  to	
  decline	
  in	
  slice	
  quality.	
  Secondly,	
  the	
  CC	
  itself	
  can	
  limit	
  electrical	
  

current	
   spread	
   to	
  distal	
   sites	
  where	
   the	
  CFMs	
  were	
  positioned,	
  possibly	
  due	
   to	
  higher	
  

impedance	
  of	
  myelinated	
  fibre	
  tracts.	
  	
  

Further	
  experiments	
  explored	
  glutamate	
  contribution	
  to	
  evoked	
  DA	
  events	
  with	
  

distal	
  CPu	
  stimulation	
  (Figure	
  3.2a).	
  Application	
  of	
  AMPA	
  (GYKI,	
  10	
  µM)	
  and	
  NMDA	
  (D-­‐

AP5,	
  50	
  µM)	
   receptor	
  antagonists	
  on	
  average	
  decreased	
  peak	
  evoked	
   [DA]o	
   to	
  80%	
  of	
  

control	
  (Figure	
  3.2b-­‐f).	
  The	
  reduction	
  in	
  evoked	
  [DA]o	
  was	
  small	
  but	
  significant	
  and	
  two-­‐

way	
  ANOVA	
   revealed	
   the	
  main	
  effect	
  of	
   iGluR	
  antagonism	
   (F(1,133)=29.14,	
  p<0.0001).	
  

Post-­‐hoc	
   Bonferroni	
   comparisons,	
   however,	
   showed	
   that	
   only	
   for	
   single	
   pulse	
   and	
   5	
  

pulses	
   at	
   10	
   Hz	
   stimulation	
   protocols	
   reduction	
   in	
   evoked	
   [DA]o	
   was	
   statistically	
  

significant	
   (p<0.05)	
   (Figure	
   3.2g).	
   In	
   contrast	
   to	
   distal	
   CC	
   stimulation	
   experiments,	
  

evoked	
   [DA]o	
   with	
   distal	
   CPu	
   stimulation	
  was	
   relatively	
   stable	
   over	
   time,	
   both	
   during	
  

baseline	
  pre-­‐drug	
  recordings	
  and	
   following	
   iGluR	
  block	
   (Figure	
  3.2h).	
  However,	
  evoked	
  

[DA]o	
  with	
  distal	
  CPu	
  stimulation	
  protocol	
  was	
  also	
  generally	
  higher,	
  on	
  the	
  order	
  of	
  1.0-­‐

1.2	
  µM.	
  Thus,	
  approximately	
  60%	
  reduction	
  in	
  evoked	
  [DA]o	
  following	
  iGluR	
  antagonism	
  

with	
  CC	
  stimulation	
  and	
  20%	
  decrease	
  with	
  CPu	
  stimulation	
  suggested	
  that	
  glutamate-­‐

dependent	
  component	
  of	
  CC-­‐evoked	
  DA	
  events	
  could	
  account	
  for	
  up	
  to	
  40%.	
  These	
  data	
  

were	
   initially	
   suggestive	
   of	
   a	
   glutamate-­‐dependent	
   component	
   in	
   DA	
   release	
   events	
  

following	
  distal	
  electrical	
  stimulation	
  of	
  corticostriatal	
  fibres	
  in	
  CC.	
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I	
  next	
  examined	
  whether	
  corticostriatal	
  DA	
  events	
  were	
  mediated	
  via	
  ChIs.	
  The	
  

hypothesis	
   tested	
   was	
   that	
   striatal	
   ChIs	
   following	
   their	
   activation	
   by	
   corticostriatal	
  

glutamatergic	
  afferents	
  drive	
  DA	
  release	
  via	
  nAChRs.	
  If	
  DA	
  release	
  following	
  activation	
  of	
  

corticostriatal	
   projections	
   happens	
   via	
   ChIs,	
   application	
   of	
   nAChR	
   antagonist	
   would	
  

abolish	
  DA	
  events	
  evoked	
  with	
  distal	
  CC	
  stimulation	
  (Figure	
  3.3a).	
  The	
  DA	
  events	
  evoked	
  

with	
   distal	
   CPu	
   stimulation	
   (Figure	
   3.3a),	
   however,	
   would	
   be	
   spared,	
   as	
   intrastriatal	
  

electrical	
  currents	
  also	
  directly	
  depolarize	
  dopaminergic	
  terminals.	
  Application	
  of	
  nAChR	
  

antagonist	
  (DHβE,	
  1	
  µM)	
  reduced	
  electrically	
  evoked	
  [DA]o	
  to	
  11%	
  of	
  control	
  with	
  CC	
  and	
  

16%	
  of	
  control	
  with	
  CPu	
  stimulation	
  (Figure	
  3.3b-­‐f).	
  The	
  mean	
  peak	
  [DA]o	
  evoked	
  in	
  the	
  

presence	
  of	
  nAChR	
  antagonist	
  with	
  CC	
  and	
  CPu	
  stimulation	
  was	
  significantly	
  decreased	
  

in	
   a	
   frequency-­‐sensitive	
   manner.	
   Two-­‐way	
   ANOVA	
   revealed	
   the	
   main	
   effect	
   of	
   drug	
  

application	
  (F(1,89)=9.73,	
  p=0.0024)	
  and	
  stimulation	
  frequency	
  (F(4,89)=7.52,	
  p<0.0001).	
  

Thus,	
  evoked	
  [DA]o	
  following	
  CC	
  and	
  CPu	
  distal	
  electrical	
  stimulation	
  in	
  the	
  presence	
  of	
  

DHβE	
  was	
  frequency	
  sensitive	
  (Figure	
  3.3g).	
  However,	
  across	
  all	
  stimulation	
  frequencies	
  

mean	
  peak	
  evoked	
  [DA]o	
  in	
  the	
  presence	
  of	
  DHβE	
  was	
  not	
  significantly	
  different	
  between	
  

CC	
   and	
   CPu	
   stimulation	
   protocols	
   (F(2,12)=0.60,	
   p<0.0001,	
   one-­‐way	
   ANOVA,	
   post-­‐hoc	
  

Tukey	
  tests	
  p>0.05;	
  Figure	
  3.3h).	
  Frequency	
  sensitivity	
  of	
  DA	
  events	
  evoked	
  with	
  distal	
  

electrical	
  stimulation	
  was	
  similar	
  to	
  frequency-­‐sensitive	
  DA	
  transients	
  evoked	
  with	
  local	
  

electrical	
   stimulation	
   of	
   DA	
   axons	
   following	
   nAChR	
   blockade.	
   These	
   data	
   strongly	
  

suggested	
   that	
   passive	
   current	
   spread	
   directly	
   depolarizing	
   DA	
   terminals	
   was	
   a	
  

significant	
   contributing	
   factor	
   to	
   [DA]o	
   evoked	
   with	
   CC	
   and	
   CPu	
   distal	
   electrical	
  

stimulations.	
   Further,	
   under	
   these	
   circumstances	
  passive	
   current	
   could	
   also	
  be	
  driving	
  

corticostriatal	
  and	
  other	
  glutamatergic	
  inputs	
  during	
  distal	
  CPu	
  stimulation.	
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Together,	
   the	
   above	
   data	
   suggest	
   that	
   with	
   distal	
   electrical	
   stimulation	
   there	
  

could	
  be	
  no	
  certainty	
  regarding	
  which	
  afferent	
  fibres	
  or	
  local	
  circuits	
  are	
  being	
  activated.	
  

Most	
   likely	
   due	
   to	
   passive	
   current	
   effects	
   DA	
   axons,	
   striatal	
   ChIs	
   as	
  well	
   as	
   local	
   and	
  

afferent	
  glutamatergic	
  circuits	
  were	
  stimulated	
  at	
  once.	
   In	
  this	
  case,	
   it	
   is	
   impossible	
  to	
  

discern	
   the	
   contribution	
   of	
   each	
   individual	
   component.	
  While	
   comparison	
   of	
   the	
   data	
  

from	
   distal	
   CC	
   and	
   distal	
   CPu	
   stimulation	
   following	
   iGluR	
   blockade	
   suggested	
   some	
  

glutamate-­‐dependence	
  of	
  evoked	
  [DA]o,	
  due	
  to	
  passive	
  current	
  spread	
  and	
  site	
  rundown	
  

only	
  a	
  minor	
  proportion	
  of	
  DA	
  evoked	
  stemmed	
  from	
  corticostriatal	
  pathway	
  activation.	
  

Consequently,	
   the	
   role	
   of	
   corticostriatal	
   afferents	
   to	
   ChIs	
   in	
   driving	
   ACh-­‐evoked	
   DA	
  

release	
  could	
  not	
  be	
  assessed	
  using	
  distal	
  electrical	
  stimulation.	
  Therefore,	
  optogenetic	
  

approach	
  was	
  adopted	
  for	
  all	
  subsequent	
  experiments.	
  

3.3.2	
  Optogenetic	
  activation	
  of	
  cortical	
  and	
  thalamic	
  afferents	
  to	
  striatal	
  

cholinergic	
  interneurons	
  

	
   The	
  advantage	
  of	
  optogenetic	
  approaches	
  lies	
  in	
  the	
  ability	
  to	
  selectively	
  activate	
  

terminals	
  of	
   cortical	
   or	
   thalamic	
  origin	
   at	
   striatal	
   level.	
  With	
  electrical	
   stimulation	
   it	
   is	
  

virtually	
   impossible	
   to	
   examine	
   contributions	
   from	
   a	
   specific	
   thalamic	
   nuclei	
   group	
  

(Ellender	
   et	
   al.,	
   2013).	
   Even	
   distinguishing	
   between	
   cortical	
   and	
   thalamic	
   afferents	
   in	
  

CPu	
  is	
  challenging,	
  requiring	
  preparation	
  of	
  parahorizontal	
  slices	
  with	
  distal	
  stimulation	
  

of	
   the	
   afferent	
   fibre	
   bundles	
   (Ding	
   et	
   al.,	
   2008,	
   2010;	
   Goldberg	
   and	
   Reynolds,	
   2011;	
  

Ibáñez-­‐Sandoval	
  et	
  al.,	
  2011;	
  Goldberg	
  et	
  al.,	
  2012).	
  In	
  contrast,	
  optogenetic	
  approaches	
  

enable	
   direct	
   and	
   selective	
   light	
   activation	
   of	
   ChR2-­‐expressing	
   cortical	
   or	
   thalamic	
  

striatal	
  terminals.	
  Hence,	
  I	
  used	
  CaMK2a-­‐Cre	
  driver	
   line,	
  expressing	
  Cre-­‐recombinase	
  in	
  

most	
  excitatory	
  cortical	
  and	
  thalamic	
  neurons	
  (Benson	
  et	
  al.,	
  1992;	
  Liu	
  and	
  Jones,	
  1996,	
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1997),	
   to	
   targeted	
   ChR2	
   expression	
   to	
   M1	
   and	
   Pf	
   neurons	
   using	
   AAV5	
   ChR2	
   vector	
  

injections.	
  	
  	
  

3.3.3	
  AAV5	
  ChR2	
  transduction	
  of	
  the	
  target	
  cortical	
  and	
  thalamic	
  areas	
  

	
   I	
  first	
  aimed	
  to	
  confirm	
  that	
  cortical	
  and	
  thalamic	
  regions	
  of	
  interest	
  (Figure	
  3.4a)	
  

were	
   successfully	
   targeted	
   during	
   stereotaxic	
   surgery	
   using	
   fluorescence	
   microscopy.	
  

High	
  intensity	
  eYFP	
  signal	
  in	
  striatum	
  following	
  cortical	
  (Figure	
  3.4b)	
  or	
  thalamic	
  (Figure	
  

3.4c)	
  injections	
  showed	
  that	
  ChR2	
  was	
  successfully	
  trafficked	
  to	
  the	
  axon	
  terminals	
  from	
  

the	
   transfected	
   parent	
   cell	
   bodies	
   at	
   the	
   injection	
   sites	
   5-­‐6	
   weeks	
   post-­‐surgery.	
  

Injections	
  of	
  the	
  AAV5	
  ChR2	
  vector	
  into	
  either	
  M1	
  or	
  Pf	
  also	
  yielded	
  robust	
  transduction	
  

of	
   the	
   local	
  neuropil	
   in	
   cortex	
   (Figure	
  3.4d,f)	
  and	
  caudal	
   intralaminar	
   thalamus	
   (Figure	
  

3.4e,g).	
   Importantly,	
   higher-­‐resolution	
   confocal	
   microscopy	
   images	
   are	
   necessary	
   to	
  

unequivocally	
  show	
  ChR2	
  expression	
  in	
  striatal	
  terminals	
  and	
  parent	
  cell	
  bodies	
  residing	
  

in	
   M1	
   or	
   Pf.	
   Due	
   to	
   high	
   signal	
   intensity,	
   no	
   additional	
   staining	
   was	
   required	
   for	
  

visualizing	
   eYFP	
   fluorescence	
   in	
   fixed	
   tissue.	
   In	
   a	
   subset	
   of	
   surgeries	
   red	
   fluorescent	
  

spheres	
  (Invitrogen)	
  were	
  injected	
  together	
  with	
  the	
  viral	
  construct	
  to	
  aid	
  injection	
  tract	
  

localization.	
   The	
   needle	
   tract	
   labelling	
   with	
   red	
   fluorospheres	
   further	
   confirmed	
   that	
  

both	
   cortical	
   M1	
   (Figure	
   3.4f)	
   and	
   thalamic	
   Pf	
   (Figure	
   3.4g)	
   injections	
   were	
   targeted	
  

successfully.	
   Specifically,	
   M1	
   needle	
   tracts	
   span	
   the	
   depth	
   of	
   cortical	
   mantle	
   without	
  

extending	
  below	
  the	
  corpus	
  callosum,	
  while	
  the	
  fluorescent	
  beads	
  for	
  Pf	
   injections	
  are	
  

largely	
   localised	
   to	
   structures	
   above	
   the	
   Pf	
   nucleus	
  with	
   the	
   end	
   of	
   the	
   labelled	
   tract	
  

extending	
  to	
  the	
  dorsal	
  aspect	
  of	
  Pf.	
  Such	
  an	
  arrangement	
  is	
  expected	
  for	
  this	
  labelling	
  

technique	
  because	
  fluorescent	
  beads	
   label	
   the	
   injection	
  tract	
  rather	
  than	
   injection	
  site	
  

per	
  se,	
  since	
  fluorospheres	
  are	
  injected	
  last	
  and	
  are	
  most	
  likely	
  to	
  be	
  drawn	
  back	
  up	
  the	
  

injection	
  tract	
  during	
  needle	
  retraction.	
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   Cerebellin-­‐1	
   staining	
   was	
   used	
   to	
   determine	
   the	
   extent	
   to	
   which	
   ChR2-­‐

transduced	
  neurons	
  in	
  the	
  caudal	
  intralaminar	
  thalamus	
  were	
  localized	
  to	
  Pf	
  nucleus,	
  for	
  

which	
   cerebellin-­‐1	
   is	
   a	
   selective	
   marker	
   (Kusnoor	
   et	
   al.,	
   2010;	
   Ellender	
   et	
   al.,	
   2013).	
  

These	
  data	
  showed	
  that	
  while	
  eYFP-­‐positive	
  processes	
  could	
  be	
  detected	
  in	
  the	
  thalamic	
  

neuropil	
  in	
  the	
  direct	
  vicinity	
  of	
  the	
  cerebellin-­‐1-­‐labelled	
  cell	
  bodies,	
  no	
  perfect	
  overlap	
  

between	
  the	
  green	
  and	
  red	
  fluorescence	
  channels	
  was	
  found	
  (Figure	
  3.4h,i).	
  Thus,	
  whilst	
  

some	
  eYFP-­‐positive	
  somas	
  and	
  processes	
  were	
  also	
  cerebellin-­‐1-­‐positive,	
  eYFP-­‐positive	
  

processes	
  were	
  not	
  exclusively	
  restricted	
  to	
  this	
  area.	
  

3.3.4	
  Light-­evoked	
  dopamine	
  release	
  events	
  occur	
  throughout	
  striatum,	
  

but	
  the	
  signal	
  is	
  not	
  ubiquitous	
  

	
   The	
  AAV5	
  ChR2-­‐injected	
  animals	
  were	
  used	
  from	
  4	
  weeks	
  post-­‐surgery.	
  No	
  eYFP	
  

signal	
   was	
   detectable	
   in	
   the	
   CPu	
   of	
   M1-­‐	
   or	
   Pf-­‐injected	
   CaMK2a-­‐Cre	
   mice	
   taken	
   for	
  

experimentation	
   at	
   2	
   weeks;	
   while	
   from	
   4	
   weeks	
   onwards	
   ubiquitous	
   eYFP	
   signal	
  

throughout	
   striatal	
   neuropil	
   was	
   readily	
   visible	
   (Figure	
   3.4b,c).	
   CFMs	
   were	
   always	
  

positioned	
   in	
   areas	
  with	
   high	
   fluorescence	
   intensity.	
   Light-­‐evoked	
   DA	
   transients	
   were	
  

successfully	
   recorded	
   throughout	
   dorsal	
   and	
   ventral	
   striatum	
   following	
   optical	
  

stimulation	
   of	
   ChR2-­‐expressing	
   glutamatergic	
   terminals	
   originating	
   from	
   cortex	
   or	
  

thalamus.	
   For	
   both	
   projections	
   pathways,	
   light-­‐evoked	
   DA	
   events	
   were	
   of	
   similar	
  

amplitude,	
  with	
   typically	
  observed	
  DA	
  concentrations	
  on	
  the	
  order	
  of	
  1-­‐1.5	
  µM.	
  There	
  

was	
  no	
  significant	
  difference	
  between	
  the	
  mean	
  peak	
  evoked	
  [DA]o	
  following	
  M1	
  or	
  Pf	
  

afferents	
   stimulation	
   (Mann-­‐Whitney	
   U=10,948,	
   n1=139,	
   n2=165,	
   p=0.497,	
   two-­‐tailed;	
  

Figure	
  3.5a).	
  Typical	
  cyclic	
  voltammograms	
  from	
  AAV5	
  ChR2	
  experiments	
  in	
  Pf-­‐	
  and	
  M1-­‐

injected	
   CaMK2a-­‐Cre	
   mice	
   also	
   show	
   that	
   the	
   detected	
   species	
   following	
   light	
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stimulation	
  of	
  ChR2-­‐transduced	
  striatal	
  glutamatergic	
  afferents	
  were	
  indeed	
  DA	
  (Figure	
  

3.5b).	
  

	
   The	
   light-­‐evoked	
   DA	
   signals	
   were	
   not	
   ubiquitous,	
   however.	
   In	
   some	
   regions	
  

despite	
   high	
   eYFP	
   signal	
   intensity	
   no	
   DA	
   transients	
   could	
   be	
   evoked/detected,	
   while	
  

recordings	
   from	
   a	
   neighbouring	
   and	
   equally	
   bright	
   site	
   (within	
   500-­‐2000	
  µm)	
   yielded	
  

robust	
  light-­‐evoked	
  DA	
  events.	
  The	
  fact	
  that	
  light-­‐evoked	
  DA	
  release	
  is	
  not	
  uniform	
  and	
  

scattered	
   in	
  a	
  way	
  that	
   is	
  not	
  directly	
  correlated	
  with	
  eYFP,	
  and	
  thus	
  ChR2	
  expression,	
  

suggests	
  that	
  there	
  is	
  an	
  intermediary	
  involved.	
  Specifically,	
  as	
  DA	
  events	
  are	
  not	
  always	
  

found	
  in	
  the	
  regions	
  where	
  the	
  glutamate	
  terminals	
  are,	
  it	
  is	
  likely	
  that	
  a	
  confluence	
  of	
  

several	
   factors	
   determines	
   the	
   occurrence	
   of	
   light-­‐evoked	
  DA	
   release.	
   In	
   this	
   case,	
   as	
  

illustrated	
   in	
   Sections	
   3.3.5	
   and	
   3.3.6,	
   it	
   is	
   both	
   the	
   presence	
   of	
   ChR2-­‐expressing	
  

cortical/thalamic	
  glutamatergic	
  inputs	
  and	
  their	
  down-­‐stream	
  ChI	
  targets.	
  	
  

	
   No	
  formal	
  quantification	
  of	
  ChI	
  density/number	
  near	
  the	
  eYFP-­‐positive	
  terminals	
  

was	
  attempted.	
  However,	
  a	
  number	
  of	
  sections,	
  where	
  DA	
  events	
  were	
  recorded	
  from	
  

and	
  where	
  no	
  detectable	
  light-­‐evoked	
  DA	
  was	
  elicited,	
  were	
  processed	
  to	
  label	
  ChIs	
  with	
  

ChAT	
  antibody.	
  This	
  exploratory	
  microscopy	
  showed	
  that	
  in	
  approximate	
  regions	
  where	
  

light	
  stimulation	
  of	
  ChR2-­‐transduced	
  glutamatergic	
  afferents	
  readily	
  evoked	
  DA,	
  several	
  

ChIs	
   were	
   present,	
   usually	
   in	
   groups	
   of	
   2-­‐3	
   neurons	
   in	
   close	
   spatial	
   proximity.	
   In	
  

contrast,	
  in	
  slices	
  where	
  no	
  DA	
  was	
  detected,	
  or	
  even	
  near	
  the	
  ‘unsuccessful’	
  sites	
  from	
  

a	
   DA-­‐releasing	
   section,	
   no	
   ChIs	
   or	
   single	
   neurons	
   were	
   found.	
   Because	
   the	
   recording	
  

sites	
   were	
   not	
   labelled	
   and	
   these	
   estimates	
   are	
   approximate,	
   no	
   data	
   is	
   shown.	
  

However,	
  these	
  observations	
  support	
  the	
  argument	
  that	
  di-­‐synaptic	
  drive	
  of	
  striatal	
  DA	
  

release	
  requires	
  co-­‐localization	
  of	
  glutamate-­‐releasing	
  afferents	
  and	
  striatal	
  ChIs.	
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3.3.5	
   Cortical	
   and	
   thalamic	
   afferents	
   drive	
   AP-­dependent	
   dopamine	
  

release	
  via	
  engagement	
  of	
  different	
  ionotropic	
  glutamate	
  receptors	
  	
  

	
   First,	
  bath	
  perfusion	
  of	
  voltage-­‐gated	
  sodium	
  channel	
  blocker	
  tetrodotoxin	
  (TTX,	
  

1	
  µM)	
  confirmed	
  that	
  light-­‐evoked	
  DA	
  release	
  was	
  dependent	
  on	
  APs	
  for	
  both	
  thalamic	
  

(Mann-­‐Whitney	
   U=0,	
   n1=n2=8,	
   p=0.0002,	
   two-­‐tailed;	
   Figure	
   3.5c)	
   and	
   cortical	
   (Mann-­‐

Whitney	
  U=0,	
  n1=24,	
  n2=8,	
  p<0.0001,	
  two-­‐tailed;	
  Figure	
  3.5d)	
  experimental	
  groups.	
  

	
   To	
  confirm	
  glutamate-­‐dependence	
  of	
  the	
  light-­‐evoked	
  DA	
  events	
  selective	
  NMDA	
  

(D-­‐AP5,	
   50	
   µM)	
   and	
   AMPA	
   (GYKI,	
   10	
   µM)	
   receptor	
   antagonists	
   were	
   applied	
  

sequentially.	
  The	
  non-­‐parametric	
  alternative	
  to	
  one-­‐way	
  ANOVA	
  analyses	
  revealed	
  that	
  

D-­‐AP5	
  and	
  GYKI	
  application	
  significantly	
  decreased	
  the	
  amplitude	
  of	
  thalamically-­‐evoked	
  

(H(3)=40.68,	
   p<0.0001,	
   Kruskal-­‐Wallis	
   test;	
   Figure	
   3.5e),	
   and	
   cortically-­‐evoked	
  

(H(3)=41.32,	
   p<0.0001,	
   Kruskal-­‐Wallis	
   test;	
   Figure	
   3.5f)	
   DA	
   transients.	
   Post-­‐hoc	
  

comparisons	
   showed	
   that	
   D-­‐AP5	
   significantly	
   decreased	
   evoked	
   [DA]o	
   for	
   thalamic	
  

afferents	
  stimulation	
  (p<0.01),	
  while	
  cortically-­‐evoked	
  DA	
  release	
  remained	
  unchanged	
  

(p>0.05).	
   Subsequent	
   application	
   of	
   GYKI	
   significantly	
   decreased	
   evoked	
   [DA]o	
   in	
   both	
  

experimental	
   groups,	
   abolishing	
   light-­‐evoked	
   [DA]o	
   following	
   both	
   thalamic	
   (p<0.001)	
  

and	
   cortical	
   (p<0.0001)	
   afferents	
   stimulation.	
   These	
   data	
   show	
   that	
   light-­‐evoked	
   DA	
  

events	
  following	
  optical	
  stimulation	
  of	
  ChR2-­‐expressing	
  thalamic	
  striatal	
  terminals	
  were	
  

dependent	
   on	
   glutamate	
   acting	
   at	
   post-­‐synaptic	
   NMDA	
   and	
   AMPA	
   receptors,	
   while	
  

cortical	
   afferents	
   preferentially	
   recruited	
   AMPA	
   receptors.	
   In	
   pilot	
   experiments,	
  

application	
   of	
   AMPA	
   antagonist	
   alone	
   (GYKI,	
   10	
   µM)	
   also	
   abolished	
   light-­‐evoked	
   DA	
  

release	
   for	
  both	
   thalamus	
   (Mann-­‐Whitney	
  U=0,	
  n1=n2=12,	
  p<0.0001,	
   two-­‐tailed;	
  Figure	
  

3.5g)	
  and	
  cortex	
  (Mann-­‐Whitney	
  U=0,	
  n1=n2=4,	
  p=0.029,	
  two-­‐tailed;	
  Figure	
  3.5h).	
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3.3.6	
  Striatal	
  cholinergic	
  interneurons	
  are	
  the	
  gatekeepers	
  of	
  glutamate-­

dependent	
  striatal	
  dopamine	
  release	
  	
  

	
   I	
   next	
   examined	
   the	
   cholinergic	
   axis	
   involvement	
   in	
   glutamate-­‐dependent	
   DA	
  

events.	
   The	
  working	
   hypothesis	
  was	
   that	
   striatal	
   glutamatergic	
   afferents	
   by	
   recruiting	
  

ChI	
   population	
   activity	
   drive	
   DA	
   release	
   by	
   stimulating	
   axo-­‐axonic	
   acetylcholine-­‐

mediated	
  interactions	
  between	
  dopaminergic	
  terminals	
  and	
  ChIs.	
  Application	
  of	
  nAChR	
  

antagonist	
   (DHβE,	
   1	
  µM)	
   abolished	
   light-­‐evoked	
   DA	
   release	
   following	
   activation	
   both	
  

thalamic	
   (Mann-­‐Whitney	
   U=0,	
   n1=11,	
   n2=12,	
   p<0.0001,	
   two-­‐tailed;	
   Figure	
   3.6a)	
   and	
  

cortical	
   (Mann-­‐Whitney	
   U=0,	
   n1=n2=20,	
   p<0.0001,	
   two-­‐tailed;	
   Figure	
   3.6b)	
   striatal	
  

afferents.	
  mAChR	
  agonist	
  (Oxo-­‐M,	
  10	
  µM),	
  which	
  autoinhibits	
  AP	
  firing	
  by	
  ChIs	
  arresting	
  

release	
   of	
   ACh,	
   also	
   eliminated	
   light-­‐evoked	
   DA	
   transients	
   following	
   activation	
   of	
  

thalamic	
  (Mann-­‐Whitney	
  U=0,	
  n1=n2=12,	
  p<0.0001,	
  two-­‐tailed;	
  Figure	
  3.6c)	
  and	
  cortical	
  

(Mann-­‐Whitney	
   U=0,	
   n1=n2=16,	
   p<0.0001,	
   two-­‐tailed;	
   Figure	
   3.6d)	
   projections.	
   These	
  

data	
  show	
  that	
  light-­‐evoked	
  DA	
  events	
  following	
  stimulation	
  of	
  ChR2-­‐transduced	
  cortical	
  

or	
   thalamic	
   striatal	
   terminals	
   were	
   ACh-­‐dependent,	
   not	
   evoked	
   directly	
   by	
   glutamate	
  

acting	
  at	
  iGluRs	
  on	
  DA	
  axons.	
  When	
  the	
  cholinergic	
  axis	
  was	
  removed	
  by	
  antagonism	
  of	
  

nAChRs	
   or	
   following	
   mAChR	
   activation,	
   light-­‐evoked	
   DA	
   events	
   were	
   abolished,	
  

demonstrating	
  ChIs	
  are	
  the	
  primary	
  gatekeepers	
  of	
  glutamate-­‐dependent	
  drive	
  of	
   local	
  

striatal	
  DA	
  release	
  by	
  corticostriatal	
  and	
  thalamostriatal	
  inputs.	
  

3.3.7	
   The	
   role	
   of	
   mGluRs	
   and	
   GABARs	
   in	
   regulating	
   glutamate-­

dependent	
  acetylcholine-­evoked	
  dopamine	
  events	
  

	
   Previous	
   research	
   showed	
   that	
  GABAergic	
   transmission	
   aids	
   synchronization	
   of	
  

ChI	
  firing	
  (Sullivan	
  et	
  al.,	
  2008),	
  while	
  mGluRs	
  can	
  inhibit	
  DA	
  release	
  in	
  vitro	
  (Zhang	
  and	
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Sulzer,	
  2003),	
  and	
  stimulate/inhibit	
  DA	
  release	
  in	
  an	
  activity-­‐dependent	
  manner	
   in	
  vivo	
  

(Verma	
  and	
  Moghaddam,	
  1998),	
  and	
  modulate	
  ChI	
  activity	
  (Pisani	
  et	
  al.,	
  2001,	
  2002;	
  Bell	
  

et	
  al.,	
  2002;	
  Bonsi	
  et	
  al.,	
  2005).	
  Therefore,	
  I	
  next	
  examined	
  whether	
  GABARs	
  and	
  mGluRs	
  

were	
   involved	
   in	
   regulation	
   of	
   di-­‐synaptic	
   circuit	
   for	
   local	
   striatal	
   DA	
   release	
   between	
  

glutamatergic	
  afferents	
  and	
  ChIs.	
  	
  

	
   Application	
  of	
   broad-­‐spectrum	
  mGluR	
   antagonist	
   (MCPG,	
   200	
  µM)	
   revealed	
  no	
  

mGluR	
  involvement	
  in	
  light-­‐evoked	
  DA	
  release	
  events	
  following	
  stimulation	
  of	
  thalamic	
  

(Mann-­‐Whitney	
   U=54,	
   n1=n2=12,	
   p=0.314,	
   two-­‐tailed;	
   Figure	
   3.6e)	
   or	
   cortical	
   (Mann-­‐

Whitney	
  U=140,	
  n1=n2=20,	
  p=0.107,	
   two-­‐tailed;	
  Figure	
  3.6f)	
  striatal	
  afferents.	
  Likewise,	
  

combined	
   application	
   of	
   GABAA	
   (bicuculine,	
   10	
   µM)	
   and	
   GABAB	
   (saclofen,	
   50	
   µM)	
  

receptor	
   antagonists	
   demonstrated	
   no	
   GABAR	
   effects	
   on	
   thalamically-­‐evoked	
   (Mann-­‐

Whitney	
  U=66,	
  n1=n2=12,	
  p=0.743,	
   two-­‐tailed;	
  Figure	
  3.6g)	
  or	
  cortically-­‐evoked	
  (Mann-­‐

Whitney	
  U=272,	
  n1=n2=24,	
  p=0.747,	
  two-­‐tailed;	
  Figure	
  3.6h)	
  DA	
  transients.	
  Thus,	
  mGluRs	
  

and	
  GABARs	
  did	
  not	
  significantly	
  affect	
  glutamate-­‐dependent	
  ChI-­‐evoked	
  drive	
  of	
  striatal	
  

DA	
   release,	
   at	
   least	
   under	
   the	
   current	
   experimental	
   conditions.	
   However,	
   broad-­‐

spectrum	
   antagonists	
   could	
   cancel	
   pre-­‐	
   and	
   post-­‐synaptic	
   effects	
   leading	
   to	
   no	
   net	
  

change	
  in	
  evoked	
  DA	
  release,	
  and	
  thus	
  these	
  data	
  should	
  be	
  interpreted	
  with	
  caution.	
  	
  

	
   Overall,	
   following	
   light-­‐activation	
   of	
   ChR2-­‐expressing	
   striatal	
   terminals	
   of	
   Pf	
  

origin,	
  blockade	
  of	
  Na+	
  channels,	
  NMDARs,	
  AMPARs,	
  nAChRs	
  and	
  activation	
  of	
  mAChRs	
  

significantly	
  decreased	
  evoked	
  [DA]o,	
  while	
  antagonism	
  of	
  mGluRs	
  and	
  GABARs	
  had	
  no	
  

significant	
   effect	
   on	
   the	
   light-­‐evoked	
   DA	
   release	
   events	
   (Figure	
   3.7a).	
   For	
   optical	
  

stimulation	
   of	
   ChR2-­‐transduced	
   M1	
   striatal	
   terminals,	
   antagonism	
   of	
   Na+	
   channels,	
  

AMPARs,	
  nAChRs	
  and	
  activation	
  of	
  mAChRs	
  significantly	
  decreased	
  evoked	
  [DA]o,	
  while	
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antagonism	
   of	
   NMDARs,	
   mGluRs	
   and	
   GABARs	
   had	
   no	
   significant	
   effect	
   on	
   the	
   light-­‐

evoked	
  DA	
  release	
  events	
  (Figure	
  3.7b).	
  

3.3.8	
   Glutamate-­dependent	
   cholinergic	
   interneuron-­evoked	
   dopamine	
  

release	
  is	
  frequency	
  insensitive	
  	
  

   I	
   next	
   investigated	
   whether	
   frequency	
   insensitivity	
   of	
   ChI-­‐evoked	
   DA	
   events	
  

reported	
  previously	
   (Threlfell	
  et	
  al.,	
  2012),	
  holds	
  true	
  for	
  DA	
  release	
  evoked	
  by	
  driving	
  

afferent	
   circuits	
   removed	
   one	
   synapse	
   away	
   from	
   the	
   primary	
   driver	
   mechanism.	
  

Frequency	
   sensitivity	
   is	
   a	
   fundamental	
   characteristic	
   of	
   the	
   dopaminergic	
   system,	
  

enabling	
   the	
   BG	
   to	
   compute	
   learning	
   signals	
   based	
   on	
   the	
   discrepancy	
   between	
  

anticipated	
  and	
  actual	
  DA	
  signal	
  amplitudes.	
  In	
  striatum,	
  frequency-­‐dependent	
  DA	
  signal	
  

gain	
  is	
  normally	
  clamped	
  by	
  nAChRs,	
  but	
  in	
  the	
  absence	
  of	
  ACh	
  influence	
  evoked	
  [DA]o	
  

shows	
   frequency-­‐dependent	
   increase	
   in	
   amplitude	
   	
   (Rice	
   and	
   Cragg,	
   2004;	
   Zhang	
   and	
  

Sulzer,	
   2004).	
   In	
   agreement	
   with	
   this,	
   optogenetically-­‐induced	
   synchronization	
   of	
   ChI	
  

activity	
   results	
   in	
   frequency-­‐insensitive	
   DA	
   events,	
   despite	
   individual	
   ChIs	
   following	
  

optical	
  stimulation	
  trains	
  of	
  various	
  frequencies	
  and	
  durations	
  (Threlfell	
  et	
  al.,	
  2012).	
  The	
  

working	
   hypothesis	
   was	
   that	
   as	
   ACh-­‐signalling	
   is	
   the	
   actual	
   driver	
   of	
   glutamate-­‐

dependent	
   DA	
   events,	
   preferential	
   activation	
   of	
   cortical	
   or	
   thalamic	
   striatal	
   terminals	
  

would	
  drive	
  DA	
  events	
  whose	
  amplitude	
  conveys	
  no	
  frequency	
  information.	
  	
  

	
   Mean	
  peak	
  evoked	
   [DA]o	
   following	
  single	
  pulses	
  or	
   light	
   trains	
  of	
  5	
  pulses	
  at	
  5,	
  

10,	
   25	
   and	
   40	
   Hz	
   were	
   not	
   significantly	
   different	
   from	
   each	
   other	
   following	
  

thalamostriatal	
   (one-­‐way	
   ANOVA,	
   F(4,55)=0.63,	
   p=0.642,	
   R2=0.044;	
   Figure	
   3.8a,c)	
   or	
  

corticostriatal	
   (one-­‐way	
   ANOVA,	
   F(4,55)=1.38,	
   p=0.254,	
   R2=0.091;	
   Figure	
   3.8b,d)	
  

afferents	
   stimulation.	
   Therefore,	
   DA	
   release	
   events	
   evoked	
   via	
   these	
   axes	
   are	
   also	
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frequency	
   insensitive,	
   like	
   ChI-­‐evoked	
   DA	
   events	
   following	
   direct	
   activation	
   of	
   ChIs	
   in	
  

ChAT-­‐Cre	
  driver	
  line.	
  

3.3.9	
   Dopamine	
   re-­release	
   profile	
   is	
   different	
   following	
   activation	
   of	
  

cortical	
  versus	
  thalamic	
  synapses	
  on	
  striatal	
  cholinergic	
  interneurons	
  

	
  	
  	
   I	
  also	
  aimed	
  to	
  explore	
  the	
  timecourse	
  of	
  light-­‐evoked	
  DA	
  release	
  recovery.	
  The	
  

timecourse	
   of	
   DA	
   re-­‐release	
   following	
   initial	
   activation	
   of	
   DA	
   axons	
   by	
   ChIs	
   is	
   an	
  

important	
  parameter.	
  It	
  determines	
  how	
  quickly	
  the	
  system	
  recovers	
  from	
  the	
  first	
  ACh-­‐

evoked	
  release	
  event	
  for	
  translating	
  the	
  subsequent	
  synaptic	
  activity	
  into	
  DA	
  transients.	
  

Thus,	
   if	
   frequency	
   information	
   is	
   not	
   conveyed	
   by	
   the	
   ACh-­‐evoked	
   DA	
   events,	
  

speculatively	
  due	
  to	
  high	
  rate	
  of	
  nAChRs	
  desensitization	
  that	
  makes	
  them	
  refractory	
  for	
  

a	
   short	
   time,	
  upon	
   termination	
  of	
   the	
   refractory	
   state	
   cholinergic	
   system	
   re-­‐calibrates	
  

and	
   is	
   ready	
   to	
   drive	
   another	
   DA	
   release	
   event.	
   Consequently,	
   neurotransmitter	
   re-­‐

release	
  dynamics	
   largely	
  determines	
   the	
  efficiency	
  with	
  which	
  the	
   incoming	
  cortical	
  or	
  

thalamic	
   signals	
   can	
  drive	
  glutamate-­‐dependent	
  ChI-­‐evoked	
  DA	
   release	
  with	
   repetitive	
  

stimulation.	
  	
  

	
   For	
  these	
  experiments,	
  DA	
  re-­‐release	
  events	
  were	
  recorded	
  at	
  variable	
  intervals	
  

(between	
  1-­‐5	
  s)	
  following	
  the	
  delivery	
  of	
  the	
  initial	
  optogenetic	
  stimulation.	
  Glutamate-­‐

dependent	
  ChI-­‐evoked	
  DA	
  release	
  showed	
  slower	
  recovery	
  rate	
  and	
  lower	
  amplitude	
  of	
  

re-­‐release	
   events	
   following	
   activation	
   of	
   thalamic	
   (Figure	
   3.9a,d)	
   compared	
   to	
   cortical	
  

afferents	
  (Figure	
  3.9b,d)	
  (F(1,6)=51.65,	
  p=0.0004).	
  3	
  seconds	
  after	
  the	
  initial	
   light	
  pulse	
  

the	
   amplitude	
   of	
   cortically-­‐evoked	
   DA	
   events	
   recovered	
   to	
   30%	
   of	
   control,	
   while	
   for	
  

thalamic	
  projections	
  recovery	
  was	
  12%.	
  The	
  mean	
  peak	
  evoked	
  [DA]o	
  following	
  the	
  first	
  

light	
  pulse	
  delivery	
  was	
  not	
  significantly	
  different	
  between	
  Pf-­‐	
  and	
  M1-­‐injected	
  animals	
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(Mann-­‐Whitney	
   U=1,469,	
   n1=56,	
   n2=63,	
   p=0.117,	
   two-­‐tailed;	
   Figure	
   3.9c),	
   suggesting	
  

that	
  same	
  vesicle	
  pools	
  likely	
  contributed	
  to	
  the	
  light-­‐evoked	
  DA	
  release	
  events	
  in	
  both	
  

experimental	
  groups.	
  

3.3.10	
  Combined	
  retrograde	
  and	
  anterograde	
  transport	
  of	
  AAV5	
  ChR2	
  

	
   The	
  AAV5	
  ChR2	
  vector	
  was	
  used	
  in	
  the	
  current	
  work	
  as	
  it	
  has	
  better	
  transduction	
  

efficiency	
  (Burger	
  et	
  al.,	
  2004;	
  Paterna	
  et	
  al.,	
  2004;	
  Taymans	
  et	
  al.,	
  2007;	
  Markakis	
  et	
  al.,	
  

2010),	
  and	
  previously	
  reported	
  success	
  in	
  driving	
  Pf-­‐striatal	
  projections	
  to	
  ChIs	
  (Threlfell	
  

et	
  al.,	
   2012).	
  However,	
   there	
   is	
  evidence	
   that	
  AAV5	
  could	
  be	
   transported	
   retrogradely	
  

(Burger	
   et	
   al.,	
   2004;	
   Paterna	
   et	
   al.,	
   2004;	
   Diester	
   et	
   al.,	
   2011).	
   In	
   these	
   experiments,	
  

retrograde	
  transport	
  presents	
  a	
  complication:	
  in	
  the	
  CaMK2a-­‐Cre	
  line	
  both	
  cortical	
  and	
  

thalamic	
   neurons	
   express	
   Cre-­‐recombinase	
   and	
   these	
   regions	
   are	
   reciprocally	
  

connected.	
   Consequently,	
   retrograde	
   transport	
   of	
   AAV5	
   ChR2	
   vector	
   could	
   lead	
   to	
  

concurrent	
  transduction	
  of	
  both	
  corticostriatal	
  and	
  thalamostriatal	
  afferents	
  with	
  ChR2.	
  

	
   Cortical	
   eYFP	
   expression	
   following	
   thalamic	
   injections	
   and	
   vice	
   versa	
   could	
   not	
  

conclusively	
   verify	
   retrograde	
   transport.	
   Both	
   corticostriatal	
   and	
   thalamostriatal	
  

afferents	
   have	
   collaterals	
   in	
   thalamus	
   and	
   cortex,	
   respectively.	
   Consequently,	
   even	
  

anterograde-­‐only	
  transport	
  would	
  generate	
  eYFP	
  signal	
  in	
  the	
  other	
  region.	
  Therefore,	
  I	
  

examined	
  somatic	
  eYFP	
  expression,	
  as	
  AAV-­‐based	
  vectors	
  cannot	
  cross	
  synapses	
  and	
  the	
  

only	
  way	
  for	
  the	
  resident	
  cortical/thalamic	
  neurons	
  to	
  express	
  eYFP	
  following	
  injections	
  

to	
   the	
  other	
   target	
   region	
  would	
  be	
  via	
   retrograde	
  AAV5	
  ChR2	
   transport.	
   In	
   this	
   case,	
  

however,	
  eYFP	
  fluorescence	
  intensity	
  was	
  so	
  high,	
  as	
  to	
  preclude	
  distinguishing	
  between	
  

terminals	
  and	
  fibres	
  of	
  passage	
  and	
  resident	
  cell	
  bodies.	
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   Therefore,	
   to	
   test	
  whether	
   the	
  AAV5	
  ChR2	
   vector	
   is	
   transported	
   retrogradely	
   I	
  

used	
  DAT-­‐Cre	
  mouse	
  line.	
  DAT-­‐Cre	
  mice	
  (N=2)	
  were	
  injected	
  with	
  AAV5-­‐packaged	
  ChR2	
  

construct	
   in	
   central	
   CPu,	
   and	
   eYFP	
   fluorescence	
   in	
   SNc/VTA	
  was	
   examined	
   4-­‐6	
  weeks	
  

post	
   surgery.	
   As	
   evidenced	
   by	
   robust	
   eYFP	
   expression	
   in	
   the	
   local	
   cell	
   bodies	
   and	
  

processes,	
  striatal	
  AAV5	
  ChR2	
  injections	
  yielded	
  ubiquitous	
  transduction	
  of	
  the	
  SNc/VTA	
  

regions	
   (Figure	
  3.10a-­‐d).	
   Further,	
  eYFP-­‐positive	
  processes	
   co-­‐localized	
  with	
  TH-­‐labelled	
  

cell	
   bodies,	
   indicating	
   that	
   retrograde	
   transport	
   and	
   transduction	
   happened	
   in	
   DA	
  

neurons	
  (Figure	
  3.10e).	
  Thus,	
  AAV5	
  construct	
  was	
  subject	
  to	
  retrograde	
  axonal	
  transport	
  

in	
   the	
  DAT-­‐Cre	
   line.	
   This	
   suggests	
   the	
  AAV5	
   ChR2	
   is	
   also	
   likely	
   to	
   be	
   transported	
   in	
   a	
  

combined	
  retrograde-­‐anterograde	
   fashion	
   in	
   the	
  CaMK2a-­‐Cre	
   line,	
  potentially	
  enabling	
  

cross-­‐activation	
  of	
  M1	
  and	
  Pf	
  striatal	
  terminals.	
  	
  

	
   Careful	
  examination	
  of	
  the	
  data	
  presented	
  in	
  sections	
  3.3.5	
  and	
  3.3.9,	
  however,	
  

points	
  to	
  differential	
  contribution	
  of	
  thalamostriatal	
  and	
  corticostriatal	
  inputs	
  to	
  driving	
  

striatal	
   ACh-­‐evoked	
   DA	
   release.	
   Therefore,	
   preferential,	
   if	
   not	
   selective,	
   activation	
   of	
  

each	
  afferent	
  projection	
  could	
  be	
  achieved	
  with	
  AAV5	
  ChR2	
  in	
  CaMK2a-­‐Cre	
  driver	
   line.	
  

Further,	
  direct	
  stimulation	
  of	
  nigrostriatal	
  afferents	
  did	
  not	
  contribute	
  to	
  DA	
  transients	
  

recorded	
   in	
   the	
   AAV5	
   ChR2	
   experiments.	
   Firstly,	
   I	
   confirmed	
   that	
   cortical	
   injections	
  

never	
  extend	
  beneath	
   the	
  corpus	
  callosum	
  by	
   labelling	
   typical	
   injections	
   tracts	
   for	
  M1	
  

experiments.	
   Secondly,	
   in	
   control	
   experiments	
   where	
   CaMK2a-­‐Cre	
  mice	
   received	
   CPu	
  

injections	
  AAV5	
  ChR2	
  vector	
  no	
  light	
  evoked	
  DA	
  events	
  could	
  be	
  detected	
  (N=3)	
  (no	
  data	
  

shown).	
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3.4	
  Discussion	
  

	
   In	
   the	
   work	
   presented	
   in	
   this	
   chapter	
   I	
   aimed	
   to	
   explore	
   the	
   relative	
   roles	
   of	
  

cortical	
   (M1)	
   and	
   thalamic	
   (Pf)	
   afferents	
   to	
   ChIs	
   in	
   driving	
   glutamate-­‐dependent	
   ACh-­‐

evoked	
   striatal	
   DA	
   release.	
   These	
   data	
   are	
   indispensable	
   for	
   showing	
   physiological	
  

relevance	
  of	
  the	
  axo-­‐axonic	
  interactions	
  between	
  ACh	
  and	
  DA,	
  and	
  exploring	
  context	
  in	
  

which	
  locally-­‐mediated	
  drive	
  of	
  striatal	
  DA	
  release	
  may	
  happen	
  in	
  vivo.	
  

	
   At	
  first,	
  electrical	
  stimulation	
  of	
  corticostriatal	
  afferents	
  was	
  used	
  to	
  examine	
  the	
  

role	
  of	
  corticostriatal	
  afferents	
  in	
  WT	
  tissue.	
  Close	
  scrutiny	
  of	
  the	
  data	
  from	
  CC	
  and	
  CPu	
  

distal	
   stimulation	
   experiments	
   following	
   application	
   of	
   iGluR	
   and	
   nAChR	
   antagonists	
  

revealed	
   passive	
   current	
   spread	
   was	
   a	
   significant	
   contributing	
   factor	
   to	
   electrically-­‐

evoked	
   DA	
   events.	
   Hence,	
   electrical	
   stimulation	
   activated	
   not	
   only	
   the	
   projection	
   of	
  

interest,	
  but	
  via	
  passive	
  current	
  spread	
  all	
  the	
  local	
  cell	
  types	
  and	
  afferents,	
  including	
  DA	
  

terminals,	
   ChIs	
   and	
   other	
   sources	
   of	
   striatal	
   glutamate.	
   Consequently,	
   in	
   these	
  

experiments	
   the	
   contribution	
   from	
  pathway-­‐specific	
   activation	
   could	
   not	
   be	
   discerned	
  

from	
  all	
  other	
  components	
  activated	
  at	
  the	
  same	
  time.	
  Presence	
  of	
  frequency-­‐sensitive	
  

evoked	
   [DA]o	
   following	
   nAChR	
   blockade	
   with	
   CC	
   stimulation,	
   in	
   particular,	
   suggested	
  

that	
  direct	
  electrical	
  depolarization	
  of	
  striatal	
  DA	
  axons	
  also	
  contributed	
  to	
  evoked	
  DA	
  

release	
  in	
  this	
  experimental	
  paradigm.	
  	
  

	
   The	
  observed	
  current	
  spread	
  boundaries	
  are	
  consistent	
  with	
  previous	
  estimates	
  

of	
  electrical	
  field	
  spreading	
  up	
  to	
  2	
  mm	
  from	
  a	
  point	
  stimulation	
  source	
  (Tehovnik	
  et	
  al.,	
  

2006).	
   In	
   this	
   case,	
   non-­‐selective	
   electrical	
   depolarization	
   could	
   also	
   drive	
   glutamate	
  

release	
   from	
  cells	
  other	
   than	
   striatally-­‐projecting	
   cortical	
  pyramidal	
  neurons,	
   including	
  

glutamate	
  co-­‐release	
  by	
  ChIs	
  (Guzman	
  et	
  al.,	
  2011;	
  Higley	
  et	
  al.,	
  2011)	
  or	
  even	
  astrocytes	
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(Ormel	
  et	
  al.,	
  2012;	
  Morales	
  et	
  al.,	
  2013).	
  Yet,	
  application	
  of	
  iGluR	
  antagonists	
  would	
  not	
  

distinguish	
  the	
  contribution	
  from	
  afferent	
  versus	
  local	
  circuits.	
  Further,	
  due	
  to	
  the	
  small	
  

size	
   of	
   DA	
   transients	
   evoked	
   via	
   distal	
   CC	
   stimulation,	
   site	
   rundown	
   characterized	
   by	
  

progressive	
  decline	
  in	
  evoked	
  [DA]o	
  was	
  an	
  issue	
  and	
  rendered	
  data	
  from	
  2	
  out	
  of	
  every	
  

3	
  experiments	
  unusable.	
  Together,	
  these	
  observations	
  showed	
  that	
  electrical	
  stimulation	
  

could	
  not	
  be	
  used	
  to	
  address	
  the	
  experimental	
  question	
  at	
  hand.	
  	
  

	
   Next,	
  the	
  roles	
  of	
  cortical	
  and	
  thalamic	
  projections	
  to	
  striatal	
  ChIs	
  in	
  driving	
  ACh-­‐

evoked	
   DA	
   release	
   were	
   examined	
   using	
   optogenetics.	
   For	
   this	
   purpose,	
   CaMK2a-­‐Cre	
  

mice	
  were	
   stereotaxically	
   injected	
  with	
  AAV5-­‐packaged	
  Cre-­‐dependent	
  ChR2	
  construct	
  

in	
  either	
  cortex	
  (M1)	
  or	
  caudal	
  intralaminar	
  thalamus	
  (Pf).	
  At	
  least	
  4	
  weeks	
  post-­‐surgery,	
  

light-­‐evoked	
   DA	
   events	
   following	
   optical	
   stimulation	
   of	
   ChR2-­‐transduced	
   cortical	
   or	
  

thalamic	
  striatal	
  terminals	
  were	
  monitored	
  in	
  acute	
  coronal	
  slices	
  with	
  FCV	
  at	
  CFMs.	
  	
  

	
   The	
   needle-­‐tract	
   localization	
   with	
   fluorescent	
   spheres	
   showed	
   ChR2	
   construct	
  

injections	
  were	
  accurately	
  targeted	
  to	
  M1	
  and	
  Pf	
  regions.	
  ChR2	
  transduction	
  generated	
  

strong	
   eYFP	
   signal	
   2	
  weeks	
   post-­‐surgery	
   at	
   the	
   injection	
   sites,	
  while	
   striatal	
   terminals	
  

showed	
   robust	
   eYFP	
   fluorescence	
   from	
   4	
   weeks	
   post-­‐surgery.	
   The	
   overlap	
   between	
  

selective	
  Pf	
  neuron	
  marker	
  cerebellin-­‐1	
  (Kusnoor	
  et	
  al.,	
  2010;	
  Ellender	
  et	
  al.,	
  2013)	
  and	
  

eYFP	
   expression	
   was	
   minimal,	
   however.	
   This	
   finding	
   has	
   several	
   explanations.	
   Firstly,	
  

brains	
  processed	
  with	
  cerebellin-­‐1	
  immunostaining	
  protocol	
  came	
  from	
  animals	
  injected	
  

4-­‐12	
  weeks	
  prior	
  to	
  being	
  used	
  for	
  experiments.	
  Previous	
  studies	
  employing	
  AAV-­‐based	
  

constructs	
  found	
  that	
  with	
  time	
  ChR2	
  is	
  trafficked	
  to	
  axons	
  and	
  terminals,	
  while	
  somatic	
  

protein	
  expression	
  falls.	
  Thus,	
  little	
  overlap	
  in	
  eYFP	
  and	
  cerebellin-­‐1	
  labelling	
  may	
  signify	
  

that	
  most	
  of	
  the	
  protein	
  was	
  trafficked	
  outside	
  the	
  somatic	
  region,	
  with	
  little	
  ChR2	
  still	
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remaining	
  in	
  the	
  nucleus,	
  not	
  the	
  lack	
  of	
  Pf	
  ChR2	
  transduction	
  per	
  se.	
  This	
  conclusion	
  is	
  

further	
   supported	
  by	
   the	
  needle	
   tract	
  data	
   showing	
  Pf	
   injections	
  were	
   targeted	
  at	
   the	
  

correct	
  rostro-­‐caudal,	
  medial-­‐lateral	
  and	
  dorso-­‐ventral	
  level,	
  using	
  fasciculus	
  retroflexus	
  

as	
  a	
  landmark.	
  Secondly,	
  eYFP-­‐positive	
  processes	
  could	
  be	
  detected	
  in	
  areas	
  outside	
  the	
  

Pf	
   nucleus,	
   based	
   on	
   both	
   cerebellin-­‐1	
   staining	
   and	
   mouse	
   brain	
   atlas	
   (Paxinos	
   and	
  

Franklin,	
  2008).	
  High	
  eYFP	
   signal	
   intensity	
  precluded	
   identification	
  of	
  ChR2-­‐transduced	
  

structures	
  as	
  either	
  passing	
  fibres	
  or	
  local	
  cell	
  bodies.	
  Consequently,	
  the	
  possibility	
  that	
  

other	
   intralaminar	
   thalamic	
   nuclei	
   were	
   also	
   transduced	
   with	
   AAV5	
   ChR2	
   cannot	
   be	
  

excluded.	
   However,	
   Pf	
   nucleus	
   is	
   the	
   main	
   intralaminar	
   thalamic	
   structure	
   densely	
  

innervating	
  distal	
  and	
  proximal	
  dendritic	
  processes	
  of	
  striatal	
  ChIs	
  (Lapper,	
  1992;	
  Sadikot	
  

et	
  al.,	
  1992;	
  Lacey	
  et	
  al.,	
  2007;	
  Doig	
  et	
  al.,	
  2014).	
  Thus,	
  even	
  if	
  other	
  intralaminar	
  nuclei	
  

came	
  to	
  express	
  ChR2	
  by	
  injection	
  mistargeting	
  and/or	
  excessive	
  spread	
  of	
  ChR2	
  aided	
  

by	
  AAV5-­‐packaged	
  vector,	
  their	
  contribution	
  to	
  ChI-­‐evoked	
  DA	
  release	
  events	
  is	
  unlikely.	
  

	
   The	
  AAV5	
  ChR2	
  vector	
  was	
  chosen	
  on	
  the	
  basis	
  of	
  its	
  previously	
  reported	
  success	
  

(Threlfell	
  et	
  al.,	
  2012)	
  and	
  high	
  transduction	
  efficiency	
  (Burger	
  et	
  al.,	
  2004;	
  Paterna	
  et	
  al.,	
  

2004;	
  Taymans	
  et	
  al.,	
  2007;	
  Markakis	
  et	
  al.,	
  2010).	
  The	
  latter	
  was	
  necessary	
  to	
  ensure	
  a	
  

large	
  enough	
  population	
  of	
   striatally-­‐projecting	
  cortical	
  or	
   thalamic	
  neurons	
  expressed	
  

ChR2,	
  and	
  hence	
  maximize	
  the	
  chances	
  of	
  driving	
  light-­‐evoked	
  DA	
  events.	
  Yet,	
  even	
  with	
  

extensive	
  ChR2	
   transduction	
  of	
   corticostriatal	
   and	
   thalamostriatal	
   terminals	
   evidenced	
  

by	
   high	
   eYFP	
   signal	
   intensity	
   throughout	
   striatum,	
   DA	
   events	
   were	
   found	
   to	
   be	
   not	
  

uniform	
  and	
  scattered	
  in	
  a	
  way	
  that	
  did	
  not	
  correlate	
  directly	
  with	
  ChR2	
  expression.	
  This	
  

suggested	
  a	
  confluence	
  of	
  ChI	
  presence	
  and	
  sufficient	
  density	
  of	
  glutamatergic	
  afferent	
  

fibres	
  were	
   required	
   for	
  driving	
  ACh-­‐evoked	
   striatal	
  DA	
  via	
  activation	
  of	
   corticostriatal	
  

and	
  thalamostriatal	
  inputs	
  to	
  ChIs.	
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   Light	
   activation	
   of	
   ChR2-­‐expressing	
   cortical	
   and	
   thalamic	
   terminals	
   evoked	
   DA	
  

release,	
   revealing	
   both	
   striatal	
   afferents	
   were	
   able	
   to	
   stimulate	
   this	
   locally-­‐mediated	
  

dopaminergic	
   signalling.	
   As	
   evidenced	
   by	
   inhibition	
   of	
   light-­‐evoked	
   DA	
   events	
   with	
  

sodium	
  channel	
  blocker,	
  both	
  corticostriatal	
  and	
  thalamostriatal	
  afferents	
  required	
  APs	
  

for	
  driving	
  striatal	
  DA	
  release.	
  Although	
  whether	
  APs	
  were	
  fired	
  only	
  by	
  ChIs	
   following	
  

their	
   activation	
   by	
   cortical	
   or	
   thalamic	
   afferents,	
   or	
   additionally	
   required	
   back-­‐

propagated	
   AP	
   firing	
   in	
   DA	
   axon	
   terminals	
   currently	
   remains	
   undetermined.	
   The	
  

possibility	
  of	
  back-­‐propagated	
  axonal	
  spiking	
  in	
  DA	
  neurons	
  could	
  be	
  investigated	
  either	
  

directly	
   by	
   patch-­‐clamp	
   recording	
   from	
   DA	
   axons,	
   or	
   indirectly	
   by	
   expression	
   of	
  

DREADDs	
  in	
  the	
  SNc	
  dopaminergic	
  neurons	
  and	
  subsequent	
  application	
  of	
  clozapine-­‐N-­‐

oxide	
  during	
  the	
  FCV	
  experiments.	
  Both	
  of	
  these	
  manipulations,	
  however,	
  were	
  beyond	
  

the	
  scope	
  of	
  the	
  currently	
  presented	
  work.	
  	
  

	
   The	
  main	
  difference	
  between	
  cortical	
  and	
  thalamic	
  projections	
  in	
  driving	
  striatal	
  

DA	
   release	
   emerged	
   from	
   comparison	
   of	
   the	
   post-­‐synaptic	
   iGluR	
   profiles.	
   Specifically,	
  

corticostriatal	
  projections	
  predominantly	
  relied	
  on	
  activation	
  of	
  AMPA	
  receptors,	
  while	
  

thalamostriatal	
  projections	
  engaged	
  both	
  NMDARs	
  and	
  AMPARs.	
  Following	
  confirmation	
  

of	
   glutamate-­‐dependence	
  of	
   the	
   light-­‐evoked	
  DA	
  events,	
   ChI	
   involvement	
  was	
  probed	
  

pharmacologically	
  by	
  altering	
  the	
  outcome	
  of	
  ACh	
  transmission	
  by	
  blocking	
  nAChRs	
  on	
  

DA	
  axons	
  or	
  activating	
  mAChRs	
  on	
  ChIs.	
  Both	
  manipulations	
  abolished	
   light-­‐evoked	
  DA	
  

release,	
   even	
   though	
   glutamatergic	
   transmission	
   at	
   corticostriatal	
   and	
   thalamostriatal	
  

synapses	
  on	
  ChIs	
  remained	
  intact.	
  These	
  data	
  underscore	
  the	
  role	
  of	
  ChIs	
  as	
  the	
  principal	
  

gatekeepers	
  of	
  glutamate-­‐dependent	
  drive	
  of	
  striatal	
  DA	
  release	
  by	
  cortical	
  and	
  thalamic	
  

projections.	
  Thus,	
   in	
   the	
  absence	
  of	
   functional	
  nAChRs	
  which	
   could	
  bind	
  ACh	
   released	
  

upon	
   synchronous	
   activation	
   of	
   a	
   small	
   ChI	
   population,	
   or	
   following	
   inhibition	
   of	
   ACh	
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release	
   by	
  mAChR	
   activation,	
   optogenetically	
   induced	
   glutamate	
   release	
   from	
   cortical	
  

and	
   thalamic	
   terminals	
   was	
   no	
   longer	
   sufficient	
   or	
   able	
   to	
   drive	
   striatal	
   DA	
   release.	
  

These	
  data	
  are	
  consistent	
  with	
  and	
  further	
  reinforce	
  previously	
  published	
  observations	
  

regarding	
   the	
   primary	
   role	
   of	
   nAChRs	
   in	
   driving	
   locally-­‐evoked	
   striatal	
   DA	
   release,	
  

including	
  early	
  synaptosomal	
  data	
  showing	
  Ca2+-­‐dependent	
  activation	
  of	
  DA	
  release	
  via	
  

pre-­‐synaptic	
  nAChR	
  action	
  (Giorguieff	
  et	
  al.,	
  1977;	
  Cachope	
  et	
  al.,	
  2012;	
  Threlfell	
  et	
  al.,	
  

2012).	
   Further,	
   current	
   data	
   for	
   the	
   first	
   time	
   conclusively	
   show	
   that	
   glutamate	
   can	
  

indeed	
  drive	
  striatal	
  DA,	
  but	
  the	
  mechanism	
  at	
  play	
  involves	
  an	
  intermediary	
  in	
  the	
  face	
  

of	
  resident	
  ChIs.	
  

	
   Successful	
   drive	
   of	
   ACh-­‐evoked	
   DA	
   release	
   with	
   optogenetic	
   activation	
   of	
   ChI	
  

afferents	
   removed	
   one	
   set	
   of	
   synapses	
   away	
   from	
   the	
   primary	
   driver	
   mechanism,	
  

namely	
   activation	
   of	
   nAChRs	
   on	
  DA	
   axons,	
   underscores	
   the	
   physiological	
   relevance	
   of	
  

this	
   locally-­‐mediated	
   DA	
   signalling.	
   Stimulation	
   of	
   cortical	
   and	
   thalamic	
   projections,	
  

previously	
   shown	
   to	
   exercise	
  powerful	
   effects	
   on	
  ChI	
   activity	
   both	
   in	
   vivo	
   and	
   in	
   vitro	
  

(Wilson	
  et	
  al.,	
  1990;	
  Consolo	
  et	
  al.,	
  1996a,	
  1996b;	
  Pisani	
  et	
  al.,	
  2000;	
  Matsumoto	
  et	
  al.,	
  

2001;	
  Reynolds	
   and	
  Wickens,	
   2004;	
   Lacey	
   et	
   al.,	
   2007;	
  Ding	
   et	
   al.,	
   2010;	
   Schulz	
   et	
   al.,	
  

2011;	
   Doig	
   et	
   al.,	
   2014),	
   effectively	
   recruited	
   ChI	
   population	
   activity	
   for	
   driving	
   ACh-­‐

evoked	
   DA,	
   thus	
   providing	
   first-­‐hand	
   evidence	
   that	
   this	
   mechanism	
   can	
   be	
   recruited	
  

physiologically.	
   In	
   particular,	
   direct	
   depolarization	
   of	
   ChIs	
   by	
   light	
   activation	
   following	
  

cell	
   type	
   specific	
   expression	
   of	
   Cre-­‐dependent	
   ChR2	
   in	
   ChAT-­‐Cre	
   mice	
   or	
   using	
  

constitutively	
   expressed	
   ChR2	
   in	
   a	
   BAC	
   ChAT-­‐ChR2	
  mouse	
   line	
   arguably	
   could	
   induce	
  

artificial	
  synchrony	
  in	
  striatal	
  cholinergic	
  networks.	
  Given	
  the	
  rapid	
  timecourse	
  of	
  ChR2-­‐

induced	
   depolarization,	
   and	
   the	
   fact	
   that	
   it	
   happens	
   in	
   multiple	
   cellular	
   domains	
  

simultaneously,	
   synchronicity	
   achieved	
  with	
   ChR2	
  may	
   have	
   limited	
   correlates	
   in	
   vivo.	
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Therefore,	
   recruiting	
  ChIs	
   afferents	
   to	
  drive	
  ACh-­‐evoked	
   striatal	
  DA	
   release	
  provides	
  a	
  

possible	
  way	
  of	
  addressing	
  physiological	
  relevance	
  of	
  this	
  locally-­‐mediated	
  DA	
  signalling,	
  

as	
   synaptic	
   transmission	
   at	
   two	
   junction	
   points	
   between	
   afferents-­‐ChIs	
   and	
   ChIs-­‐DA	
  

axons	
  would	
  have	
  some	
  failures,	
  mimicking	
  a	
  more	
  physiological	
  activation	
  state.	
  	
  

	
   Regardless	
   of	
   stimulation	
   frequency	
   glutamate-­‐dependent	
   ACh-­‐evoked	
   DA	
  

transients	
  had	
  similar	
  amplitudes.	
  Yet,	
  ChIs	
  were	
  previously	
  reported	
  to	
  faithfully	
  follow	
  

a	
   variety	
   of	
   stimulation	
   frequencies	
   with	
   antidromic	
   stimulation	
   in	
   vivo,	
   at	
   least	
   for	
  

thalamic	
   afferents	
   (Doig	
   et	
   al.,	
   2014),	
   as	
   well	
   as	
   during	
   direct	
   optogenetic	
  

depolarisations	
   in	
   vitro	
   (Threlfell	
   et	
   al.,	
   2012).	
   Thus,	
   the	
   question	
   remains	
   regarding	
  

where	
   the	
  main	
   rate-­‐limiting	
   component	
   that	
   restricts	
   frequency	
   sensitivity	
   is	
   placed.	
  

The	
   data,	
   showing	
   that	
   no	
   frequency	
   sensitivity	
   is	
   observed	
   even	
   with	
   direct	
  

depolarization	
  of	
  ChIs	
  which	
  successfully	
  follow	
  high-­‐frequency	
  pulse	
  trains	
  themselves	
  

(Threlfell	
  et	
  al.,	
  2012),	
   suggest	
   that	
   lack	
  of	
   frequency	
  sensitivity	
  of	
  both	
  cortically-­‐	
  and	
  

thalamically-­‐triggered	
   DA	
   events	
   is	
   determined	
   by	
   factors	
   downstream	
   of	
   striatal	
  

cholinergic	
  signalling.	
  Further,	
  flat	
  frequency	
  response	
  of	
  ACh-­‐evoked	
  DA	
  events	
  across	
  

different	
   recruitment	
   paradigms	
   (i.e.	
   direct	
   via	
   ChIs	
   and	
   di-­‐synaptic	
   via	
   glutamatergic	
  

inputs	
  to	
  ChIs)	
  suggests	
  it	
  could	
  be	
  a	
  rule	
  for	
  locally	
  evoked	
  DA,	
  whereby	
  DA	
  release	
  per	
  

se,	
  rather	
  than	
  the	
  relative	
  signal	
  amplitudes	
  convey	
  all	
  the	
  necessary	
  information	
  to	
  the	
  

local	
  computational	
  circuits.	
  	
  

	
   The	
  primary	
  rate-­‐limiting	
  factor	
  in	
  faithful	
  transfer	
  of	
  frequency	
  sensitivity	
  could	
  

be	
   rapid	
   desensitization	
   of	
   nAChRs.	
   This	
   property	
   may	
   render	
   nAChRs	
   ineffective	
   in	
  

relaying	
  frequency	
  information	
  to	
  their	
  downstream	
  targets,	
  DA	
  axons.	
  It	
  is	
  also	
  possible,	
  

given	
  the	
  evidence	
  for	
  nAChRs	
  regulating	
  DA	
  release	
  probability	
  at	
  short	
  latencies,	
  that	
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changes	
   in	
   release	
   probability	
   are	
   a	
   contributing	
   factor.	
   Arguably,	
   local	
   drive	
   of	
   DA	
  

release	
  is	
  therefore	
  not	
  required	
  to	
  convey	
  information	
  normally	
  relayed	
  by	
  the	
  varying	
  

amplitudes	
  of	
  evoked	
  DA	
  signals.	
  Consequently,	
  ChI-­‐evoked	
  DA	
  release	
  likely	
  provides	
  a	
  

different	
  read-­‐out	
  for	
  striatal	
  circuits	
  sensitive	
  to	
  DA	
  level	
  changes	
  compared	
  to	
  SNc/VTA	
  

activity-­‐dependent	
  DA	
   release	
   events.	
   It	
  may	
   perhaps	
   be	
   an	
   all-­‐or-­‐nothing	
   ‘digital’	
   DA	
  

signal	
   which	
   gets	
   the	
   circuit	
   ticking	
   along.	
   Although,	
   some	
   subtle	
   alterations	
   of	
   ACh-­‐

evoked	
   DA	
   release	
   by	
   AChE,	
  which	
   is	
   differentially	
   active	
   between	
   striatal	
  matrix	
   and	
  

patch	
   compartments	
   (Graybiel	
   and	
   Ragsdale,	
   1978;	
   Mink,	
   1996),	
   may	
   be	
   present.	
  

Further,	
  the	
  lack	
  of	
  GABAR	
  and	
  mGluR	
  modulation	
  of	
  glutamate-­‐dependent	
  ACh-­‐evoked	
  

DA	
  release	
  argues	
  that	
  extrinsic	
  feed-­‐forward	
  and	
  feedback	
  circuits,	
  normally	
  playing	
  a	
  

significant	
  role	
   in	
  striatal	
   function	
  at	
  a	
  single	
  cell	
   level,	
  are	
  discounted	
   in	
  a	
  population-­‐

dependent	
   DA	
   signalling.	
   Consequently,	
   locally	
   generated	
   DA	
   transients,	
   being	
  

insensitive	
   to	
   primary	
   modulators,	
   such	
   as	
   GABA	
   or	
   mGluR	
   signalling,	
   or	
   stimulation	
  

frequency,	
  could	
  support	
  information	
  transfer	
  irrespective	
  of	
  surrounding	
  environment,	
  

with	
   a	
   view	
   that	
   this	
  mechanism	
   could	
   facilitate	
   stable	
   information	
   processing	
   across	
  

different	
  conditions.	
  

	
   Predominant	
   recruitment	
   of	
   AMPARs	
   by	
   corticostriatal	
   projections	
   on	
   ChIs,	
  

compared	
  to	
  contribution	
  from	
  both	
  NMDARs	
  and	
  AMPARs	
  at	
  thalamic-­‐ChI	
  synapses	
  is	
  

consistent	
  with	
  iGluR	
  composition	
  previously	
  reported	
  for	
  cortical	
  and	
  thalamic	
  contacts	
  

on	
   striatal	
   MSNs	
   (Consolo	
   et	
   al.,	
   1996a;	
   Smeal	
   et	
   al.,	
   2008;	
   Ellender	
   et	
   al.,	
   2013),	
  

although	
  others	
  report	
  the	
  opposite	
  association	
  (Ding	
  et	
  al.,	
  2008).	
  The	
  latter	
  could	
  stem	
  

from	
  recruitment	
  of	
  different	
  subsets	
  of	
  afferent	
  projections.	
  Common	
  association	
  seen	
  

in	
  MSNs	
  and	
  ChIs	
  between	
  the	
  afferent	
  sources	
  and	
  the	
  post-­‐synaptic	
  iGluR	
  composition	
  

argue	
   that	
   different	
   receptor	
   subtypes	
   provide	
   functionally	
   relevant	
   information.	
   For	
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example,	
   variable	
   NMDA/AMPA	
   receptor	
   contributions	
   could	
   facilitate	
   recognition	
   of	
  

the	
   signal	
   origin,	
   or	
   set	
   different	
   baselines	
   for	
   plasticity	
   induction	
   at	
   cortical	
   versus	
  

thalamic	
   synapses	
   (Ellender	
   et	
   al.,	
   2013).	
   Although	
   glutamate	
   affinity	
   for	
   NMDARs	
   is	
  

hundred-­‐fold	
  higher	
  than	
  for	
  AMPARs,	
  the	
  latter	
  have	
  faster	
  response	
  kinetics	
  and	
  thus	
  

are	
  responsible	
   for	
  the	
  fast	
  EPSP	
  rising	
  phase.	
  Distinct	
   iGluR	
  compositions	
  also	
  suggest	
  

that	
   cortical	
   and	
   thalamic	
   afferents	
  may	
   employ	
   different	
   strategies	
   for	
   recruiting	
   ChI	
  

population	
  activity	
  and	
  ensuring	
  response	
  synchronicity.	
  

	
   In	
   particular,	
   differential	
   contribution	
   from	
   AMPA	
   and	
   NMDA	
   receptors	
   at	
  

cortical	
   versus	
   thalamic	
   synapses	
   on	
   ChIs	
   would	
   set	
   different	
   temporal	
   frames	
   for	
  

recruiting	
   synchronous	
   population	
   spiking.	
   Protracted	
   NMDA	
   current	
   kinetics	
   by	
   slow	
  

gating	
  which	
  broadens	
  spike	
  integration	
  time	
  (Götz	
  et	
  al.,	
  1997;	
  Gasparini	
  et	
  al.,	
  2004),	
  

would	
   facilitate	
   signal	
   summation	
   by	
   setting	
   a	
   long	
   temporal	
   window	
   for	
   collating	
  

synaptic	
  messages	
  arriving	
  within	
  a	
   ‘critical	
  period’.	
  Thus,	
  discrete	
  messages	
  carried	
  by	
  

individual	
   Pf	
   neurons,	
   which	
   may	
   not	
   arrive	
   in	
   perfect	
   synchronization	
   but	
   in	
   close	
  

temporal	
  proximity	
  due	
   to	
  characteristic	
   low-­‐frequency	
  burst	
  discharges	
  of	
  Pf	
  neurons	
  

(Lacey	
   et	
   al.,	
   2007),	
   would	
   succeed	
   in	
   recruiting	
   synchronous	
   population	
   response	
   in	
  

ChIs.	
   Thus,	
   ‘extended’	
   temporal	
   summation	
   of	
   the	
   incoming	
   messages	
   supported	
   by	
  

NMDA	
  currents	
  would	
  enable	
  Pf	
  neurons	
  to	
  recruit	
  ChIs	
  with	
  high	
  fidelity.	
  	
  

	
   In	
   contrast,	
   AMPA	
   receptors	
   faithfully	
   broadcast	
   synaptic	
   messages	
   at	
   high	
  

frequency	
  with	
  little	
  temporal	
  summation,	
  showing	
  fast	
  gating	
  and	
  desensitization	
  (Götz	
  

et	
  al.,	
  1997).	
  Thus,	
  the	
  temporal	
  window	
  for	
  cortical	
  inputs	
  summation	
  would	
  be	
  narrow,	
  

yet	
  with	
  spiking	
  activity	
  of	
  striatally-­‐projecting	
  cortical	
  neurons	
  occurring	
  as	
  barrages	
  of	
  

highly	
   coincident	
   synaptic	
   inputs	
   (Agmon	
   and	
   Connors,	
   1989;	
   Helmchen	
   et	
   al.,	
   1999),	
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predominant	
   reliance	
   on	
   AMPA	
   signalling	
   would	
   enable	
   cortex	
   to	
   also	
   recruit	
  

synchronized	
   population	
   activity	
   in	
   ChIs.	
   The	
   long	
   membrane	
   time	
   constant	
   of	
   ChIs	
  

would	
   enable	
   some	
   input	
   summation	
   at	
   cortical	
   synapses	
   (Ding	
   et	
   al.,	
   2010),	
   yet	
   this	
  

temporal	
   frame	
   would	
   be	
   much	
   shorter	
   than	
   thalamic.	
   Thus,	
   whether	
   in	
   driving	
  

glutamate-­‐dependent	
   ACh-­‐evoked	
   DA	
   release	
   ChIs	
   are	
   adapted	
   to	
   detecting	
   highly	
  

coincident	
   inputs	
   which	
   dramatically	
   change	
   their	
   firing	
   frequency	
   synchronizing	
  

population	
   activity,	
   or	
   whether	
   synchronization	
   is	
   achieved	
   via	
   integration	
   of	
   the	
  

incoming	
  synaptic	
  messages	
  over	
  time,	
  the	
  answer	
  depends	
  on	
  the	
  afferent	
  pathway.	
  	
  

	
   The	
  different	
  timecourse	
  of	
  DA	
  release	
  recovery	
  with	
  repetitive	
  stimulation	
  could	
  

also	
   reflect	
   the	
   distinct	
   integration	
   properties	
   of	
   corticostriatal	
   and	
   thalamostriatal	
  

synaptic	
   contacts	
   with	
   ChIs	
   supported	
   by	
   variable	
   NMDA	
   and	
   AMPA	
   receptor	
  

composition.	
  Light-­‐evoked	
  DA	
  events	
  following	
  activation	
  of	
  cortical	
  afferents	
  had	
  more	
  

pronounced	
  recovery	
  with	
  faster	
  re-­‐release	
  and	
  larger	
  event	
  amplitude,	
  while	
  thalamic	
  

projections	
   showed	
   slower	
   recovery	
   timecourse	
   with	
   subsequent	
   events	
   of	
   smaller	
  

amplitude.	
  Although	
  recovery	
  of	
  pre-­‐synaptic	
  ACh	
  release	
  and	
  post-­‐synaptic	
  nAChR	
  re-­‐

activation	
   are	
   important,	
   those	
   parameters	
   are	
   not	
   expected	
   to	
   differ	
   significantly	
  

between	
   the	
   two	
   afferent	
   pathways,	
   unless	
   distinct	
   sub-­‐populations	
   of	
   ChIs	
   are	
  

recruited	
   by	
   thalamic	
   versus	
   cortical	
   projections.	
   Assuming	
   that	
   no	
   distinct	
   cortically-­‐	
  

and	
  thalamically-­‐innervated	
  ChI	
  populations	
  exist,	
   there	
  are	
   three	
  explanations	
   for	
   the	
  

distinct	
   re-­‐release	
   profiles.	
   These	
   are	
   by	
   no	
   means	
   mutually	
   exclusive,	
   and	
   are	
  

determined	
  by	
  synaptic	
  transmission	
  properties	
  between	
  ChIs	
  and	
  their	
  afferents.	
  

	
   	
  Firstly,	
  temporal	
  summation	
  supported	
  by	
  NMDA	
  currents	
  at	
  thalamic	
  synapses	
  

on	
  ChIs	
  could	
  drive	
  extended	
  sub-­‐threshold	
  depolarisations	
  in	
  the	
  post-­‐synaptic	
  neurons	
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which	
  continuously	
  ‘tickle’	
  nAChRs	
  on	
  DA	
  axons,	
  rendering	
  Pf	
  afferents	
  less	
  successful	
  at	
  

driving	
   re-­‐release	
   at	
   short	
   inter-­‐stimulus	
   intervals	
   once	
   the	
   first	
   release	
   event	
   was	
  

generated.	
  In	
  contrast,	
  predominance	
  of	
  AMPA	
  currents	
  at	
  corticostriatal	
  contacts	
  with	
  

ChIs	
  would	
  avoid	
  this	
  by	
  providing	
  little	
  temporal	
  integration,	
  and	
  thus	
  once	
  the	
  first	
  DA	
  

event	
   is	
   generated,	
   the	
   system	
   promptly	
   re-­‐calibrates	
   to	
   drive	
   subsequent	
   release	
  

events.	
   Secondly,	
   given	
   predominant	
   reliance	
   of	
   cortical	
   afferents	
   on	
   AMPARs	
   and	
  

thalamic	
   projections	
   recruiting	
   both	
   NMDARs	
   and	
   AMPARs,	
   driving	
   successive	
   DA	
  

release	
   events	
   by	
   cortex	
   requires	
   recovery	
   of	
   2	
   receptors	
   (AMPARs+nAChRs),	
   while	
  

thalamic	
  projections	
   require	
  3	
   (AMPARs+NMDARs+nAChRs).	
  Consequently,	
  delayed	
  DA	
  

re-­‐release	
  for	
  the	
  Pf	
  terminals	
  may	
  reflect	
  the	
  time	
  taken	
  by	
  all	
  3	
  receptors	
  to	
  exit	
  from	
  

a	
   refractory	
   state.	
   Thirdly,	
   low	
   release	
   probability	
   of	
   cortical	
   synapses	
   compared	
   to	
  

thalamic	
  (Fremeau	
  et	
  al.,	
  2004a,	
  2004b;	
  Ding	
  et	
  al.,	
  2008),	
  would	
  make	
  the	
  latter	
  more	
  

refractory	
   following	
   a	
   release	
   event,	
   while	
   the	
   former	
   as	
   population	
   would	
   recover	
  

quicker.	
   Together,	
   these	
   explanations	
   are	
   consistent	
   with	
   better	
   release	
   recovery	
  

supported	
  by	
  cortical	
  afferents	
  compared	
  to	
  thalamic.	
  

	
   Further,	
   following	
   a	
   train	
   of	
   five	
   pulses	
   delivered	
   at	
   40	
   Hz	
   ChIs	
   were	
   mostly	
  

shown	
   to	
   respond	
   to	
   the	
   first	
   pulse	
   with	
   cortical	
   and	
   each	
   pulse	
   with	
   thalamic	
  

stimulation	
   in	
   vivo	
   (Doig	
   et	
   al.,	
   2014).	
   These	
   physiology	
   data	
   provide	
   a	
   context	
   for	
   a	
  

better	
   understanding	
   of	
   significantly	
   better	
   recovery	
   of	
   DA	
   re-­‐release	
   for	
   cortical	
  

compared	
   to	
   thalamic	
   afferents.	
   While	
   ChIs	
   are	
   continuously	
   responding	
   to	
   Pf	
  

stimulation,	
   only	
   the	
   first	
   ‘complete’	
   signal	
  will	
   succeed	
   in	
   driving	
  DA	
   release,	
   beyond	
  

which	
  point	
  strong	
  nAChR	
  desensitization	
  and	
  subsequent	
  refractoriness	
  will	
  transiently	
  

arrest	
  glutamate-­‐dependent	
  ACh-­‐evoked	
  DA	
  release.	
  For	
  cortical	
  afferents,	
   in	
  contrast,	
  

the	
  first	
  and	
  only	
  transmitted	
  message	
  is	
  successful	
  in	
  triggering	
  DA	
  transients,	
  while	
  the	
  



	
   	
   	
  

	
   	
   	
  

141	
  

subsequent	
   lack	
  of	
  ChI	
   responses	
   facilitates	
  nAChR	
   recovery,	
  which	
  are	
   then	
   ready	
   for	
  

the	
  next	
  barrage	
  of	
  synaptic	
  inputs.	
  These	
  observations	
  further	
  suggest	
  that	
  cortical	
  and	
  

thalamic	
   projections	
   may	
   not	
   only	
   employ	
   different	
   strategies	
   for	
   recruiting	
  

synchronized	
  population	
  activity	
  in	
  striatal	
  ChIs,	
  but	
  also	
  facilitate	
  processing	
  of	
  diverse	
  

signal	
  parameters.	
  

	
   However,	
   retrograde	
   axonal	
   transport	
   of	
   the	
   AAV5	
   ChR2	
   vector	
   introduces	
  

confounds	
   into	
   the	
   current	
   optogenetic	
   paradigm.	
   Due	
   to	
   combined	
   retrograde-­‐

anterograde	
   axonal	
   transport	
   of	
   the	
   AAV5	
   ChR2	
   in	
   the	
   CaMK2a-­‐Cre	
   driver	
   line	
  where	
  

both	
   cortical	
   and	
   thalamic	
   neurons	
   express	
   Cre-­‐recombinase,	
   and	
   further	
   as	
   the	
   two	
  

regions	
   are	
   reciprocally	
   connected,	
   injections	
   targeted	
   to	
   a	
   single	
   pathway	
   could	
  

inadvertently	
   lead	
   to	
   concurrent	
   transduction	
   of	
   the	
   other.	
   The	
   distinction	
   in	
   iGluR	
  

profiles	
   between	
   the	
   data	
   from	
   M1	
   and	
   Pf	
   injected	
   animals	
   is	
   critical	
   to	
   addressing	
  

possible	
  co-­‐activation	
  of	
  cortical	
  and	
  thalamic	
  afferents	
  with	
  the	
  AAV5	
  ChR2	
  vector.	
  An	
  

identical	
  response	
  profile	
  to	
  iGluR	
  antagonism	
  would	
  suggest	
  100%	
  overlap	
  in	
  activation	
  

of	
   cortical	
   versus	
   thalamic	
   striatal	
   terminals	
   in	
   M1-­‐	
   or	
   Pf-­‐injected	
   mice,	
   arguing	
   that	
  

neither	
  pathway	
  could	
  be	
  activated	
  selectively.	
  The	
  current	
  data,	
  however,	
  suggest	
  that	
  

despite	
  bi-­‐directional	
  axonal	
  transport	
  of	
  AAV5	
  ChR2,	
  each	
  of	
  the	
  two	
  projections	
  could	
  

be	
  preferentially	
  engaged.	
  Of	
  course,	
  the	
  percentage	
  contribution	
  from	
  each	
  respective	
  

pathway	
  still	
  remains	
  unknown.	
  

	
   Anatomical	
   data	
   provide	
   further	
   support	
   for	
   the	
   above	
   conclusion.	
   From	
   the	
  

literature	
   it	
   follows	
   that	
   anatomical	
   organization	
   of	
   intralaminar	
   thalamic	
   neurons	
  

innervating	
   striatum	
   is	
   distinct	
   from	
   cortically	
   projecting	
   neurons.	
   Caudal	
   intralaminar	
  

thalamus,	
   Pf	
   nucleus	
   in	
   particular,	
   preferentially	
   innervate	
   striatum	
  with	
   a	
   few	
   sparse	
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collaterals	
  terminating	
  in	
  cortex,	
  although	
  this	
  anatomical	
  segregation	
  is	
  less	
  evident	
  in	
  

rodents	
  than	
  primates	
  (Jones	
  and	
  Leavitt,	
  1974;	
  Macchi	
  et	
  al.,	
  1984;	
  Sadikot	
  et	
  al.,	
  1992;	
  

Parent	
   and	
   Parent,	
   2005;	
   Galvan	
   and	
   Smith,	
   2011).	
   By	
   contrast,	
   rostral	
   intralaminar	
  

nuclei	
   and	
   intralaminar	
   nuclei	
   outside	
   the	
   centromedian-­‐parafascicular	
   complex,	
  

including	
   central-­‐lateral	
   nucleus	
   (CL),	
   predominantly	
   innervate	
   cortex	
  with	
   less	
   robust	
  

striatal	
   projections	
   and	
  most	
   striatal	
   fibres	
   displaying	
   en	
   passant	
   morphology	
   (Royce,	
  

1983;	
  Macchi	
  et	
  al.,	
  1984;	
  Deschenes	
  et	
  al.,	
  1996;	
  Deschênes	
  et	
  al.,	
  1996;	
  Smith	
  et	
  al.,	
  

2004,	
   2009).	
   Thus,	
   striatal	
   and	
   cortical	
   projections	
   originating	
   from	
   intralaminar	
  

thalamus	
   are	
   distinct.	
   Hence,	
   transduction	
   of	
   Pf	
   nucleus,	
   the	
   most	
   well	
   established	
  

driver	
   of	
   ChI	
   activity	
   (Meredith	
   and	
  Wouterlood,	
   1990;	
   Lapper,	
   1992;	
   Thomas	
   et	
   al.,	
  

2000;	
  Doig	
  et	
  al.,	
  2014),	
  following	
  M1-­‐targeted	
  injections	
  of	
  AAV5	
  ChR2	
  would	
  be	
  limited	
  

due	
   to	
   sparseness	
   of	
   Pf	
   cortical	
   projections.	
   Yet,	
   cortical	
   transduction	
   following	
   Pf	
  

injections	
   could	
   be	
   more	
   pronounced,	
   as	
   cortex	
   robustly	
   innervates	
   most	
   thalamic	
  

structures,	
   and	
   virus	
   spread	
   facilitated	
   by	
   AAV5	
   ChR2	
   not	
   only	
   ensured	
   robust	
   Pf	
  

transduction,	
  but	
  also	
  some	
  eYFP-­‐positive	
  fibres	
  could	
  also	
  be	
  found	
  more	
  anteriorly	
  in	
  

CL.	
   Consequently,	
   bi-­‐directionally	
   transported	
   AAV5	
   ChR2	
   vector	
   probably	
   conferred	
  

some	
   selectivity	
   in	
   transduction	
  of	
   cortical	
   versus	
   thalamic	
   afferents	
   to	
   striatal	
   ChIs	
   in	
  

CaMK2a-­‐Cre	
   mice	
   due	
   to	
   anatomical	
   architecture	
   of	
   caudal	
   intralaminar	
   thalamic	
  

projections	
  innervating	
  cortex	
  and	
  striatum.	
  This	
  conclusion	
  is	
  further	
  supported	
  by	
  my	
  

data	
   revealing	
   distinct	
   NMDA	
   and	
   AMPA	
   receptor-­‐dependence	
   and	
   release	
   recovery	
  

profiles	
   of	
   light-­‐evoked	
   DA	
   release	
   events	
   between	
   Pf-­‐	
   and	
   M1-­‐injected	
   CaMK2a-­‐Cre	
  

mice.	
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3.5	
  Summary	
  

	
   In	
  this	
  work	
  with	
  the	
  AAV5-­‐packaged	
  ChR2	
  construct	
  for	
  preferential	
  optogenetic	
  

activation	
   of	
   corticostriatal	
   versus	
   thalamostriatal	
   afferents,	
   I	
   demonstrate	
   that	
   both	
  

afferent	
   inputs	
   can	
   be	
   glutamatergic	
   drivers	
   of	
   ChI-­‐evoked	
   striatal	
   DA	
   release.	
  

Specifically,	
   I	
   show	
  that	
  ChR2-­‐transduced	
  M1	
  and	
  Pf	
  striatal	
   terminals	
  were	
  capable	
  of	
  

recruiting	
  ChIs	
  for	
  driving	
  ACh-­‐evoked	
  DA	
  release,	
  putatively	
  via	
  synchronous	
  activation	
  

of	
  ChI	
  population	
  spiking.	
  However,	
  corticostriatal	
  and	
  thalamostriatal	
  circuits	
  operated	
  

using	
   different	
   complement	
   of	
   post-­‐synaptic	
   iGluRs,	
   and	
   showed	
   distinct	
   release	
  

recovery	
   profiles,	
   suggesting	
   that	
   despite	
   confounding	
   effects	
   of	
   bi-­‐directional	
   axonal	
  

transport	
  of	
  AAV5	
  ChR2,	
  some	
  pathway	
  selectivity	
  was	
  achieved.	
  I	
  also	
  demonstrate	
  that	
  

ChIs	
  play	
  the	
  role	
  of	
  gatekeepers	
  in	
  mediating	
  cortical	
  and	
  thalamic	
  drive	
  of	
  local	
  striatal	
  

DA	
   signalling,	
   as	
   application	
   of	
   nAChR	
   antagonist	
   or	
  mAChR	
   agonist,	
  which	
   effectively	
  

arrest	
   cholinergic	
   transmission,	
   abolish	
   light-­‐evoked	
   DA	
   release	
   following	
   optical	
  

stimulation	
  of	
  ChR2-­‐transduced	
  glutamatergic	
  afferents.	
  These	
  data	
   further	
  provide	
  an	
  

explanation	
  for	
  glutamate-­‐evoked	
  DA	
  release	
  observed	
  in	
  earlier	
  studies	
  by	
  conclusively	
  

showing	
  the	
  mechanism	
  at	
  play	
  involves	
  resident	
  ChIs.	
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Figure 3.1 Distal electrical stimulation of corticostriatal a�erents revealed a signi�cant decrease 
in evoked [DA]o following iGluR block, but data are compromised by progressive decline in [DA]o
(a) A schematic showing recording set up for distal electrical stimulation of corticostriatal a�erents in 
corpus callosum (CC) and  intrastriatal (CPu) stimulation with bipolar stimulating electrode and CFM 
positioned d=450 µm apart. (b,c,d,e,f) Mean [DA]o± SEM versus time evoked in dorsal striatum of 2-3 
months old WT mice following CC and CPu distal electrical stimulation using a range of frequencies (10 
Hz, 40 Hz and 100 Hz) and pulse number (1 p, 2 p, 5 p and 10 p). All data are normalized to CC control 1 
p release. iGluR antagonists for NMDA (D-AP5, 50 µM) and AMPA (GYKI, 10 µM) receptors on average 
reduced evoked [DA]o by 61.8% across all stimulation protocols. Equidistant CPu stimulation in iGluR 
block was used to control for tissue viability and showed large passive current spread component, 
evoking higher [DA]o than control. (g) Mean peak evoked [DA]o± SEM versus stimulation protocol 
arranged in the order of increasing stimulus duration, summary of the data from (b,c,d,e, f ). Across all 
stimulation protocols application of iGluR antagonists signi�cantly reduced peak evoked [DA]o (Two-
way ANOVA, post-hoc Bonferroni t-tests, ***p<0.001). (h) Mean peak [DA]o± SEM versus time, normal-
ized to the peak value of the �rst evoked transient show that with distal CC stimulation the data were 
compromised by site decline, characterized by progressive decrease in evoked [DA]o over time in a 
given recording site.    
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Figure 3.2 Distal intrastriatal electrical stimulation revealed small e�ect of iGluR antagonism on 
evoked [DA]o  with distal CPu stimulation protocol
(a) A schematic showing the arrangement for distal intrastriatal (CPu) electrical stimulation with 
stimulating electrode and CFM positioned d=450 µm apart. (b,c,d,e,f) Mean [DA]o± SEM versus time 
evoked in dorsal striatum of 2-3 months old WT mice following CPu distal electrical stimulation using a 
range of frequencies (10 Hz, 40 Hz and 100 Hz) and pulse number (1 p, 2 p, 5 p and 10 p). All data are 
normalized to CPu control 1p release. Data show that application of iGluR antagonists for NMDA 
(D-AP5, 50 µM) and AMPA (GYKI, 10 µM) receptors on average reduced evoked [DA]o release by 23% 
across all stimulation protocols, but for the 10p 40 Hz stimulation evoked [DA]o release decreased by 
11%. (g) Mean peak evoked [DA]o± SEM versus stimulus arranged in the order of increasing stimulus 
duration, summary of the data from (b,c,d,e, f ). Statistical analyses on the mean peak [DA]o± SEM data 
showed that for 1 p and 5 p at 10 Hz stimulation protocols application of D-AP5 and GYKI iGluR 
antagonists signi�cantly reduced evoked [DA]o ( Two-way ANOVA, post-hoc Bonferroni t-tests, *p<0.05). 
(h) Mean peak [DA]o± SEM versus time, normalized to the peak value of the �rst evoked transient show 
that with distal CPu stimulation evoked DA levels were relatively stable across the whole experiment 
duration. 
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Figure 3.3 Distal electrical stimulation of corticostriatal a�erents evoked [DA]o by passive current 
directly activating DA axons, as evoked [DA]o in the presence of nAChR antagonist with CC distal 
electrical stimulation was still present and showed frequency-sensitivity 
(a) A schematic showing set up for distal electrical stimulation of corticostriatal a�erents in corpus 
callosum (CC) and intrastriatal (CPu) stimulation, with stimulating electrode and CFM positioned d=450 
µm apart. (b,c,d,e,f) Mean [DA]o± SEM versus time evoked in dorsal striatum of 2-3 months old WT 
mice following CC and CPu distal electrical stimulation with single pulses or paired pulses at 10Hz, 
25Hz, 40 Hz and 100Hz. All data are normalized to CC control 1 p release. nAChR antagonist (DHßE,1 
µM) on average reduced peak evoked [DA]o to11% of control for CC stimulation and 16% of control for 
CPu stimulation. Presence of evoked [DA]o following distal CC stimulation during nAChR blockade 
shows that passive current spread contributed to evoked [DA]o. (g) Mean peak [DA]o± SEM versus 
stimulus arranged in the order of increasing stimulus duration, summarizing data in (b,c,d,e,f ).  Follow-
ing DHßE application, [DA]o evoked with distal CC and CPu stimulation was signi�cantly a�ected by 
stimulation frequency ( Two-way ANOVA, ***p<0.001). (h) Mean peak [DA]o± SEM versus stimulation 
frequency evoked with distal CC and CPu stimulation in the presence of DHßE was not signi�cantly 
di�erent between CC and CPu stimulation condition (One-way ANOVA, Tukey post-hocs, p>0.05). 
Frequency-sensitive evoked [DA]o which is similar for both CC and CPu stimulation protocols demon-
strates that passive current spread was a signi�cant contributing factor to evoked [DA]o.
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Figure 3.4 A�erent projections to striatum from cortex and thalamus: targeting AAV5 ChR2 
vector injections to M1 and Pf and corresponding striatal eYFP ChR2 expression
(a) A schematic of mouse brain in sagittal plane showing a�erent projections from M1 and Pf innervat-
ing CPu. (b,c) 300 µm-thick coronal slices show the pattern of striatal eYFP-tagged ChR2 expression 5-6 
weeks following bilateral M1 (b) or Pf (c) injections of AAV5 ChR2 at 400 nl per site. (d,e) Schematic 
drawings of coronal sections through mouse brain showing targeting of M1 (d) and Pf (e) injections. 
(f,g) Fluorescence microscopy images localizing cortical (f) and thalamic (g) injection tracts in 300 µm- 
and 100 µm-thick sections, respectively, following injections of red polystyrene �uorospheres together 
with the AAV5 ChR2 vector. M1 injections (f) were sucessfully targeted to cortex only, injection tracts 
never extend below the corpus callosum (cc). Pf injections (g) were sucessfully targeted to Pf nucleus 
using fasciculus retro�exus (fr) as anatomical landmark. Both M1 (f) and Pf (g) groups show robust 
eYFP expression at the injection sites. (h,i) Immuno�uorescence localization of eYFP ChR2 expression 
in caudal intralaminar thalamus following Pf injections with cerebellin-1 marker of Pf neurons.        
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Figure 3.5 Light-evoked [DA]o following activation of ChR2-expressing Pf or M1 terminals in 
striatum required action potentials and recruited di�erent complement of NMDARs and AMPARs
(a) Peak evoked [DA]o following light activation of ChR2-expressing Pf or M1 terminals in striatum of 
AAV5 ChR2-injected CaMK2a-Cre mice (N=12 per group). Error bars are SEM. Mean peak [DA]o was not 
signi�cantly di�erent between Pf and M1 (Mann-Whitney, p>0.05). (b) Cyclic voltammograms show the 
detected species following Pf or M1 inputs stimulation was DA. (c,d) Mean [DA]o±SEM versus time 
evoked by activation of Pf (N=2) (c) or M1(N=2) (d) striatal terminals in control and following applica-
tion of Na+ channel blocker (TTX, 1 µM). TTX abolished light-evoked [DA]o (Mann-Whitney, ***p<0.001) 
in Pf (c) and M1(d) groups. (e,f) Mean [DA]o±SEM versus time evoked by activation of Pf (e) or M1 (f) 
striatal terminals in control and following sequential application NMDARs (D-AP5, 50 µM) and AMPARs 
(GYKI, 10 µM) antagonists. D-AP5 signi�cantly reduced evoked [DA]o in Pf -njected animals to 40% of 
control, and subsequent application of GYKI abolished light-evoked [DA]o (Kruskal-Wallis, post-hocs 
**p<0.01)(e). In M1 group D-AP5 had no e�ect, while GYKI abolished light-evoked [DA]o (Kruskal-Wallis, 
post-hocs ***p<0.001) (f). (g,h) Mean [DA]o±SEM versus time evoked by activation of Pf (g) or M1 (N=1) 
(h) a�erents in control and following application of AMPA receptor antagonist (GYKI, 10 µM) alone. 
GYKI abolished light-evoked [DA]o (Mann-Whitney, ***p<0.001) for both Pf (g) and M1 (h) groups.
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Figure 3.6 Glutamate-dependent [DA]o events following optical stimulation of ChR2-expressing 
Pf or M1 striatal terminals were mediated by cholinergic transmission, and were not a�ected by 
metabotropic glutamate or GABAA/GABAB receptors 
(a,b) Mean [DA]o±SEM versus time evoked by activation of Pf (a) and M1 (b) striatal terminals in control 
and following application of nicotinic receptor antagonist (DHßE, 1 µM). Arresting cholinergic transmis-
sion at nAChRs, DHßE abolished light-evoked [DA]o (Mann-Whitney, ***p<0.001) for both Pf  (a) and M1 
(b) groups. (c,d) Mean [DA]o±SEM versus time evoked by activation of Pf (c) and M1 (d) striatal termi-
nals in control and following application of muscarinic receptor agonist (Oxo-M, 10 µM). Autoinhibiting 
ChI �ring, Oxo-M abolished light-evoked [DA]o (Mann-Whitney, ***p<0.001) for both Pf (c) and M1 (d) 
groups. (e,f) Mean [DA]o±SEM versus time evoked by activation of Pf (e) and M1 (f) striatal terminals in 
control and following application of broad-spectrum metabotropic glutamate receptor antagonist 
(MCPG, 200 µM). MCPG had no signi�cant e�ect on light-evoked [DA]o events (Mann-Whitney, p>0.05) 
for both Pf (e) and M1(f) groups. (g,h) Mean [DA]o±SEM versus time evoked by activation of Pf (g) and 
M1 (h) striatal terminals in control and following application of GABAA (Bicuculine, 10 µM) and GABAB 
(Saclofen, 50 µM) receptor antagonists . Arrest of GABAergic transmission had no signi�cant e�ect on 
light-evoked [DA]o events (Mann-Whitney, p>0.05) for both Pf (g) and M1(h) groups.  
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Figure 3.8 Light-evoked [DA]o events following optical stimulation of ChR2-expressing Pf or M1 
striatal terminals are insensitive to stimulation frequency 
(a,b) Mean peak evoked [DA]o±SEM versus stimulation frequency evoked by optical activation of 
ChR2-expressing Pf (a) or M1 (b) striatal terminals. Single light pulses and pulse trains of 5 pulses at 5, 
10, 25 and 40 Hz were used. Data are normalized to single pulse (1 p) peak evoked [DA]o. (c,d) Mean 
[DA]o±SEM versus time evoked by activation of Pf (c) and M1 (d) striatal a�erents in with single pulses 
and pulse trains of 5 pulses at a range of stimulation frequencies (5-40Hz). Light-evoked [DA]o events 
following stimulation of thalamic Pf (c) or cortical M1 (d) inputs were frequency insensitive, producing 
evoked [DA]o events of similar amplitude regardless of stimulation protocol (one-way ANOVA, p>0.05).  
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Figure 3.7 Summary of the data for the light-evoked [DA]o recorded following optical stimulation 
of ChR2-expressing Pf or M1 striatal terminals  
(a,b) Mean peak [DA]o±SEM evoked with light activation of ChR2-expressing Pf (a) or M1 (b) striatal 
terminals in CaMK2a-Cre mice after AAV5 ChR2 vector injections. (a) For  Pf-injected animals, applica-
tion of TTX, sequential application of D-AP5 and GYKI, GYKI alone, DHßE and Oxo-M signi�cantly 
reduced or abolished light-evoked DA release events. GABA antagonists and MCPG had no e�ect. (b) In 
M1-injected animals application of TTX, GYKI, DHßE and Oxo-M abolished light-evoked [DA]o events, 
while D-AP5, GABA antagonists and MCPG had no e�ect.
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Figure 3.9 Light-evoked striatal [DA]o following optical stimulation of ChR2-expressing Pf or M1 
striatal terminals show distinct release recovery pro�les, with cortically-evoked DA events 
showing faster recovery timecourse and larger amplitude of re-release events 
(a,b) Mean [DA]o±SEM versus time evoked by optical activation of ChR2-expressing Pf (a) or M1 (b) 
striatal a�erents at variable intervals (1-5 s) following the delivery of initial light stimulus. These data 
show faster and more pronounced recovery of light-evoked DA release upon subsequent stimulation 
for cortical compared to thalamic a�erents. (c) Peak [DA]o evoked by initial light activation of Pf or M1 
terminals in striatum were similar for both experimental groups (Mann-Whitney, p>0.05). (d) The mean 
peak [DA]o±SEM between 1 -5 seconds after the �rst light stimulation delivery recovered signi�cantly 
faster for M1-injected compared to Pf-injected CaMK2a-Cre mice (***p<0.001).  
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Figure 3.10 AAV5 ChR2 is retrogradely transported from striatal injection sites to the midbrain in 
DAT-Cre driver line
(a) A schematic of mouse brain in coronal plane showing localization of the midbrain SNc and VTA 
regions. (b,c,d)  Fluorescence microscopy images of the midbrain SNc and VTA regions expressing 
eYFP-tagged ChR2 in 50 µm-thick sections from DAT-cre mice injected with the AAV5 ChR2 vector in 
striatum 4-6 weeks prior. Images taken at 10x (b), 20x (c) and 40x (d) magni�cation show robust eYFP 
ChR2 expression in local midbrain neuropil, both dendritic arbours and cell bodies, following retro-
grade axonal transport of AAV5-packaged ChR2 construct from CPu injection sites. (e) Co-localization 
of eYFP-positive �bres transduced following retrograde axonal transport of AAV5 ChR2 vector from CPu 
to SNc with TH-positive DA neurons in the midbrain.  
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4.	
  Exploring	
  circuits	
  driving	
  acetylcholine-­evoked	
  

striatal	
  dopamine	
  with	
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  hyperpolarizing	
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  cholinergic	
  system.	
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4.1	
  Introduction	
  

	
   The	
  work	
  presented	
   in	
   this	
   chapter	
  explored	
  different	
  approaches	
   to	
  activating	
  

candidate	
  circuits	
   for	
  driving	
  ACh-­‐evoked	
  striatal	
  DA	
  release.	
  This	
  way	
   I	
  aimed	
  both	
   to	
  

address	
  some	
  of	
  the	
  shortcomings	
  identified	
  in	
  the	
  previous	
  chapter	
  and	
  to	
  expand	
  the	
  

repertoire	
  of	
  tools	
  that	
  may	
  be	
  useful	
   for	
  understanding	
  physiological	
  relevance	
  of	
  the	
  

locally-­‐mediated	
   striatal	
   DA	
   signalling.	
   I	
   used	
   AAV2-­‐packaged	
   Cre-­‐dependent	
   ChR2	
  

construct	
   to	
   circumvent	
   the	
   confounds	
  associated	
  with	
   retrograde	
  axonal	
   transport	
  of	
  

AAV5	
   ChR2	
   vector	
   in	
   CaMK2a-­‐Cre	
   driver	
   line	
   (Section	
   4.3.2).	
   I	
   also	
   explored	
   whether	
  

hyperpolarizing	
  optogenetic	
   tools	
   could	
  be	
  used	
   for	
  driving	
  ACh-­‐evoked	
  DA	
  events	
   via	
  

rebound	
  activity	
  in	
  ChIs	
  following	
  optogenetically-­‐induced	
  pause	
  (Section	
  4.3.3).	
  Finally,	
  I	
  

examined	
  whether	
  a	
  recently	
  identified	
  cholinergic	
  brainstem	
  innervation	
  of	
  striatum	
  in	
  

rodent	
  could	
  drive	
  or	
  contribute	
  to	
  ACh-­‐dependent	
  DA	
  release	
  (Section	
  4.3.4).	
  

4.1.1	
  Driving	
  cholinergic	
  interneuron	
  population	
  activity	
  by	
  activation	
  of	
  

their	
  glutamatergic	
  afferents	
  with	
  AAV5	
  ChR2	
   	
  

	
   Chapter	
  3	
  presented	
  the	
  data	
  exploring	
  whether	
  cortical	
  and	
  thalamic	
  afferents	
  

to	
  ChIs	
   can	
  drive	
  ACh-­‐evoked	
   striatal	
  DA	
   release.	
   These	
  experiments	
  used	
  AAV5	
  ChR2	
  

vector	
   injections	
   in	
  CaMK2a-­‐Cre	
  mouse	
  driver	
   line,	
  demonstrating	
  both	
  thalamostriatal	
  

and	
   corticostriatal	
   projections	
   can	
   drive	
   glutamate-­‐dependent	
   ACh-­‐evoked	
  DA	
   events.	
  

However,	
   I	
   determined	
   that	
   AAV5	
   ChR2	
   vector	
  was	
   subject	
   to	
   combined	
   anterograde	
  

and	
   retrograde	
   axonal	
   transport	
   from	
   the	
   primary	
   injection	
   site.	
   Bi-­‐directional	
   axonal	
  

transport	
  presents	
  a	
  serious	
  challenge	
  in	
  establishing	
  the	
  relative	
  contribution	
  of	
  cortical	
  

versus	
  thalamic	
  afferents	
  to	
  the	
  light-­‐evoked	
  DA	
  release	
  events	
  in	
  CaMK2a-­‐Cre	
  mice.	
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   CaMK2a-­‐Cre	
   is	
   a	
   relatively	
   non-­‐specific	
   driver	
   line	
   where	
   practically	
   all	
  

glutamatergic	
   cortical	
   and	
   thalamic	
   neurons	
   express	
   Cre-­‐recombinase	
   (Benson	
   et	
   al.,	
  

1992;	
   Liu	
   and	
   Jones,	
   1996,	
   1997).	
   Although	
   the	
   reported	
   CaMK2	
   mRNA	
   levels	
   in	
  

intralaminar	
   and	
   midline	
   thalamic	
   nuclei	
   are	
   low	
   (Benson	
   et	
   al.,	
   1991;	
   Smith,	
   2007),	
  

earlier	
   studies	
   successfully	
   activated	
   striatal	
   afferents	
   originating	
   from	
   caudal	
  

intralaminar	
   thalamus	
   in	
   CaMK2a-­‐Cre	
   mice	
   using	
   optogenetics	
   (Ellender	
   et	
   al.,	
   2011,	
  

2013;	
  Threlfell	
  et	
  al.,	
  2012).	
  Thus,	
  the	
  CaMK2a-­‐Cre	
  driver	
  line	
  was	
  chosen	
  for	
  examining	
  

the	
  relative	
  roles	
  of	
  cortical	
  and	
  thalamic	
  afferents	
  in	
  driving	
  ChI-­‐evoked	
  DA	
  release.	
  This	
  

way,	
   both	
  projections	
   could	
   be	
   targeted	
   for	
   ChR2	
  expression	
   in	
   the	
   same	
  mouse	
   line,	
  

reducing	
  confounds	
  associated	
  with	
  differential	
  expression	
  of	
  Cre-­‐recombinase	
  between	
  

the	
  compared	
  regions.	
  By	
  minimizing	
  injections	
  volumes	
  to	
  400	
  nl	
  I	
  aimed	
  to	
  limit	
  ‘non-­‐

specific’	
  ChR2	
  transduction	
  outside	
  the	
  primary	
  region	
  of	
  interest,	
  either	
  M1	
  or	
  Pf.	
  Yet,	
  

for	
   a	
   bi-­‐directionally	
   transported	
   vector	
   this	
   strategy	
  would	
   not	
   limit	
   ChR2	
   expression	
  

outside	
  the	
  target	
  injection	
  site	
  due	
  to	
  retrograde	
  axonal	
  transport	
  of	
  AAV5	
  ChR2.	
  	
  

	
   Both	
   cortex	
   and	
   thalamus,	
   in	
   particular	
   frontal/sensorimotor	
   cortex	
   and	
  

intralaminar	
  thalamus,	
  are	
  reciprocally	
  connected	
  (Jones	
  and	
  Leavitt,	
  1974;	
  Royce,	
  1983;	
  

Carretta	
  et	
  al.,	
  1996;	
  Parent	
  and	
  Parent,	
  2005;	
  Beatty	
  et	
  al.,	
  2009;	
  Minamimoto	
  et	
  al.,	
  

2009;	
   Sadikot	
   and	
   Rymar,	
   2009;	
   Galvan	
   and	
   Smith,	
   2011).	
   Therefore,	
   use	
   of	
   bi-­‐

directionally	
   transported	
   vector	
   in	
   the	
   CaMK2a-­‐Cre	
   line	
   may	
   result	
   in	
   combined	
  

transduction	
   of	
   corticostriatal	
   and	
   thalamostriatal	
   afferents	
   when	
   projection-­‐specific	
  

ChR2	
  expression	
  was	
  intended.	
  Consequently,	
  although	
  the	
  AAV5	
  data	
  demonstrate	
  that	
  

both	
  cortex	
  and	
  thalamus	
  can	
  drive	
  ACh-­‐evoked	
  DA	
  events,	
  putatively	
  by	
  recruiting	
  ChI	
  

population	
  activity,	
  whether	
   the	
   two	
  pathways	
  can	
  do	
  so	
   independently	
  of	
  each	
  other	
  

remains	
  undetermined.	
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4.1.2	
   AAV5	
   ChR2	
   experiments	
   cannot	
   discern	
   the	
   contribution	
   of	
   M1	
  

versus	
  Pf	
  afferents	
  to	
  driving	
  cholinergic	
  interneuron-­evoked	
  dopamine	
  	
  

	
   Preferential	
   innervation	
   of	
   striatal	
   rather	
   than	
   cortical	
   territories	
   by	
   neurons	
  

from	
  caudal	
  intralaminar	
  thalamus	
  (Jones	
  and	
  Leavitt,	
  1974;	
  Macchi	
  et	
  al.,	
  1984;	
  Sadikot	
  

et	
   al.,	
   1992;	
   Parent	
   and	
   Parent,	
   2005;	
   Galvan	
   and	
   Smith,	
   2011)	
   suggests	
   that	
   some	
  

specificity	
  in	
  ChR2-­‐transduction	
  of	
  M1	
  versus	
  Pf	
  afferents	
  could	
  be	
  achieved	
  with	
  AAV5	
  

ChR2	
   injections	
   in	
   the	
   CaMK2a-­‐Cre	
   line.	
   Further,	
   the	
   data	
   showing	
   that	
   Pf-­‐evoked	
  DA	
  

events	
  were	
  mediated	
  by	
  both	
  NMDA	
  and	
  AMPA	
  receptors	
  and	
  showed	
  poorer	
  recovery	
  

of	
   release,	
   compared	
   to	
  M1-­‐evoked	
  DA	
  which	
  was	
   only	
  mediated	
  by	
  AMPA	
   receptors	
  

and	
   showed	
   faster	
   recovery	
   of	
   release,	
   support	
   this	
   conclusion.	
   Yet,	
   the	
   relationship	
  

between	
  combined	
  versus	
  independent	
  activation	
  of	
  corticostriatal	
  and	
  thalamostriatal	
  

afferents	
  to	
  ChIs	
  in	
  driving	
  ACh-­‐evoked	
  DA	
  release	
  cannot	
  be	
  quantified	
  from	
  the	
  AAV5	
  

ChR2	
  data.	
  	
  

	
   I	
   further	
   explored	
   the	
   possibility	
   of	
   independently	
   driving	
   corticostriatal	
   or	
  

thalamostriatal	
   afferents	
   using	
   AAV2	
   ChR2	
   vector	
   (Section	
   4.3.2).	
   Previous	
   reports	
  

suggest	
   AAV2	
   ChR2	
   can	
   only	
   be	
   transported	
   anterogradely	
   (Paterna	
   et	
   al.,	
   2004;	
  

Ciesielska	
   et	
   al.,	
   2011;	
   Salegio	
   et	
   al.,	
   2012),	
   although	
   the	
   extent	
   of	
   viral	
   spread	
   and	
  

transduction	
  efficiency	
   is	
   lower	
   than	
   for	
  AAV5	
  ChR2	
   (Davidson	
  et	
  al.,	
  2000;	
  Paterna	
  et	
  

al.,	
  2004;	
  Taymans	
  et	
  al.,	
  2007;	
  Aschauer	
  et	
  al.,	
  2013).	
  AAV2	
  ChR2	
  was	
  also	
  successfully	
  

employed	
  to	
  drive	
  MSN	
  activity	
  with	
  activation	
  of	
  corticostriatal	
  afferents	
  or	
  projections	
  

from	
  individual	
  intralaminar	
  thalamic	
  nuclei	
  (Ellender	
  et	
  al.,	
  2011,	
  2013).	
  In	
  theory,	
  AAV2	
  

ChR2	
   vector	
   confers	
   greater	
   transduction	
   specificity	
   due	
   to	
   exclusively	
   anterograde	
  

mode	
  of	
  axonal	
  transport,	
  and	
  should	
  enable	
  selective	
  activation	
  of	
  M1	
  or	
  Pf	
  afferents	
  to	
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ChIs	
   in	
   CaMK2a-­‐Cre	
   mice.	
   The	
   more	
   limited	
   ChR2	
   transduction	
   of	
   AAV2,	
   which	
   is	
  

expected	
   to	
   infect	
   smaller	
   neuronal	
   population	
   than	
   AAV5,	
   was	
   a	
   secondary	
  

consideration.	
  

4.1.3	
  Packaging	
  of	
  AAV-­based	
  vectors	
  and	
  their	
  transport	
  

	
   It	
   is	
   currently	
   not	
   well	
   understood	
  why	
   different	
   AAV	
   serotypes	
   differ	
   in	
   their	
  

ability	
  to	
  traffic	
  and	
  rates	
  of	
  infection.	
  However,	
  research	
  shows	
  that	
  these	
  recombinant	
  

replication-­‐deficient	
  parvoviruses	
  use	
  different	
  binding	
  partners	
  for	
  cell	
  attachment	
  and	
  

entry.	
   Specifically,	
   AAV2	
  was	
   shown	
   to	
   transduce	
   neurons	
   via	
   proteoglycan	
  molecules	
  

using	
  integrins	
  and	
  fibroblast	
  growth	
  factors	
  as	
  co-­‐receptors	
  (Summerford	
  and	
  Samulski,	
  

1998;	
  Qing	
  et	
  al.,	
  1999;	
  Summerford	
  et	
  al.,	
  1999).	
  In	
  contrast,	
  AAV5	
  constructs	
  bind	
  sialic	
  

acid	
   and	
   use	
   platelet-­‐derived	
   growth	
   factors	
   for	
   cell	
   entry	
   (Walters	
   et	
   al.,	
   2001;	
   Di	
  

Pasquale	
  et	
  al.,	
  2003).	
  These	
  molecules,	
  known	
  as	
  cell	
  surface	
  receptors,	
  have	
  different	
  

distribution	
   in	
  the	
  neuropil	
  and,	
  therefore,	
  could	
  facilitate	
  preferential	
  binding	
  and	
  cell	
  

infection	
  by	
  certain	
  AAV	
  serotypes.	
  	
  

	
   Further,	
  once	
  the	
  cell	
  entry	
  phase	
  is	
  complete,	
  viral	
  DNA	
  is	
  not	
  subject	
  to	
  passive	
  

diffusion.	
  Rather	
  it	
  is	
  actively	
  transported	
  to	
  the	
  site	
  of	
  transcription	
  and	
  replication,	
  and	
  

following	
   synthesis	
   and	
   assembly	
   viral	
   components	
   are	
   trafficked	
   back	
   to	
   the	
   cellular	
  

membrane	
   (Sodeik,	
   2000).	
   Data	
   on	
   which	
   molecular	
   motors	
   different	
   AAV	
   serotypes	
  

employ	
  is	
  absent.	
  It	
  is	
  feasible	
  that	
  trafficking	
  to	
  the	
  nucleus	
  and	
  away	
  from	
  the	
  nucleus	
  

are	
   the	
   two	
   points	
   where	
   the	
   difference	
   between	
   AAV2	
   exclusively	
   anterograde	
   and	
  

AAV5	
  bi-­‐directional	
  transport	
  emerge.	
  Yet,	
  it	
  remains	
  unclear	
  how	
  viral	
  DNA,	
  which	
  was	
  

already	
  stripped	
  of	
  its	
  serotype-­‐specific	
  capsid	
  upon	
  cell	
  entry,	
  can	
  be	
  selectively	
  bound	
  

by	
  retrograde	
  and	
  anterograde	
  cellular	
  motors.	
  For	
  the	
  purpose	
  of	
  this	
  work,	
  however,	
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the	
   important	
   factor	
   is	
   the	
   outcome	
   of	
   intracellular	
   transport,	
   even	
   though	
   the	
  

mechanisms	
  underlying	
  it	
  remain	
  poorly	
  understood.	
  To	
  examine	
  the	
  roles	
  of	
  Pf	
  and	
  M1	
  

afferents	
   to	
   striatal	
   ChIs	
   in	
   driving	
   glutamate-­‐dependent	
   ACh-­‐evoked	
   DA	
   release	
  

independently	
   of	
   the	
   other	
   projection,	
   I	
   switched	
   to	
   using	
   anterogradely	
   transported	
  

AAV2	
  ChR2	
  vector.	
  

4.1.4	
   Alternative	
   tools	
   for	
   probing	
   physiological	
   relevance	
   of	
  

acetylcholine-­evoked	
  striatal	
  dopamine	
  release:	
  hyperpolarizing	
  opsins	
  

	
   Another	
   way	
   to	
   probe	
   physiological	
   relevance	
   of	
   ACh-­‐evoked	
   DA	
   release	
   is	
   to	
  

monitor	
  whether	
  DA	
   release	
   events	
   can	
   be	
   detected	
   upon	
   ChI	
   rebound	
   spiking.	
   Thus,	
  

rather	
   than	
   using	
   excitatory	
   inputs	
   for	
   driving	
   synchronous	
   ChI	
   activity,	
   I	
   explored	
   an	
  

alternative	
  approach	
  of	
  driving	
  a	
  pause	
  in	
  ChIs	
  and	
  examining	
  whether	
  DA	
  release	
  event	
  

could	
   follow,	
  consistent	
  with	
   ‘rebound’	
   spiking.	
  The	
  characteristic	
  pause	
   response	
   that	
  

ChIs	
  acquire	
  in	
  conditioning	
  paradigms	
  (Kimura	
  et	
  al.,	
  1984;	
  Aosaki	
  et	
  al.,	
  1994b,	
  1995;	
  

Graybiel	
  et	
  al.,	
  1994;	
  Apicella,	
  2002;	
  Morris	
  et	
  al.,	
  2004),	
  or	
  display	
  following	
  activation	
  

of	
  their	
  glutamatergic	
  afferents	
  from	
  cortex	
  or	
  thalamus	
  (Matsumoto	
  et	
  al.,	
  2001;	
  Ding	
  

et	
   al.,	
   2010;	
   Sharott	
   et	
   al.,	
   2012;	
   Doig	
   et	
   al.,	
   2014),	
   is	
   often	
   followed	
   by	
   a	
   rebound	
  

excitation.	
   While	
   it	
   remains	
   unclear	
   whether	
   rebound	
   excitation	
   is	
   the	
   product	
   of	
  

intrinsic	
  membrane	
  properties	
  of	
  ChIs	
  (Wilson,	
  2005),	
  manifestation	
  of	
  a	
  separate	
   long	
  

latency	
  excitatory	
  drive	
   (Schulz	
  and	
  Reynolds,	
  2013)	
  or	
   is	
   triggered	
  by	
  yet	
  unidentified	
  

transmitter	
   co-­‐release	
   from	
  dopaminergic	
   terminals	
   (Straub	
  et	
   al.,	
   2014),	
   rebound	
  ChI	
  

spiking	
   could	
   also	
   be	
   a	
   possible	
   mechanism	
   for	
   driving	
   ACh-­‐evoked	
   DA	
   release.	
   In	
  

particular,	
  rebound	
  spiking	
  in	
  ChI	
  populations	
  following	
  a	
  pause	
  is	
  often	
  time-­‐locked	
  and	
  

thus	
  could	
  result	
  in	
  a	
  synchronous	
  activation	
  of	
  ChIs	
  leading	
  to	
  ACh-­‐evoked	
  DA	
  release.	
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   ChIs,	
   or	
   tonically	
   active	
   neurons	
   (TANs),	
   were	
   previously	
   shown	
   to	
   be	
  

spontaneously	
   active	
   in	
   slices	
   (Jiang	
   and	
   North,	
   1991;	
   Bennett	
   and	
   Wilson,	
   1999).	
  

Further,	
  in	
  a	
  small	
  sample	
  of	
  ChIs	
  recorded	
  in	
  acute	
  slices	
  prepared	
  in	
  the	
  same	
  way	
  as	
  

for	
  the	
  current	
  optogenetic	
  FCV	
  experiments,	
  40%	
  of	
  neurons	
  also	
  showed	
  spontaneous	
  

action	
   potential	
   firing	
   (data	
   not	
   shown).	
   These	
   cells	
   have	
   depolarized	
   membrane	
  

potential	
   of	
   around	
   -­‐60	
   mV,	
   and	
   with	
   injection	
   of	
   hyperpolarizing	
   current	
   frequently	
  

show	
   rebound	
   spiking	
  upon	
   termination	
  of	
   the	
  negative	
   current	
   injection.	
   The	
   Tepper	
  

group	
   also	
   reported	
   that	
   following	
   optogenetic	
   hyperpolarization	
   inhibiting	
   AP	
   firing,	
  

ChIs	
  show	
  rebound	
  spiking	
  and	
  that	
  released	
  ACh	
  is	
  able	
  to	
  drive	
  di-­‐synaptic	
  GABAergic	
  

inhibition	
   of	
  MSNs	
   (English	
   et	
   al.,	
   2011).	
   I,	
   therefore,	
   hypothesized	
   that	
   light-­‐induced	
  

inhibition	
   of	
   genetically-­‐defined	
   ChIs	
   in	
   ChAT-­‐Cre	
   mouse	
   driver	
   line	
   following	
   striatal	
  

injections	
   of	
   hyperpolarizing	
   opsin	
   constructs	
   could	
   be	
   used	
   for	
   driving	
   DA	
   release	
  

events	
  upon	
  ChI	
  rebound	
  excitation.	
  

	
   The	
  two	
  most-­‐widely	
  used	
  optical	
  silencing	
  tools	
  are	
  the	
  light-­‐activatable	
  chloride	
  

pump	
  Halorhodopsin	
  (eNpHR	
  3.0,	
  Natronomonas	
  pharaonis)	
  which	
  moves	
  Cl-­‐	
  ions	
  inside	
  

the	
   cell	
   (Han	
   and	
   Boyden,	
   2007;	
   Zhang	
   et	
   al.,	
   2007),	
   and	
   the	
   proton	
   pump	
  

Archaerhodopsin	
   (Arch	
   3.0,	
   Halorubrum	
   sodomense)	
   which	
   moves	
   H+	
   out	
   of	
   the	
   cell	
  

(Chow	
  et	
  al.,	
  2010;	
  Mattis	
  et	
  al.,	
  2012).	
  eNpHR	
  3.0	
  and	
  Arch	
  3.0	
  generate	
  hyperpolarizing	
  

currents	
  which	
   silence	
   neuronal	
   activity	
   by	
  moving	
   one	
   negatively/	
   positively	
   charged	
  

ion	
  inwardly/outwardly	
  across	
  the	
  cellular	
  membrane	
  per	
  photon	
  of	
  light	
  (Geibel	
  et	
  al.,	
  

2001;	
  Seki	
  et	
  al.,	
  2007).	
  Although	
  rebound	
  excitation	
  following	
  hyperpolarization	
  of	
  ChIs	
  

with	
   eNpHR	
  3.0	
  was	
   reported	
   previously	
   (English	
   et	
   al.,	
   2011),	
   this	
   Cl-­‐	
   pump	
  was	
   also	
  

shown	
   to	
   change	
   GABAA	
   reversal	
   potential	
   due	
   to	
   intracellular	
   Cl
-­‐	
   accumulation	
   for	
  

stimulations	
   longer	
   than	
   500	
   ms,	
   leading	
   to	
   sign	
   reversal	
   for	
   inhibitory	
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neurotransmission	
  (Raimondo	
  et	
  al.,	
  2012).	
  Further,	
  direct	
  comparison	
  of	
  Arch	
  3.0	
  and	
  

eNpHR	
   3.0	
   previously	
   showed	
   that	
   the	
   former	
   generates	
   larger	
   and	
   more	
   stable	
  

photocurrents	
   (Mattis	
   et	
   al.,	
   2012).	
   Thus,	
   Arch	
   3.0	
   could	
   be	
   better	
   suited	
   to	
   probing	
  

activity	
  for	
  which	
  the	
  read	
  out	
  is	
  a	
  population-­‐based	
  response	
  (i.e.	
  DA	
  release	
  evoked	
  by	
  

ChI	
   population	
   activity).	
   In	
   my	
   experimental	
   work	
   I	
   therefore	
   used	
   both	
   constructs	
  

separately:	
  Arch	
  3.0	
  as	
  a	
  control	
  tool	
  for	
  intracellular	
  Cl-­‐	
  accumulation	
  which	
  generates	
  

larger	
   photocurrents,	
   and	
   eNpHR	
   3.0	
   as	
   a	
   tool	
   previously	
   shown	
   to	
   successfully	
  

hyperpolarize	
  and	
  drive	
  rebound	
  spiking	
  in	
  striatal	
  ChIs.	
  

	
   Tonic	
   activity	
   in	
   striatal	
   ChIs	
   in	
   acute	
   slices	
   is	
   highly	
   dependent	
   on	
   bath	
  

temperatures	
   (32-­‐34°C)	
   and	
   relatively	
   high	
   KCl	
   levels	
   (at	
   least	
   2.5	
   mM)	
   (Surmeier,	
  

personal	
  communication).	
  These	
  criteria	
  were	
  incorporated	
  in	
  experimental	
  design.	
  Yet,	
  

while	
  inhibition	
  of	
  tonic	
  firing	
  could	
  result	
  in	
  rebound	
  ChI	
  activity	
  driving	
  ACh-­‐evoked	
  DA	
  

release,	
   optogenetic	
   hyperpolarization	
   is	
   still	
   not	
   equivalent	
   to	
   intracellular	
   negative	
  

current	
  injection.	
  Specifically,	
  in	
  non-­‐neuronal	
  systems	
  Cl-­‐	
  and	
  H+	
  pumps	
  were	
  reported	
  

to	
   achieve	
   hyperpolarization	
   of	
   -­‐150	
  mV	
   and	
   beyond	
   (Geibel	
   et	
   al.,	
   2001;	
   Seki	
   et	
   al.,	
  

2007).	
   For	
   neuronal	
   systems,	
   however,	
   because	
   no	
   decrease	
   in	
   input	
   resistance	
   is	
  

generated	
  and	
  only	
  a	
  single	
  ion	
  is	
  moved	
  per	
  photo	
  cycle,	
  very	
  high	
  light	
  intensities	
  are	
  

required	
  to	
  generate	
  ‘true’	
  hyperpolarization.	
  I	
  therefore	
  explored	
  whether	
  Arch	
  3.0	
  and	
  

eNpHR	
  3.0	
  constructs	
  could	
  be	
  used	
  as	
  suitable	
  tools	
  for	
  optogenetic	
   inhibition	
  of	
  ChIs	
  

and	
  could	
  generate	
  ACh-­‐evoked	
  DA	
  events	
  (Section	
  4.3.3).	
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4.1.5	
  Alternative	
  cholinergic	
  pathways	
  for	
  driving	
  acetylcholine-­evoked	
  

striatal	
  dopamine	
  release	
  in	
  rodents	
  

	
   Although	
  striatal	
  ChIs	
  are	
  conventionally	
  thought	
  to	
  be	
  the	
  sole	
  source	
  of	
  striatal	
  

ACh	
  (Bolam	
  et	
  al.,	
  1984;	
  Phelps	
  et	
  al.,	
  1985;	
  Phelps	
  and	
  Vaughn,	
  1986),	
  the	
  most	
  recent	
  

anatomical	
  evidence	
  suggests	
  otherwise.	
  In	
  particular,	
  cholinergic	
  brainstem	
  was	
  shown	
  

to	
  also	
   innervate	
  rodent	
  striatum.	
  Pedunculopontine	
   (PPN)	
  and	
   laterodorsal	
   tegmental	
  

(LDT)	
  nuclei	
   send	
   topographically	
  organized	
  projections	
   to	
  dorsal	
  and	
  ventral	
   striatum,	
  

forming	
  predominantly	
  asymmetric	
  synapses	
  with	
  dendritic	
  spines	
  and	
  shafts	
  of	
  various	
  

post-­‐synaptic	
   structures	
   (Dautan	
   et	
   al.,	
   2014).	
   Using	
   ChAT-­‐Cre	
   rat,	
   the	
   Mena-­‐Segovia	
  

group	
   showed	
   that	
   cholinergic	
   brainstem	
   axons	
   in	
   particular	
   give	
   rise	
   to	
   frequent	
  

varicosities	
   which	
   form	
   synaptic	
   connections	
   with	
   striatal	
   neurons,	
   either	
   following	
  

straight	
   paths	
   or	
   giving	
   rise	
   to	
   tortuous	
   arborisations.	
   The	
   above	
   anatomical	
   data	
  

suggest	
   that	
   cholinergic	
   innervation	
   from	
   rostral	
   PPN	
   and	
   LDT,	
   targeting	
   dlCPu	
   and	
  

dmCPu/NAc	
   respectively,	
   could	
   provide	
   an	
   alternative	
   source	
   of	
   striatal	
   ACh.	
   These	
  

brainstem	
  afferents,	
   therefore,	
   could	
  potentially	
   contribute	
   to	
  ACh-­‐evoked	
  DA	
   release	
  

observed	
  in	
  ChAT-­‐Cre	
  mice	
  (Threlfell	
  et	
  al.,	
  2012),	
  since	
  cholinergic	
  brainstem	
  projection	
  

would	
   also	
   expresses	
   Cre-­‐recombinase	
   and	
   bi-­‐directionally	
   transported	
   AAV5	
   ChR2	
  

vector	
  used	
  in	
  the	
  study	
  could	
  therefore	
  also	
  transduce	
  PPN/LDT	
  striatal	
  afferents.	
  

	
   Cholinergic	
   brainstem	
   projections	
   have	
   four	
  major	
   relay	
   stations	
   for	
   regulating	
  

the	
   overall	
   BG	
   output	
   as	
   practically	
   every	
   element	
   of	
   BG	
   circuitry	
   is	
   connected	
   either	
  

directly	
  or	
  indirectly	
  with	
  PPN	
  and	
  LDT	
  (Steriade	
  et	
  al.,	
  1988;	
  Bolam	
  et	
  al.,	
  1991;	
  Bevan	
  

and	
   Bolam,	
   1995;	
   Mena-­‐Segovia	
   et	
   al.,	
   2005,	
   2008;	
   Omelchenko	
   and	
   Sesack,	
   2005;	
  

Parent	
   and	
   Descarries,	
   2008).	
   In	
   particular,	
   brainstem	
   cholinergic	
   projections	
   affect	
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information	
  processing	
  before	
  it	
  reaches	
  the	
  output	
  BG	
  targets	
  via	
  inputs	
  to	
  SNr	
  and	
  GPi.	
  

Targeting	
   STN	
   and	
   GPe,	
   brainstem	
   cholinergic	
   afferents	
   influence	
   hyperdirect	
   and	
  

indirect	
  pathways,	
  while	
  via	
  projections	
  to	
  the	
  intralaminar/midline	
  thalamic	
  nuclei	
  they	
  

could	
   ultimately	
   affect	
   striatal	
   ChI	
   activity.	
   Finally,	
   via	
   projections	
   to	
   SNc	
   and	
   VTA	
  

brainstem	
   cholinergic	
   system	
   directly	
   regulates	
   DA	
   neuron	
   activity	
   and	
   DA	
   release	
   in	
  

somatodendritic	
   and	
   terminal	
   regions.	
   Thus,	
   PPN	
   and	
   LDT	
   afferents	
   in	
   addition	
   to	
  

possible	
   influence	
  on	
  DA	
   release	
  via	
   thalamic	
  projections	
   synchronizing	
  ChI	
  activity,	
  or	
  

via	
  direct	
  control	
  of	
  SNc/VTA	
  activity,	
  could	
  also	
  drive	
  striatal	
  ACh-­‐evoked	
  DA	
  events	
  by	
  

releasing	
  ACh	
  themselves	
  or	
  directly	
  activating	
  striatal	
  ChIs.	
  Consistently,	
  in	
  behavioural	
  

paradigms	
  these	
  brainstem	
  neurons	
  transiently	
   increase	
  their	
  firing	
  rate	
   in	
  response	
  to	
  

salient	
   sensory	
   stimuli	
   (Pan	
   and	
   Hyland,	
   2005).	
   PPN	
   neurons	
   also	
   display	
   activity	
  

consistent	
  with	
  encoding	
  of	
  the	
  magnitude	
  of	
  expected	
  and	
  received	
  rewards,	
  possibly	
  

providing	
  a	
  substrate	
  for	
  midbrain	
  representation	
  of	
  reward	
  prediction	
  error	
  (Okada	
  et	
  

al.,	
  2009).	
  Together,	
  these	
  data	
  suggest	
  that	
  brainstem	
  cholinergic	
  pathway	
  innervating	
  

CPu	
  could	
  be	
  a	
  constituent	
  part	
  of	
  the	
  local	
  cholinergic	
  control	
  of	
  striatal	
  DA	
  release.	
  

	
   To	
  investigate	
  the	
  role	
  of	
  PPN	
  and	
  LDT	
  projections	
  in	
  driving	
  striatal	
  ACh-­‐evoked	
  

DA	
   release,	
   I	
   collaborated	
  with	
   the	
  Mena-­‐Segovia	
   group,	
  who	
   provided	
   ChAT-­‐Cre	
   rats	
  

(Witten	
  et	
  al.,	
  2011;	
  Dautan	
  et	
  al.,	
  2014)	
  that	
  received	
  AAV2	
  ChR2	
  injections	
  either	
  in	
  the	
  

brainstem	
  (PPN/LDT)	
  or	
  the	
  CPu.	
  To	
  examine	
  whether	
  cholinergic	
  brainstem	
  could	
  drive	
  

striatal	
  ACh-­‐evoked	
  DA	
  release,	
  I	
  monitored	
  light-­‐evoked	
  DA	
  release	
  following	
  activation	
  

of	
  ChR2-­‐expressing	
  cholinergic	
  brainstem	
  afferents	
  (Section	
  4.3.4).	
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4.1.6	
  Summary	
  

	
   The	
  work	
   presented	
   in	
   this	
   chapter	
   is	
  methods-­‐oriented	
   and	
   explored	
   possible	
  

approaches	
   for	
   studying	
   mechanisms	
   behind	
   ACh-­‐evoked	
   striatal	
   DA	
   release	
   using	
  

optogenetics.	
  I	
  examined	
  whether	
  glutamate-­‐dependent	
  drive	
  of	
  ACh-­‐evoked	
  striatal	
  DA	
  

release	
  was	
  possible	
  with	
  independent	
  activation	
  of	
  cortical	
  or	
  thalamic	
  afferents	
  to	
  ChIs	
  

using	
  AAV2	
  ChR2	
  vector.	
  These	
  experiments	
  included	
  a	
  number	
  of	
  variations	
  to	
  address	
  

arising	
  experimental	
  issues	
  and	
  aimed	
  to	
  determine	
  if	
  either	
  pathway	
  in	
  isolation	
  is	
  able	
  

to	
   recruit	
   population	
   response	
  of	
   striatal	
   ChIs	
   to	
  drive	
  ACh-­‐evoked	
  DA	
   release.	
   Taking	
  

the	
   advantage	
   of	
   ChIs	
   being	
   tonically	
   active	
   in	
   vitro	
   and	
   previous	
   studies	
   showing	
  

successful	
   induction	
   of	
   rebound	
   spiking	
   in	
   ChIs	
   with	
   optogenetic	
   hyperpolarization,	
   I	
  

explored	
  whether	
  it	
  was	
  possible	
  to	
  evoke	
  DA	
  release	
  following	
  inhibition	
  of	
  ChI	
  activity	
  

with	
  hyperpolarizing	
   ion	
  pumps	
  Arch	
  3.0	
  and	
  eNpHR	
  3.0.	
   Finally,	
   in	
   collaboration	
  with	
  

the	
   Mena-­‐Segovia	
   group,	
   I	
   examined	
   whether	
   an	
   alternative	
   cholinergic	
   pathway	
   to	
  

rodent	
  striatum	
  of	
  brainstem	
  origin	
  could	
  drive	
  or	
  contribute	
  to	
  ACh-­‐evoked	
  striatal	
  DA	
  

release	
   in	
   rat.	
   These	
   experiments	
   further	
   established	
   that	
   ChI-­‐evoked	
  DA	
   release	
  was	
  

not	
  a	
  species	
  artefact,	
  as	
  light-­‐evoked	
  DA	
  events	
  following	
  ChR2	
  transduction	
  of	
  striatal	
  

ChIs	
  were	
  successfully	
  recorded	
  in	
  ChAT-­‐Cre	
  rat.	
  



	
   	
   	
  

	
   	
   	
  

164	
  

4.2	
  Methods	
  

4.2.1	
  Animals	
  

	
   Adult	
   (21-­‐40d)	
   male	
   and	
   female	
   homozygous	
   and	
   heterozygous	
   CaMK2a-­‐Cre	
  

(B6.Cg-­‐Tg(CaMK2a-­‐Cre)T29-­‐1Stl/J,	
  stock	
  005359)	
  mice	
  were	
  used	
  for	
  probing	
  the	
  roles	
  of	
  

corticostriatal	
   and	
   thalamostriatal	
   projections	
   to	
   ChIs.	
   For	
   control	
   experiments	
  

confirming	
  AAV2	
  ChR2	
  functionality	
  and	
  for	
  striatal	
   injections	
  of	
  hyperpolarizing	
  opsins	
  

Arch	
   3.0	
   and	
   eNpHR	
   3.0,	
   adult	
   (30-­‐45d)	
   heterozygous	
   male	
   ChAT-­‐Cre	
   (B6.129S6-­‐

Chattm1(cre)Lowl/J,	
  stock	
  006410)	
  mice	
  were	
  used.	
  For	
  anatomical	
  experiments	
  confirming	
  

exclusively	
   anterograde	
   transport	
   of	
   AAV2	
   ChR2	
   vector,	
   adult	
   (30-­‐45d)	
   male	
  

heterozygous	
  DAT-­‐Cre	
  (B6.SJL-­‐Slc6a3tm1.1(cre)Bkmn	
  /J,	
  stock	
  006660)	
  mice	
  were	
  used.	
   	
  

	
   AAV2	
  ChR2-­‐injected	
  ChAT-­‐Cre	
  rats	
  (Witten	
  et	
  al.,	
  2011;	
  Dautan	
  et	
  al.,	
  2014)	
  were	
  

supplied	
   by	
   the	
   Mena-­‐Segovia	
   group	
   and	
   were	
   used	
   for	
   probing	
   the	
   role	
   of	
   the	
  

brainstem	
  cholinergic	
  projections	
  (PPN/LDT)	
  to	
  CPu	
  in	
  driving	
  striatal	
  ACh-­‐evoked	
  DA.	
  

4.2.2	
  Optogenetic	
  surgery	
  

The	
  DAT-­‐Cre	
  mice	
   received	
  bilateral	
   striatal	
   injections	
  of	
  AAV2-­‐packaged	
   floxed	
  

ChR2	
  construct	
  targeted	
  to	
  the	
  central	
  CPu	
  (1.5	
  mm	
  ML,	
  +0.5	
  mm	
  AP,	
  3.2	
  mm	
  DV	
  from	
  

bregma).	
  400	
  nl	
  of	
  AAV2	
  ChR2	
  were	
  pressure	
  injected	
  per	
  hemisphere.	
  After	
  4-­‐6	
  weeks	
  

incubation	
  time,	
  mice	
  were	
  transcardially	
  perfused	
  with	
  PBS,	
  their	
  brains	
  were	
  fixed	
   in	
  

PFA	
  and	
  processed	
  for	
  fluorescence	
  microscopy.	
  

CaMK2a-­‐Cre	
  mice	
  received	
  bilateral	
  AAV2	
  ChR2	
  injections	
  targeted	
  either	
  to	
  the	
  

primary	
  motor	
  cortex	
  M1	
  (ML	
  1.7	
  mm,	
  AP	
  +1.3	
  mm,	
  DV	
  1.0	
  mm	
  from	
  bregma)	
  or	
  caudal	
  

intralaminar	
  thalamus	
  Pf	
  nucleus	
  (ML	
  0.7	
  mm,	
  AP	
  -­‐2.3	
  mm,	
  DV	
  3.5	
  mm	
  from	
  bregma).	
  To	
  



	
   	
   	
  

	
   	
   	
  

165	
  

replicate	
  experiments	
  performed	
  with	
  AAV5	
  ChR2,	
  the	
  first	
  batch	
  of	
  mice	
  received	
  400	
  nl	
  

injection	
   volumes.	
   Failing	
   to	
   detect	
   light-­‐evoked	
   release	
   events,	
   injections	
  

targets/volumes	
   were	
   manipulated.	
   The	
   next	
   batch	
   received	
   dual	
   bilateral	
   injections	
  

whereby	
  both	
  M1	
  and	
  Pf	
  were	
  injected	
  in	
  the	
  same	
  animal	
  with	
  400	
  nl	
  of	
  AAV2	
  ChR2	
  per	
  

site.	
  Another	
  group	
  of	
  mice	
  received	
  large	
  injections	
  volumes	
  at	
  either	
  M1	
  or	
  Pf	
  with	
  800	
  

nl	
   of	
   AAV2	
   ChR2	
   injected	
   per	
   hemisphere.	
   4-­‐14	
   weeks	
   were	
   allowed	
   for	
   ChR2	
  

transduction.	
  

The	
  ChAT-­‐Cre	
  driver	
  line	
  was	
  always	
  injected	
  in	
  the	
  central	
  CPu	
  (1.5	
  mm	
  ML,	
  +0.5	
  

mm	
  AP,	
  3.2	
  mm	
  DV	
   from	
  bregma).	
   To	
   confirm	
   that	
  AAV2	
  ChR2	
  vector	
  was	
   functional,	
  

400	
  nl	
  of	
  AAV2	
  ChR2	
  were	
  pressure	
   injected	
  per	
  hemisphere	
  and	
  animals	
  were	
  used	
  4	
  

weeks	
  later.	
  To	
  explore	
  whether	
  optogenetic	
  inhibition	
  of	
  ChIs	
  by	
  hyperpolarizing	
  opsins	
  

could	
   drive	
   ACh-­‐evoked	
  DA	
   release,	
   800	
   nl	
   of	
   either	
   Arch	
   3.0	
   	
   (AAV5-­‐packaged	
   eGFP-­‐

fused	
  Arch	
  3.0)	
  or	
  eNpHR	
  3.0	
  (AAV2-­‐packaged	
  eYFP-­‐fused	
  eNpHR	
  3.0)	
  were	
  injected	
  per	
  

hemisphere	
  bilaterally.	
   Two	
  different	
   groups	
  of	
   animals	
  were	
  used	
   for	
  eNpHR	
  3.0	
  and	
  

Arch	
  3.0	
  experiments.	
  These	
  mice	
  were	
  used	
  6-­‐11	
  weeks	
  post-­‐surgery.	
  

4.2.3	
  Slice	
  preparation	
  

Slices	
  were	
  prepared	
  for	
  optogenetic	
  experiments	
  as	
  described	
  in	
  Chapter	
  2.	
  	
  

4.2.4	
  Optogenetic	
  stimulation	
  

4.2.4.1	
  Depolarizing	
  ChR2	
  stimulation	
  with	
  blue	
  light	
  

	
   ChR2-­‐expressing	
  cortical	
  and/or	
  thalamic	
  terminals	
  in	
  CaMK2a-­‐Cre	
  mice	
  or	
  ChR2-­‐

transduced	
  ChIs	
  in	
  ChAT-­‐Cre	
  mice	
  were	
  visualized	
  by	
  eYFP.	
  In	
  ChR2-­‐injected	
  rats	
  striatal	
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ChIs	
   or	
   striatal	
   brainstem	
   terminals	
   were	
   also	
   visualized	
   by	
   eYFP.	
   Light-­‐evoked	
   DA	
  

release	
  was	
  sampled	
  in	
  eYFP-­‐positive	
  areas	
  using	
  473	
  nm	
  LED	
  as	
  described	
  in	
  Chapter	
  2.	
  	
  

	
   For	
  activation	
  of	
  thalamic	
  projections	
  trains	
  of	
  5	
  pulses	
  at	
  10	
  Hz	
  were	
  used,	
  for	
  

cortical	
  afferents	
  trains	
  of	
  10	
  pulses	
  at	
  25	
  Hz	
  were	
  employed.	
  For	
  the	
  experiments	
  from	
  

dual	
  bilateral	
  injections	
  (M1+Pf)	
  stimulation	
  protocols	
  delivering	
  5	
  pulses	
  at	
  10	
  Hz	
  or	
  10,	
  

20	
  or	
   30	
  pulses	
   at	
   25	
  Hz	
  were	
  used.	
   For	
  direct	
   stimulation	
  of	
   ChR2-­‐expressing	
  ChIs	
   in	
  

both	
  ChAT-­‐Cre	
  mice	
  and	
  ChAT-­‐Cre	
  rat	
  single	
  2	
  ms-­‐wide	
  light	
  pulses	
  were	
  used.	
  

	
   In	
   brainstem	
   injected	
   ChAT-­‐Cre	
   rats,	
   for	
   activation	
   of	
   ChR2-­‐transduced	
  

cholinergic	
  afferents	
  from	
  PPN	
  and	
  LDT	
  I	
  used	
  a	
  range	
  of	
  protocols,	
  varying	
  pulse	
  width	
  

between	
  2-­‐10	
  ms,	
  and	
  delivering	
  pulse	
  trains	
  of	
  variable	
  pulse	
  number	
  (5-­‐25	
  pulses)	
  and	
  

frequency	
  (5-­‐25	
  Hz).	
  

4.2.4.2	
  Hyperpolarizing	
  Arch	
  3.0	
  and	
  eNpHR	
  3.0	
  stimulation	
  with	
  yellow	
  light	
  

Striatal	
  expression	
  of	
  Arch	
  3.0	
  and	
  eNpHR	
  3.0	
  was	
  visualized	
  with	
  eGFP	
  and	
  eYFP	
  

tags,	
  respectively.	
  These	
  hyperpolarizing	
  opsins	
  have	
  red-­‐shifted	
  activation	
  spectra,	
  520-­‐

560	
  nm	
  for	
  Arch	
  3.0	
  and	
  560-­‐590	
  nm	
  for	
  eNpHR	
  3.0.	
  Therefore,	
  560	
  nm	
  yellow	
  LED	
  was	
  

used	
  for	
  light	
  activation	
  of	
  hyperpolarizing	
  tools	
  as	
  described	
  in	
  Chapter	
  2.	
  Because	
  the	
  

light	
  power	
  of	
  560	
  nm	
  LED	
  system	
  was	
  weaker	
  than	
  473	
  nm	
  LED	
  and	
  activation	
  spectra	
  

for	
   red-­‐shifted	
  opsins	
   and	
  ChR2	
   generally	
   overlap,	
   I	
   also	
  used	
  473	
  nm	
  LED	
   to	
   activate	
  

Arch	
  3.0	
  and	
  eNpHR	
  3.0.	
  Blue	
  light	
  pulse	
  trains	
  were	
  either	
  delivered	
  alone	
  to	
  stimulate	
  

these	
  light-­‐activatable	
  ion	
  pumps	
  or	
  following	
  the	
  delivery	
  of	
  yellow	
  light	
  pulse	
  train	
  to	
  

facilitate	
  their	
  recovery	
  from	
  photo-­‐inactivation.	
  ChIs	
  expressing	
  Arch	
  3.0	
  or	
  eNpHR	
  3.0	
  

were	
   inactivated	
   using	
   stimulation	
   frequency	
   of	
   either	
   25	
   Hz	
   or	
   40	
   Hz.	
   I	
   varied	
   pulse	
  

number	
  to	
  manipulate	
  stimuli	
  duration,	
  using	
  10,	
  20,	
  40,	
  80,	
  120	
  or	
  200	
  pulse	
  trains	
  to	
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try	
  to	
  mimic	
  typical	
  ChI	
  pause	
  duration	
  and	
  achieve	
  sufficiently	
  long-­‐hyperpolarization	
  to	
  

enable	
  rebound	
  excitation.	
  

For	
   all	
   optogenetic	
   experiments	
   presented	
   in	
   this	
   chapter	
  where	
   only	
   negative	
  

data	
   were	
   collected,	
   electrical	
   stimulation	
   was	
   used	
   as	
   a	
   positive	
   control	
   of	
   tissue	
  

quality,	
  i.e.	
  to	
  determine	
  that	
  the	
  lack	
  of	
  light-­‐evoked	
  DA	
  release	
  was	
  not	
  due	
  to	
  lack	
  of	
  

evoked	
  DA	
  per	
  se.	
  Electrical	
  stimuli	
  were	
  delivered	
  as	
  described	
  in	
  Chapter	
  2.	
  

4.2.5	
  Fast-­scan	
  cyclic	
  voltammetry	
  

Striatal	
  DA	
  release	
  following	
  light	
  activation	
  of	
  ChR2-­‐expressing	
  cortical/thalamic	
  

terminals,	
  striatal	
  ChIs	
  or	
  brainstem	
  cholinergic	
  terminals,	
  and	
  optogenetic	
  inhibition	
  of	
  

ChIs	
  was	
  monitored	
  with	
  FCV	
  at	
  CFMs	
  as	
  described	
  in	
  Chapter	
  2.	
  

4.2.6	
  Immunohistochemistry	
  

Immunohistochemical	
  processing	
  was	
  carried	
  out	
  as	
  described	
  in	
  Chapter	
  2.	
  

100	
   µm	
   thick	
   Pf-­‐	
   and	
   300	
   µm	
   thick	
   M1-­‐containing	
   sections	
   from	
   CaMK2a-­‐Cre	
  

mice	
   were	
   used	
   for	
   localization	
   of	
   ChR2	
   transduction	
   at	
   the	
   injection	
   sites	
   and	
   in	
  

striatum.	
  50	
  µm	
  thick	
  slices	
  containing	
  the	
  SNc	
  and	
  VTA	
  from	
  DAT-­‐Cre	
  mice	
  were	
  used	
  to	
  

examine	
  retrograde	
  AAV2	
  ChR2	
  transport.	
  

To	
  visualize	
  expression	
  of	
  Arch	
  3.0	
  and	
  eNpHR	
  3.0	
  constructs	
  in	
  striatal	
  ChIs,	
  300	
  

µm	
  striatal	
  coronal	
  sections	
  were	
  fixed	
  after	
  FCV	
  recordings	
  in	
  4%	
  PFA	
  for	
  at	
  least	
  24h	
  at	
  

4°C.	
  Then	
  slices	
  were	
  washed	
  in	
  PBS	
  (5x5	
  min),	
  mounted	
  on	
  gelled	
  slides,	
  coverslipped	
  

using	
  Vectashield	
  (Vector	
  Laboratories)	
  and	
  examined	
  with	
  fluorescent	
  microscope.	
  No	
  

additional	
  staining	
  was	
  required	
  either	
  for	
  visualization	
  of	
  eGFP-­‐tagged	
  Arch	
  3.0	
  or	
  eYFP-­‐

tagged	
  eNpHR	
  3.0	
  due	
  to	
  high	
  signal	
  intensity.	
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4.2.7	
  Drugs	
  

Bicuculine,	
   saclofen,	
   Oxo-­‐M	
   and	
   L-­‐741,626	
   were	
   purchased	
   from	
   Tocris	
  

Bioscience	
  or	
  Ascent	
  Scientific.	
  Cocaine,	
  DHβE	
  and	
  all	
  other	
  chemicals	
  were	
  purchased	
  

from	
  Sigma	
  Aldrich.	
  All	
  solutions	
  were	
  prepared	
  in	
  distilled	
  de-­‐ionized	
  water	
  or	
  DMSO	
  (L-­‐

741,626)	
   to	
   make	
   stock	
   aliquots	
   at	
   1000-­‐10000x	
   final	
   concentrations	
   and	
   stored	
   at	
   -­‐

20°C.	
   Drug	
   stocks	
   were	
   diluted	
   in	
   oxygenated	
   aCSF	
   from	
   frozen	
   aliquots	
   immediately	
  

before	
  use	
  and	
  were	
  bath	
  applied.	
  None	
  of	
  the	
  drugs	
  altered	
  electrode	
  sensitivity	
  at	
  the	
  

concentrations	
  used.	
  

4.2.8	
  Data	
  analyses	
  

All	
   data	
   was	
   recorded,	
   pre-­‐processed	
   and	
   analyzed	
   using	
   WCP	
   (University	
   of	
  

Strathclyde,	
  Glasgow)	
  or	
  AxoScope	
  10.2	
   (Axon	
  Laboratories)	
  software	
  packages	
  and	
   in-­‐

house	
  Excel	
  macros	
  scripts	
  (Prof	
  S.	
  Cragg	
  and	
  Dr	
  K.	
  Jennings).	
  All	
  statistical	
  analyses	
  and	
  

data	
  plotting	
  were	
  performed	
  using	
  GraphPadPrism	
  6.0.	
  	
  

Data	
  are	
  expressed	
  as	
  mean	
  ±	
  standard	
  error	
  of	
  the	
  mean	
  (SEM)	
  unless	
  the	
  data	
  

are	
   presented	
   as	
   raw	
   extracellular	
   DA	
   concentrations	
   in	
   µM	
   ([DA]o),	
   where	
   N	
   is	
   the	
  

number	
  of	
  animals.	
  DA	
  transients	
  represent	
  at	
   least	
  three	
  averaged	
  traces	
  recorded	
  at	
  

the	
   same	
   site	
   in	
   control	
   and	
   following	
   experimental	
  manipulation.	
   The	
   averaged	
   data	
  

were	
  plotted	
   and	
   analyzed	
   statistically	
   using	
   comparison	
  of	
   the	
  means	
   and	
   regression	
  

analyses.	
   When	
   raw	
   data	
   passed	
   Shapiro-­‐Wilk	
   normality	
   tests,	
   parametric	
   tests	
   were	
  

used,	
  otherwise	
  non-­‐parametric	
  alternatives	
  were	
  employed.	
  The	
  mean	
  peak	
  evoked	
  DA	
  

values	
  were	
  used	
  for	
  statistical	
  comparisons,	
  unless	
  otherwise	
  stated.	
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4.3	
  Results	
  

4.3.1	
  AAV2	
  ChR2	
  is	
  not	
  transported	
  retrogradely	
  

	
   AAV2	
  ChR2,	
   based	
   on	
   previous	
   reports	
   of	
   its	
   exclusively	
   anterograde	
   transport	
  

(Paterna	
  et	
  al.,	
  2004;	
  Ciesielska	
  et	
  al.,	
  2011;	
  Salegio	
  et	
  al.,	
  2012),	
  was	
  used	
  to	
  examine	
  

selective	
  contribution	
  of	
  cortical	
  or	
  thalamic	
  afferents	
  to	
  driving	
  ChI-­‐evoked	
  striatal	
  DA	
  

release.	
  To	
  confirm	
  that	
  AAV2	
  vector	
  was	
  not	
  subject	
  to	
  retrograde	
  transport	
  I	
  injected	
  

DAT-­‐Cre	
  mice	
  in	
  striatum	
  and	
  examined	
  eYFP	
  fluorescence	
  in	
  SNc/VTA	
  4-­‐6	
  weeks	
  post-­‐

surgery.	
   The	
  AAV2	
  ChR2	
   striatal	
   injections	
   in	
   the	
  DAT-­‐Cre	
   line	
  had	
  no	
  associated	
  eYFP	
  

fluorescence	
   in	
  either	
   striatum	
  or	
  midbrain	
   (N=2).	
  Therefore,	
  AAV2	
  ChR2	
  vector	
   is	
  not	
  

transported	
  retrogradely	
  and	
  is	
  well	
  suited	
  for	
  the	
  purposes	
  of	
  this	
  study.	
  

4.3.2	
   AAV2	
   ChR2	
   transduced	
   striatal	
   terminals	
   of	
   cortical	
   or	
   thalamic	
  

origin,	
  but	
  yielded	
  no	
  light-­evoked	
  dopamine	
  release	
  events	
  

	
   I	
  next	
  confirmed	
  that	
  AAV2	
  ChR2	
  transduced	
  neurons	
  in	
  the	
  target	
  regions	
  in	
  the	
  

CaMK2a-­‐Cre	
  line	
  with	
  fluorescence	
  microscopy.	
  Following	
  bilateral	
  AAV2	
  ChR2	
  injections	
  

at	
   400	
   nl	
   (Figure	
   4.1a),	
   neuropil	
   at	
   the	
   injection	
   sites	
   in	
   either	
  M1	
   (Figure	
   4.1b)	
   or	
   Pf	
  

(Figure	
   4.1d)	
   expressed	
   ChR2	
   as	
   evidenced	
   by	
   eYFP	
   signal.	
   In	
   striatum	
   following	
   M1	
  

(Figure	
   4.1b)	
   or	
   Pf	
   (Figure	
   4.1c)	
   injections	
   eYFP	
   expression	
   was	
   detectable	
   at	
   least	
   4	
  

weeks	
  post-­‐surgery.	
  However,	
  transduction	
  levels,	
  judged	
  by	
  eYFP	
  signal	
  intensity,	
  were	
  

lower	
   with	
   AAV2	
   vector	
   compared	
   to	
   AAV5,	
   as	
   expected	
   from	
   previous	
   reports	
  

(Davidson	
  et	
  al.,	
  2000;	
  Paterna	
  et	
  al.,	
  2004;	
  Taymans	
  et	
  al.,	
  2007;	
  Aschauer	
  et	
  al.,	
  2013).	
  

Specifically,	
   AAV2	
   ChR2	
   transduction	
   at	
   the	
   injection	
   sites	
   in	
   M1	
   and	
   Pf	
   consistently	
  

produced	
  robust	
  eYFP	
  signal,	
  while	
  at	
  the	
  striatal	
  terminal	
   level	
  eYFP	
  fluorescence	
  was	
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sparse	
   and	
   weak.	
   Unlike	
   AAV5	
   ChR2	
   transduction	
   resulting	
   in	
   uniformly	
   high	
   eYFP	
  

expression	
   throughout	
   most	
   of	
   striatum,	
   the	
   spatial	
   distribution	
   for	
   AAV2	
   ChR2	
   was	
  

more	
  restricted,	
  with	
  dense	
  eYFP-­‐positive	
  plexuses	
  in	
  some	
  areas	
  and	
  also	
  areas	
  of	
  very	
  

low/absent	
   eYFP	
   signal	
   when	
   examined	
   under	
   x10	
   immersion	
   objective	
   in	
   live	
   tissue.	
  

Importantly,	
   for	
   further	
   quantification	
   of	
   transduction	
   efficiency	
   by	
   AAV5-­‐	
   and	
   AAV2-­‐

packaged	
  ChR2	
  constructs	
  of	
  cortical/thalamic	
  neurons	
  and	
  their	
  respective	
  terminals	
  in	
  

striatum	
  higher-­‐resolution	
  microscopy	
  images	
  are	
  needed.	
  For	
  example,	
  establishing	
  the	
  

proportion	
   of	
   eYFP	
   co-­‐localization	
   with	
   selective	
   markers	
   of	
   cortical	
   and	
   thalamic	
  

terminals,	
  VGLUT1	
  and	
  VGLUT2,	
  respectively,	
  would	
  enable	
  a	
  better	
  comparison	
  of	
  the	
  

efficacy	
  and	
  selectivity	
  of	
  the	
  AAV	
  viral	
  vectors.	
  

4.3.2.1	
  Small	
  volume	
  injections	
  of	
  AAV2	
  ChR2	
  in	
  either	
  M1	
  or	
  Pf	
  led	
  to	
  sparse	
  

terminal	
  transduction	
  and	
  evoked	
  no	
  dopamine	
  release	
  

	
   To	
   examine	
   drive	
   of	
   ACh-­‐evoked	
   DA	
   release	
   following	
   selective	
   activation	
   of	
  

cortical	
   or	
   thalamic	
   afferents	
   to	
   ChIs,	
   I	
   replicated	
   AAV5	
   paradigm	
   bilaterally	
   injecting	
  

CaMK2a-­‐Cre	
  mice	
  with	
  400	
  nl	
  of	
  AAV2	
  ChR2	
  in	
  either	
  M1	
  (N=5)	
  or	
  Pf	
  (N=5).	
  4-­‐8	
  weeks	
  

post-­‐surgery	
  AAV2	
  ChR2	
  striatal	
  expression	
  was	
  sparse	
  and	
  spatially	
  restricted	
  for	
  both	
  

experimental	
  groups.	
  eYFP	
  fluorescence	
  signal	
  intensity	
  in	
  striatal	
  slices	
  from	
  AAV2	
  ChR2	
  

injected	
  animals	
   (Figure	
  4.1b,c)	
  was	
  evidently	
  weaker	
   than	
  after	
  AAV5	
  ChR2	
   injections	
  

(Figure	
   4.1g,h).	
   Light-­‐evoked	
   DA	
   release	
   was	
   sampled	
   throughout	
   dorsal	
   and	
   ventral	
  

striatum	
  in	
  eYFP-­‐positive	
  areas;	
  at	
  least	
  4	
  slices	
  were	
  recorded	
  from	
  in	
  each	
  animal.	
  	
  

	
   Two	
  sampling	
  strategies	
  were	
  alternated:	
  either	
  changing	
  position	
  of	
  the	
  CFM	
  on	
  

every	
   stimulation	
   delivered	
   at	
   2.5	
   min	
   intervals,	
   or	
   staying	
   at	
   a	
   given	
   site	
   for	
   3-­‐8	
  

stimulations.	
  This	
  approach	
  enables	
  sampling	
  of	
  evoked	
  DA	
  release	
  from	
  a	
  large	
  number	
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of	
   striatal	
   sites.	
   Yet,	
   in	
   case	
   light-­‐evoked	
   DA	
   release	
   is	
   intermittent,	
   staying	
   in	
   one	
  

recording	
  site	
  for	
  several	
  consecutive	
  stimulations	
  enables	
  detection	
  of	
  DA	
  events	
  that	
  

may	
  come	
  and	
  go.	
  With	
  either	
  sampling	
  strategy	
  in	
  both	
  M1	
  or	
  Pf	
  injected	
  CaMK2a-­‐Cre	
  

mice	
  no	
  light-­‐evoked	
  DA	
  release	
  events	
  were	
  detected.	
  To	
  control	
  for	
  CFM	
  quality	
  and	
  

tissue	
  viability,	
  i.e.	
  that	
  the	
  electrode	
  could	
  detect	
  DA	
  and	
  that	
  DA	
  terminals	
  were	
  intact	
  

and	
  could	
  release	
  neurotransmitter,	
  single	
  pulse	
  electrical	
  stimulations	
  were	
  also	
  used.	
  

Electrical	
  stimuli	
  reliably	
  evoked	
  DA	
  release	
  in	
  the	
  recording	
  sites	
  where	
  light	
  evoked	
  DA	
  

events	
  could	
  not	
  be	
  detected	
  (Figure	
  4.1e).	
  In	
  case	
  light-­‐evoked	
  DA	
  events	
  were	
  below	
  

the	
   CFM	
   detection	
   threshold,	
   the	
   DAT	
   inhibitor	
   (cocaine,	
   5	
   µM)	
   was	
   bath-­‐applied	
   to	
  

amplify	
   DA	
   signals.	
   This	
   manipulation	
   increased	
   the	
   amplitude	
   and	
   duration	
   of	
  

electrically	
  evoked	
  DA	
  events	
  (Figure	
  4.1f),	
  but	
  no	
  light-­‐evoked	
  DA	
  release	
  was	
  detected.	
  	
  

	
   Tissue	
   from	
   one	
   mouse	
   in	
   each	
   experimental	
   group	
   was	
   also	
   used	
   for	
  

experimentation	
  on	
  a	
  473	
  nm	
  diode	
  laser	
  system	
  (DL-­‐473,	
  Rapp	
  Optoelectronic;	
  60	
  µm	
  

laser	
  spot,	
  40	
  mW/mm2	
  at	
  specimen).	
  This	
  step	
  was	
  taken	
  to	
  control	
  for	
  LED	
  providing	
  

insufficient	
  light	
  power	
  for	
  activation	
  of	
  sparsely	
  expressed	
  AAV2	
  ChR2.	
  No	
  light-­‐evoked	
  

DA	
  events	
  were	
  detected	
  on	
  the	
  laser	
  set	
  up	
  either.	
  These	
  negative	
  data	
  prompted	
  me	
  

to	
   explore	
   whether	
   the	
   lack	
   of	
   light-­‐evoked	
   DA	
   could	
   be	
   due	
   to	
   requirement	
   for	
  

combined	
  activation	
  of	
  cortical	
  and	
  thalamic	
  afferents.	
  

4.3.2.2	
   Dual	
   bilateral	
   injections	
   of	
   AAV2	
   ChR2	
   transduced	
   both	
   cortical	
   and	
  

thalamic	
  afferent	
  pathways,	
  but	
  triggered	
  no	
  light-­evoked	
  dopamine	
  release	
  

	
   To	
   address	
   whether	
   combined	
   pathway	
   activation	
   is	
   required	
   for	
   successful	
  

engagement	
  of	
  ChI	
  population	
  activity	
   to	
  drive	
  DA	
   release,	
  CaMK2a-­‐Cre	
  mice	
   received	
  

dual	
   bilateral	
   injections	
   (M1+Pf)	
   of	
   AAV2	
   ChR2	
   at	
   400	
   nl	
   per	
   site	
   (total	
   1.6	
  µl).	
   From	
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previous	
  AAV2	
  ChR2	
  experiments	
  I	
  noted	
  that	
  eYFP	
  fluorescence	
  intensity	
  was	
  higher	
  at	
  

8	
  weeks	
  post-­‐injection,	
  compared	
  to	
  4	
  weeks.	
  Thus,	
  animals	
  with	
  dual	
  bilateral	
  injections	
  

were	
   used	
   for	
   experimentation	
   at	
   least	
   6	
  weeks	
   post-­‐surgery	
   (N=7).	
   The	
   striatal	
   eYFP	
  

signal	
  in	
  CaMK2a-­‐Cre	
  mice	
  with	
  dual	
  bilateral	
  injections	
  (Figure	
  4.2a)	
  was	
  brighter	
  than	
  

for	
  single	
  site	
  injected	
  animals	
  (Figure	
  4.1b,c),	
  and	
  ChR2	
  transduction	
  in	
  both	
  M1	
  (Figure	
  

4.2a)	
  and	
  Pf	
  (Figure	
  4.2b)	
  target	
  regions	
  was	
  robust.	
  Yet,	
  striatal	
  eYFP	
  expression	
  pattern	
  

was	
  still	
  sparse	
  and	
  patchy,	
  mostly	
  confined	
  to	
  dorsal	
  regions.	
  	
  

	
   Light-­‐evoked	
   DA	
   release	
   was	
   sampled	
   in	
   eYFP-­‐positive	
   areas	
   using	
   previously	
  

described	
  sampling	
  strategies,	
  and	
  at	
  least	
  4	
  slices	
  were	
  recorded	
  from	
  in	
  each	
  animal.	
  

Blue	
  light	
  LED	
  stimulations	
  were	
  alternated	
  between	
  5	
  pulses	
  at	
  10	
  Hz	
  and	
  10	
  pulses	
  at	
  

25	
   Hz,	
   the	
   stimuli	
   protocols	
   that	
   successfully	
   evoked	
   DA	
   in	
   AAV5	
   ChR2	
   experiments.	
  

Failing	
  to	
  detect	
  light-­‐evoked	
  DA,	
  pulse	
  number	
  was	
  increased	
  to	
  extend	
  duration	
  of	
  the	
  

light	
  stimulation	
  train	
  (20	
  or	
  30	
  pulses	
  at	
  25	
  Hz),	
  but	
  no	
  light-­‐evoked	
  DA	
  transients	
  were	
  

detected.	
   In	
   theory,	
   however,	
   dual	
   site	
   AAV2	
   ChR2	
   injections	
   most	
   closely	
   replicate	
  

conditions	
   of	
   AAV5	
   ChR2	
   experiments.	
   Electrical	
   stimulation	
   controls	
   performed	
  

separately	
   or	
   delivered	
   8	
   s	
   after	
   light-­‐stimulation	
   train	
   produced	
   large	
   amplitude	
  

electrically	
  evoked	
  DA	
  transients	
  (Figure	
  4.2c).	
  The	
  lack	
  of	
  light-­‐evoked	
  [DA]o	
  in	
  CaMK2a-­‐

Cre	
  mice	
  who	
  received	
  dual	
  bilateral	
  injections	
  of	
  AAV2	
  ChR2	
  led	
  us	
  to	
  hypothesize	
  that	
  

insufficient	
   terminal	
   transduction	
   could	
   fail	
   to	
   recruit	
   ChI	
   population	
   activity	
   to	
   drive	
  

light-­‐evoked	
  DA	
  release	
  events.	
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4.3.2.3	
   Large	
   volume	
   injections	
   of	
   AAV2	
   ChR2	
   construct	
   increased	
   terminal	
  

transduction,	
  but	
  no	
  dopamine	
  release	
  events	
  were	
  evoked	
  

	
   To	
  address	
  insufficient	
  terminal	
  transduction	
  CaMK2a-­‐Cre	
  mice	
  received	
  doubled	
  

volume	
  injections	
  of	
  AAV2	
  ChR2	
  at	
  800	
  nl	
   in	
  either	
  M1	
  (Figure	
  4.2d)	
  or	
  Pf	
  (Figure	
  4.2f)	
  

which	
   increased	
   eYFP	
   fluorescence	
   levels	
   at	
   the	
   injection	
   sites,	
   but	
   for	
   Pf	
   group	
   eYFP	
  

signal	
  intensity	
  at	
  striatal	
  terminals	
  was	
  still	
  low	
  (Figure	
  4.2e).	
  Incubation	
  time	
  was	
  also	
  

extended	
   with	
   animals	
   used	
   8-­‐14	
   weeks	
   post-­‐surgery.	
   In	
   these	
  M1	
   (N=3)	
   or	
   Pf	
   (N=3)	
  

AAV2	
   ChR2-­‐injected	
   animals	
   when	
   no	
   light-­‐evoked	
   DA	
   events	
   were	
   detected,	
   the	
  

following	
  manipulations	
  were	
  performed.	
  	
  

	
   First,	
  to	
  amplify	
  possible	
  sub-­‐threshold	
  light-­‐evoked	
  DA	
  signals	
  the	
  DAT	
  inhibitor	
  

(cocaine,	
   5	
   µM)	
   was	
   bath-­‐applied.	
   DA	
   release	
   sampling	
   in	
   the	
   presence	
   of	
   cocaine	
  

revealed	
  no	
  light-­‐evoked	
  DA	
  transients.	
  Next,	
  I	
  examined	
  whether	
  I	
  could	
  detect	
  changes	
  

in	
  electrically	
  evoked	
  DA	
  following	
  potential	
  sub-­‐threshold	
  ACh	
  events	
  triggered	
  by	
  light	
  

activation	
  of	
  ChR2-­‐expressing	
  excitatory	
   inputs.	
  Specifically,	
  even	
   if	
  no	
   light-­‐evoked	
  DA	
  

events	
  occurred,	
  putatively	
   reflecting	
   lack	
  of	
   synchronous	
  ChI	
  population	
  activity,	
   sub-­‐

threshold	
   ACh	
   release	
   insufficient	
   for	
   driving	
   DA	
   could	
   have	
   consequences	
   on	
  

subsequent	
   ACh-­‐modulated	
   DA	
   release.	
   Thus,	
   it	
   is	
   expected	
   that	
   a	
   prior	
   ACh	
   release	
  

event	
  triggered	
  by	
  light	
  stimulation	
  will	
  change	
  ensuing	
  electrically	
  evoked	
  DA	
  release.	
  I	
  

therefore	
  examined	
  whether	
  evoked	
  DA	
  events	
  following	
  single	
  pulse	
  or	
  high	
  frequency	
  

burst	
  (4	
  p	
  at	
  100	
  Hz)	
  electrical	
  stimulation	
  were	
  modulated	
  by	
  light	
  pulse	
  train	
  delivered	
  

500	
  ms	
  or	
  1	
  s	
  prior,	
  consistent	
  with	
  desensitization	
  of	
  nAChRs	
  following	
  preceding	
  ACh	
  

release.	
  In	
  this	
  case,	
  [DA]o	
  evoked	
  by	
  4	
  pulses	
  at	
  100	
  Hz	
  electrical	
  stimulation	
  would	
  be	
  

amplified,	
  while	
  single	
  pulse	
  evoked	
  [DA]o	
  would	
  decline,	
  increasing	
  the	
  high	
  frequency	
  

burst	
  to	
  single	
  pulse	
  ratio.	
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   Single	
   pulse	
   and	
   high	
   frequency	
   burst	
   electrically	
   evoked	
   DA	
   transients	
   were	
  

recorded	
   in	
   dorsal	
   CPu	
   of	
  M1-­‐injected	
  mouse	
   (N=1)	
  with	
   and	
  without	
   prior	
   blue	
   light	
  

activation	
   of	
   ChR2-­‐expressing	
   corticostriatal	
   afferents.	
   Two-­‐way	
   ANOVA	
   showed	
   that	
  

across	
  all	
  stimulation	
  protocols	
  mean	
  peak	
  evoked	
  [DA]o	
  was	
  not	
  significantly	
  different	
  

(F(3,9)=1.68,	
  p=0.2411;	
  Figure	
  4.3a,b).	
  Further,	
  there	
  was	
  no	
  change	
  in	
  the	
  ratio	
  of	
  [DA]o	
  

evoked	
   by	
   4	
   pulses	
   at	
   100	
   Hz	
   stimulation	
   to	
   that	
   evoked	
   by	
   1	
   pulse	
   (4p:1p	
   ratio)	
  

between	
   electrical	
   stimulations	
   delivered	
  with	
   and	
  without	
   preceding	
   blue	
   light	
   pulse	
  

train	
  (t=0.74,	
  df=6,	
  p=0.4859;	
  two-­‐tailed,	
  unpaired	
  t-­‐test;	
  Figure	
  4.3c).	
  	
  

	
   For	
  the	
  Pf	
  injected	
  animal	
  (N=1),	
  electrically	
  evoked	
  [DA]o	
  recorded	
  in	
  dorsal	
  CPu	
  

was	
   significantly	
  different	
  between	
   the	
   four	
   stimulation	
  protocols	
   as	
   revealed	
  by	
   two-­‐

way	
   ANOVA	
   (F(3,6)=37.71,	
   p=0.0003;	
   Figure	
   4.3d,e),	
   but	
   post-­‐hoc	
   Bonferroni	
   t-­‐tests	
  

were	
  not	
   significant	
   (p>0.05).	
   Further,	
  preceding	
   light-­‐activation	
  of	
  ChR2-­‐expressing	
  Pf	
  

terminals	
  did	
  not	
  significantly	
  alter	
   the	
  4p:1p	
  ratio	
  of	
  electrically	
  evoked	
  DA	
  transients	
  

(t=0.77,	
   df=4;	
   p=0.4843,	
   two-­‐way,	
   unpaired	
   t-­‐test;	
   Figure	
   4.3f).	
   Thus,	
   in	
   these	
   pilot	
  

experiments	
   electrically	
   evoked	
   [DA]o	
  was	
   not	
  modulated	
   by	
   light	
   activation	
   of	
   ChR2-­‐

transduced	
   afferents	
   to	
   striatal	
   ChIs,	
   suggesting	
   lack	
   of	
   sub-­‐threshold	
   ACh	
   release	
  

events.	
  

4.3.2.4	
  ChAT-­Cre	
  positive	
  control	
  for	
  AAV2	
  functionality	
  –	
  direct	
  activation	
  of	
  

cholinergic	
  interneurons	
  reliably	
  drives	
  light-­evoked	
  dopamine	
  events	
  

	
   To	
  test	
  whether	
  the	
  AAV2	
  ChR2	
  vector	
  was	
  functional,	
  direct	
  activation	
  of	
  striatal	
  

ChIs	
  was	
  attempted	
  following	
  bilateral	
  striatal	
  injections	
  of	
  AAV2	
  ChR2	
  at	
  400	
  nl	
  in	
  ChAT-­‐

Cre	
  mice	
  (N=2).	
  In	
  these	
  animals	
  robust	
  eYFP	
  expression	
  with	
  high	
  fluorescence	
  intensity	
  

throughout	
   dorsal	
   and	
   ventral	
   striatum	
   was	
   present	
   4	
   weeks	
   post-­‐injections.	
   At	
   x40	
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times	
   magnification	
   eYFP	
   was	
   easily	
   detectable	
   in	
   the	
   cell	
   bodies	
   and	
   processes	
   of	
  

individual	
   striatal	
   ChIs	
   in	
   live	
   tissue.	
   Light-­‐evoked	
   DA	
   transients	
   were	
   successfully	
  

recorded	
   following	
   single	
   pulse	
   blue	
   light	
   stimulations	
   (2	
   ms)	
   and	
   in	
   multiple	
   striatal	
  

regions	
  in	
  dorsal	
  and	
  central	
  CPu	
  (Figure	
  4.4).	
  Recordings	
  were	
  obtained	
  from	
  at	
  least	
  2	
  

slices	
   in	
  each	
  mouse.	
  These	
  data	
  conclusively	
  demonstrate	
   that	
   the	
  AAV2	
  ChR2	
  vector	
  

was	
  functional.	
  No	
  further	
  experiments	
  with	
  AAV2	
  ChR2	
  were	
  conducted.	
  

4.3.3	
   Hyperpolarizing	
   optogenetic	
   tools	
   drive	
   no	
   dopamine	
   release	
  

events	
  

	
   Application	
   of	
   hyperpolarizing	
   Arch	
   3.0	
   and	
   eNpHR	
   3.0	
   opsins	
   has	
   never	
   been	
  

reported	
   previously	
   for	
   monitoring	
   of	
   a	
   population-­‐based	
   response.	
   Earlier	
   work	
  

successfully	
  employed	
  eNpHR	
  3.0	
  to	
  measure	
  the	
  response	
  to	
  hyperpolarization-­‐induced	
  

rebound	
  spiking	
  of	
  ChIs	
  in	
  single	
  post-­‐synaptic	
  MSNs	
  with	
  patch-­‐clamp	
  electrophysiology	
  

(English	
  et	
  al.,	
  2011).	
  However,	
  monitoring	
  the	
  result	
  of	
  ChI	
  population	
  activity	
  with	
  FCV	
  

is	
   fundamentally	
   different	
   from	
   monitoring	
   single	
   cell	
   response,	
   as	
   ACh-­‐evoked	
   DA	
  

release	
  would	
  rely	
  on	
  synchronized	
  rebound	
  activity	
  in	
  a	
  small	
  number	
  of	
  ChIs	
  (Threlfell	
  

et	
   al.,	
   2012).	
   Here	
   I	
   examined	
   whether	
   DA	
   release	
   events	
   can	
   be	
   detected	
   following	
  

optogenetic	
   inhibition	
   of	
   striatal	
   ChIs	
   with	
   hyperpolarizing	
   opsins.	
   In	
   this	
   case,	
   ACh-­‐

evoked	
  DA	
  events	
  would	
  be	
  indicative	
  of	
  synchronized	
  rebound	
  spiking	
  in	
  a	
  population	
  

of	
  striatal	
  ChIs.	
  

	
   AAV5-­‐packaged	
   Arch	
   3.0	
   (N=3)	
   or	
   AAV2-­‐packaged	
   eNpHR	
   3.0	
   (N=2)	
   vector	
  

injections	
   at	
   800	
   nl	
   targeted	
   central	
   CPu	
   in	
   ChAT-­‐Cre	
   mice	
   (Figure	
   4.5a).	
   At	
   6	
   weeks	
  

striatal	
  Arch	
  3.0	
  expression	
   (visualized	
  by	
  eGFP	
   fluorescence)	
  was	
   sparse.	
  At	
  10	
  weeks	
  

eGFP	
  signal	
  intensity	
  was	
  higher,	
  the	
  overall	
  Arch	
  3.0	
  transduction	
  throughout	
  striatum	
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was	
  denser	
  and	
  more	
  robust,	
  with	
  eGFP	
  expression	
  readily	
  identifiable	
  in	
  individual	
  ChIs	
  

(Figure	
   4.5b).	
   In	
   eNpHR	
   3.0-­‐injected	
  mice	
   eYFP-­‐positive	
   ChI	
   cell	
   bodies	
   and	
   processes	
  

were	
  easily	
  identifiable	
  throughout	
  CPu,	
  mostly	
  in	
  dorso-­‐central	
  areas,	
  both	
  at	
  6	
  weeks	
  

and	
  11	
  weeks.	
  The	
  overall	
  eYFP	
  fluorescence	
  intensity	
  was	
  high,	
  with	
  more	
  focal/dense	
  

eYFP	
  expression	
  in	
  some	
  regions	
  (Figure	
  4.5c).	
  

	
   Arch	
  3.0	
  and	
  eNpHR	
  3.0	
  were	
  activated	
  with	
  yellow	
  560	
  nm	
  LED.	
  To	
  increase	
  the	
  

probability	
   of	
   sufficiently	
   long	
   hyperpolarization	
   driving	
   population	
   rebound	
   spiking	
   in	
  

striatal	
  ChIs	
  and	
  to	
  mimic	
  the	
  duration	
  of	
  ChI	
  pauses	
  observed	
  in	
  vivo,	
  light	
  trains	
  of	
  40,	
  

80,	
  120,	
  200	
  or	
  300	
  pulses	
  at	
  25	
  or	
  40	
  Hz	
  were	
  used.	
  The	
  same	
  protocols	
  were	
  repeated	
  

with	
  473	
  nm	
  LED.	
  In	
  a	
  subset	
  of	
  experiments,	
  473	
  nm	
  and	
  560	
  nm	
  LED	
  stimulations	
  also	
  

were	
  combined	
  as	
  previous	
  reports	
  suggested	
  blue	
  light	
  facilitates	
  recovery	
  from	
  photo-­‐

desensitization	
  for	
  Arch	
  3.0	
  and	
  eNpHR	
  3.0	
  (Mattis	
  et	
  al.,	
  2012).	
  For	
  this	
  blue	
  light	
  pulse	
  

train	
  was	
  delivered	
   first,	
   followed	
  by	
   the	
   yellow	
   light	
   pulse	
   train	
   1-­‐5	
   seconds	
   later,	
   or	
  

vice	
  versa.	
  None	
  of	
  the	
  above	
  manipulations,	
  however,	
  were	
  successful	
  in	
  driving	
  light-­‐

evoked	
  DA	
  release	
  in	
  Arch	
  3.0-­‐	
  and	
  eNpHR	
  3.0-­‐injected	
  ChAT-­‐Cre	
  mice.	
  	
  

	
   To	
  control	
  for	
  tissue	
  and	
  CFM	
  quality	
  electrical	
  stimulation	
  was	
  used,	
  producing	
  

robust	
  DA	
   signal	
   in	
  multiple	
   recording	
   sites	
   in	
  dorsal	
   striatum	
   (Figure	
  4.5d,g).	
  Next,	
   as	
  

previously	
   described	
   in	
   Section	
   4.3.2.3,	
   I	
   used	
   electrical	
   and	
   electrical	
   combined	
  with	
  

light	
   stimulation	
   protocols	
   to	
   examine	
   whether	
   sub-­‐threshold	
   ACh	
   events	
   occurred	
  

following	
   light	
   inhibition	
   of	
   ChIs	
   that	
  were	
   insufficient	
   to	
   drive	
  DA	
   release	
  per	
   se,	
   but	
  

could	
  briefly	
  turn	
  off	
  nAChRs	
  and	
  thus	
  change	
  electrically	
  evoked	
  [DA]o	
  following	
  1	
  pulse	
  

or	
  4	
  pulses	
  at	
  100	
  Hz	
   stimulation.	
   Light	
  pulse	
   trains	
  were	
  delivered	
  200	
  ms	
  or	
  500	
  ms	
  

prior	
  to	
  electrical	
  stimulus	
  onset.	
  	
  



	
   	
   	
  

	
   	
   	
  

177	
  

	
   Single	
   pulse	
   and	
   high	
   frequency	
   burst	
   electrically	
   evoked	
   DA	
   transients	
   were	
  

recorded	
   in	
   dorsal	
   CPu	
   of	
   Arch	
   3.0-­‐injected	
   ChAT-­‐Cre	
  mouse	
   (N=1)	
   with	
   and	
   without	
  

prior	
  light	
  inhibition	
  of	
  Arch	
  3.0-­‐expressing	
  ChIs.	
  To	
  eliminate	
  any	
  confounding	
  effects	
  of	
  

di-­‐synaptic	
   GABA	
   release	
   events	
   limiting	
   ChI	
   activity,	
   GABAA	
   (bicuculine,	
   10	
   µM)	
   and	
  

GABAB	
   (saclofen,	
   50	
   µM)	
   antagonists	
   were	
   bath-­‐applied	
   throughout	
   this	
   experiment.	
  

Electrically	
  evoked	
  [DA]o	
  was	
  significantly	
  different	
  across	
  the	
  four	
  stimulation	
  protocols	
  

as	
   revealed	
   by	
   two-­‐way	
   ANOVA	
   (F(3,12)=9.48,	
   p=0.0017;	
   Figure	
   4.5d,e),	
   but	
   post-­‐hoc	
  

Bonferroni	
   t-­‐tests	
  were	
  not	
   significant	
   (p>0.05).	
   Further,	
   the	
  4p:1p	
   ratio	
  of	
   electrically	
  

evoked	
  [DA]o	
  with	
  and	
  without	
  preceding	
  light	
  inhibition	
  of	
  Arch	
  3.0-­‐transduced	
  ChIs	
  in	
  

ChAT-­‐Cre	
  mouse	
   in	
   complete	
  GABA	
  block	
  was	
  not	
   significantly	
   different	
   (t=0.09,	
   df=6,	
  

p=0.9306;	
  two-­‐tailed	
  unpaired	
  t-­‐test;	
  Figure	
  4.5f).	
  	
  

	
   For	
   the	
   eNpHR	
   3.0-­‐injected	
   ChAT-­‐Cre	
   mouse	
   (N=1),	
   electrically	
   evoked	
   [DA]o	
  

recorded	
  in	
  dorsal	
  CPu	
  following	
  single	
  pulse	
  and	
  high	
  frequency	
  burst	
  stimulation	
  with	
  

and	
  without	
  preceding	
  light	
  stimuli	
  was	
  significantly	
  different	
  across	
  the	
  four	
  stimulation	
  

protocols	
   as	
   revealed	
   by	
   two-­‐way	
  ANOVA	
   (F(3,9)=27.79,	
   p<0.0001;	
   Figure	
   4.5g,h),	
   but	
  

post-­‐hoc	
  Bonferroni	
   t-­‐tests	
  were	
  not	
   significant	
   (p>0.05).	
  There	
  also	
  was	
  no	
  change	
   in	
  

the	
   4p:1p	
   ratio	
   between	
   electrically	
   evoked	
   [DA]o	
   with	
   and	
   without	
   preceding	
   light	
  

inhibition	
   of	
   eNpHR3.0-­‐transduced	
   striatal	
   ChIs	
   (t=0.68,	
   df=6,	
   p=0.5172,	
   two-­‐way,	
  

unpaired	
  t-­‐test;	
  Figure	
  4.5i).	
  In	
  these	
  pilot	
  experiments	
  lack	
  of	
  modulation	
  of	
  electrically	
  

evoked	
   [DA]o	
   following	
   optogenetically-­‐induced	
   inhibition	
   of	
   striatal	
   ChIs	
   selectively	
  

expressing	
   either	
   Arch	
   3.0	
   or	
   eNpHR	
   3.0	
   hyperpolarizing	
   opsins	
   suggests	
   no	
   sub-­‐

threshold	
  ACh	
  release	
  events,	
  indicative	
  of	
  synchronous	
  rebound	
  spiking,	
  occurred.	
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   As	
  the	
  lack	
  of	
  light-­‐evoked	
  DA	
  release	
  with	
  Arch	
  3.0	
  and	
  eNpHR	
  3.0	
  could	
  be	
  due	
  

to	
  any	
  rebound	
  spiking	
  of	
  ChIs	
  being	
  insufficiently	
  synchronized,	
  I	
  also	
  attempted	
  to	
  get	
  

ChIs	
   to	
  be	
  more	
   synchronous	
   in	
   their	
   activity	
   patterns.	
   For	
   this	
   I	
   delivered	
   alternating	
  

blue	
  immediately	
  followed	
  by	
  yellow	
  light	
  pulse	
  trains	
  (100	
  pulses	
  at	
  100	
  Hz),	
  repeated	
  

10	
   times.	
   This	
   manipulation	
   did	
   not	
   drive	
   light-­‐evoked	
   DA	
   events	
   either.	
   Overall,	
   no	
  

light-­‐evoked	
  DA	
   release	
  was	
   detected	
   following	
   yellow,	
   blue	
  or	
   combined	
   yellow/blue	
  

light	
   stimulation	
  of	
   striatal	
  ChIs	
  expressing	
  Arch	
  3.0	
  or	
  eNpHR	
  3.0.	
  These	
  data	
   suggest	
  

that	
   hyperpolarizing	
   ion	
   pumps	
   may	
   not	
   provide	
   optimal	
   hyperpolarization	
   levels	
   for	
  

driving	
  synchronized	
  rebound	
  spiking	
  in	
  a	
  population	
  of	
  striatal	
  ChIs	
  for	
  ACh-­‐evoked	
  DA	
  

release.	
  Although	
  the	
  initial	
  plan	
  for	
  these	
  experiments	
  was	
  examining	
  DA	
  release	
  with	
  

FCV	
  and	
  companion	
  firing	
  properties	
  of	
  ChIs	
  with	
  electrophysiology,	
   for	
   the	
   lack	
  of	
  DA	
  

events	
  we	
  did	
  not	
  then	
  identify	
  effects	
  of	
  optogenetic	
  hyperpolarization	
  on	
  synchrony	
  of	
  

firing	
  in	
  cell	
  physiology	
  experiments.	
  	
  	
  	
  	
  	
   	
  	
  

4.3.4	
  Striatal	
  cholinergic	
  brainstem	
  afferents	
  do	
  not	
  drive	
  acetylcholine-­

evoked	
  striatal	
  dopamine	
  release	
  	
  

	
   Next	
   I	
  examined	
  whether	
  cholinergic	
  projections	
   from	
  PPN	
  and	
  LDT	
  could	
  drive	
  

or	
   contribute	
   to	
   ACh-­‐evoked	
   striatal	
   DA	
   release.	
   For	
   these	
   experiments	
   species	
   were	
  

changed	
  from	
  mouse	
  to	
  rat.	
  ChAT-­‐Cre	
  rats,	
  unilaterally	
  injected	
  in	
  the	
  brainstem	
  PPN	
  or	
  

LDT	
   nuclei	
   with	
   AAV2	
   ChR2	
   construct	
   by	
   the	
  Mena-­‐Segovia	
   lab	
   (Dautan	
   et	
   al.,	
   2014),	
  

were	
  used	
  for	
  FCV	
  experiments.	
  As	
  previously	
  observed	
  in	
  mice,	
  terminal	
  transduction	
  2	
  

weeks	
  post-­‐injection	
  for	
  long-­‐range	
  brainstem	
  afferents	
  was	
  absent	
  (N=1).	
  Therefore,	
  all	
  

animals	
  were	
  used	
  for	
  experimentation	
  at	
  least	
  4	
  weeks	
  post-­‐surgery.	
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4.3.4.1	
   Direct	
   activation	
   of	
   striatal	
   cholinergic	
   interneurons	
   drives	
   light-­

evoked	
  dopamine	
  release	
  in	
  AAV2	
  ChR2-­injected	
  ChAT-­Cre	
  rat	
  

	
   The	
  brainstem	
  experiments	
  required	
  a	
  positive	
  control	
  to	
  discard	
  the	
  possibility	
  

of	
   species	
  differences	
   in	
  ACh-­‐evoked	
  drive	
  of	
   striatal	
  DA	
   release	
  and	
   to	
   confirm	
  AAV2	
  

ChR2	
  functionality	
  in	
  ChAT-­‐Cre	
  rat	
  driver	
  line.	
  The	
  control	
  experiment	
  used	
  CPu-­‐injected	
  

ChAT-­‐Cre	
   rat	
   (N=1),	
  where	
   robust	
  ChR2	
   transduction	
  of	
   striatal	
  ChIs	
  was	
  confirmed	
  by	
  

uniform	
  and	
  ubiquitously	
  high	
  eYFP	
  signal	
  throughout	
  CPu	
  and	
  NAc.	
  The	
  pattern	
  of	
  ChR2	
  

expression	
  was	
   similar	
   to	
  CPu-­‐injected	
  ChAT-­‐Cre	
  mice.	
   Light-­‐evoked	
  DA	
   release	
  events	
  

were	
  successfully	
   triggered	
  with	
  single	
  pulse	
  and	
  4	
  pulses	
  at	
  25	
  Hz	
   light	
   stimuli	
  and	
   in	
  

different	
  striatal	
   sub-­‐regions	
   (Figure	
  4.6a).	
  These	
   light-­‐evoked	
  DA	
  events	
  were	
  of	
   large	
  

amplitude	
  and	
  were	
  easily	
  detected	
  without	
  DA	
  signal	
  amplification.	
  	
  

	
   Brief	
   pulsed	
   bath-­‐application	
   of	
   nAChR	
   antagonist	
   (DHβE,	
   1	
  µM)	
   lasting	
   2	
  min	
  

abolished	
   light-­‐evoked	
   DA	
   transients	
   (Mann-­‐Whitney	
   U=0,	
   n1=n2=4,	
   p=0.0286,	
   two-­‐

tailed;	
  Figure	
  4.6b,c).	
  Upon	
  DHβE	
  washout	
  the	
  amplitude	
  of	
  the	
  light-­‐evoked	
  DA	
  events	
  

returned	
  to	
  the	
  pre-­‐drug	
  baseline	
  (Figure	
  4.6d).	
  To	
  further	
  confirm	
  cholinergic	
  origin	
  of	
  

the	
   detected	
   DA	
   events,	
   mAChR	
   agonist	
   (Oxo-­‐M,	
   10	
   µM)	
   was	
   bath-­‐applied	
   following	
  

washout	
  of	
  nAChR	
  antagonist.	
  This	
  manipulation	
  also	
  abolished	
  light-­‐evoked	
  DA	
  release	
  

in	
   ChAT-­‐Cre	
   rat	
   (Mann-­‐Whitney	
   U=0,	
   n1=n2=4,	
   p=0.0286,	
   two-­‐tailed;	
   Figure	
   4.6d,e).	
  

Using	
  single	
  pulse	
  and	
   light	
  train	
  stimuli	
  of	
  4	
  pulses	
  at	
  5,	
  10,	
  25	
  and	
  40	
  Hz	
   I	
  show	
  that	
  

light-­‐evoked	
   ACh-­‐dependent	
   DA	
   release	
   events	
   in	
   ChAT-­‐Cre	
   rat	
   are	
   insensitive	
   to	
  

stimulation	
   frequency,	
   evoking	
   similar	
   [DA]o	
   regardless	
   of	
   stimulation	
   protocol,	
   as	
  

revealed	
  by	
  one-­‐way	
  ANOVA	
  (F(4,15)=0.1,	
  p=0.9805;	
  Figure	
  4.6f,g).	
  Bath-­‐application	
  of	
  

the	
  DAT	
  inhibitor	
  (cocaine,	
  5	
  µM)	
  showed	
  the	
  detected	
  light-­‐evoked	
  release	
  events	
  were	
  

DA	
   (in	
   addition	
   to	
   cyclic	
   voltammogram),	
   as	
   the	
   amplitude	
   and	
   duration	
   of	
   the	
   light-­‐



	
   	
   	
  

	
   	
   	
  

180	
  

evoked	
   transients	
   increased	
   and	
   this	
   change	
   was	
   statistically	
   significant	
   (Wilcoxon	
  

W=1260,	
  N=51,	
  p<0.0001;	
  Figure	
  4.6h).	
  

4.3.4.2	
   Activation	
   of	
   ChR2-­transduced	
   cholinergic	
   brainstem	
   afferents	
   does	
  

not	
  drive	
  or	
  contribute	
  to	
  acetylcholine-­evoked	
  striatal	
  dopamine	
  release	
  	
  

	
   In	
   LDT-­‐injected	
   animals	
   (N=3),	
   where	
   anatomical	
   studies	
   previously	
   described	
  

brainstem	
  terminal	
  innervation	
  in	
  NAc	
  and	
  dmCPu,	
  no	
  or	
  very	
  few	
  sparse	
  and	
  thin	
  axonal	
  

segments	
  were	
  detected	
  using	
  fluorescence	
   imaging	
   in	
   live	
  striatum.	
  Sampling	
  of	
   light-­‐

evoked	
   DA	
   in	
   the	
   unlabelled	
   ‘typical’	
   innervation	
   sites	
   revealed	
   no	
   release	
   events.	
  

Inability	
   to	
   visualize	
   eYFP-­‐transduced	
   brainstem	
   afferents	
   in	
   live	
   300	
   µm	
   sections	
  

presented	
   the	
   main	
   experimental	
   challenge.	
   When	
   acute	
   sections	
   were	
   mounted	
   on	
  

microscopy	
   slides	
   with	
   fluorescence-­‐amplifying	
   mounting	
   media	
   Vectashield	
   (Vector	
  

Laboratories)	
   and	
   coverslipped,	
   very	
   thin	
   and	
   sparse,	
   but	
   detectable	
   eYFP-­‐positive	
  

axonal	
  segments	
  were	
  found	
  in	
  the	
  slices	
  where	
  no	
  live	
  fluorescence	
  signal	
  was	
  visible.	
  

The	
   signal	
   intensity	
   was	
   very	
   low,	
   however.	
   Low	
   signal-­‐to-­‐noise	
   ratio	
   effectively	
  

prohibited	
  detection	
  of	
  fluorescence	
  signal	
  in	
  live	
  tissue	
  due	
  to	
  light	
  scattering	
  and	
  less	
  

‘flat’	
   slice	
   architecture.	
   I	
   tested	
   this	
   by	
   examining	
   live	
   tissue	
   using	
   optics	
   on	
   different	
  

microscope	
   set	
   ups,	
   with	
   both	
   LED	
   or	
   mercury	
   lamp	
   for	
   visualizing	
   eYFP.	
   In	
   all	
   cases	
  

striatum	
   appeared	
   devoid	
   of	
   eYFP	
   fluorescence.	
   In	
   LDT-­‐injected	
   ChAT-­‐Cre	
   rats	
  

detectable	
  eYFP	
  signal	
  could	
  only	
  be	
  found	
  in	
  septum	
  of	
  live	
  slices.	
  	
  

	
   For	
   the	
   rostral	
   PPN-­‐injected	
   animals	
   (N=3),	
   sparse	
   eYFP-­‐expressing	
   terminals	
  

were	
   detectable	
   in	
   dorsal	
   striatum,	
   dlCPu	
   in	
   particular.	
   The	
   area	
   of	
   detectable	
  

fluorescence	
  signal	
  was	
  very	
  patchy	
  and	
  restricted.	
  In	
  these	
  experiments	
  no	
  light-­‐evoked	
  

DA	
   events	
  were	
   detected,	
   and	
   therefore	
   the	
  DAT	
   inhibitor	
   (cocaine,	
   5	
  µM)	
  was	
   bath-­‐
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applied	
   to	
  amplify	
  DA	
   signals	
   that	
   could	
  be	
  below	
  CFM	
  detection	
   threshold.	
  However,	
  

this	
  manipulation	
  did	
  not	
  uncover	
   light-­‐evoked	
  DA	
   release.	
   Light-­‐evoked	
  DA	
   transients	
  

were	
   initially	
  sampled	
   in	
  response	
  to	
  25	
  pulses	
  at	
  25	
  Hz	
  or	
  10/20	
  pulses	
  at	
  40	
  Hz	
   light	
  

stimulation	
   trains	
   (pulse	
   width	
   2	
  ms).	
   Electrophysiology	
  work	
   from	
   the	
  Mena-­‐Segovia	
  

group	
   showed	
   that	
   10	
  Hz	
   pulse	
   trains	
  with	
  wide	
   pulses	
  were	
  most	
   efficient	
   in	
   driving	
  

optogenetically-­‐evoked	
   activity	
   in	
   post-­‐synaptic	
   neurons	
   following	
   stimulation	
   of	
  

brainstem	
   afferents.	
   Thus,	
   I	
   incorporated	
   5	
   pulses	
   at	
   10	
   Hz	
   stimulation	
   protocol,	
  

extending	
  pulse	
  widths	
  to	
  10	
  ms.	
  	
  

	
   When	
   adjustments	
   in	
   stimulation	
   parameters	
   and	
   application	
   of	
   the	
   DAT	
  

inhibitor	
  revealed	
  no	
  light-­‐evoked	
  DA	
  events	
  across	
  multiple	
  sampling	
  sites,	
  I	
  examined	
  

possible	
  changes	
   in	
  electrically	
  evoked	
   [DA]o	
   following	
  single	
  pulse	
  and	
  high	
   frequency	
  

burst	
   stimulation	
   with	
   and	
   without	
   prior	
   blue-­‐light	
   activation	
   of	
   ChR2-­‐expressing	
  

brainstem	
  afferents	
   from	
   rostral	
   PPN.	
   Light	
   pulse	
   trains	
  were	
  delivered	
  500	
  ms	
  or	
   1	
   s	
  

prior	
  to	
  electrical	
  stimuli.	
  Electrically	
  evoked	
  [DA]o	
  following	
  1	
  pulse	
  and	
  4	
  pulses	
  at	
  100	
  

Hz	
  stimulations	
  was	
  recorded	
  in	
  dorsal	
  CPu	
  of	
  rostral	
  PPN	
  injected	
  rat	
  (N=1),	
  two	
  slices	
  

were	
   recorded	
   from	
   in	
   the	
   same	
   animal.	
   Evoked	
   [DA]o	
   was	
   not	
   significantly	
   different	
  

across	
   the	
   four	
   stimulation	
   protocols	
   as	
   revealed	
   by	
   two-­‐way	
   ANOVA	
   (F(3,24)=0.25,	
  

p=0.8630;	
   Figure	
   4.7a,b).	
   Further,	
   the	
   4p:1p	
   ratio	
   of	
   electrically	
   evoked	
   [DA]o	
  was	
   not	
  

significantly	
  different	
  as	
  the	
  result	
  of	
  preceding	
  light	
  pulse	
  train	
  delivery	
  (t=0.11,	
  df=14,	
  

p=0.9173;	
   two–tailed,	
   unpaired	
   t-­‐test;	
   Figure	
   4.7c).	
   Therefore,	
   no	
   detectable	
   sub-­‐

threshold	
  ACh	
  release	
  events	
   took	
  place	
   following	
   light	
  stimulation	
  of	
  ChR2-­‐expressing	
  

brainstem	
  cholinergic	
  terminals	
  in	
  striatum.	
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  Another	
   way	
   to	
   explore	
   presence	
   of	
   sub-­‐threshold	
   cholinergic	
   events	
   is	
   by	
  

examining	
  current	
  sensitivity	
  of	
  electrically	
  evoked	
  [DA]o.	
  Therefore,	
  I	
  examined	
  whether	
  

electrically-­‐evoked	
  [DA]o	
  recorded	
  in	
  dorsal	
  CPu	
  of	
  rostral	
  PPN	
  injected	
  animal	
  (N=1)	
  was	
  

potentiated	
  when	
  electrical	
  and	
  light	
  stimuli	
  were	
  delivered	
  concurrently.	
  For	
  both	
  light	
  

and	
  electrical	
  stimulation	
  protocols	
  I	
  used	
  2	
  ms	
  wide	
  single	
  pulses.	
  Because	
  undetectable	
  

DA	
   events	
   could	
   limit	
   further	
   DA	
   release	
   via	
   D2	
   auto-­‐	
   and	
   heteroreceptors,	
   in	
   these	
  

experiment	
  I	
  used	
  D2	
  antagonist	
  (L-­‐741,626,	
  1	
  µM).	
  The	
  power	
  output	
  for	
  the	
  LED	
  was	
  

kept	
   constant	
   at	
   the	
   maximum	
   current	
   setting.	
   The	
   electrical	
   current	
   amplitude	
   was	
  

adjusted	
  to	
  20%	
  and	
  80%	
  of	
  the	
  maximal	
  current	
  response	
  (in	
  this	
  case,	
  0.3	
  mA	
  and	
  0.7	
  

mA).	
   One-­‐way	
   ANOVA	
   showed	
   a	
   significant	
   difference	
   between	
   the	
   stimulation	
  

conditions	
   (F(3,12)=95.59,	
   p<0.0001;	
   Figure	
   4.7d),	
   and	
   post-­‐hoc	
   Bonferroni	
   t-­‐tests	
  

revealed	
   a	
   highly	
   significant	
   difference	
   between	
   0.3	
   mA	
   and	
   0.7	
   mA	
   electrical	
  

stimulation	
  protocols	
  (p<0.0001).	
  However,	
  no	
  significant	
  difference	
  between	
  electrical	
  

and	
   light+electrical	
   stimulation	
   protocols	
   was	
   present	
   within	
   a	
   given	
   current	
   group	
  

(p>0.05).	
   Thus,	
   the	
  amplitude	
  of	
  electrically	
  evoked	
  DA	
   transients	
  did	
  not	
   change	
  as	
  a	
  

result	
  of	
  concurrent	
  light	
  stimulation	
  of	
  ChR2-­‐transduced	
  cholinergic	
  brainstem	
  afferents	
  

at	
   either	
   low	
   or	
   high	
   electrical	
   current,	
   suggesting	
   that	
   light	
   stimulation	
   did	
   not	
  

potentiate/inhibit	
   electrically	
   evoked	
   DA	
   release.	
   From	
   these	
   data	
   it	
   follows	
   that	
  

brainstem	
  cholinergic	
  projections	
  do	
  not	
  drive	
  or	
  contribute	
  to	
  ACh-­‐evoked	
  striatal	
  DA	
  

release,	
  at	
  least	
  under	
  the	
  current	
  experimental	
  conditions.	
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4.4	
  Discussion	
  

	
   The	
  data	
  presented	
  in	
  this	
  chapter	
  describe	
  the	
  search	
  for	
  alternative	
  approaches	
  

to	
  examining	
  the	
  circuits	
  capable	
  of	
  driving	
  ACh-­‐evoked	
  striatal	
  DA	
  release	
  in	
  mouse	
  and	
  

rat.	
  I	
  used	
  the	
  AAV2	
  ChR2	
  vector	
  to	
  address	
  the	
  confounds	
  associated	
  with	
  bi-­‐directional	
  

axonal	
   transport	
   of	
   the	
   AAV5	
   ChR2	
   vector	
   in	
   the	
   CaMK2a-­‐Cre	
   driver	
   line.	
   Exclusively	
  

anterograde	
  transport	
  of	
  AAV2	
  ChR2	
  should	
  have	
  enabled	
  examination	
  of	
   independent	
  

contributions	
  of	
   corticostriatal	
   versus	
   thalamostriatal	
  projections	
   to	
  driving	
  glutamate-­‐

dependent	
   ACh-­‐evoked	
   DA	
   release.	
   However,	
   no	
   light-­‐evoked	
   DA	
   events	
   could	
   be	
  

detected	
  in	
  experiments	
  using	
  AAV2	
  ChR2-­‐injected	
  CaMK2a-­‐Cre	
  mice.	
  	
  

	
   The	
  overall	
  eYFP	
  fluorescence	
  intensity	
  at	
  striatal	
  axon	
  terminal	
  level	
  with	
  AAV2	
  

ChR2	
  was	
  weaker	
  and	
  sparser	
  compared	
  to	
  eYFP	
  signal	
  observed	
  following	
  AAV5	
  ChR2	
  

injections,	
  as	
  reported	
  previously	
  (Davidson	
  et	
  al.,	
  2000;	
  Paterna	
  et	
  al.,	
  2004;	
  Taymans	
  et	
  

al.,	
   2007;	
  Aschauer	
  et	
  al.,	
   2013).	
   The	
  AAV2	
  ChR2	
   terminal	
   transduction	
   following	
  both	
  

cortical	
  and	
  thalamic	
  injections	
  was	
  lower	
  and	
  more	
  spatially	
  restricted	
  than	
  previously	
  

seen	
  with	
  the	
  AAV5	
  vector,	
  suggesting	
   it	
  was	
  determined	
  by	
   intrinsic	
  properties	
  of	
  the	
  

AAV2	
  vector.	
  Hypothesizing	
  the	
  lack	
  of	
  light-­‐evoked	
  DA	
  events	
  was	
  due	
  to	
  necessity	
  for	
  

combined	
  activation	
  of	
  cortical	
  and	
  thalamic	
  afferents,	
  as	
  could	
  be	
  the	
  case	
  with	
  AAV5	
  

ChR2	
  experiments,	
  I	
  performed	
  dual	
  bilateral	
  injections	
  of	
  AAV2	
  ChR2	
  into	
  both	
  M1	
  and	
  

Pf	
  in	
  the	
  same	
  animal.	
  This	
  manipulation	
  increased	
  striatal	
  eYFP	
  fluorescence	
  intensity,	
  

putatively	
  reflecting	
  higher	
  levels	
  of	
  ChR2	
  transduction	
  and/or	
  increase	
  in	
  the	
  number	
  of	
  

ChR2-­‐expressing	
   terminals,	
   although	
   the	
   area	
   of	
   high	
   eYFP	
   signal	
   remained	
   fairly	
  

restricted	
  and	
  ‘patchy’.	
  Sampling	
  of	
  DA	
  release	
  in	
  striatal	
  regions	
  with	
  the	
  highest	
  eYFP	
  

signal	
  intensity	
  revealed	
  no	
  light-­‐evoked	
  DA	
  events	
  or	
  modulation	
  of	
  electrically	
  evoked	
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[DA]o	
  by	
  light	
  activation	
  of	
  ChR2-­‐transduced	
  excitatory	
  inputs	
  to	
  ChIs.	
  Next	
  I	
  doubled	
  the	
  

injection	
   volumes	
   in	
   an	
   attempt	
   to	
   equalize	
   the	
   extent	
   of	
   virus	
   spread	
   between	
   the	
  

AAV2-­‐	
   and	
   AAV5-­‐packaged	
   vectors.	
   Virus	
   incubation	
   was	
   also	
   extended	
   to	
   at	
   least	
   8	
  

weeks,	
   as	
   I	
   consistently	
   saw	
   progressive	
   increase	
   in	
   fluorescence	
   intensity	
   during	
   the	
  

first	
  two	
  months	
  following	
  AAV2	
  ChR2	
  injections.	
  These	
  manipulations,	
  however,	
  did	
  not	
  

result	
  in	
  light-­‐evoked	
  DA	
  events.	
  	
  

	
   The	
   implications	
   of	
   the	
   negative	
   data	
   for	
   these	
   experiments	
   are	
   difficult	
   to	
  

evaluate,	
   as	
   a	
   number	
   of	
   different	
   explanations	
   is	
   valid.	
   The	
   lack	
   of	
   light-­‐evoked	
   DA	
  

release	
   could	
   be	
   due	
   to	
   sub-­‐optimal	
   performance	
   of	
   the	
   AAV2	
   ChR2	
   vector	
   in	
   the	
  

CaMK2a-­‐Cre	
  driver	
   line	
  and/or	
   inability	
  of	
   thalamostriatal	
  and	
  corticostriatal	
  circuits	
  to	
  

drive	
  glutamate-­‐dependent	
  ACh-­‐evoked	
  DA	
  release	
  independently	
  of	
  each	
  other.	
  Given	
  

the	
   robustness	
   of	
   light-­‐evoked	
   DA	
   events	
   observed	
  with	
   AAV5	
   ChR2,	
   it	
   is	
   improbable	
  

that	
   striatal	
   glutamatergic	
   afferents	
   are	
   unable	
   to	
   engage	
   ChI	
   population	
   activity	
   for	
  

driving	
  ACh-­‐dependent	
  DA	
  events.	
  Instead,	
  due	
  to	
  limited	
  spread	
  of	
  the	
  AAV2-­‐packaged	
  

ChR2	
  vector,	
   terminal	
   transduction	
  could	
  be	
   low/insufficient	
   for	
  engaging	
  synchronous	
  

spiking	
  activity	
  in	
  an	
  adequately	
  large	
  population	
  of	
  striatal	
  ChIs.	
  	
  

	
   Single	
   site	
   and	
  dual	
   site	
  AAV2	
  ChR2	
   injections	
   at	
   small	
   and	
   large	
   volumes	
  may	
  

transduce	
   only	
   small	
   populations	
   of	
   striatally-­‐projecting	
   cortical	
   or/and	
   thalamic	
  

neurons,	
   which	
   in	
   turn	
   failed	
   to	
   recruit	
   population	
   response	
   from	
   a	
   sufficiently	
   large	
  

number	
   of	
   striatal	
   ChIs	
   to	
   drive	
   ACh-­‐evoked	
   DA	
   release.	
   Yet,	
   it	
   is	
   difficult	
   to	
  

unequivocally	
  establish	
  the	
  reason	
  for	
  low	
  transduction	
  efficiency.	
  It	
  could	
  be	
  the	
  result	
  

of	
  more	
   restricted	
   spatial	
   spread	
   or	
   generally	
   lower	
   infection	
   rates	
   of	
   the	
  AAV2	
  ChR2	
  

vector.	
  It	
  is	
  also	
  possible	
  that	
  AAV2	
  ChR2	
  trafficking	
  to	
  terminals,	
  once	
  parent	
  cell	
  bodies	
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at	
  the	
  injection	
  site	
  took	
  up	
  the	
  virus,	
  is	
  slower	
  or	
  less	
  efficient	
  than	
  for	
  the	
  AAV5	
  vector.	
  

Successful	
  drive	
  of	
  light-­‐evoked	
  DA	
  events	
  in	
  CPu-­‐injected	
  ChAT-­‐Cre	
  mice	
  and	
  rats	
  hints	
  

that	
  impaired	
  AAV2	
  ChR2	
  trafficking	
  could	
  be	
  a	
  problem	
  for	
  distal	
  terminal	
  transduction.	
  

However,	
  in	
  the	
  ChAT-­‐Cre	
  experiments	
  the	
  site	
  of	
  ChR2	
  action	
  is	
  located	
  directly	
  on	
  the	
  

cholinergic	
   axis,	
   and	
   thus	
   no	
   failures	
   of	
   synaptic	
   transmission	
   leading	
   to	
   reduced	
  

efficiency	
   in	
   recruiting	
   population	
   activity	
   of	
   striatal	
   ChIs	
   complicate	
   experimental	
  

results.	
  	
  

	
   It	
   is	
   also	
  possible	
   that	
   the	
  AAV2	
  ChR2	
  vector	
   is	
  not	
   suited	
   to	
   this	
  experimental	
  

paradigm,	
  especially	
   if	
  co-­‐activation	
  of	
  cortical	
  and	
  thalamic	
  glutamatergic	
  synapses	
  on	
  

striatal	
   ChIs	
   is	
   necessary	
   and	
   sufficient	
   for	
   driving	
   glutamate-­‐dependent	
   ACh-­‐evoked	
  

striatal	
  DA	
  release.	
  While	
  dual	
  site	
  injections	
  of	
  AAV2	
  ChR2	
  transduced	
  both	
  cortical	
  and	
  

thalamic	
  striatally-­‐projecting	
  neurons	
  in	
  the	
  same	
  animal,	
  populations	
  innervating	
  non-­‐

overlapping	
  striatal	
  territories	
  could	
  express	
  ChR2.	
  Specifically,	
  although	
  I	
  targeted	
  both	
  

M1	
  and	
  Pf	
  in	
  an	
  attempt	
  to	
  replicate	
  AAV5	
  ChR2	
  experiments,	
  the	
  end	
  result	
  could	
  have	
  

been	
  opsin	
  transduction	
  of	
  neurons	
  projecting	
  to	
  distinct	
  striatal	
  regions.	
  Thus,	
  no	
  actual	
  

spatial	
  overlap	
  between	
  cortical	
  and	
  thalamic	
  ChI	
  afferents	
  was	
  present	
  whereby	
  a	
  truly	
  

‘combined’	
   activation	
   state	
   could	
   not	
   be	
   achieved.	
   Together,	
   these	
   data	
   cannot	
  

conclusively	
   show	
  whether	
   sub-­‐optimal	
   experimental	
   parameters,	
   such	
   as	
   insufficient	
  

terminal	
   transduction,	
   produced	
   current	
   negative	
   results,	
   or	
   whether	
   cortical	
   and	
  

striatal	
   glutamatergic	
   afferents	
   are	
  only	
   capable	
  of	
   driving	
  ACh-­‐evoked	
  DA	
   release	
   co-­‐

operatively.	
  

	
   To	
   directly	
   compare	
   the	
   data	
   from	
   these	
   experiments	
   addressing	
   the	
  

confounding	
  effects	
   of	
   possible	
   cortical	
   and	
   thalamic	
   co-­‐activation	
  with	
   the	
  data	
   from	
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AAV5	
   experiments,	
   I	
   changed	
   viral	
   vector	
   for	
   ChR2	
   transduction	
   while	
   Cre-­‐driver	
   line	
  

remained	
  the	
  same.	
  The	
  current	
  results,	
  however,	
  suggest	
  the	
  AAV5	
  ChR2	
  vector	
  should	
  

be	
  used	
  in	
  future	
  work,	
  but	
  in	
  a	
  more	
  specific	
  driver	
  line.	
  If	
  the	
  main	
  difference	
  between	
  

the	
  AAV2	
  and	
  AAV5	
  experiments	
  is	
  the	
  way	
  in	
  which	
  these	
  vectors	
  transduce	
  their	
  Cre-­‐

expressing	
   neuronal	
   targets,	
   control	
   over	
   the	
   mechanisms	
   regulating	
   transduction,	
  

which	
   are	
   still	
   incompletely	
   understood,	
   is	
   not	
   possible.	
   Therefore,	
   it	
   is	
   more	
  

straightforward	
   to	
   control	
   the	
   site	
   of	
   transduction	
   by	
   using	
   a	
  more	
   specific	
   Cre-­‐driver	
  

line.	
   Generation	
   and	
   use	
   of	
   better	
   Cre-­‐driver	
   lines	
   would	
   significantly	
   advance	
  

examination	
   of	
   selective	
   and	
   independent	
   contribution	
   of	
   cortical	
   versus	
   thalamic	
  

projections	
   to	
  striatal	
  ChIs	
   in	
  driving	
  di-­‐synaptically	
  evoked	
  ACh-­‐dependent	
  DA	
  events.	
  

Specifically,	
   cerebellin-­‐1-­‐Cre	
   line,	
   not	
   previously	
   reported,	
   would	
   enable	
   selective	
  

targeting	
   of	
   intralaminar	
   thalamic	
   nucleus	
   Pf	
   for	
   ChR2	
   transduction.	
   Further,	
   GENSAT	
  

stocks	
   have	
   two	
   Cre-­‐driver	
   lines	
   which	
   could	
   also	
   benefit	
   this	
   line	
   of	
   inquiry:	
  

Tg(A830010M20Rik-­‐cre)KJ227Gsat/Mmucd	
   line	
   expressing	
   Cre-­‐recombinase	
   in	
   deep	
  

cortical	
   layers,	
   and	
   Tg(Cnnm2-­‐cre)KD18Gsat/Mmucd	
   strain	
   with	
   more	
   ubiquitous	
  

cortical,	
  but	
  little	
  thalamic	
  Cre	
  expression.	
  The	
  concern	
  yet	
  again	
  is	
  whether	
  these	
  more	
  

‘restricted’	
  Cre-­‐driver	
  lines	
  will	
  limit	
  ChR2	
  transduction	
  to	
  insufficiently	
  large	
  populations	
  

of	
   cortical	
   or	
   thalamic	
   neurons	
   for	
   driving	
   synchronized	
   population	
   activity	
   in	
   their	
  

downstream	
  ChI	
  targets.	
  

	
   For	
   the	
  experiments	
  where	
  hyperpolarizing	
   ion	
  pumps	
  Arch	
  3.0	
  and	
  eNpHR	
  3.0	
  

were	
   used	
   to	
   monitor	
   whether	
   ACh-­‐evoked	
   DA	
   release	
   occurred	
   following	
   optical	
  

inhibition	
  of	
  striatal	
  ChIs	
  also	
  only	
  negative	
  data	
  were	
  collected.	
  These	
  data	
  suggest	
  that	
  

either	
   any	
   rebound	
   spiking	
   was	
   absent,	
   or	
   that	
   temporal	
   synchronization	
   of	
   rebound	
  

action	
  potential	
  firing	
  across	
  a	
  small	
  population	
  of	
  ChIs	
  was	
  lacking.	
  These	
  experiments	
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dramatically	
  demonstrate	
  the	
  difference	
  between	
  monitoring	
  single	
  cell	
  responses	
  with	
  

electrophysiology,	
   and	
  monitoring	
   population	
   activity-­‐dependent	
   DA	
   events	
  with	
   FCV.	
  

The	
   relative	
   inefficiency	
   of	
   the	
   Arch	
   3.0	
   and	
   eNpHR	
   3.0	
   tools	
   in	
   truly	
   hyperpolarizing	
  

neurons,	
   contrary	
   to	
   their	
   ubiquitously	
   reported	
   success	
   with	
   inhibition	
   of	
   evoked	
  

and/or	
  pacemaker	
  activity	
  (Mattis	
  et	
  al.,	
  2012;	
  Raimondo	
  et	
  al.,	
  2012;	
  Tsunematsu	
  et	
  al.,	
  

2013;	
  Nagode	
  et	
  al.,	
  2014),	
  could	
  explain	
  the	
  failure	
  of	
  these	
  hyperpolarizing	
  ion	
  pumps	
  

to	
   drive	
   ACh-­‐evoked	
   DA	
   release.	
   In	
   particular,	
   if	
   the	
   achieved	
   membrane	
  

hyperpolarization	
  were	
  small,	
  ChIs	
  could	
  simply	
  return	
  to	
  their	
  normal	
  tonic	
  pattern	
  of	
  

activity	
   upon	
   termination	
   of	
   the	
   inhibitory	
   optical	
   stimulation	
   which	
   paused	
   their	
   AP	
  

firing,	
   rather	
   than	
  display	
   synchronized	
   rebound	
   spiking.	
  Alternatively,	
   I	
  may	
  not	
  have	
  

established	
   optimal	
   experimental	
   conditions	
   for	
   ChI	
   rebound	
   spiking-­‐activated	
   DA	
  

events.	
  	
  

	
   The	
  most	
   recent	
   reports	
  on	
  engineering	
  of	
  ChR2	
   ion	
   channels	
   to	
  be	
   selectively	
  

permeable	
  to	
  Cl-­‐	
   (Berndt	
  et	
  al.,	
  2014;	
  Wietek	
  et	
  al.,	
  2014)	
  highlight	
  that	
  more	
  efficient	
  

tools	
   for	
   neuronal	
   hyperpolarization	
   are	
   becoming	
   available.	
   This	
   chloride-­‐selective	
  

configuration	
  of	
  ChR2	
  enables	
  flow	
  of	
  multiple	
  Cl-­‐	
  per	
  photon	
  of	
  light	
  through	
  the	
  open	
  

channel	
  pore,	
  unlike	
  the	
  ion	
  pumps	
  actively	
  transporting	
  a	
  single	
  ion	
  per	
  photon	
  of	
  light.	
  

Future	
   experimental	
   work	
   could	
   examine	
   rebound	
   spiking-­‐activated	
   DA	
   release	
   using	
  

hyperpolarizing	
  variants	
  of	
  opsin	
  channels,	
  which	
  would	
  generate	
  significantly	
  larger	
  and	
  

more	
  stable	
  currents	
  at	
  lower	
  light	
  stimulation	
  intensities.	
  Thus,	
  chloride-­‐selective	
  ChR2	
  

variant	
   would	
   provide	
   a	
   better	
   tool	
   for	
   achieving	
   true	
   membrane	
   hyperpolarization,	
  

comparable	
  to	
  negative	
  current	
  injection	
  in	
  patch-­‐clamp	
  configuration,	
  in	
  neurons	
  which	
  

actively	
  maintain	
  their	
  resting	
  membrane	
  potential	
  (Wilson,	
  2005).	
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   Finally,	
  the	
  work	
  on	
  ChAT-­‐Cre	
  rats,	
  provided	
  by	
  the	
  Mena-­‐Segovia	
  group,	
  enabled	
  

us	
   to	
   establish	
   that	
   ACh-­‐evoked	
   drive	
   of	
   local	
   striatal	
   DA	
   release	
   is	
   not	
   an	
   artefact	
   of	
  

species	
   or	
   transgenic	
   mouse	
   use.	
   I	
   replicated	
   the	
   earlier	
   ChAT-­‐Cre	
   mouse	
   findings	
   in	
  

ChAT-­‐Cre	
  rat	
  (Threlfell	
  et	
  al.,	
  2012),	
  where	
  striatal	
  ChIs	
  were	
  transduced	
  with	
  ChR2	
  using	
  

AAV2-­‐packaged	
  vector.	
  Specifically,	
   light-­‐evoked	
  DA	
  transients	
  mediated	
  by	
  cholinergic	
  

transmission	
  were	
  evoked	
  with	
  single	
  pulse	
  blue	
  light	
  stimulations,	
  and	
  were	
  abolished	
  

following	
  blockade	
  of	
  nAChRs	
  or	
  arrest	
  of	
  cholinergic	
   transmission	
   following	
  activation	
  

mAChRs.	
  Application	
  of	
  DAT	
   inhibitor	
   amplified	
   the	
   light-­‐evoked	
   signal,	
   demonstrating	
  

that	
  the	
  recorded	
  traces	
  were	
  indeed	
  DA,	
  and	
  frequency	
  insensitivity	
  of	
  ACh-­‐evoked	
  DA	
  

release	
  events	
  was	
  replicated	
  in	
  ChAT-­‐Cre	
  rat.	
  These	
  data	
  provided	
  a	
  positive	
  control	
  for	
  

the	
  brainstem	
  cholinergic	
  projection	
  experiments,	
  demonstrating	
   functional	
  viability	
  of	
  

the	
  AAV2	
  ChR2	
  vector	
  in	
  ChAT-­‐Cre	
  rat,	
  and	
  further	
  showing	
  that	
  the	
  lack	
  of	
  light-­‐evoked	
  

DA	
   release	
   events	
   is	
   not	
   the	
   result	
   of	
   species	
   differences	
   in	
   ACh-­‐evoked	
   drive	
   of	
   DA	
  

release.	
  

	
   In	
   contrast,	
   from	
   the	
   data	
   acquired	
   to	
   date	
   it	
   appears	
   that	
   the	
   brainstem	
  

cholinergic	
   projections	
   to	
   rodent	
   striatum	
   do	
   not	
   drive	
   or	
   contribute	
   to	
   ACh-­‐evoked	
  

striatal	
  DA	
   release.	
   If	
   PPN/LDT	
  afferents	
  were	
   shown	
   to	
  drive	
  ACh-­‐evoked	
  DA	
   release,	
  

the	
  next	
   step	
  would	
  be	
   to	
  determine	
  whether	
   these	
  DA	
  events	
  are	
  evoked	
  directly	
  by	
  

ACh	
  released	
  from	
  the	
  PPN/LDT	
  axon	
  terminals,	
  or	
  indirectly	
  via	
  brainstem	
  recruitment	
  

of	
  the	
  local	
  ChI	
  activity.	
  Further,	
  given	
  the	
  cholinergic	
  nature	
  of	
  the	
  brainstem	
  projection	
  

to	
   striatum,	
   it	
   was	
   possible	
   that	
   light-­‐evoked	
   DA	
   release	
   events	
   in	
   ChAT-­‐Cre	
   mice	
  

injected	
  in	
  CPu	
  with	
  the	
  bi-­‐directionally	
  transported	
  AAV5	
  ChR2	
  vector	
  were	
  also	
  partly	
  

dependent	
   on	
   co-­‐activation	
   of	
   brainstem	
   cholinergic	
   afferents.	
   The	
   current	
   data,	
  

therefore,	
   have	
   very	
   important	
   implications	
   for	
   the	
   previously	
   reported	
   experiments,	
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demonstrating	
  the	
  recorded	
  DA	
  transients	
  in	
  ChAT-­‐Cre	
  mice	
  expressing	
  ChR2	
  in	
  striatal	
  

ChIs	
  following	
  viral	
  vector	
  injections	
  were	
  purely	
  the	
  product	
  of	
  local	
  striatal	
  cholinergic	
  

transmission	
   (Threlfell	
   et	
   al.,	
   2012).	
   In	
   functional	
   terms,	
   these	
   results	
   underscore	
   the	
  

discrepancy	
   between	
   the	
   anatomy	
   and	
   predicted	
   function	
   of	
   a	
   projection	
   pathway.	
  

However,	
   while	
   brainstem	
   cholinergic	
   afferents	
   could	
   not	
   be	
   engaged	
   to	
   drive	
   ACh-­‐

evoked	
  striatal	
  DA	
  release,	
  the	
  characteristic	
  firing	
  patterns	
  of	
  the	
  parent	
  cell	
  bodies	
  in	
  

behavioural	
   paradigms	
   (Pan	
   and	
  Hyland,	
   2005;	
  Okada	
   et	
   al.,	
   2009)	
   suggest	
   that	
   these	
  

cholinergic	
   afferents	
   may	
   convey	
   important	
   information	
   to	
   striatal	
   computational	
  

circuits	
  by	
  means	
  other	
  than	
  direct	
  regulation	
  of	
   local	
  DA	
  release	
  events	
  by	
  cholinergic	
  

transmission.	
  

4.5	
  Summary	
  

	
   The	
   data	
   presented	
   in	
   this	
   chapter	
   highlight	
   the	
   difficulties	
   associated	
   with	
  

finding	
  alternative	
  tools	
  for	
  studying	
  candidate	
  circuits	
  regulating	
  striatal	
  ACh-­‐evoked	
  DA	
  

release	
  with	
  optogenetics.	
  In	
  this	
  case,	
  the	
  primary	
  challenge	
  lies	
  in	
  interpretation	
  of	
  the	
  

negative	
  results	
  because	
  there	
  can	
  be	
  no	
  certainty	
  as	
  to	
  whether	
  the	
  lack	
  of	
  light-­‐evoked	
  

DA	
  release	
  events	
   is	
  the	
  result	
  of	
  an	
  imperfect	
  experimental	
  paradigm,	
  or	
  whether	
  the	
  

circuits	
  under	
  study	
  genuinely	
  do	
  not	
  regulate	
  the	
  function	
  of	
  interest.	
  To	
  delineate	
  the	
  

two	
  explanations	
  more	
  data,	
  including	
  electrophysiology,	
  are	
  required.	
  

	
   Overall,	
   I	
   suggest	
   that	
   the	
   AAV2	
   ChR2	
   vector	
   due	
   to	
   limited	
   transduction	
  

efficiency	
  is	
  not	
  suited	
  to	
  studying	
  the	
  role	
  of	
  cortical	
  and	
  thalamic	
  striatal	
  glutamatergic	
  

afferents	
   in	
   driving	
   DA	
   release	
   via	
   recruitment	
   of	
   ChI	
   population	
   activity.	
   As	
   an	
  

alternative	
   research	
   strategy	
   I	
   propose	
   that	
   the	
   AAV5	
   ChR2	
   vector	
   should	
   be	
   used	
   in	
  

future	
  work,	
  but	
   in	
  a	
  more	
  specialized	
  Cre-­‐driver	
   line.	
   I	
  also	
  show	
  that	
  hyperpolarizing	
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ion	
   pumps	
   are	
   not	
   the	
   best	
   tools	
   for	
   studying	
   rebound	
   activity-­‐dependent	
  DA	
   events,	
  

and	
   rather	
   the	
   newly	
   emerging	
   chloride-­‐selective	
   modifications	
   of	
   ChR2	
   should	
   be	
  

trialled.	
  Finally,	
  with	
  the	
  ChAT-­‐Cre	
  rats	
  I	
  replicate	
  the	
  presence	
  of	
  ACh-­‐evoked	
  striatal	
  DA	
  

release	
   events	
   following	
   light	
   activation	
   of	
   ChR2-­‐transduced	
   striatal	
   ChIs	
   in	
   different	
  

rodent	
   species,	
   but	
   show	
   that	
   the	
   brainstem	
   cholinergic	
   projections	
   are	
   unlikely	
   to	
  

contribute	
  to	
  ACh-­‐dependent	
  striatal	
  DA	
  release.	
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Figure 4.1 AAV2 ChR2 injections in CamK2a-Cre mice successfully transduced M1 and Pf target 
regions, with eYFP �uorescence also detectable in striatal neuropil 
(a) A schematic of mouse brain in sagittal plane showing targeting of ChR2 injections to M1 or/and Pf, 
and plane through which associated 300 µM-thick  CPu/M1 or 100 µM-thick Pf sections were taken. (b) 
eYFP expression after small volume injections of AAV2 ChR2 at 400 nl in M1 at the cortical injection site 
and in CPu neuropil. (c) Striatal eYFP �uorescence after small volume injections of AAV2 ChR2 at 400 nl 
in Pf and (d) associated ChR2 transduction at the injection site in Pf. (e,f) Typical DA transients 
recorded in striatum following single pulse electrical (E) or light pulse train (L) stimulation in AAV2 
ChR2-injected mice in control (e) and with DAT blockade (cocaine,5 µM) (f) showing evoked [DA]o was 
only present following electrical, and not light stimulation. Compared to AAV2, injections of AAV5 ChR2 
in either M1(g) or Pf (h) at 400 nl previously resulted in higher eYFP �uorescence signal throughout 
striatum.
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Figure 4.2 Dual bilateral and large volume AAV2 ChR2 injections in CamK2a-Cre mice increased 
eYFP �uorescence intensity at in striatal neuropil, but expression pattern was still less intense 
and di�erently distributed compared to AAV5 ChR2
(a) M1 and striatal eYFP expression following small volume dual bilateral injections of AAV2 ChR2 at 
400 nl simultaneously targeting M1 and Pf regions in the same animal, and (b) associated ChR2 
transduction at the Pf injection site.  Targeting both corticostriatal and thalamostriatal a�erents with 
AAV2 ChR2 increased the associated eYFP signal intensity in CPu. The �uorescence pattern was still 
di�erent to AAV5 ChR2 (Figure 4.1g,h), with most signal con�ned to dorsal CPu and other striatal 
territories only showing sparse eYFP expression. (c) Typical DA transients recorded following single 
pulse electrical (E) and light pulse train (L) stimulation of ChR2-expressing cortical and thalamic 
terminals in CPu of CaMK2a-Cre mice after dual bilateral injections of AAV2 ChR2 at 400 nl per site in 
M1+Pf. Evoked [DA]o was only present following electrical, and not light stimulation. (d) eYFP expres-
sion following large volume injections of AAV2 ChR2 at 800 nl in M1 at the cortical injection site and in 
CPu neuropil. (e) Striatal eYFP �uorescence following large volume injections of AAV2 ChR2 at 800 nl in 
Pf and (f) associated ChR2 transduction at the injection site in Pf.
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Figure 4.3 Light-activation of ChR2-expressing cortical or thalamic striatal terminals in AAV2 
ChR2 injected CaMK2a-Cre mice did not alter the 4p:1p ratio of electrically evoked [DA]o
(a,d) Mean [DA]o± SEM versus time evoked by single pulse (1 p) and high frequency burst (4 p at 100 
Hz) electrical stimulation (E) with and without prior light (L) activation of ChR2-expressing terminals in 
CamK2a-Cre mice injected with AAV2 ChR2 at 800 nl. DA release was recorded in dorsal CPu of 
M1-injected mouse (a) (N=1) or Pf-injected mouse (d) (N=1). (b,e) Peak [DA]o of individual DA 
transients evoked with di�erent stimulation protocols in dorsal CPu of M1-injected (b) or Pf-injected 
(e) mice. Error bars are SEM. Regardless of stimulation protocol for M1 animal evoked [DA]o was not 
signi�cantly di�erent (Two-way ANOVA, p>0.05). In Pf animal evoked [DA]o was signi�cantly di�erent 
between stimulation protocols, but post-hoc Bonferroni t-tests were not signi�cant  (Two-way ANOVA, 
***p<0.001). (c,f) Ratio of [DA]o evoked by 4 p electrical stimulation to that evoked by 1 p electrical 
stimulation (4p:1p ratio) with and without light-activation of ChR2-expressing M1 (c) or Pf (f) striatal 
terminals 500 ms or 1 s prior to electrical stimulus delivery was not signi�cantly di�erent (p>0.05; 
unpaired t-test), suggesting lack of sub-threshold ACh release events.
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Figure 4.4 AAV2 ChR2 vector was functional as light-evoked [DA]o was successfully recorded in 
multiple sites throughout dorsal striatum in ChAT-Cre mice following CPu injections
 Mean [DA]o± SEM versus time evoked by single light pulses (2 ms) recorded in multiple sampling sites 
throughout dorsal striatum in dorsomedial (dmCPu), centromedial (cmCPu) and central (cCPu) sites in 
ChAT-Cre mice (N=2) injected with AAV2 ChR2 at 400 nl in CPu. Thus, AAV2 ChR2 vector was functional.  
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Figure 4.5 Arch 3.0 and eNpHR 3.0 opsins successfully transduce striatal ChIs in ChAT-Cre line, 
but do not drive light-evoked DA events or change the 4p:1p ratio of electrically evoked [DA]o 
(a) A schematic of mouse brain in sagittal plane showing targeting of Arch 3.0 or eNpHR 3.0 injections 
to cCPu in ChAT-Cre mice. (b,c) eGFP or eYFP expression in CPu following bilateral injections of Arch 3.0 
(b) or eNpHR 3.0 (c) at 800 nl per site showing opsin expression throughout striatum and in individual 
ChI cell bodies and processes. (d,g) Mean [DA]o± SEM versus time evoked by 1 pulse or 4 pulses at 100 
Hz electrical (E) stimulation with and without preceding light (L) inhibition of ChIs. [DA]o were recorded 
in dorsal CPu of Arch-injected mouse in complete GABA block (bicuculine, 10 µM; saclofen, 50 µM)(d) 
(N=1) or in drug-free conditions in eNpHR-injected mouse (g) (N=1). (e,h) Peak [DA]o of individual DA 
transients evoked with di�erent stimulation protocols in dorsal CPu of Arch (e) or eNpHR (h) injected 
ChAT-Cre mice. Error bars are SEM. Evoked [DA]o was signi�cantly di�erent between di�erent stimula-
tion protocols (Two-way ANOVA, **p<0.01), but post-hoc Bonferroni t-tests were not signi�cant. (f,i) 
The ratio of [DA]o evoked by  4 p electrical stimulation to that evoked by 1 p electrical stimulation with 
and without light-inhibition of Arch- (f) or eNpHR-expressing (i) ChIs 200 or 500 ms prior to electrical 
stimulus delivery was not signi�cantly di�erent (p>0.05; unpaired t-test).
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Figure 4.6 Light-evoked DA release is successfully triggered throughout dorsal and ventral 
striatum in ChAT-Cre rat following CPu injections of AAV2 ChR2 vector
(a) Mean [DA]o± SEM versus time evoked by blue light stimuli of single pulse (1 p) or 4 pulses at 25 Hz 
(pulse widths 2 ms) across dorsal and ventral striatum in ChAT-Cre rat injected in CPu with AAV2 ChR2. 
(b,c,d,e,f,h) Mean [DA]o± SEM versus time evoked by single pulse (1 p) or 4 pulse trains at 5, 10, 25 or 
40 Hz blue light stimuli in CPu-injected ChAT-Cre rat, light evoked [DA]o  recorded in dorsal CPu. (b,c) 
nAChR antagonist (DHßE, 1 µM)  or (d,e) mAChR agonist (Oxo-M, 10 µM) applications abolished 
light-evoked [DA]o (Mann-Whitney, *p<0.05). (c,d)  Upon nAChR antagonist wash-o� light-evoked [DA]o 
returned to pre-drug baseline. (f) Light-evoked [DA]o was insensitive to stimulation frequency (one-
way ANOVA, p>0.05). (g) Mean peak evoked [DA]o± SEM versus stimulation frequency evoked by blue 
light single pulses and pulse trains of 4 pulses at 5-40 Hz showing that regardless of stimulation 
frequency light-evoked [DA]o were similar. (h) DAT inhibition (cocaine, 5 µM) signi�cantly increased 
light-evoked [DA]o (Wilcoxon, ***p<0.001), increasing the amplitude and duration of the light-evoked 
DA transients. 
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Figure 4.7 AAV2 ChR2-transduced brainstem cholinergic a�erents do not drive light-evoked DA 
release in striatum and do not modulate electrically evoked [DA]o in ChAT-Cre rats
(a) Mean [DA]o± SEM versus time evoked by single pulse (1 p) and high frequency burst (4 p at 100 Hz) 
electrical stimulation (E) with and without prior blue light (L) activation of ChR2-expressing striatal 
terminals originating in rostral PPN in ChAT-Cre rats injected with AAV2 ChR2. DA release was recorded 
in dorsal CPu (N=1). (b) Peak [DA]o of individual DA transients evoked with di�erent stimulation 
protocols in dorsal CPu of ChAT-Cre rat injected with AAV2 ChR2 in rostral PPN. Error bars are SEM. 
Electrically evoked [DA]o was not signi�cantly di�erent between di�erent stimulation protocols 
(Two-way ANOVA, p>0.05). (c) Ratio of [DA]o evoked by 4 p electrical stimulation to that evoked by 1 p 
electrical stimulation (4p:1p ratio) with and without light activation of ChR2-transduced brainstem 
a�erents 500 ms or 1 s prior to electrical stimuli delivery was not signi�cantly di�erent (p>0.05; 
unpaired t-test). (d) Mean [DA]o± SEM versus time evoked by single pulse electrical stimulation at 20% 
and 80% of maximal current response, 0.3 and 0.7 mA. Concurrent single blue light pulse (+L) delivery 
did not change electrically evoked [DA]o within a given current group (one-way ANOVA, p>0.05). 
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5.	
  Investigation	
  of	
  mechanisms	
  underlying	
  striatal	
  

dopamine	
  release	
  deficits	
  in	
  a	
  mouse	
  model	
  of	
  

Parkinson’s	
  disease	
  overexpressing	
  human	
  wild	
  

type	
  α-­synuclein	
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5.1	
  Introduction	
  

	
   Unveiling	
   mechanisms	
   causing	
   DA	
   neuron	
   degeneration	
   is	
   crucial	
   for	
  

understanding	
   PD	
   aetiology	
   and	
   thus	
   finding	
   a	
   cure.	
   Animal	
   models	
   recapitulating	
  

human	
  disease	
  enable	
  examination	
  of	
  PD	
  pathology	
  at	
  different	
  stages.	
  Therefore,	
  such	
  

models	
  are	
  a	
  valuable	
  resource	
  for	
  elucidating	
  the	
  earliest	
  changes	
  and/or	
  pathological	
  

processes	
  underlying	
  final	
  common	
  pathway	
  of	
  DA	
  neuron	
  dysfunction.	
  The	
  SNCA	
  OVX	
  

mouse	
   is	
   a	
   new	
   PD	
   model	
   developed	
   by	
   the	
   Oxford	
   Parkinson’s	
   Disease	
   Centre	
   and	
  

Wade-­‐Martins	
  group,	
  first	
  introduced	
  in	
  Chapter	
  1.	
  These	
  mice	
  overexpress	
  human	
  wild	
  

type	
  α-­‐synuclein	
  protein	
  on	
  mouse	
  α-­‐synuclein-­‐knockout	
  background	
  and	
  present	
  with	
  

striatal	
  DA	
  release	
  deficits	
  from	
  an	
  early	
  age	
  (Janezic	
  et	
  al.,	
  2013).	
  Onset	
  of	
  evoked	
  DA	
  

release	
  deficits	
  in	
  the	
  SNCA	
  OVX	
  line	
  happens	
  prior	
  to	
  SNc	
  neuron	
  loss	
  or	
  alterations	
  in	
  

the	
   firing	
   rates	
   of	
   the	
   midbrain	
   DA	
   neurons,	
   which	
   are	
   only	
   observed	
   in	
   aged	
   mice	
  

around	
   the	
   time	
   when	
   motor	
   deficits	
   also	
   become	
   manifest	
   (Janezic	
   et	
   al.,	
   2013).	
  

Further,	
   DA	
   release	
   deficits	
   are	
   not	
   explained	
   by	
   decrease	
   in	
   striatal	
   DA	
   content	
   or	
  

precursor	
  enzymes	
  (Janezic	
  et	
  al.,	
  2013),	
  suggesting	
  impaired	
  release	
  is	
  not	
  the	
  product	
  

of	
   deficient	
   transmitter	
   synthesis	
   or	
   storage,	
   but	
   is	
   the	
   function	
   of	
   α-­‐synuclein-­‐

dependent	
   changes	
   in	
   transmitter	
   handling.	
   In	
   this	
   chapter	
   I	
   explore	
   a	
   few	
   possible	
  

mechanisms	
  which	
  may	
  underlie	
  impaired	
  DA	
  release	
  in	
  the	
  SNCA	
  OVX	
  line.	
  In	
  overview,	
  

the	
  work	
  presented	
  here	
  examines	
  whether	
  DA	
   release	
  deficits	
   in	
   the	
  SNCA	
  OVX	
  mice	
  

compared	
   to	
   their	
   age-­‐	
   and	
   sex-­‐matched	
   Snca	
   -­‐/-­‐	
   littermate	
   controls	
   are	
   due	
   to	
   a)	
  

changes	
   in	
  ACh	
   receptor	
   function	
   (Sections	
  5.3.1	
   and	
  5.3.2),	
   b)	
   impaired	
  DAT	
   function	
  

(Sections	
  5.3.3.)	
  or	
  c)	
  vesicle	
  redistribution	
  (Sections	
  5.3.4)	
   following	
  overexpression	
  of	
  

human	
  wild	
  type	
  α-­‐synuclein.	
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5.1.1	
  Acetylcholine-­dopamine	
  balance	
  in	
  the	
  SNCA	
  OVX	
  release	
  deficits	
  

SNCA	
  OVX	
  mice	
  show	
   impaired	
  DA	
  release	
   in	
  dorsal	
  striatum	
  from	
  3	
  months	
  of	
  

age	
   (Janezic	
   et	
   al.,	
   2013).	
   I	
   used	
   these	
   mice	
   to	
   explore	
   whether	
   evoked	
   DA	
   deficits	
  

persist	
   in	
   the	
  absence	
  of	
   local	
  ACh	
   influence,	
  as	
  dopaminergic	
  dysfunction	
  per	
  se	
  does	
  

not	
  happen	
  in	
  isolation.	
  Changes	
  in	
  DA	
  transmission	
  may	
  stem	
  from	
  primary	
  alterations	
  

in	
   dopaminergic	
   axon	
   function	
   following	
   α-­‐synuclein	
   overexpression.	
   However,	
  

profound	
   influence	
   of	
   cholinergic	
   system	
   on	
   regulation	
   of	
   striatal	
   DA	
   transmission	
  

suggests	
   DA	
   release	
   deficits	
   could	
   also	
   stem	
   from	
   underlying	
   changes	
   in	
   ACh	
  

transmission.	
  	
  

Firstly,	
  striatal	
  ChIs	
  dynamically	
  gate	
  DA	
  release	
  probability	
  via	
  nAChRs	
  localized	
  

to	
  dopaminergic	
  terminals	
  and	
  mAChRs	
  on	
  ChIs	
  (Rice	
  and	
  Cragg,	
  2004;	
  Zhang	
  and	
  Sulzer,	
  

2004;	
  Exley	
  et	
  al.,	
  2008;	
  Threlfell	
  et	
  al.,	
  2010).	
  Synchronous	
  ChI	
  population	
  activity	
  can	
  

even	
  drive	
  ACh-­‐evoked	
  striatal	
  DA	
  release	
  (Cachope	
  et	
  al.,	
  2012;	
  Threlfell	
  et	
  al.,	
  2012).	
  

Therefore,	
   primary	
   changes	
   in	
   cholinergic	
   tone	
   can	
   directly	
   affect	
   striatal	
   DA	
  

transmission,	
  and	
  may	
  plausibly	
  underlie	
  diminished	
  DA	
  release	
  in	
  the	
  SNCA	
  OVX	
  line.	
  	
  

Secondly,	
   DA	
   itself	
   robustly	
   affects	
   striatal	
   ChI	
   activity	
   via	
   D2-­‐	
   and	
   D1-­‐like	
  

receptors	
  on	
  ChIs.	
  Changes	
  in	
  dopaminergic	
  transmission	
  may	
  therefore	
  alter	
  cholinergic	
  

tone	
  further	
  affecting	
  downstream	
  regulation	
  of	
  DA	
  by	
  ACh.	
  For	
  example,	
  acting	
  at	
  D2	
  

receptors	
  on	
  ChIs	
  (Yan	
  et	
  al.,	
  1997),	
  DA	
  prolongs	
  the	
  duration	
  of	
  ChI	
  pause,	
  suppressing	
  

tonic	
  activity	
  and	
  ACh	
  release.	
  D2-­‐dependent	
  reduction	
  in	
  Na+	
  currents	
  reduces	
  the	
  rate	
  

of	
   spontaneous	
   pacemaking	
   activity	
   in	
   ChIs	
   (Maurice	
   et	
   al.,	
   2004),	
  while	
  D2-­‐mediated	
  

inhibition	
   of	
   re-­‐polarizing	
   hyperpolarization-­‐activated	
   cation	
   current	
   I(h)	
   prolongs	
   the	
  

slow	
  afterhyperpolarisation	
  phase	
  in	
  ChI	
  pause,	
  delaying	
  subsequent	
  spiking	
  (Deng	
  et	
  al.,	
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2007).	
  D2	
   receptors	
  can	
  also	
   reduce	
  N-­‐type	
  Ca2+	
  channel	
  activity	
   thereby	
   reducing	
   the	
  

probability	
   of	
   ChI	
   firing	
   in	
   response	
   to	
   afferent	
  messages	
   (Yan	
   et	
   al.,	
   1997).	
   Thus,	
   D2	
  

receptors	
  exercise	
  sustained	
  negative	
  control	
  over	
  ChI	
  activity.	
  Consistently,	
  diminished	
  

ACh	
   release	
   follows	
   systemic	
   administration	
   of	
   a	
   D2	
   agonist	
   (DeBoer	
   et	
   al.,	
   1996).	
  

Furthermore,	
   pause	
   induction	
   in	
   ChIs	
   in	
   dorsal	
   striatum	
   was	
   shown	
   to	
   be	
   directly	
  

mediated	
  by	
  DA	
  acting	
  at	
  D2	
  receptors	
  (Chuhma	
  et	
  al.,	
  2014).	
  

D1-­‐like	
   receptors	
   could	
   also	
   prolong	
   afterhyperpolarisation	
   currents	
   underlying	
  

ChI	
  pause,	
  possibly	
  via	
  enhancement	
  of	
  L-­‐type	
  Ca2+	
  conductance	
  (Surmeier	
  et	
  al.,	
  1995;	
  

Bennett	
   and	
   Wilson,	
   1998).	
   Most	
   likely,	
   however,	
   D1-­‐like	
   receptors,	
   D5	
   subtype	
   in	
  

particular	
   (Yan	
   et	
   al.,	
   1997),	
   inhibit	
   ChIs	
   via	
   negative	
   regulation	
   of	
   RGS4-­‐dependent	
  

signalling	
   cascade	
   by	
   protein	
   kinase	
   A,	
   which	
   activates	
   M4	
   mAChRs	
   which	
   in	
   turn	
  

autoinhibit	
  ChI	
  firing	
  (Zhang	
  et	
  al.,	
  2002a;	
  Ding	
  et	
  al.,	
  2006).	
  DA	
  could	
  further	
  modulate	
  

ChI	
  activity	
  via	
  GABA.	
  D1-­‐like	
  receptors	
  potentiate	
  Zn2+-­‐sensitive	
  GABA	
  currents	
   in	
  ChIs	
  

facilitating	
   inhibition	
   (Yan	
   and	
   Surmeier,	
   1997).	
   DA	
   can	
   also	
   indirectly	
   affect	
   GABA	
  

release	
  via	
  ChIs.	
  By	
   inhibiting	
  ChI	
   firing,	
  thus	
  ensuring	
  the	
  rapidly	
  desensitizing	
  nAChRs	
  

on	
   fast-­‐spiking	
   parvalbumin-­‐positive	
   interneurons	
   are	
   in	
   an	
   active	
   state,	
   DA	
   enables	
  

evoked	
  GABA	
  transmission	
  to	
  transiently	
  halt	
  further	
  ACh	
  release	
  following	
  a	
  brief	
  peak	
  

in	
   ChI	
   activity	
   (Sullivan	
   et	
   al.,	
   2008).	
   The	
   loss	
   of	
   negative	
   feedback	
   from	
   the	
  

dopaminergic	
   system	
   can	
   enhance	
   ACh	
   tone	
   and/or	
   alter	
   spiking	
   behaviour	
   of	
   ChIs.	
  

Correspondingly,	
  DA	
  depletion	
  leads	
  to	
  emergence	
  of	
  synchronous	
  oscillatory	
  activity	
  in	
  

ChI	
  networks	
  (Raz	
  et	
  al.,	
  1996,	
  2001).	
  	
  

The	
   above	
   data	
   agree	
   with	
   the	
   PD	
   phenomenon	
   that	
   as	
   DA	
   transmission	
  

decreases,	
   ACh	
   levels	
   are	
   on	
   the	
   rise	
   (Lehmann	
   and	
   Langer,	
   1983).	
   Prior	
   to	
   L-­‐dopa	
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discovery,	
  anticholinergic	
  drugs	
  were	
  the	
  main	
  PD	
  treatment;	
  being	
  particularly	
  effective	
  

at	
   alleviating	
   tremor	
   and	
  are	
   still	
   used	
   today	
   (Pisani	
   et	
   al.,	
   2007;	
   Smith	
   et	
   al.,	
   2012b).	
  

Notably,	
   ACh-­‐DA	
   disequilibrium	
   has	
   supra-­‐additive	
   effects	
   on	
   striatal	
   function,	
  

dysregulating	
   balanced	
   weighting	
   of	
   the	
   incoming	
   synaptic	
   messages	
   by	
   MSNs	
   and	
  

leading	
   to	
   aberrant	
   BG	
   output	
   and	
   plasticity.	
   For	
   instance,	
   ACh	
   can	
   actively	
   inhibit	
  

cortical	
  drive	
  of	
  MSNs	
  by	
  decreasing	
  glutamate	
  release	
  from	
  cortical	
  terminals	
  (Higley	
  et	
  

al.,	
  2009).	
  ChIs	
  can	
  also	
   inhibit	
  MSNS	
   indirectly	
  via	
  activation	
  fast-­‐spiking	
  parvalbumin-­‐

positive	
   interneurons	
   (Sullivan	
   et	
   al.,	
   2008)	
   and	
   neuropeptide	
   Y-­‐expressing	
  

neurogliaform	
  neurons	
   (English	
   et	
   al.,	
   2011),	
   or	
   even	
   via	
   recruitment	
  of	
  GABA	
   release	
  

from	
  DA	
  terminals	
  (Tritsch	
  et	
  al.,	
  2012,	
  2014;	
  Nelson	
  et	
  al.,	
  2014b).	
  	
  

Therefore,	
  deficient	
  DA	
  release	
  in	
  the	
  dorsal	
  striata	
  of	
  SNCA	
  OVX	
  mice	
  could	
  be	
  

the	
   function	
   of	
   primary	
  DA	
   axis	
   impairments,	
   and/or	
   be	
   secondary	
   to	
   ACh-­‐dependent	
  

mechanisms.	
   The	
   latter	
   could	
   either	
   stem	
   from	
   primary	
   changes	
   in	
   cholinergic	
  

transmission	
   following	
   α-­‐synuclein	
   overexpression,	
   or	
   be	
   secondary	
   to	
   altered	
   DA	
  

transmission	
  which	
   in	
   turn	
  changes	
  ACh	
  release	
  rules,	
   further	
  affecting	
   function	
  of	
   the	
  

striatal	
  DA	
  system.	
  Evidence	
  that	
  there	
  are	
  changes	
  to	
  ACh	
  axis	
  in	
  PD	
  is	
  presented	
  below.	
  	
  

5.1.1.1	
  Nicotinic	
  receptor	
  changes	
  in	
  Parkinson’s	
  disease	
  

Receptor	
   binding	
   assays	
   from	
   post-­‐mortem	
   human	
   tissue	
   detect	
   reduction	
   in	
  

nAChR	
  signal	
   in	
  the	
  caudate-­‐putamen	
  of	
  PD	
  patients	
   (Rinne	
  et	
  al.,	
  1991;	
  Durany	
  et	
  al.,	
  

2000;	
  Quik	
  et	
  al.,	
  2004),	
  although	
  not	
  all	
  studies	
  agree	
  (Lange	
  et	
  al.,	
  1993).	
  The	
  observed	
  

signal	
  decrease,	
  quantified	
  as	
  ~25%	
  reduction	
  in	
  human	
  (Durany	
  et	
  al.,	
  2000)	
  and	
  ~50%	
  

reduction	
   in	
  MPTP-­‐treated	
   primates	
   (McCallum	
   et	
   al.,	
   2005),	
   stems	
   from	
   a	
   decline	
   in	
  

receptor	
   number,	
   not	
   changes	
   in	
   their	
   binding	
   properties	
   (Rinne	
   et	
   al.,	
   1991).	
   Animal	
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studies	
  employing	
  6-­‐OHDA	
  and	
  MPTP	
  lesions	
  in	
  rodents	
  and	
  primates,	
  confirm	
  selective	
  

loss	
   of	
   nAChR	
   subtypes	
   localized	
   to	
   dopaminergic	
   terminals,	
   in	
   particular	
   α6β2-­‐	
   and	
  

α4β2-­‐containing	
  subunits	
  (Clarke	
  and	
  Pert,	
  1985;	
  Zoli	
  et	
  al.,	
  2002;	
  Quik,	
  2003;	
  McCallum	
  

et	
  al.,	
  2005).	
  Thus,	
  nigral	
  degeneration	
  also	
  results	
   in	
  striatal	
  nAChR	
  loss.	
   In	
  PD,	
   loss	
  of	
  

nAChRs	
   is	
  also	
  detectable	
   in	
  hippocampus	
  and	
  prefrontal	
  cortex,	
  underscoring	
  the	
  role	
  

of	
   changes	
   in	
   cholinergic	
   transmission	
   in	
   cognitive	
   decline	
   in	
   this	
   patient	
   group	
  

(Calabresi	
  et	
  al.,	
  2006).	
  

The	
  decline	
  in	
  striatal	
  nAChR	
  number	
  could	
  have	
  wide-­‐ranging	
  consequences.	
  In	
  

the	
   light	
   of	
   nAChRs	
   driving	
   DA	
   release	
   (Cachope	
   et	
   al.,	
   2012;	
   Threlfell	
   et	
   al.,	
   2012),	
  

nAChR	
  loss	
  could	
  contribute	
  to	
  progressively	
  falling	
  DA	
  release,	
  an	
  effect	
  synergistic	
  to	
  

the	
  overall	
  decline	
  in	
  nigrostriatal	
  innervation.	
  This	
  prediction	
  is	
  consistent	
  with	
  greater	
  

impairment	
   of	
   habitual	
  motor	
   behaviours	
   observed	
   in	
   advanced	
   PD	
   (Hadj-­‐Bouziane	
   et	
  

al.,	
  2012).	
  Preferential	
   loss	
  of	
  DA	
  innervation	
  is	
  observed	
  in	
  the	
  sensorimotor	
  striatum,	
  

corresponding	
  to	
  caudal	
  putamen	
  in	
  human	
  and	
  dorsolateral	
  striatum	
  in	
  rodent	
  (Yin	
  and	
  

Knowlton,	
   2006;	
   Balleine	
   and	
   O’Doherty,	
   2010).	
   Yet,	
   the	
   associative	
   striatum,	
  

corresponding	
  to	
  head	
  of	
  caudate	
  nucleus	
  in	
  human	
  and	
  dorsomedial	
  striatum	
  in	
  rodent	
  

(Yin	
   and	
   Knowlton,	
   2006;	
   Balleine	
   and	
   O’Doherty,	
   2010),	
   while	
   showing	
   loss	
   of	
   DA	
  

innervation	
  also	
  has	
   the	
  highest	
  ChI	
  density,	
  at	
   least	
   in	
  human	
   (Bernácer	
  et	
  al.,	
  2007).	
  

Consequently,	
   goal-­‐directed	
   behaviours	
   governed	
   by	
   the	
   associative	
   regions	
   could	
   be	
  

spared	
  more	
  due	
  to	
  compensatory	
  adaptations	
  provided	
  by	
  the	
  cholinergic	
  system.	
  	
  

Of	
   course,	
   if	
   the	
   decline	
   in	
   nAChR	
   number	
   is	
   due	
   to	
   degeneration	
   of	
   nAChR-­‐

expressing	
  DA	
  terminals,	
  the	
  possibility	
  of	
  cholinergic-­‐mediated	
  compensatory	
  changes	
  

is	
  meaningless.	
   Yet,	
   no	
   time-­‐matched	
   comparisons	
   of	
   the	
   extent	
   of	
   SNc	
   neuronal	
   loss	
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and	
   decline	
   in	
   nAChR	
   number	
   exists.	
   There	
   are	
   human	
   PD	
   studies	
   showing	
   80-­‐90%	
  

decrease	
   in	
   striatal	
  DAT	
  expression,	
  while	
  decline	
   in	
  nAChR	
  number	
   is	
  on	
   the	
  order	
  of	
  

50-­‐60%	
   (Quik	
   et	
   al.,	
   2004).	
   These	
   data	
   argue	
   that	
   the	
   lost	
   nAChRs	
   are	
   only	
   partly	
  

localized	
  to	
  degenerating	
  DA	
  terminals,	
  and	
  this	
   is	
  consistent	
  with	
  nAChRs	
  being	
  found	
  

on	
  other	
  structures,	
   including	
  parvalbumin-­‐positive	
   interneurons	
  (Sullivan	
  et	
  al.,	
  2008).	
  	
  

Further,	
   it	
   is	
   also	
   possible	
   that	
   the	
   surviving	
   DA	
   axons	
   upregulate	
   nAChR	
   expression.	
  

Thus,	
   the	
   remaining	
   nAChRs	
   could	
   still	
   aid	
   dopaminergic	
   function,	
   even	
   if	
   indirectly.	
  

Extensive	
   spread	
   of	
   dopaminergic	
   axonal	
   arbours	
   in	
   a	
   lattice-­‐like	
   arrangement	
  

throughout	
  the	
  striatum	
  (Descarries	
  et	
  al.,	
  1996;	
  Moss	
  and	
  Bolam,	
  2008;	
  Matsuda	
  et	
  al.,	
  

2009)	
   and	
   extrasynaptic	
   ACh	
   and	
   DA	
   spill-­‐over	
   would	
   enable	
   propagation	
   of	
   signals	
  

through	
  the	
  broad	
  axonal	
  DA	
  network	
  even	
  with	
  a	
  few	
  remaining	
  axons	
  having	
  a	
   large	
  

sphere	
  of	
  influence.	
  

I	
   examined	
   whether	
   underlying	
   deficits	
   in	
   DA	
   axons	
   manifest	
   as	
   impaired	
   DA	
  

release	
   in	
   dorsal	
   striatum	
   in	
   the	
   SNCA	
   OVX	
   line	
   were	
   explained	
   by	
   a	
   cholinergic	
  

mechanism.	
  This	
  hypothesis	
  was	
  assessed	
  by	
  examining	
  evoked	
  DA	
  levels	
  in	
  the	
  absence	
  

of	
  local	
  ACh	
  influence	
  in	
  3-­‐4	
  months-­‐old	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐mice	
  (Section	
  5.3.1).	
  This	
  

age	
   group	
   was	
   chosen	
   because	
   3	
   months-­‐old	
   young	
   adult	
   SNCA	
   OVX	
   mice	
   already	
  

present	
  with	
  DA	
  release	
  deficits	
  in	
  dorsal	
  striatum	
  (Janezic	
  et	
  al.,	
  2013).	
  

5.1.1.2	
  Muscarinic	
  receptor	
  changes	
  in	
  Parkinson’s	
  disease	
  

Radiography	
  studies	
  of	
  PD	
  post-­‐mortem	
  brains	
  reveal	
  ~30%	
  reduction	
  in	
  M2-­‐class	
  

mAChR	
   expression	
   in	
   dorsal	
   caudate-­‐putamen,	
   consistent	
   with	
   findings	
   from	
   6-­‐OHDA	
  

lesioned	
  rats	
   (Joyce,	
  1991,	
  1993).	
  M2-­‐class	
  mAChRs	
  are	
   found	
  throughout	
  the	
  striatum	
  

(Zhang	
  et	
  al.,	
  2002b;	
  Zhou	
  et	
  al.,	
  2003).	
  Data	
  show	
  some	
  M4	
  mAChR	
  localization	
  to	
  MSNs	
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(Weiner	
   et	
   al.,	
   1990;	
   Levey	
   et	
   al.,	
   1991;	
   Santiago	
   and	
   Potter,	
   2001;	
   Yan	
   et	
   al.,	
   2001;	
  

Wang	
   et	
   al.,	
   2006).	
   Yet,	
   ChIs	
   have	
   the	
   highest	
   expression	
   levels	
   of	
   both	
   M2	
   and	
   M4	
  

mAChR	
   subtypes	
   (Yan	
   and	
   Surmeier,	
   1996;	
   Alcantara	
   et	
   al.,	
   2001;	
   Ding	
   et	
   al.,	
   2006).	
  

Therefore,	
   alterations	
   in	
   M2-­‐class	
   mAChR	
   expression	
   following	
   dopaminergic	
  

denervation	
  are	
  likely	
  ChI-­‐related.	
  These	
  changes,	
  for	
  example,	
  could	
  stem	
  from	
  loss	
  of	
  

trophic	
   factor	
   signalling	
   from	
   degenerating	
   SNc	
   neurons	
   to	
   ChIs	
   causing	
   selective	
  

apoptosis	
  of	
  the	
  latter	
  (Gonzalez-­‐Reyes	
  et	
  al.,	
  2012),	
  or	
  stem	
  from	
  a	
  decrease	
  in	
  mAChR	
  

expression.	
  

Postsynaptic	
  M2	
  and	
  M4	
  mAChRs	
  on	
  ChIs	
  (Levey	
  et	
  al.,	
  1991;	
  Hersch	
  et	
  al.,	
  1994;	
  

Yan	
   and	
   Surmeier,	
   1996),	
   constitute	
   an	
   autonomous	
   feedback	
   circuit	
   negatively	
  

regulating	
   striatal	
   ACh	
   release.	
   mAChRs	
   can	
   directly	
   trigger	
   inhibitory	
   post-­‐synaptic	
  

potentials	
   in	
   ChIs	
   or	
   even	
   silence	
   them	
   (Calabresi	
   et	
   al.,	
   1998;	
   Bonsi	
   et	
   al.,	
   2008),	
  

following	
  ACh	
  binding	
  to	
  the	
  upper	
  half	
  of	
  mAChR	
  trans-­‐membrane	
  domain	
  (Wess	
  et	
  al.,	
  

1995).	
  This	
  negative	
  regulation	
  happens	
  via	
  Ca2+	
  currents	
  reduction	
  at	
  Cav2.1	
  and	
  Cav2.2	
  

channels	
   (Yan	
   and	
   Surmeier,	
   1996),	
   which	
   in	
   turn	
   regulate	
   afterhyperpolarisation	
  

duration	
   via	
   re-­‐polarizing	
   potassium	
   channels	
   (SK)	
   (Goldberg	
   and	
  Wilson,	
   2005).	
   Thus,	
  

inhibition	
  of	
   Ca2+	
   currents	
   at	
   CaV2.2	
   channels	
   by	
   reducing	
   SK	
   channel	
   activity	
   reduces	
  

afterhyperpolarisation	
  duration,	
  promoting	
   irregular	
   spiking	
   in	
  ChIs	
   (Ding	
  et	
   al.,	
   2006).	
  

Consequently,	
   reduction	
   in	
   mAChR	
   expression	
   could	
   significantly	
   compromise	
  

cholinergic	
  autofeedback	
  system.	
  	
  

Loss	
   of	
  M2-­‐class	
   receptors	
   need	
  not	
   be	
   the	
   sole	
   process	
   underlying	
   cholinergic	
  

transmission	
  changes.	
  Subtle	
  alterations	
  in	
  mAChR	
  function,	
  such	
  as	
  dysregulation	
  of	
  the	
  

signalling	
   cascades	
   employed	
   by	
   or	
   regulating	
   the	
   activity	
   of	
  M2-­‐class	
   receptors	
   could	
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also	
  arise	
  following	
  dopaminergic	
  denervation.	
  For	
  example,	
  DA	
  depletion	
  could	
  trigger	
  

upregulation	
   of	
   RGS4	
   signalling	
   in	
   ChIs,	
   leading	
   to	
   attenuation	
   of	
   M2-­‐class	
   receptor	
  

function	
   (Ding	
   et	
   al.,	
   2006).	
   There	
   is	
   also	
   some	
   data	
   suggesting	
   that	
   signalling	
   via	
  

glycoprotein	
  Sonic	
  hedgehog	
   from	
  DA	
  neurons	
  to	
  ChIs	
  could	
  regulate	
  RGS4	
  activity	
  via	
  

protein	
   kinase	
   A	
   engagement	
   (Gonzalez-­‐Reyes	
   et	
   al.,	
   2012).	
   Together,	
   these	
   findings	
  

point	
  to	
  dysregulation	
  in	
  G	
  protein-­‐dependent	
  coupling	
  between	
  receptors	
  and	
  effectors	
  

at	
   mAChRs	
   following	
   decline	
   in	
   nigrostriatal	
   dopaminergic	
   transmission	
   resulting	
   in	
  

decreased	
  cholinergic	
  autoinhibition.	
  

The	
  above	
  data	
  suggest	
  that	
  mAChR	
  function	
  could	
  be	
  altered	
  in	
  aged	
  SNCA	
  OVX	
  

mice,	
   given	
   the	
   evidence	
   for	
   SNc	
   neuronal	
   loss	
   in	
   this	
   model	
   at	
   18	
   months	
   and	
   DA	
  

release	
   deficits	
   from	
   3	
   months	
   onwards	
   (Janezic	
   et	
   al.,	
   2013).	
   This	
   hypothesis	
   was	
  

evaluated	
  by	
  examining	
  mAChR	
  function	
  in	
  18-­‐26	
  months-­‐old	
  aged	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐

/-­‐	
  mice	
  (Section	
  5.3.2).	
  This	
  age	
  group	
  was	
  chosen	
  because	
  at	
  this	
  time	
  point	
  the	
  SNCA	
  

OVX	
  line	
  presents	
  with	
  both	
  SNc	
  dopaminergic	
  cell	
  loss	
  and	
  reduced	
  striatal	
  DA	
  release,	
  

thus	
  changes	
  in	
  mAChR	
  function	
  are	
  likely	
  to	
  be	
  unveiled	
  then.	
  

5.1.2	
   Vesicle	
   dysregulation	
   hypothesis	
   of	
   a-­synuclein-­dependent	
  

dopamine	
  dysfunction	
  

Aberrantly	
  high	
  α-­‐synuclein	
   levels	
  could	
  also	
   lead	
  to	
  DA	
  neuron	
  dysfunction	
  via	
  

interference	
   with	
   vesicle	
   handling	
   processes.	
   The	
   family	
   of	
   synuclein	
   proteins,	
  

comprising	
   three	
   highly	
   homologous	
   isoforms,	
   α-­‐,	
   β-­‐,	
   and	
   γ-­‐synuclein	
   (Maroteaux	
   and	
  

Scheller,	
  1991),	
  is	
  expressed	
  ubiquitously	
  throughout	
  the	
  central	
  and	
  peripheral	
  nervous	
  

systems	
   in	
   both	
   human	
   and	
   rodent	
   (Iwai	
   et	
   al.,	
   1995;	
   Li	
   et	
   al.,	
   2002;	
   Vivacqua	
   et	
   al.,	
  

2011;	
  Mollenhauer	
   et	
   al.,	
   2012).	
   Expression	
   of	
   α-­‐synuclein	
   is	
   localized	
   to	
   presynaptic	
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terminals	
  and	
  other	
  cellular	
  sub-­‐compartments,	
   including	
  the	
  nucleus,	
  with	
  a	
  divergent	
  

expression	
  pattern	
  in	
  different	
  brain	
  regions	
  (Iwai	
  et	
  al.,	
  1995;	
  Kahle	
  et	
  al.,	
  2000;	
  Li	
  et	
  al.,	
  

2002;	
  Mori	
   et	
   al.,	
   2002;	
   Totterdell	
   and	
  Meredith,	
   2005;	
   Yu	
   et	
   al.,	
   2007;	
   Zhang	
   et	
   al.,	
  

2008;	
  Vivacqua	
  et	
  al.,	
  2011).	
  Further,	
  α-­‐synuclein	
  is	
  associated	
  with	
  curved	
  membranes	
  

of	
   specific	
   curvature,	
   and	
   in	
   particular	
   vesicles	
   of	
   small	
   diameter	
   (~25	
   nm)	
   (Davidson,	
  

1998;	
  Westphal	
  and	
  Chandra,	
  2013).	
  Presynaptic	
  localization	
  of	
  α-­‐synuclein	
  points	
  to	
  its	
  

involvement	
   in	
   transmitter	
   release,	
   yet	
   physiological	
   role	
   of	
   α-­‐synuclein	
   remains	
  

undetermined.	
  	
  

	
   The	
  neurotransmitter	
   release	
   function	
  of	
  α-­‐synuclein	
  was	
   initially	
   inferred	
   from	
  

localizing	
   its	
   expression	
   to	
   distal	
   reserve	
   pool	
   of	
   synaptic	
   vesicles.	
   Researchers	
  

hypothesized	
   interaction	
  with	
  actin	
  microfilaments	
  being	
  a	
  mechanism	
   for	
  α-­‐synuclein	
  

participation	
   in	
   release	
   events	
   (Lee	
   et	
   al.,	
   2008;	
   Bellani	
   et	
   al.,	
   2010).	
   Later	
   studies	
  

demonstrated	
  α-­‐synuclein	
   involvement	
   in	
   continuous	
   SNARE	
   complex	
   assembly	
   (Burré	
  

et	
  al.,	
  2010;	
  Garcia-­‐Reitböck	
  et	
  al.,	
  2010)	
  and	
  promotion	
  of	
  vesicle	
  accumulation	
  at	
  the	
  

active	
  zone	
  (Diao	
  et	
  al.,	
  2013).	
  Functionally,	
  α-­‐synuclein	
  participation	
  in	
  vesicle	
  handling	
  

is	
   supported	
   by	
   studies	
   showing	
   global	
   α-­‐synuclein	
   overexpression	
   or	
   knockout	
   alters	
  

vesicle	
  clustering	
  and/or	
  mobilization,	
  in	
  particular	
  affecting	
  DA	
  releasability	
  (Abeliovich	
  

et	
   al.,	
   2000;	
   Yavich	
   et	
   al.,	
   2004;	
   Senior	
   et	
   al.,	
   2008;	
  Anwar	
   et	
   al.,	
   2011;	
   Janezic	
   et	
   al.,	
  

2013).	
  Aberrant	
  α-­‐synuclein	
  levels/species	
  also	
  lead	
  to	
  changes	
  in	
  synaptic	
  transmission	
  

and	
  plasticity	
  (Cabin	
  et	
  al.,	
  2002;	
  Watson	
  et	
  al.,	
  2009;	
  Kurz	
  et	
  al.,	
  2010;	
  Diógenes	
  et	
  al.,	
  

2012).	
   At	
   the	
   synapse,	
   however,	
   α-­‐synuclein	
   acts	
   as	
   a	
   supplementary	
   chaperone-­‐like	
  

component	
   maintaining	
   long-­‐term	
   synaptic	
   homeostasis	
   (Chandra	
   et	
   al.,	
   2004,	
   2005;	
  

Burré	
  et	
  al.,	
  2010),	
  rather	
  than	
  being	
  essential	
  for	
  vesicle	
  release	
  per	
  se.	
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   Given	
  the	
  decrease	
  in	
  evoked	
  DA	
  levels	
  in	
  SNCA	
  OVX	
  mice,	
  the	
  topical	
  question	
  is	
  

whether	
   deficits	
   are	
   due	
   to	
   α-­‐synuclein-­‐dependent	
   changes	
   in	
   vesicle	
   handling	
  

processes.	
  With	
  no	
  evidence	
  for	
  reduced	
  DA	
  tissue	
  content	
  or	
  availability	
  of	
  precursors	
  

such	
   as	
   TH	
   in	
   SNCA	
  OVX	
  mice	
   (Janezic	
   et	
   al.,	
   2013),	
   a	
   process	
   other	
   than	
   transmitter	
  

synthesis	
  and	
  storage	
  is	
  involved.	
  Thus,	
  impaired	
  DA	
  release	
  could	
  stem	
  from	
  a	
  decrease	
  

in	
   the	
   readily	
   releasable	
  and/or	
   recycling	
  vesicle	
  pool	
   sizes	
  brought	
  about	
  by	
   impaired	
  

vesicle	
  re-­‐clustering	
  following	
  endocytosis,	
  or	
  even	
  by	
  dispersion	
  of	
  endocytosed	
  vesicles	
  

away	
  from	
  the	
  active	
  zone	
  mediated	
  by	
  α-­‐synuclein	
   (Nemani	
  et	
  al.,	
  2010).	
  Considering	
  

that	
   the	
   functional	
   role	
   of	
   α-­‐synuclein	
   in	
   SNARE	
   complex	
   assembly	
   is	
   distinct	
   from	
   its	
  

pathological	
   role	
   (Burre	
  et	
   al.,	
   2012),	
   it	
   is	
  possible	
   that	
   vesicle	
   cycling	
  processes	
  other	
  

than	
  vesicle	
  fusion	
  with	
  the	
  presynaptic	
  membrane	
  are	
  involved.	
  

5.1.2.1	
  The	
  timecourse	
  of	
  vesicle	
  recruitment	
  in	
  the	
  SNCA	
  OVX	
  model	
  

While	
  the	
  EM	
  data	
  from	
  SNCA	
  OVX	
  mice	
  demonstrate	
  an	
  increase	
   in	
  DA	
  vesicle	
  

clustering	
   in	
   the	
   SNc	
   terminals,	
   there	
   appears	
   to	
   be	
   no	
   overall	
   change	
   in	
   the	
   vesicle	
  

distance	
  from	
  the	
  active	
  zone	
  or	
  vesicle	
  density/number	
  (Janezic	
  et	
  al.,	
  2013).	
  Thus,	
  the	
  

prediction	
  about	
  vesicle	
  dispersal	
  away	
   from	
  the	
   release	
  sites	
  does	
  not	
  hold	
   true.	
  Yet,	
  

impaired	
  DA	
  release	
  could	
  also	
  stem	
  from	
  increased	
  vesicle	
  clustering	
  at	
  axon	
  terminal	
  

level.	
  Dense	
  vesicle	
  clustering	
  could	
  change	
  the	
  timecourse	
  of	
  vesicle	
  recruitment	
  to	
  the	
  

release	
  sites,	
  possibly	
  due	
  to	
  increased	
  mechanical	
  force	
  required	
  for	
  tethering	
  of	
  tightly	
  

juxtapositioned	
   vesicles	
   to	
   the	
   active	
   zone.	
   Thus,	
   the	
  SNCA	
  OVX	
   dopaminergic	
   deficits	
  

may	
  be	
  due	
  to	
   impaired	
   initial	
  release,	
  with	
  densely	
  clustered	
  vesicles	
  taking	
   longer	
  to	
  

be	
  engaged	
  to	
  their	
  respective	
  docking	
  sites.	
  However,	
  once	
  recruited,	
  increased	
  vesicle	
  

clustering	
   could	
   better	
   support	
   sustained	
   transmitter	
   release	
   during	
   long	
   synaptic	
  

depolarisations.	
  Thus,	
  it	
  was	
  predicted	
  that	
  sustained	
  [DA]o	
  could	
  be	
  different	
  between	
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SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice,	
  and	
  this	
  hypothesis	
  was	
  evaluated	
  by	
  using	
  long	
  electrical	
  

pulse	
   train	
   stimulations	
   lasting	
   up	
   to	
   1	
   s	
   to	
   potentially	
   enable	
   examination	
   of	
   the	
  

timecourse	
   of	
   DA	
   vesicle	
   recruitment	
   to	
   the	
   release	
   sites	
   (Sections	
   5.3.4).	
   These	
  

experiments	
  were	
  performed	
  in	
  7-­‐10	
  months-­‐old	
  mice,	
  this	
  age	
  group	
  was	
  chosen	
  as	
  an	
  

intermediate	
  age	
  point	
  between	
  young	
  (3-­‐4	
  months)	
  and	
  old	
  age	
  (18-­‐26	
  months).	
  

5.1.3	
   Protein-­protein	
   interactions	
   underlying	
   impaired	
   dopamine	
  

release:	
  dopamine	
  transporter	
  and	
  α-­synuclein	
  

Dopaminergic	
   dysfunction	
   precipitated	
   by	
   α-­‐synuclein	
   overexpression	
   could	
  

emerge	
  from	
  changes	
   in	
  vesicle	
  handling	
  processes.	
  Yet,	
  DA	
  neurons	
  also	
  express	
  DAT,	
  

which	
  directly	
   interacts	
  with	
  α-­‐synuclein,	
  and	
  consequently	
  α-­‐synuclein	
  overexpression	
  

could	
  alter	
   release	
  dynamics	
   via	
  DAT.	
  DAT	
  activity	
   is	
   essential	
   for	
  DA	
  uptake	
   from	
   the	
  

extracellular	
   space	
   into	
   the	
   pre-­‐synaptic	
   neurons	
   using	
   Cl-­‐/Na+	
   gradients	
   (Amara	
   and	
  

Kuhar,	
  1993;	
  Gu	
  et	
  al.,	
  1994).	
  Beside	
  prompt	
  clearing	
  of	
  transmitter	
  and	
  termination	
  of	
  

DA	
   signal,	
   DAT-­‐mediated	
   endocytosis	
   supplies	
   the	
   recycling	
   pool	
   of	
   vesicles	
   with	
   DA	
  

(Rizzoli	
  and	
  Betz,	
  2005;	
  Wu	
  and	
  Wu,	
  2009).	
  This	
  ensures	
  reliable	
  transmitter	
  release	
  over	
  

time	
   by	
   providing	
   the	
   readily-­‐releasable	
   pool	
   with	
   recycled	
   material,	
   avoiding	
  

transmitter	
  stores	
  depletion	
  during	
  sustained	
  neuronal	
  firing.	
  Changes	
  in	
  DAT	
  could	
  also	
  

cause	
  a	
  decrease	
   in	
   striatal	
  DA	
   release	
   via	
   a	
  number	
  of	
   routes.	
   Increased	
  DAT	
  activity	
  

would	
   prematurely	
   terminate	
  DA	
   signals	
   via	
   increased	
  DA	
   clearance,	
   thus	
   limiting	
   the	
  

sphere	
  of	
  DA	
   influence.	
  Decreased	
  DAT	
   function	
   could	
  also	
   impair	
   evoked	
  DA	
   release,	
  

but	
  this	
  time	
  via	
  reduction	
  in	
  quantal	
  size	
  as	
  vesicle	
  loading	
  with	
  DA	
  would	
  be	
  impaired.	
  

Alpha-­‐synuclein	
   was	
   found	
   to	
   directly	
   interact	
   with	
   DAT	
   via	
   protein-­‐protein	
  

complex	
   formation	
  upon	
   its	
  binding	
   to	
   the	
  DAT	
  C-­‐terminus	
  between	
   residues	
  606-­‐617	
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(Lee	
   et	
   al.,	
   2001;	
  Wersinger	
   et	
   al.,	
   2003).	
   The	
   physiological	
   relevance	
   of	
   DAT	
   and	
   α-­‐

synuclein	
   interaction	
   is	
  unknown,	
  although	
  data	
   suggest	
   it	
   could	
  be	
  detrimental	
   to	
  DA	
  

neurons.	
  Specifically,	
  formation	
  of	
  the	
  DAT-­‐α-­‐synuclein	
  complex	
  may	
  increase	
  neuronal	
  

apoptosis	
   (Lee	
   et	
   al.,	
   2001),	
   possibly	
   via	
   alterations	
   in	
   plasma	
   membrane	
  

localization/activity	
   of	
   the	
   transporter	
   itself.	
   However,	
   the	
   data	
   regarding	
   DAT	
  

localization	
   changes	
   upon	
   α-­‐synuclein	
   binding	
   are	
   contradictory.	
   Some	
   studies	
   find	
  

increased	
   transporter	
   availability	
   at	
   the	
   cell	
   surface	
   (Lee	
   et	
   al.,	
   2001),	
   while	
   others	
  

observe	
   dynamic	
   trafficking	
   of	
   DAT	
   to	
   the	
   cytosol	
   (Wersinger	
   and	
   Sidhu,	
   2003;	
  

Wersinger	
  et	
  al.,	
  2003).	
  Although	
  the	
  conflicting	
  observations	
  may	
  arise	
   from	
  different	
  

transfection	
   methods,	
   both	
   studies	
   predict	
   that	
   α-­‐synuclein	
   can	
   influence	
   DAT.	
   In	
  

particular,	
   it	
   appears	
   that	
   DAT	
   availability	
   could	
   be	
   altered	
   by	
   interaction	
   with	
   α-­‐

synuclein,	
  although	
  no	
  FCV	
  data	
  collected	
  to	
  date	
  hints	
  at	
  impaired	
  DAT	
  function	
  in	
  the	
  

SNCA	
  OVX	
  line	
  (Anwar	
  et	
  al.,	
  2011;	
  Janezic	
  et	
  al.,	
  2013).	
  However,	
  RNA	
  knockdown	
  of	
  α-­‐

synuclein	
   in	
   cell	
   lines	
   results	
   in	
   decreased	
   DAT	
   activity	
   and	
   reduced	
   toxicity	
   of	
  MPTP	
  

(Fountaine	
  and	
  Wade-­‐Martins,	
  2007).	
  Overall,	
  an	
  additional	
  mechanism	
  for	
  disruption	
  of	
  

dopaminergic	
  transmission	
  by	
  α-­‐synuclein	
  overexpression	
  may	
  lie	
  in	
  its	
  ability	
  to	
  modify	
  

DAT	
  function.	
  

5.1.3.1	
  CaMK2	
   inhibition	
  as	
  a	
   tool	
   for	
  assessing	
   the	
   impact	
  of	
  α-­synuclein	
  on	
  

DAT	
  function	
  

Co-­‐immunoprecipitation	
   pull-­‐down	
   assays	
   in	
   addition	
   to	
   highlighting	
   the	
  

interaction	
  between	
  α-­‐synuclein	
  and	
  DAT	
  (Lee	
  et	
  al.,	
  2001;	
  Wersinger	
  et	
  al.,	
  2003),	
  also	
  

established	
  that	
  calcium	
  calmodulin	
  kinase	
  2	
  (CaMK2)	
  binds	
  DAT	
  in	
  the	
  same	
  region	
  as	
  

α-­‐synuclein	
  (Fog	
  et	
  al.,	
  2006).	
  Importantly,	
  both	
  CaMK2	
  and	
  α-­‐synuclein	
  are	
  expressed	
  in	
  

midbrain	
  dopaminergic	
  neurons	
  and	
   their	
  expression	
  co-­‐localizes	
  with	
  DAT	
   (Kamata	
  et	
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al.,	
  2006;	
  Bellucci	
  et	
  al.,	
  2011).	
   In	
  particular,	
  among	
  the	
  CaMK2	
   isoforms,	
  SNc	
  neurons	
  

widely	
   express	
   only	
   γ	
   and	
  δ,	
   and	
   traces	
   of	
  β	
   can	
   also	
   be	
   found,	
  while	
   CaMK2α	
   is	
   not	
  

expressed	
  in	
  the	
  SNc	
  neurons	
  (Kamata	
  et	
  al.,	
  2006).	
  

CaMK2	
  changes	
  DAT	
  membrane	
   trafficking	
  and	
  other	
   transporter	
  properties	
  by	
  

changing	
  the	
  phosphorylation	
  status	
  of	
  DAT.	
  DAT	
  phosphorylation	
  by	
  CaMK2	
  enhances	
  

DA	
  uptake	
  in	
  synaptosomal	
  preparations	
  (Uchikawa	
  et	
  al.,	
  1995;	
  Page	
  et	
  al.,	
  2004),	
  while	
  

inhibition	
   of	
   CaMK2	
   decreases	
   DAT-­‐mediated	
   transmitter	
   uptake	
   in	
   an	
   activity-­‐

dependent	
  manner	
  (Padmanabhan	
  et	
  al.,	
  2008).	
  Thus,	
  transient	
  Ca2+	
  oscillations	
  arising	
  

from	
  AP	
  firing	
  regulate	
  DAT	
  molecule	
  availability	
  via	
  CaMK2	
  signalling	
  (Padmanabhan	
  et	
  

al.,	
  2008;	
  Padmanabhan	
  and	
  Prasad,	
  2009).	
  Given	
  that	
  the	
  binding	
  sites	
  for	
  α-­‐synuclein	
  

and	
  CaMK2	
  on	
  DAT	
  overlap,	
   it	
   is	
  possible	
   that	
   the	
  effects	
  of	
  CaMK2	
   inhibition	
  on	
  DAT	
  

function	
  will	
  be	
  differentially	
  regulated	
  between	
  the	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  lines	
  due	
  to	
  

α-­‐synuclein	
  overexpression	
  in	
  the	
  former.	
   I	
  hypothesised	
  that	
   inhibiting	
  CaMK2	
  activity	
  

could	
  reveal	
  an	
  underlying	
  changes	
   in	
  DAT	
  function	
  in	
  SNCA	
  OVX	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  

mice.	
  This	
  hypothesis	
  was	
  tested	
  by	
  pre-­‐incubating	
  slices	
  from	
  3-­‐4	
  months-­‐old	
  SNCA	
  OVX	
  

and	
   Snca	
   -­‐/-­‐	
   mice	
   with	
   CaMK2	
   inhibitor	
   following	
   preparation	
   of	
   slices	
   for	
   FCV,	
   and	
  

subsequent	
  assessment	
  of	
  DA	
  release	
  dynamics	
  with	
  and	
  without	
  DAT	
  inhibition	
  (Section	
  

5.3.3).	
  

5.1.4	
  Summary	
  

	
   Work	
   presented	
   in	
   this	
   chapter	
   investigates	
   the	
   functional	
   state	
   of	
   the	
  

cholinergic	
   system	
   in	
   relation	
   to	
   previously	
   described	
   DA	
   release	
   deficits	
   revealed	
   by	
  

electrically	
   evoked	
   transients	
   in	
   dorsal	
   striatum	
   of	
   SNCA	
  OVX	
  mice.	
   In	
   addition,	
   using	
  

long	
  pulse	
  train	
  stimulations	
  I	
  explore	
  the	
  possibility	
  of	
  sustained	
  DA	
  release	
  differences,	
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and	
   consequently	
   potential	
   changes	
   in	
   the	
   timecourse	
   of	
   vesicle	
   recruitment	
   to	
   the	
  

release	
  sites,	
  between	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  lines.	
  I	
  also	
  explore	
  whether	
  α-­‐synuclein-­‐

mediated	
   changes	
   in	
  DAT	
   function	
   underlie	
   impaired	
  DA	
   release	
   following	
   a-­‐synuclein	
  

overexpression.	
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5.2	
  Methods	
  

	
   Methods	
  used	
  were	
  as	
  described	
  in	
  Chapter	
  2,	
  unless	
  otherwise	
  stated	
  here.	
  

5.2.1	
  Animals	
  

Transgenic	
  α-­‐synuclein	
  mice	
  were	
  created	
  in	
  the	
  Wade-­‐Martins	
  laboratory	
  using	
  

BAC	
  technology.	
  Briefly,	
  pronuclei	
   from	
  C57Bl6/J	
  mouse	
  were	
   injected	
  with	
  135kb	
  BAC	
  

DNA	
  containing	
  full	
  human	
  wild-­‐type	
  SNCA	
  gene	
  locus,	
  flanked	
  by	
  endogenous	
  promoter	
  

sequence.	
  Resulting	
  lines	
  where	
  stable	
  BAC	
  integration	
  was	
  confirmed	
  by	
  fluorescence	
  in	
  

situ	
   hybridization	
   were	
   backcrossed	
   for	
   nine	
   generations	
   onto	
   mouse	
   α-­‐synuclein	
  

knockout	
   line	
   on	
   C57Bl6/J	
   background	
   to	
   create	
   a	
   mouse	
   overexpressing	
   human	
   α-­‐

synuclein	
  in	
  the	
  absence	
  of	
  mouse	
  α-­‐synuclein	
  (Janezic	
  et	
  al.,	
  2013).	
  The	
  SNCA	
  OVX	
  mice	
  

express	
  human	
  α-­‐synuclein	
  at	
  1.9	
  times	
  the	
  level	
  of	
  endogenous	
  mouse	
  α-­‐synuclein	
  in	
  a	
  

C57Bl6/J	
  mouse	
   (Janezic	
   et	
   al.,	
   2013).	
   Age	
   and	
   sex-­‐matched	
   littermate	
  SNCA	
  OVX	
   and	
  

Snca	
   -­‐/-­‐	
   mice	
   were	
   used	
   in	
   all	
   experiments.	
   3-­‐4	
   months-­‐old	
   pairs	
   were	
   used	
   for	
  

examination	
  of	
  nAChR	
  function	
  in	
  paired	
  recording	
  experiments.	
  18-­‐26	
  months-­‐old	
  aged	
  

mice	
   were	
   used	
   for	
   characterization	
   of	
   mAChR	
   function.	
   7-­‐10	
   months-­‐old	
   mice	
   were	
  

used	
  for	
  assessment	
  of	
  sustained	
  DA	
  properties.	
  Finally,	
  3-­‐4	
  months-­‐old	
  mice	
  were	
  also	
  

used	
  for	
  assessing	
  DAT	
  function	
  in	
  pilot	
  CaMK2	
  inhibition	
  experiments.	
  N	
  is	
  the	
  number	
  

of	
  animals	
  used	
  for	
  experimentation,	
  and	
  n	
  is	
  the	
  total	
  number	
  of	
  observations.	
  

5.2.2	
  Experimental	
  design	
  

5.2.2.1	
  Nicotinic	
  receptor	
  function	
  

nAChR	
  involvement	
  in	
  DA	
  release	
  deficits	
  in	
  SNCA	
  OVX	
  versus	
  Snca	
  -­‐/-­‐	
  	
  mice	
  was	
  

assessed	
  by	
  sampling	
  evoked	
  DA	
  release	
  in	
  the	
  presence	
  of	
  nAChR	
  antagonist	
  (DHβE,	
  1	
  

µM),	
   to	
   remove	
   any	
   modulatory	
   effects	
   exercised	
   by	
   the	
   cholinergic	
   system	
   on	
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nigrostriatal	
   DA	
   circuits	
   via	
   nAChRs.	
   Specifically,	
   I	
   assessed	
   concentrations	
   of	
   DA	
  

released	
  directly	
  via	
  activation	
  of	
  striatal	
  DA	
  terminals.	
  Recordings	
  were	
  acquired	
  from	
  

both	
   genotypes	
   on	
   the	
   same	
   day	
   to	
   ensure	
   the	
   comparison	
   of	
   the	
   absolute	
   DA	
  

concentrations	
   is	
   not	
   affected	
   by	
   possible	
   differences	
   in	
   CFM	
   sensitivity	
   or	
   recording	
  

conditions,	
  such	
  as	
  bath	
  temperature	
  fluctuations.	
  DA	
  release	
  was	
  sampled	
  in	
  6	
  sites	
  in	
  

the	
   dorsal	
   striatum	
   (CPu),	
   namely	
   dorsomedial	
   (dmCPu),	
   dorsomidline	
   (dmidCPu),	
  

dorsolateral	
   (dlCPu),	
   central	
   (cCPu),	
   ventromedial	
   (vmCPu)	
   and	
   ventrolateral	
   (vlCPu),	
  

and	
  in	
  2	
  sites	
  in	
  the	
  NAc	
  core.	
  Stimulation	
  protocol	
  comprised	
  3	
  stimulations	
  separated	
  

by	
  2.5	
  min	
  intervals	
  that	
  consisted	
  of	
  1	
  pulse,	
  4	
  pulses	
  at	
  100	
  Hz	
  and	
  1	
  pulse.	
  The	
  peak	
  

evoked	
  [DA]o	
   following	
  first	
  and	
  third	
  1	
  p	
  stimulation	
  were	
  averaged	
  to	
  produce	
  mean	
  

peak	
   1	
   p	
   values	
   for	
   the	
   4p:1p	
   ratio	
   comparisons.	
   Each	
   stimulation	
   sequence	
   was	
  

delivered	
  once	
  per	
  recording	
  site,	
  alternating	
  the	
  genotype	
  and	
  the	
  site	
  the	
  recordings	
  

were	
  acquired	
  from.	
  In	
  the	
  dlCPu	
  and	
  NAc	
  core	
  frequency	
  response	
  was	
  also	
  sampled	
  by	
  

4	
  pulse	
  train	
  stimulations	
  at	
  variable	
  stimulation	
  frequencies	
  (5	
  Hz,	
  10Hz,	
  25	
  Hz,	
  40	
  Hz,	
  

100	
  Hz)	
  repeated	
  once.	
  

The	
   data	
   from	
   these	
   multi-­‐site	
   sampling	
   experiments	
   are	
   absolute	
  

concentrations,	
  in	
  µM,	
  of	
  electrically	
  evoked	
  extracellular	
  DA	
  ([DA]o).	
  The	
  recorded	
  [DA]o	
  

transients	
  were	
  grouped	
  together	
  according	
  to	
  the	
  stimulation	
  protocol	
  (1p	
  vs.	
  4p)	
  and	
  

the	
   region	
  of	
   interest	
   (CPu	
  vs.	
  NAc)	
   for	
  averaging	
  and	
  statistical	
  analyses.	
  The	
  average	
  

transients	
  represent	
   the	
  mean±SEM	
  of	
  single	
   traces	
  recorded	
  from	
  9	
  different	
  animals	
  

per	
   genotype	
   (N=9	
   per	
   genotype).	
   For	
   statistical	
   comparisons	
   the	
  mean	
   peak	
   evoked	
  

[DA]o	
   values	
   were	
   used.	
   The	
   data	
   were	
   analysed	
   using	
   unpaired	
   t-­‐tests	
   or	
   two-­‐way	
  

ANOVA,	
   after	
   normal	
   data	
   distribution	
   was	
   confirmed	
   with	
   Shapiro-­‐Wick’s	
   test	
   of	
  

normality.	
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5.2.2.2	
  Muscarinic	
  receptor	
  function	
  

mAChR	
  function	
  in	
  SNCA	
  OVX	
  versus	
  Snca	
  -­‐/-­‐	
  mice	
  was	
  assessed	
  by	
  application	
  of	
  

sequentially	
   increasing	
   concentrations	
   of	
   muscarinic	
   agonist	
   (Oxo-­‐M,	
   0-­‐10	
   µM).	
   The	
  

following	
  drug	
  concentrations	
  were	
  used	
  for	
  dose-­‐response	
  curve:	
  control	
  (no	
  drug),	
  60	
  

nM,	
   100	
   nM,	
   600	
   nM,	
   1	
   µM,	
   10	
   µM.	
   Low	
   (1	
   pulse)	
   and	
   high	
   (4	
   pulses	
   at	
   100Hz)	
  

stimulation	
   frequencies	
   were	
   employed	
   as	
   mAChR	
   activation	
   alters	
   DA	
   release	
   in	
   a	
  

frequency-­‐sensitive	
   manner,	
   similar	
   to	
   antagonism	
   of	
   nAChRs	
   (Threlfell	
   et	
   al.,	
   2010).	
  

After	
   the	
   final	
   Oxo-­‐M	
  dose	
   application	
   (10	
   µM),	
   an	
   additional	
   nAChR	
   antagonist	
   dose	
  

(DHβE,	
  1	
  µM)	
  was	
  applied	
  to	
  assess	
  whether	
  the	
  maximal	
  Oxo-­‐M	
  effect	
  was	
  reached,	
  as	
  

DHβE	
  will	
  prevent	
  actions	
  of	
  any	
  remaining	
  ACh.	
  All	
   recordings	
  were	
  performed	
   in	
   the	
  

dlCPu.	
  Different	
  genotypes	
  were	
  used	
  for	
  experiments	
  on	
  different	
  days,	
  as	
  the	
  data	
  are	
  

normalised	
   to	
  control	
   (1p	
  stimulation	
   in	
  drug-­‐free	
  condition)	
  within	
  each	
  genotype	
   for	
  

each	
   experiment.	
   Consequently,	
   any	
   day-­‐to-­‐day	
   variation	
   in	
   CFM	
   sensitivity	
   which	
  

affects	
  absolute	
  concentrations	
  is	
  not	
  critical	
  here.	
  	
  

	
   Due	
   to	
   progressive	
   decrease	
   in	
   electrically	
   evoked	
   [DA]o	
   over	
   time	
   in	
   a	
   given	
  

recording	
   site	
   (i.e.	
   site	
   decline)	
   in	
   old	
   animals	
   in	
   particular,	
   only	
   a	
   subset	
   of	
   drug	
  

concentrations	
  was	
  applied	
  within	
  any	
  given	
  experiment	
  (60	
  nM,	
  600	
  nM,	
  10	
  µM	
  or	
  100	
  

nM,	
   1	
   µM,	
   10	
   µM).	
   This	
   was	
   done	
   to	
   ensure	
   that	
   drug	
   wash-­‐on	
   time	
   and	
   recording	
  

duration	
  did	
   not	
   compromise	
  data	
   quality	
   by	
   bringing	
   evoked	
   [DA]o	
   levels	
   below	
  CFM	
  

detection	
   threshold.	
   A	
   total	
   of	
   10	
   mouse	
   pairs	
   were	
   used	
   (N=10	
   per	
   genotype),	
   and	
  

where	
   possible	
   recordings	
   from	
   2	
   different	
   slices	
   per	
   animal	
   were	
   acquired	
   (total	
  

recording	
   sites=16	
   SNCA	
   OVX;	
   total	
   recording	
   sites=19	
   Snca	
   -­‐/-­‐).	
   Averaged	
   [DA]o	
  

transients	
  represent	
  the	
  mean±SEM	
  of	
  at	
  least	
  3	
  evoked	
  [DA]o	
  traces	
  per	
  animal	
  per	
  slice	
  

per	
   stimulation	
   frequency	
   for	
   each	
   drug	
   concentration	
   used.	
   The	
   data	
   were	
   analysed	
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using	
   single-­‐phase	
   exponential	
   decay	
   and	
   sigmoidal	
   dose-­‐response	
   curve-­‐fitting	
  

functions,	
  unpaired	
  t-­‐test	
  and	
  two-­‐way	
  ANOVA.	
  

5.2.2.3	
  Dopamine	
  transporter	
  experiments	
  

For	
  the	
  α-­‐synuclein-­‐DAT	
  interaction	
  experiments,	
  a	
  selective	
  inhibitor	
  of	
  CaMK2	
  

(KN-­‐62,	
   5	
  µM)	
  with	
  no	
   known	
  off-­‐target	
   effects	
  on	
   L-­‐type	
  Ca2+	
   channels,	
   unlike	
  KN-­‐93	
  

variant	
  (Gao	
  et	
  al.,	
  2006),	
  was	
  used.	
  Slices	
  were	
  pre-­‐incubated	
  in	
  KN-­‐62	
  (5	
  µM)	
  prior	
  to	
  

recordings,	
   and	
   it	
   was	
   subsequently	
   bath-­‐applied	
   throughout	
   at	
   5	
   µM.	
   Evoked	
   [DA]o	
  

properties	
  were	
  assessed	
  in	
  the	
  presence	
  and	
  absence	
  of	
  DAT	
  influence.	
  First,	
  [DA]o	
  was	
  

evoked	
  by	
  single	
  pulse	
  (1	
  p)	
  and	
  high	
  frequency	
  bursts	
  of	
  4	
  pulses	
  at	
  100	
  Hz	
  (4	
  p	
  100	
  Hz)	
  

stimulations.	
   The	
   frequency	
   sensitivity	
   was	
   then	
   probed	
   using	
   4	
   pulse	
   trains	
   at	
   5	
   Hz,	
  

10Hz,	
  25	
  Hz,	
  40	
  Hz	
  and	
  100	
  Hz.	
  Secondly,	
   the	
  same	
  protocols	
  were	
  repeated	
  following	
  

bath	
  application	
  of	
  DAT	
  inhibitor	
  (cocaine,	
  5	
  µM).	
  All	
  recordings	
  were	
  performed	
  in	
  the	
  

dlCPu.	
   Slices	
   from	
   different	
   genotypes	
   were	
   used	
   on	
   different	
   days	
   as	
   data	
   were	
  

normalised	
  to	
  1	
  p	
  control	
  within	
  a	
  genotype	
  for	
  each	
  experiment.	
  	
  A	
  total	
  of	
  4	
  SNCA	
  OVX	
  

(N=2)	
  and	
  Snca	
  -­‐/-­‐	
   (N=2)	
  mice	
  were	
  used.	
  The	
  averaged	
  [DA]o	
   transients	
  represent	
  the	
  

average	
  of	
  4	
  [DA]o	
  traces	
  per	
  animal	
  per	
  recording	
  site,	
  2	
  slices	
  were	
  recorded	
  from	
  in	
  

each	
  animal	
  (total	
  recording	
  sites=4	
  per	
  genotype).	
  For	
  statistical	
  comparisons	
  the	
  mean	
  

peak	
  [DA]o	
  values	
  were	
  used.	
  Data	
  were	
  statistically	
  analysed	
  using	
  two-­‐way	
  ANOVA.	
  

5.2.2.4	
  Sustained	
  dopamine	
  release	
  properties	
  

Sustained	
  [DA]o	
  in	
  SNCA	
  OVX	
  versus	
  Snca	
  -­‐/-­‐	
  mice	
  was	
  examined	
  in	
  the	
  presence	
  

of	
   D2	
   receptor	
   antagonist	
   (L-­‐741,626,	
   1	
   µM).	
   It	
   was	
   bath-­‐applied	
   throughout	
   the	
  

experiment	
  to	
  eliminate	
  any	
  contribution	
  from	
  D2	
  receptors,	
  which	
  have	
  the	
  capacity	
  to	
  

limit	
   DA	
   release	
   during	
   prolonged	
   stimulation	
   (Phillips	
   et	
   al.,	
   2002;	
   Wu	
   et	
   al.,	
   2002;	
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Moquin	
   and	
   Michael,	
   2009;	
   Anzalone	
   et	
   al.,	
   2012),	
   and	
   to	
   ensure	
   that	
   the	
   recorded	
  

differences	
   did	
   not	
   stem	
   from	
   regional	
   variability	
   in	
   dopaminergic	
   autofeedback.	
  

Changes	
   in	
   sustained	
   DA	
   release	
   between	
   SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐	
   mice	
   could	
   reflect	
  

changes	
   in	
   handling	
   of	
   vesicle	
   pools	
   following	
  α-­‐synuclein	
   overexpression.	
   [DA]o	
   was	
  

evoked	
  with	
  single	
  pulse	
  stimulations	
  and	
   trains	
  of	
  20	
  pulses	
  at	
  20	
  Hz	
   in	
   three	
  striatal	
  

regions,	
  dlCPu,	
  cCPu	
  and	
  vmCPu.	
  The	
  long	
  stimulation	
  protocol	
  was	
  adopted	
  as	
  changes	
  

in	
   vesicle	
   handling	
  may	
   not	
   be	
   apparent	
   in	
   discrete	
   stimulation	
   protocols	
   using	
   single	
  

pulse	
  stimulation	
  or	
  short	
  pulse	
  bursts	
  at	
  high	
  frequency.	
  Different	
  genotypes	
  were	
  used	
  

for	
  experiments	
  on	
  different	
  days	
  as	
  data	
  is	
  normalised	
  to	
  1p	
  control	
  condition	
  within	
  a	
  

genotype	
  for	
  each	
  experiment.	
  Averaged	
  [DA]o	
  transients	
  represent	
  the	
  mean±SEM	
  of	
  at	
  

least	
  4	
  [DA]o	
  traces	
  per	
  animal	
  per	
  recording	
  site.	
  Recording	
  were	
  acquired	
  in	
  4	
  different	
  

animals	
  per	
  genotype,	
  2	
  slices	
  were	
  recorded	
  from	
  in	
  each	
  animal	
  (N=4,	
  total	
  recording	
  

sites=8	
   per	
   genotype).	
   For	
   statistical	
   comparisons	
   the	
   mean	
   peak	
   [DA]o	
   values	
   were	
  

used.	
   The	
  data	
  were	
   statistically	
   analysed	
  using	
   single-­‐phase	
  exponential	
   decay	
   curve-­‐

fitting	
  functions	
  and	
  two-­‐way	
  ANOVA.	
  

5.2.3	
  Drugs	
  

Oxo-­‐M,	
   L-­‐741,626	
  and	
  KN-­‐62	
  were	
  purchased	
   from	
  Tocris	
  Bioscience	
  or	
  Ascent	
  

Scientific.	
  Cocaine,	
  DHβE	
  and	
  all	
  other	
  chemicals	
  were	
  purchased	
  from	
  Sigma-­‐Aldrich.	
  All	
  

solutions	
  were	
   prepared	
   using	
   distilled	
   and	
   de-­‐ionized	
  water.	
   Drugs	
  were	
   dissolved	
   in	
  

distilled	
  water	
  or	
  DMSO	
  (L-­‐741,626;	
  KN-­‐62)	
  to	
  make	
  stock	
  aliquots	
  at	
  1000-­‐10000×	
  final	
  

concentrations	
   and	
   stored	
   at	
   -­‐20°C.	
   The	
   drug	
   stocks	
  were	
   diluted	
   in	
   oxygenated	
   aCSF	
  

from	
  frozen	
  aliquots	
  immediately	
  before	
  use	
  and	
  were	
  bath	
  applied.	
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5.3	
  Results	
  

5.3.1	
  nAChR	
  modulation	
  of	
  SNCA	
  OVX	
  dopamine	
  release	
  deficits	
  

5.3.1.1	
  Dopamine	
  release	
  deficits	
  in	
  dorsal	
  striatum	
  of	
  SNCA	
  OVX	
  mice	
  are	
  not	
  

explained	
  by	
  changes	
  in	
  cholinergic	
  tone	
  at	
  nAChRs	
  	
  

DA	
   release	
  deficits	
   in	
  SNCA	
  OVX	
  mice	
   could	
   stem	
   from	
  changes	
   in	
  ACh	
   tone	
  at	
  

nAChRs.	
   I	
   investigated	
  whether	
  abolishing	
  ACh	
  action	
  at	
  nAChRs	
  would	
  change	
  evoked	
  

[DA]o	
   compared	
   to	
   previously	
   reported	
   data	
   where	
   ACh	
   axis	
   was	
   not	
   manipulated	
  

(Janezic	
   et	
   al.,	
   2013).	
   Experiments	
   sampling	
   electrically	
   evoked	
   [DA]o	
   from	
   multiple	
  

striatal	
  regions	
  were	
  conducted	
  here	
  in	
  the	
  presence	
  of	
  nAChR	
  antagonist	
  (DHβE,	
  1	
  µM).	
  

Mean	
   [DA]o±SEM	
   evoked	
   by	
   single	
   pulse	
   (Figure	
   5.1a-­‐b)	
   or	
   high	
   frequency	
   burst	
   (4	
  

pulses	
  at	
  100	
  Hz)	
  (Figure	
  5.2a-­‐b)	
  stimulations	
  in	
  dorsal	
  (CPu)	
  and	
  ventral	
  (NAc)	
  striatum	
  

of	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice	
  were	
  plotted	
  versus	
  time,	
  with	
  a	
  breakdown	
  of	
  evoked	
  

[DA]o	
  profiles	
  within	
  6	
  sampling	
  sites	
  in	
  CPu	
  and	
  2	
  sites	
  in	
  NAc	
  core	
  (Figure	
  5.1c,	
  5.2c).	
  

SNCA	
  OVX	
  mice	
   had	
   significantly	
   lower	
   single	
   pulse	
   evoked	
   [DA]o	
   compared	
   to	
  

Snca	
   -­‐/-­‐	
   line	
   in	
   CPu	
   (t=2.49	
   df=106;	
   p=0.014,	
   two-­‐tailed;	
   unpaired	
   t-­‐test;	
   Figure	
   5.1a).	
  

Mean	
  peak	
  evoked	
  [DA]o±SEM	
  in	
  CPu	
  was	
  1.49±0.08	
  µM	
  (n=54)	
  for	
  SNCA	
  OVX	
   line	
  and	
  

1.80±0.10	
  µM	
  (n=54)	
  for	
  Snca	
  -­‐/-­‐	
  line.	
  The	
  difference	
  in	
  single	
  pulse	
  evoked	
  [DA]o	
  in	
  NAc	
  

core	
  was	
  not	
  statistically	
  significant	
  (t=1.84	
  df=34;	
  p=0.075,	
  two-­‐tailed;	
  unpaired	
  t-­‐test;	
  

Figure	
  5.1b).	
  However,	
  the	
  mean	
  peak	
  evoked	
  [DA]o	
  in	
  NAc	
  was	
  lower	
  in	
  SNCA	
  OVX	
  line	
  

1.26±0.13	
   µM	
   (n=18)	
   compared	
   to	
   Snca	
   -­‐/-­‐	
   mice	
   1.60±0.14	
   µM	
   (n=18).	
   Single	
   pulse	
  

evoked	
   [DA]o	
   in	
   the	
  SNCA	
  OVX	
  mice	
   compared	
   to	
  Snca	
   -­‐/-­‐	
   littermates	
  was	
  on	
  average	
  

16%	
  lower	
  in	
  the	
  CPu	
  and	
  21%	
  lower	
  in	
  the	
  NAc.	
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p=0.013)	
   and	
   recording	
   site	
   (F(5,96)=4.54,	
   p=0.000),	
   but	
   no	
   interactions	
   (F(5,96)=1.26,	
  

p=0.287).	
   Post-­‐hoc	
   Bonferroni	
   t-­‐tests	
   showed	
   that	
   dlCPu	
   in	
   particular	
   was	
   the	
   main	
  

region	
  contributing	
  to	
  significantly	
  lower	
  evoked	
  [DA]o	
  in	
  SNCA	
  OVX	
  compared	
  to	
  Snca	
  -­‐

/-­‐	
  mice	
   (p<0.05)	
   (Figure	
  5.1c,e).	
   Likewise,	
   for	
   the	
  high	
   frequency	
  burst	
  data,	
   the	
  mean	
  

peak	
  evoked	
  [DA]o	
  were	
  overall	
  significantly	
  lower	
  in	
  the	
  SNCA	
  OVX	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  

line,	
  while	
   in	
  vmCPu	
  SNCA	
  OVX	
  presented	
  with	
  better	
  evoked	
  DA	
  release	
  than	
  Snca	
  -­‐/-­‐	
  

line.	
  Two-­‐way	
  ANOVA	
  revealed	
  the	
  main	
  effect	
  of	
  genotype	
  (F(1,96)=4.80,	
  p=0.031)	
  and	
  

recording	
   site	
   (F(5,96)=2.53,	
   p=0.034),	
   but	
   no	
   interactions	
   (F(5,96)=0.96,	
   p=0.445)	
  

(Figure	
  5.2c,e).	
  Post-­‐hoc	
  Bonferroni	
  comparisons	
  showed	
  no	
  single	
  sampling	
  region	
  to	
  be	
  

the	
  main	
  driver	
  of	
  the	
  overall	
  difference	
  in	
  evoked	
  [DA]o	
  between	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  

mice	
   with	
   high	
   frequency	
   burst	
   stimulation	
   protocol	
   (p>0.05).	
   In	
   CPu	
   sampling	
   sites	
  

across	
   both	
   low	
   and	
   high	
   stimulation	
   frequencies	
   dlCPu	
   and	
   dmidCPu	
   always	
   had	
   the	
  

largest	
   percentage	
   difference	
   between	
   SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐	
   lines,	
   with	
   20-­‐34%	
  

reduction	
   in	
   SNCA	
   OVX	
   compared	
   to	
   Snca	
   -­‐/-­‐	
   littermate	
   controls	
   (Figure	
   5.1e,	
   5.2e).	
  

Thus,	
  deficits	
  in	
  evoked	
  [DA]o	
  in	
  the	
  SNCA	
  OVX	
  line	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  in	
  the	
  absence	
  

of	
  ACh	
  tone	
  at	
  nAChRs	
  were	
  present	
  at	
  low	
  and	
  high	
  stimulation	
  frequencies,	
  with	
  dlCPu	
  

in	
   particular	
   contributing	
   to	
   the	
   overall	
   decline	
   in	
   evoked	
   [DA]o	
   in	
   dorsal	
   striatum	
   of	
  

SNCA	
  OVX	
  mice.	
  

Quantification	
   of	
   the	
   electrically-­‐evoked	
   [DA]o	
   in	
   both	
   dorsal	
   (CPu)	
   and	
   ventral	
  

striatum	
   (NAc)	
   at	
   low	
   (1	
   p)	
   and	
   high	
   (4	
   p	
   100	
  Hz)	
   stimulation	
   frequencies	
   showed	
   an	
  

overall	
   16%	
   reduction	
   in	
   the	
   SNCA	
  OVX	
   compared	
   to	
   Snca	
   -­‐/-­‐	
   (Figure	
   5.1d,	
   5.2d).	
   For	
  

single	
  pulse	
  stimulation	
  the	
  mean	
  peak	
  evoked	
  [DA]o	
  was	
  significantly	
  different	
  between	
  

SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐	
   lines.	
   Two-­‐way	
   ANOVA	
   revealed	
   the	
  main	
   effect	
   of	
   genotype	
  

(F(1,140)=6.68,	
   p=0.011),	
   and	
   post-­‐hoc	
   Bonferroni	
   comparisons	
   showed	
   that	
   in	
   dorsal	
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striatum	
  in	
  particular	
  the	
  SNCA	
  OVX	
  line	
  had	
  significantly	
  lower	
  evoked	
  [DA]o	
  than	
  Snca	
  -­‐

/-­‐	
  controls	
  (p<0.05)	
  (Figure	
  5.1d).	
  For	
  high	
  frequency	
  burst	
  stimulation	
  two-­‐way	
  ANOVA	
  

revealed	
  the	
  main	
  effect	
  of	
  genotype	
  (F(1,140)=4.82,	
  p=0.030),	
  but	
  post-­‐hoc	
  Bonferroni	
  

t-­‐tests	
   were	
   not	
   significant,	
   revealing	
   that	
   the	
   mean	
   peak	
   evoked	
   [DA]o	
   was	
   overall	
  

significantly	
  lower	
  in	
  SNCA	
  OVX	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  mice,	
  but	
  not	
  for	
  any	
  given	
  region	
  

alone	
  (p>0.05)	
  (Figure	
  5.2d).	
  	
  

5.3.1.3	
   Release	
   deficits	
   are	
   present	
   regardless	
   of	
   stimulation	
   protocol,	
   but	
  

frequency	
   sensitivity	
   and	
  dynamic	
   gating	
  of	
  dopamine	
   release	
  probability	
   in	
  

the	
  absence	
  of	
  nAChR	
  tone	
  is	
  similar	
  between	
  SNCA	
  OVX	
  and	
  Snca	
  -­/-­	
  lines	
  

To	
  test	
  whether	
  DA	
  release	
  deficits	
  in	
  SNCA	
  OVX	
  line	
  were	
  stimulation	
  frequency	
  

dependent,	
  all	
  peak	
  evoked	
  [DA]o	
  were	
  normalized	
  to	
  single	
  pulse	
  mean	
  peak	
  [DA]o	
  from	
  

Snca	
   -­‐/-­‐	
   line.	
   Two-­‐way	
   ANOVA	
   on	
   these	
   data	
   revealed	
   the	
   main	
   effect	
   of	
   genotype	
  

(F(1,96)=26.11,	
  p<0.0001)	
  and	
  stimulation	
   frequency	
   (F(5,96)=19.92,	
  p<0.0001),	
  but	
  no	
  

interactions	
   (F(5,96)=0.56,	
   p=0.728)	
   in	
   the	
   dlCPu	
   (Figure	
   5.3a).	
   Thus,	
   overall	
   evoked	
  

[DA]o	
   was	
   significantly	
   lower	
   in	
   SNCA	
   OVX	
   than	
   Snca	
   -­‐/-­‐	
   mice	
   in	
   dlCPu.	
   Post-­‐hoc	
  

Bonferroni	
  comparisons	
  showed	
  that	
  in	
  particular	
  the	
  difference	
  between	
  SNCA	
  OVX	
  and	
  

Snca	
  -­‐/-­‐	
  was	
  significant	
  at	
  100	
  Hz	
  stimulation	
  (p<0.01).	
  For	
  the	
  NAc	
  core	
  data,	
  two-­‐way	
  

ANOVA	
   revealed	
   the	
  main	
   effect	
   of	
   genotype	
   (F(1,96)=5.38,	
   p=0.023)	
   and	
   stimulation	
  

frequency	
   (F(5,96)=7.24,	
  p<0.0001),	
  but	
  no	
   interactions	
   (F(5,96)=0.23,	
  p=0.951)	
   (Figure	
  

5.3b),	
  suggesting	
  overall	
   lower	
  evoked	
  [DA]o	
   in	
  SNCA	
  OVX	
   than	
  Snca	
  -­‐/-­‐	
  mice.	
  Post-­‐hoc	
  

Bonferroni	
   t-­‐tests,	
   however,	
   showed	
   no	
   significant	
   difference	
   for	
   individual	
   frequency	
  

groups	
  (p>0.05).	
  Therefore,	
  evoked	
  DA	
  release	
  deficits	
   in	
  the	
  SNCA	
  OVX	
   line	
  compared	
  

to	
  Snca	
  -­‐/-­‐	
  mice	
  were	
  present	
  irrespective	
  of	
  stimulation	
  protocol	
  in	
  the	
  absence	
  of	
  ACh	
  

tone	
  at	
  nAChRs.	
  Further,	
  two-­‐way	
  ANOVA	
  on	
  a	
  larger	
  number	
  of	
  data	
  points	
  was	
  able	
  to	
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detect	
  the	
  overall	
  statistically	
  significant	
  reduction	
   in	
  evoked	
  [DA]o	
   in	
  the	
  NAc	
  of	
  SNCA	
  

OVX	
  mice	
  (6	
  frequencies,	
  9	
  data	
  points	
  in	
  each	
  group).	
  

The	
   frequency	
  sensitivity	
  of	
  electrically	
  evoked	
   [DA]o	
   reflects	
  dynamic	
  gating	
  of	
  

DA	
   by	
   mechanisms	
   that	
   govern	
   DA	
   release	
   probability	
   (Pr),	
   including	
   cholinergic	
  

mechanisms,	
   and	
   other	
   factors	
   that	
   will	
   include	
   summation	
   of	
   individual	
   DA	
   release	
  

events,	
   clearance	
   of	
  DA	
   by	
   uptake	
   and	
  D2	
   receptor-­‐dependent	
   release	
   autoinhibition.	
  

Typically,	
   low	
  Pr	
   corresponds	
   to	
   high	
   frequency	
   sensitivity,	
  while	
   high	
   Pr	
   translates	
   to	
  

low	
   frequency	
   sensitivity	
   of	
   transmitter	
   release	
   events.	
   For	
   dopaminergic	
   system,	
  

therefore,	
   frequency	
   can	
   be	
   used	
   as	
   a	
   read-­‐out	
   of	
   Pr.	
   I	
   examined	
  whether	
   underlying	
  

changes	
  to	
  DA	
  Pr	
  in	
  the	
  absence	
  of	
  ACh	
  influence	
  contributed	
  to	
  DA	
  release	
  deficits	
  by	
  

comparing	
   the	
   ratio	
  of	
   [DA]o	
  evoked	
   following	
  4	
  p	
  100	
  Hz	
  stimulation	
   to	
   [DA]o	
  evoked	
  

following	
  1	
  p	
  stimulation	
  (4p:1p	
  ratio).	
  The	
  4p:1p	
  ratios	
  were	
  similar	
  between	
  genotypes	
  

for	
  both	
  CPu	
  2.87±0.14	
  vs.	
  2.76±0.18	
  for	
  SNCA	
  OVX	
  vs.	
  Snca	
  -­‐/-­‐,	
  and	
  NAc	
  2.88±0.35	
  vs.	
  

2.78±0.33	
   for	
   SNCA	
   OVX	
   vs.	
   Snca	
   -­‐/-­‐,	
   as	
   revealed	
   by	
   two-­‐way	
   ANOVA	
   showing	
   no	
  

significant	
   main	
   effect	
   of	
   either	
   recording	
   site	
   (F(1,68)=0.002,	
   p=0.9641)	
   or	
   genotype	
  

(F(1,68)=0.15,	
   p=0.7047)	
   (Figure	
   5.3c).	
   These	
   data	
   suggest	
   that	
   DA	
   release	
   probability	
  

was	
  unaltered	
  in	
  the	
  SNCA	
  OVX	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  mice	
  in	
  the	
  absence	
  of	
  cholinergic	
  

transmission.	
  	
  

Finally,	
  I	
  examined	
  whether	
  frequency	
  sensitivity	
  of	
  electrically	
  evoked	
  [DA]o	
  was	
  

altered	
   in	
   the	
   SNCA	
   OVX	
   line	
   compared	
   to	
   Snca	
   -­‐/-­‐	
   across	
   full	
   range	
   of	
   stimulation	
  

frequencies.	
   Data	
  were	
   normalized	
   to	
   the	
  mean	
   peak	
   [DA]o	
   values	
   evoked	
  with	
   single	
  

pulse	
  stimulation	
  within	
  each	
  genotype.	
  Showing	
  frequency	
  sensitivity	
  in	
  the	
  presence	
  of	
  

nAChR	
  blockade,	
  the	
  mean	
  peak	
  evoked	
  [DA]o	
  was	
  nonetheless	
  not	
  significantly	
  different	
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between	
   genotypes	
   within	
   a	
   given	
   frequency	
   group	
   both	
   in	
   the	
   dlCPu	
   and	
   NAc	
   core.	
  

Two-­‐way	
   ANOVA	
   analyses	
   revealed	
   the	
   main	
   effect	
   of	
   stimulation	
   frequency	
  

(F(5,96)=19.20,	
  p<0.0001),	
  but	
  not	
  genotype	
  (F(1,96)=0.02	
  p=0.877)	
  in	
  the	
  dlCPu	
  (Figure	
  

5.3d).	
  Similarly,	
  for	
  the	
  NAc	
  core	
  two-­‐way	
  ANOVA	
  showed	
  the	
  main	
  effect	
  of	
  stimulation	
  

frequency	
   (F(5,96)=6.91,	
   p<0.0001),	
   but	
   not	
   genotype	
   (F(1,96)=1.58,	
   p=0.212)	
   (Figure	
  

5.3e).	
  Together	
  these	
  data	
  show	
  that	
  frequency	
  sensitivity	
  of	
  electrically	
  evoked	
  [DA]o	
  in	
  

the	
  absence	
  of	
  nAChR	
  influence	
  is	
  not	
  altered	
  in	
  the	
  SNCA	
  OVX	
  mice	
  compared	
  to	
  Snca	
  -­‐

/-­‐	
  controls	
   in	
  both	
  dlCPu	
  and	
  NAc	
  core	
  sampling	
  sites,	
   further	
  suggesting	
  no	
  change	
   in	
  

DA	
  Pr	
  in	
  young	
  adult	
  mice	
  following	
  	
  α-­‐synuclein	
  overexpression.	
  

5.3.2	
  mAChR	
  function	
  in	
  aged	
  SNCA	
  OVX	
  mice	
  

5.3.2.1	
  SNCA	
  OVX	
  mice	
  present	
  with	
  exaggerated	
  decline	
  in	
  evoked	
  [DA]o	
  over	
  

time	
  

	
   Research	
   indicates	
  that	
  a	
  decrease	
   in	
  mAChR	
  activity	
  could	
  follow	
  DA	
  depletion	
  

(Ding	
   et	
   al.,	
   2006;	
   Gonzalez-­‐Reyes	
   et	
   al.,	
   2012).	
   To	
   address	
   this,	
  mAChR	
   function	
  was	
  

assessed	
  in	
  aged	
  18-­‐26	
  months	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice	
  with	
  sequential	
  application	
  

of	
  increasing	
  mAChR	
  agonist	
  concentrations	
  (Oxo-­‐M,	
  max	
  10	
  µM).	
  In	
  these	
  experiments	
  

achieving	
   steady	
   evoked	
   [DA]o	
   sustainable	
   over	
   time	
   proved	
   difficult.	
   Site	
   decline	
  

characterized	
  by	
  progressive	
  decline	
  in	
  evoked	
  [DA]o	
  with	
  time	
  was	
  problematic	
  for	
  data	
  

acquisition	
   prior	
   to	
   the	
   first	
   drug	
   dose	
   application,	
   particularly	
   in	
   the	
   SNCA	
  OVX	
   line.	
  

Because	
  the	
  plateau	
  in	
  evoked	
  [DA]o	
  were	
  reached	
  at	
  different	
  time	
  points	
   in	
  different	
  

experiments,	
   the	
   protocol	
   was	
   set	
   over	
   time	
   rather	
   than	
   anchored	
   to	
   recordings	
  

acquired	
   after	
   steady	
   state	
   in	
   evoked	
   [DA]o	
   was	
   reached.	
   This	
   step	
   was	
   taken	
   to	
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minimize	
   compromising	
   of	
   the	
   data	
   quality,	
   as	
   Oxo-­‐M	
   application	
   leads	
   to	
   further	
  

decrease	
  in	
  evoked	
  [DA]o	
  and	
  thus	
  could	
  bring	
  DA	
  signal	
  below	
  CFM	
  detection	
  threshold.	
  

	
   First,	
  to	
  examine	
  predrug	
  site	
  decline	
  dynamics,	
  all	
  transient	
  peaks	
  within	
  a	
  given	
  

experiment	
   were	
   normalized	
   to	
   the	
   peak	
   value	
   of	
   the	
   first	
   evoked	
   DA	
   transient	
   and	
  

averaged	
  across	
  experiments.	
  Single-­‐phase	
  exponential	
  decay	
  curve	
  fitting	
  for	
  the	
  single	
  

pulse	
  data	
  averaged	
  across	
  the	
  60	
  nM	
  and	
  100	
  nM	
  data	
  sets	
  revealed	
  significantly	
  faster	
  

decline	
   in	
   evoked	
   [DA]o	
   in	
   the	
   SNCA	
   OVX	
   compared	
   to	
   Snca	
   -­‐/-­‐	
   line	
   (F(3,8)=150.7,	
  

p<0.0001;	
   Figure	
   5.4a).	
   Further,	
   two-­‐way	
   ANOVA	
   on	
   the	
   single	
   pulse	
   predrug	
   data	
  

revealed	
  the	
  main	
  effect	
  of	
  time	
  (F(5.198)=	
  426.4,	
  p<0.0001),	
  genotype	
  (F(1,198)=	
  518.5,	
  

p<0.0001)	
  and	
  a	
  highly	
  significant	
  interaction	
  (F(5,198)=	
  58.22,	
  p<0.0001)	
  (Figure	
  5.4a).	
  

Thus,	
  the	
  timecourse	
  evoked	
  [DA]o	
  decline	
  was	
  significantly	
  affected	
  by	
  genotype.	
  Post-­‐

hoc	
   Bonferroni	
   comparisons	
   showed	
   that	
   starting	
   at	
   5	
  min,	
   i.e.	
   following	
   3rd	
   stimulus	
  

delivery,	
  SNCA	
  OVX	
  had	
  significantly	
  lower	
  peak	
  evoked	
  [DA]o	
  than	
  Snca	
  -­‐/-­‐	
  mice	
  for	
  the	
  

data	
  normalised	
  to	
  the	
  first	
  evoked	
  DA	
  transient	
  (p<0.0001).	
  A	
  more	
  pronounced	
  decline	
  

in	
  evoked	
  [DA]o	
  over	
  time	
  in	
  the	
  SNCA	
  OVX	
   line	
  suggests	
  that	
  presynaptic	
  vesicle	
  pools	
  

could	
  be	
  handled	
  differently	
  in	
  this	
  model,	
  a	
  possibility	
  further	
  explored	
  in	
  section	
  5.3.4.	
  

	
   Secondly,	
  the	
  60	
  nM	
  and	
  100	
  nM	
  data	
  sets	
  were	
  analysed	
  separately.	
  Decline	
  in	
  

predrug	
  evoked	
  [DA]o	
  assessed	
  by	
  single-­‐phase	
  exponential	
  decay	
  curve	
  fitting	
  was	
  again	
  

more	
  pronounced	
  in	
  the	
  SNCA	
  OVX	
  line	
  than	
  Snca	
  -­‐/-­‐	
  for	
  both	
  the	
  60	
  nM	
  	
  (F(3,71)=30.92,	
  

p<0.0001;	
  Figure	
  5.4b)	
  and	
  100	
  nM	
  (F(3,162)=7.76,	
  p<0.0001;	
  Figure	
  5.4c)	
  data	
  sets.	
  Site	
  

decline	
  significantly	
  compromises	
  data	
  interpretation,	
  as	
  drug	
  effects	
  cannot	
  be	
  isolated	
  

from	
   [DA]o	
   decline	
   caused	
   by	
   other	
   factors	
   (e.g.	
   old	
   age,	
  α-­‐synuclein	
   overexpression).	
  

However,	
  when	
   the	
   decline	
   rate	
   from	
   the	
   single	
   pulse	
   predrug	
   data	
   curve	
   fitting	
  was	
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extrapolated	
   to	
   the	
   whole	
   experiment	
   duration,	
   the	
   data	
   averaged	
   across	
   multiple	
  

experiments	
  showed	
  that	
  the	
  plateau	
  value	
  for	
  evoked	
  [DA]o	
  in	
  control	
  condition	
  could	
  

be	
   approximated	
   retrospectively	
   (Figure	
   5.4b,c).	
   I	
   then	
   used	
   this	
   plateau	
   values	
   from	
  

curve	
   fitting	
   to	
   normalize	
   the	
   drug	
   data	
   to,	
   and	
   thus	
   correct	
   for	
   site	
   decline.	
   This	
  

transformation	
  showed	
  that	
  for	
  both	
  60	
  nM	
  (Figure	
  5.4d)	
  and	
  100	
  nM	
  (Figure	
  5.4e)	
  data	
  

sets	
  the	
  peak	
  evoked	
  [DA]o	
  in	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice	
  were	
  overlapping,	
  suggesting	
  

no	
  change	
  in	
  mAChR	
  function	
  in	
  aged	
  SNCA	
  OVX	
  animals.	
  However,	
  I	
  further	
  confirmed	
  

that	
  similar	
  dose	
  responses	
  to	
  mAChR	
  agonist	
  application	
  were	
  true	
  using	
  4p:1p	
  ratio.	
  

5.3.2.2	
   mAChRs	
   function	
   is	
   not	
   compromised	
   in	
   the	
   aged	
   SNCA	
   OVX	
   line	
  

compared	
  to	
  Snca	
  -­/-­	
  controls	
  

To	
   assess	
   mAChR	
   function	
   more	
   accurately,	
   I	
   used	
   the	
   4p:1p	
   ratio	
   data	
   to	
  

construct	
   Oxo-­‐M	
   dose	
   response	
   curves	
   for	
   aged	
   SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐	
   mice.	
   This	
  

method	
  works	
  with	
   the	
   current	
   data	
   because	
   although	
   site	
   decline	
   decreases	
   evoked	
  

[DA]o	
  over	
   time,	
   the	
  relationship	
  between	
  [DA]o	
  evoked	
  by	
   	
   single	
  pulse	
   (1	
  p)	
  and	
  high	
  

frequency	
  burst	
  (4	
  p	
  100	
  Hz)	
  remains	
  unchanged,	
  as	
  both	
  are	
  equally	
  affected	
  by	
  evoked	
  

[DA]o	
   rundown.	
   Specifically,	
   progressive	
   decline	
   in	
   evoked	
   [DA]o	
   does	
   not	
   lead	
   to	
  

decrease	
   in	
   4p:1p	
   ratio	
   over	
   time,	
   and	
   these	
   ratios	
   for	
   predrug	
   data	
   were	
   not	
  

significantly	
  different	
  between	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice	
  (t=1.06	
  df=4;	
  p=0.3498,	
  two-­‐

tailed;	
  unpaired	
  t-­‐test;	
  Figure	
  5.5a).	
  

Plotting	
   the	
  4p:1p	
   ratio	
  data	
   against	
   applied	
  Oxo-­‐M	
  concentrations	
   showed	
  no	
  

significant	
  difference	
  in	
  mAChR	
  sigmoidal	
  dose-­‐response	
  curves	
  between	
  SNCA	
  OVX	
  and	
  

Snca	
   -­‐/-­‐	
  mice	
   in	
   EC50	
   (half-­‐maximal	
   effective	
   concentration)	
   and	
  Hill	
   slope	
   (rate	
   of	
   co-­‐

operative	
   binding)	
   values	
   (F(2,6)=2.25,	
   p=0.1866;	
   Figure	
   5.5b).	
   Nonetheless,	
   the	
   raw	
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4p:1p	
   ratio	
   data	
   could	
   not	
   be	
   used	
   to	
   meaningfully	
   compare	
   dose-­‐response	
   curves	
  

between	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  lines	
  for	
  the	
  reasons	
  outlined	
  below.	
  	
  

It	
  was	
  previously	
  shown	
  that	
  the	
  end	
  of	
  Oxo-­‐M	
  dose-­‐response	
  curve	
  is	
  equivalent	
  

to	
  inhibition	
  of	
  nAChRs	
  with	
  DHβE,	
  i.e.	
  once	
  a	
  maximal	
  Oxo-­‐M	
  dose	
  is	
  achieved	
  blockade	
  

of	
  nAChRs	
  with	
  DHβE	
  has	
  no	
  additional	
  effects	
  (Threlfell	
  et	
  al.,	
  2010).	
  A	
  final	
  1	
  µM	
  DHβE	
  

dose	
  was	
  therefore	
  used	
  to	
  define	
  the	
  top	
  limit	
  of	
  the	
  drug-­‐response	
  curve	
  for	
  Oxo-­‐M	
  in	
  

the	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
   lines.	
  Because	
  the	
  effects	
  of	
  10	
  µM	
  Oxo-­‐M+1	
  µM	
  DHβE	
  are	
  

different	
  in	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  lines,	
  the	
  data	
  cannot	
  be	
  compared	
  directly	
  between	
  

genotypes	
   without	
   normalization.	
   To	
   compare	
   Oxo-­‐M	
   dose	
   response	
   curves	
   between	
  

SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐	
   lines,	
   I	
   normalized	
   the	
   data	
   to	
   its	
   own	
  maximal	
   effect	
   (100%	
  

value=4p:1p	
   ratio	
   at	
   10	
  µM	
  Oxo-­‐M+1	
  µM	
  DHβE)	
   and	
   curve-­‐fitted	
   the	
  normalized	
  data	
  

(Figure	
   5.5c).	
   Sigmoidal	
   dose-­‐response	
   curve	
   fitting	
   showed	
   there	
   were	
   no	
   significant	
  

differences	
  in	
  the	
  EC50	
  and	
  Hill	
  slope	
  values	
  between	
  the	
  dose-­‐response	
  curves	
  for	
  Oxo-­‐

M	
  in	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice	
  (F(2,6)=0.44,	
  p=0.6657).	
  Therefore,	
  mAChR	
  function	
  in	
  

the	
   dlCPu	
   was	
   similar	
   between	
   SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐,	
   with	
   no	
   mAChR	
   dysfunction	
  

identifiable	
  in	
  aged	
  18-­‐26	
  months-­‐old	
  SNCA	
  OVX	
  mice.	
  	
  	
  

5.3.3	
   Inhibition	
   of	
   CaMK2	
   activity	
   did	
   not	
   differentially	
   alter	
   DAT	
  

function	
  in	
  SNCA	
  OVX	
  compared	
  to	
  Snca	
  -­/-­	
  

Another	
  explanation	
  for	
  impaired	
  DA	
  release	
  in	
  SNCA	
  OVX	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  

mice	
   is	
   alteration	
   in	
  DAT	
   function.	
  Data	
  acquired	
   in	
  our	
   lab	
  by	
  Dr	
  Sarah	
  Threlfell	
  have	
  

previously	
  identified	
  that	
  cocaine	
  is	
  able	
  to	
  enhance	
  evoked	
  [DA]o	
  to	
  a	
  greater	
  extent	
  in	
  

CPu	
  of	
  SNCA	
  OVX	
  than	
  Snca	
  -­‐/-­‐	
  line	
  (Figure	
  5.6a,b)	
  and	
  that	
  %	
  increase	
  of	
  evoked	
  [DA]o	
  

by	
  cocaine	
  is	
  significantly	
  higher	
  in	
  SNCA	
  OVX	
  mice	
  (Figure	
  5.6c).	
  These	
  data	
  suggest	
  that	
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DAT	
  function	
  may	
  be	
  greater	
  in	
  SNCA	
  OVX	
  line.	
  I	
  therefore	
  aimed	
  to	
  examine	
  effects	
  of	
  

α-­‐synuclein	
  overexpression	
  on	
  DAT	
  using	
  CaMK2	
  inhibition	
  as	
  a	
  tool.	
  	
  

Because	
   both	
  α-­‐synuclein	
   and	
   CaMK2	
   have	
   the	
   same	
   binding	
   site	
   on	
   DAT,	
   by	
  

inhibiting	
   CaMK2	
   activity	
   the	
   impact	
   of	
   high	
   α-­‐synuclein	
   levels	
   on	
   DAT	
   might	
   be	
  

unveiled.	
  Specifically,	
  CaMK2-­‐dependent	
  phosphorylation	
  of	
  DAT	
  increases	
  its	
  function,	
  

and	
   thus	
   inhibition	
  of	
  CaMK2	
  activity	
  could	
  decrease	
   the	
  effects	
  of	
   cocaine	
  on	
  evoked	
  

[DA]o	
   in	
   SNCA	
   OVX	
   revealing	
   α-­‐synuclein-­‐dependent	
   DAT	
   phosphorylation.	
   This	
  

hypothesis	
  was	
  examined	
  by	
  pre-­‐incubating	
  slices	
  from	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice	
  with	
  

CaMK2	
   inhibitor	
   KN-­‐62	
   (5	
   µM)	
   following	
   slice	
   preparation,	
   with	
   subsequent	
   bath	
  

application	
   of	
   KN-­‐62	
   (5	
   µM)	
   throughout.	
   Evoked	
   [DA]o	
   was	
   assessed	
   in	
   control	
   and	
  

following	
  DAT	
  blockade	
  with	
  cocaine	
  (5	
  µM).	
  These	
  data	
  have	
  no	
  drug-­‐free	
  comparison,	
  

therefore	
  control	
  data	
  are	
  the	
  single	
  pulse	
  evoked	
  [DA]o	
  in	
  the	
  presence	
  of	
  KN-­‐62.	
  	
  	
  

	
   Application	
  of	
   cocaine	
  potentiated	
  evoked	
   [DA]o	
   significantly	
  more	
   in	
   the	
  SNCA	
  

OVX	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  line	
  for	
  both	
  single	
  pulse	
  and	
  high	
  frequency	
  burst	
  stimulation	
  

protocols	
   (Figure	
   5.6d,e).	
   Two-­‐way	
   ANOVA	
   revealed	
   the	
   main	
   effect	
   of	
   cocaine	
  

application	
   for	
   single	
   pulse	
   (F(1,28)=19.84,	
   p=0.001;	
   Figure	
   5.6d)	
   and	
   high	
   frequency	
  

burst	
   (4	
   p	
   100	
  Hz)	
   data	
   (F(1,28)=20.92,	
   p<0.0001;	
   Figure	
   5.6e).	
   Post-­‐hoc	
   Bonferroni	
   t-­‐

tests	
  showed	
  the	
  mean	
  peak	
  evoked	
  [DA]o	
  following	
  cocaine	
  application	
  increased	
  to	
  a	
  

significantly	
   greater	
  degree	
   in	
   the	
  SNCA	
  OVX	
   line	
   compared	
   to	
  Snca	
   -­‐/-­‐	
  mice	
   (p<0.05).	
  

The	
  greater	
  potentiation	
  of	
  basal	
  evoked	
   [DA]o	
   in	
   the	
  SNCA	
  OVX	
   compared	
  to	
  Snca	
   -­‐/-­‐	
  

mice	
  by	
  cocaine	
  happened	
  across	
  all	
  stimulation	
  frequencies	
  (Figure	
  5.6f).	
  

	
   In	
   summary,	
  DAT	
   inhibition	
  with	
  cocaine	
   significantly	
   increases	
  evoked	
   [DA]o	
   in	
  

both	
  Snca	
   -­‐/-­‐	
   and	
  SNCA	
  OVX	
  mice	
   as	
   previously	
   shown	
  by	
  Dr	
   Threlfell	
   (Figure	
   5.6a,b).	
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Further,	
  DAT	
  inhibition	
  with	
  cocaine	
  significantly	
  increases	
  evoked	
  [DA]o	
  in	
  the	
  presence	
  

of	
   CaMK2	
   inhibitor	
   KN-­‐62	
   in	
   both	
   genotypes.	
   Specifically,	
   cocaine	
   significantly	
  

potentiated	
  evoked	
  [DA]o	
  in	
  Snca	
  -­‐/-­‐	
  mice,	
  as	
  revealed	
  by	
  two-­‐way	
  ANOVA	
  showing	
  main	
  

effect	
  of	
  drug	
  application	
  (F(1,84)=3787,	
  p<0.0001;	
  Figure	
  5.6g).	
  Post-­‐hoc	
  Bonferroni	
  t-­‐

tests	
   revealed	
   that	
   at	
   5	
   and	
   10	
   Hz	
   stimulations	
   in	
   particular	
   evoked	
   [DA]o	
   was	
  

significantly	
   higher	
   in	
   cocaine	
   compared	
   to	
   KN-­‐62	
   (p<0.05,	
   p<0.01).	
   In	
   SNCA	
  OVX	
   line	
  

there	
   was	
   a	
   highly	
   significant	
   effect	
   of	
   cocaine	
   on	
   evoked	
   [DA]o	
   (F(1,84)=106.9,	
  

p<0.0001;	
  two-­‐way	
  ANOVA;	
  Figures	
  5.6h),	
  and	
  post-­‐hoc	
  Bonferroni	
  t-­‐tests	
  showed	
  that	
  

across	
  all	
  stimulation	
  frequencies	
  [DA]o	
  evoked	
  during	
  DAT	
  inhibition	
  were	
  significantly	
  

higher	
   than	
   in	
   KN-­‐62	
   (p<0.01,	
   p<0.001,	
   p<0.05).	
   Finally,	
   the	
   percentage	
   increase	
   in	
  

evoked	
  [DA]o	
  during	
  DAT	
  inhibition	
  was	
  significantly	
  greater	
  in	
  the	
  SNCA	
  OVX	
  compared	
  

to	
  Snca	
   -­‐/-­‐	
   line	
  even	
   in	
   the	
  presence	
  of	
  CaMK2	
   inhibitor	
  KN-­‐62	
   (Figure	
  5.6i).	
   Two-­‐way	
  

ANOVA	
   revealed	
   highly	
   significant	
   main	
   effects	
   of	
   genotype	
   (F(1,84)=1.709e+006,	
  

p<0.0001)	
  and	
  stimulation	
  frequency	
  (F(5,84)=233379,	
  p<0.0001),	
  and	
  highly	
  significant	
  

interaction	
   (F(5.84)=2833,	
   p<0.0001).	
   Post-­‐hoc	
   Bonferroni	
   t-­‐tests	
   showed	
   that	
   for	
   all	
  

stimulation	
   protocols	
   percentage	
   increase	
   in	
   evoked	
   [DA]o	
   was	
   significantly	
   higher	
   in	
  

SNCA	
  OVX	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  mice	
  (p<0.0001).	
  	
  

	
   Therefore,	
  CaMK2	
   inhibition	
  did	
  not	
  preclude	
  differential	
  DAT	
   inhibition	
  effects	
  

between	
   SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐	
   mice	
   by	
   equalizing	
   the	
   evoked	
   DA	
   levels	
   following	
  

cocaine	
  application.	
  Consequently,	
  these	
  data	
  suggest	
  that	
  increased	
  effects	
  of	
  cocaine	
  

in	
   SNCA	
   OVX	
   are	
   not	
   due	
   α-­‐synuclein-­‐induced	
   DAT	
   phosphorylation	
   increasing	
   DAT	
  

function,	
  which	
  could	
  be	
  manipulated	
  by	
  CaMK2	
  inhibition	
  with	
  KN-­‐62.	
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5.3.4	
   Sustained	
   DA	
   release	
   properties	
   are	
   different	
   in	
   SNCA	
   OVX	
  

compared	
  to	
  Snca	
  -­/-­	
  mice	
   	
  

5.3.4.1	
  Different	
  release	
  profiles	
  in	
  striatal	
  sub-­regions	
  revealed	
  by	
  long	
  train	
  

stimuli	
   	
  

Regional	
   differences	
   in	
   sustained	
   [DA]o	
  profiles	
   in	
  both	
  SNCA	
  OVX	
   and	
  Snca	
   -­‐/-­‐	
  

mice	
   are	
   evident	
   from	
   plots	
   of	
   the	
   mean	
   [DA]o	
   versus	
   time	
   evoked	
   with	
   electrical	
  

stimulation	
   lasting	
   1	
   s	
   (Figure	
   5.7a,b,c).	
   Contribution	
   from	
  D2	
   receptors	
  was	
   removed	
  

with	
   antagonist	
   L-­‐741,626	
   (1	
  µM)	
  bath-­‐applied	
   throughout	
   all	
   recordings,	
   yet	
   regional	
  

differences	
   in	
   evoked	
   [DA]o	
   profiles	
  were	
   still	
   present.	
   Such	
   regional	
   variability	
   in	
   the	
  

shapes	
   of	
   evoked	
   [DA]o	
   transients	
   in	
   the	
   absence	
   of	
   D2	
   signalling	
   usually	
   stems	
   from	
  

differences	
  in	
  release	
  probability	
  and	
  DAT	
  expression	
  gradient	
  between	
  different	
  striatal	
  

regions	
   (Cragg	
   and	
   Rice,	
   2004).	
   The	
   DAT	
   activity	
   is	
   the	
   highest	
   in	
   the	
   dlCPu,	
   and	
  

therefore	
   	
  [DA]o	
   	
  signal	
   is	
  already	
  being	
  terminated	
  during	
  the	
  delivery	
  of	
  the	
  electrical	
  

pulse	
   train,	
   resulting	
   in	
   a	
   ‘peaked’	
   transient	
   shape	
   (Figure	
   5.7a).	
   This	
   example	
  

dramatically	
   demonstrates	
   the	
   power	
   of	
   DAT	
   in	
   regulating	
   the	
   timecourse	
   of	
   [DA]o	
  

availability.	
   In	
   contrast,	
   in	
   the	
  cCPu	
   (Figure	
  5.7b)	
  and	
  vmCPu	
   (Figure	
  5.7c),	
  where	
  DAT	
  

activity	
   is	
   lower,	
   evoked	
   [DA]o	
   continues	
   to	
   increase	
   throughout	
   the	
   duration	
   of	
  

electrical	
  stimulation	
  delivery,	
  and	
  then	
  the	
  DA	
  signal	
  is	
  terminated	
  by	
  uptake.	
  	
  

5.3.4.2	
  SNCA	
  OVX	
  may	
  have	
  better	
  sustained	
  [DA]o	
  in	
  dlCPu	
  	
  

I	
   explored	
   whether,	
   within	
   a	
   given	
   striatal	
   region,	
   [DA]o	
   evoked	
   by	
   a	
   1	
   s-­‐long	
  

pulse	
   train	
   varied	
   over	
   time	
   as	
   a	
   function	
   of	
   genotype	
   to	
   determine	
   if	
   sustained	
   DA	
  

release	
  was	
  different	
  between	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice.	
  Transients	
  were	
  normalized	
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to	
  their	
  mean	
  peak	
  control	
  1p	
  values,	
  and	
  then	
  values	
  of	
  [DA]o	
  from	
  between	
  0.25	
  and	
  

1.25	
  s	
  after	
  start	
  of	
  the	
  stimulation	
  were	
  used	
  for	
  statistical	
  comparisons.	
  

In	
   the	
   dlCPu	
   of	
   SNCA	
   OVX	
   mice	
   compared	
   to	
   Snca	
   -­‐/-­‐,	
   [DA]o	
   were	
   sustained	
  

slightly	
  but	
  significantly	
  better	
  (Figure	
  5.7a).	
  Two-­‐way	
  ANOVA	
  revealed	
  the	
  main	
  effect	
  

of	
   genotype	
   (F(1,135)=	
  57.00,	
  p<0.0001)	
   and	
   time	
   (F(8,135)=	
  489.7,	
   p<0.0001),	
   but	
  no	
  

interactions	
  (F(8,135)=	
  0.52,	
  p=0.839).	
  Post-­‐hoc	
  Bonferroni	
  comparisons	
  showed	
  that	
  at	
  

0.875	
   s,	
   1.000	
   s	
   and	
   1.125	
   s	
   after	
   the	
   stimulation	
   start,	
   mean	
   evoked	
   [DA]o	
   was	
  

significantly	
  higher	
  in	
  SNCA	
  OVX	
  mice	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  littermates	
  (p<0.05,	
  p<0.01,	
  

p<0.05).	
  	
  

	
   In	
   the	
   cCPu,	
   sustained	
   [DA]o	
  was	
  not	
   significantly	
  different	
  between	
  SNCA	
  OVX	
  

and	
  Snca	
   -­‐/-­‐	
  mice,	
  as	
   two-­‐way	
  ANOVA	
  revealed	
  no	
  main	
  effect	
  of	
  genotype	
   (F(1,135)=	
  

2.85,	
  p=0.094;	
  Figure	
  5.7b).	
  In	
  the	
  vmCPu,	
  the	
  trend	
  in	
  better	
  sustained	
  [DA]o	
  reversed	
  

as	
   Snca	
   -­‐/-­‐	
   mice	
   presented	
   with	
   higher	
   mean	
   evoked	
   [DA]o	
   (Figure	
   5.7c).	
   Two-­‐way	
  

ANOVA	
   revealed	
   the	
   main	
   effect	
   of	
   genotype	
   (F(1,135)=	
   37.94,	
   p<0.0001)	
   and	
   time	
  

(F(8,135)=	
  66.24,	
  p<0.0001),	
  and	
  no	
  interactions	
  (F(8,135)=	
  0.10,	
  p=0.999),	
  but	
  post-­‐hoc	
  

Bonferroni	
  t-­‐tests	
  were	
  not	
  significant.	
  	
  

	
   Higher	
  variability	
  in	
  evoked	
  [DA]o	
  in	
  cCPu	
  and	
  vmCPu,	
  as	
  evidenced	
  by	
  larger	
  SEM	
  

error	
   bars	
   in	
   Figures	
   5.7b	
   and	
   5.7c,	
   complicates	
   drawing	
   conclusions	
   about	
   the	
  

differences	
   in	
   underlying	
   DA	
   release	
   between	
   SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐	
   mice	
   in	
   these	
  

regions.	
  Because	
  FCV	
  recordings	
  capture	
  [DA]o	
  evoked	
  from	
  a	
  population	
  of	
  DA	
  release	
  

sites,	
   lower	
  variability	
   in	
  dlCPu	
   indicates	
  more	
  homogenous	
  populations,	
  which	
  can	
  be	
  

more	
  meaningfully	
  compared	
  across	
  genotypes	
  and	
  different	
  recording	
  days.	
  In	
  contrast,	
  

high	
  variability	
   in	
  evoked	
  [DA]o	
   in	
  cCPu	
  and	
  vmCPu	
  recordings	
  requires	
  caution	
   in	
  data	
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interpretation.	
  The	
  ‘apparent’	
  changes	
  in	
  sustained	
  [DA]o	
  between	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐

/-­‐	
  mice	
  could	
  disappear	
  if	
  a	
   large	
  enough	
  population	
  of	
  recording	
  sites	
   is	
  sampled,	
  and	
  

variability	
   in	
   evoked	
   [DA]o	
   regresses	
   towards	
   the	
   mean.	
   Therefore,	
   I	
   focused	
   on	
   the	
  

comparison	
  of	
  [DA]o	
  profiles	
  from	
  the	
  dlCPu	
  sampling	
  sites,	
  although	
  in	
  the	
  subsequent	
  

experiments	
  recordings	
  were	
  also	
  performed	
  in	
  cCPu	
  and	
  vmCPu.	
  

5.3.4.3	
  The	
  timecourse	
  of	
  vesicle	
  recruitment	
  may	
  be	
  altered	
  in	
  SNCA	
  OVX	
  

It	
   appears	
   that	
   SNCA	
   OVX	
   mice	
   could	
   be	
   better	
   able	
   to	
   sustain	
   [DA]o	
   in	
   some	
  

striatal	
  regions,	
  such	
  as	
  dlCPu,	
  during	
  prolonged	
  pulse	
  train	
  stimuli	
  than	
  Snca	
  -­‐/-­‐	
  controls	
  

(Figure	
   5.7a).	
   The	
   better	
   sustained	
   [DA]o	
   in	
   the	
   dlCPu	
   of	
   SNCA	
   OVX	
   mice	
   could	
  

potentially	
   be	
   explained	
   by	
   denser	
   vesicle	
   clustering	
   in	
   the	
   SNCA	
   OVX	
   line	
   in	
   dorsal	
  

striatum	
  (Janezic	
  et	
  al.,	
  2013).	
  A	
  significant	
  increase	
  in	
  vesicle	
  clustering	
  could	
  provide	
  a	
  

structural	
   basis	
   for	
   more	
   efficient	
   recruitment	
   of	
   vesicles	
   to	
   the	
   active	
   zone	
   during	
  

release	
   events	
   evoked	
   by	
   prolonged	
   depolarization,	
   such	
   as	
   20	
   pulses	
   at	
   20	
   Hz	
  

stimulation	
  protocol	
  lasting	
  1	
  s.	
  These	
  data	
  suggest	
  that	
  one	
  of	
  the	
  possible	
  mechanisms	
  

for	
   impaired	
   DA	
   release	
   in	
   dorsal	
   striatum	
   of	
   SNCA	
   OVX	
   mice	
   compared	
   to	
   Snca	
   -­‐/-­‐	
  

littermates	
   could	
   be	
   the	
   difference	
   in	
   the	
   timecourse	
   of	
   vesicle	
   recruitment,	
   with	
  

vesicles	
   taking	
   longer	
   to	
   be	
   mobilized	
   to	
   the	
   active	
   zone	
   in	
   the	
   SNCA	
   OVX	
   animals.	
  

However,	
   once	
   recruited,	
   and	
   with	
   the	
   added	
   contribution	
   from	
   denser	
   vesicle	
  

clustering,	
  SNCA	
  OVX	
  could	
  be	
  better	
  able	
  to	
  sustain	
  [DA]o	
  during	
  prolonged	
  stimulation	
  

in	
  dlCPu.	
  

5.3.4.4	
  Uptake	
  reduction	
  does	
  not	
  explain	
  better	
  sustained	
  [DA]o	
  in	
  SNCA	
  OVX	
  

	
   [DA]o	
   evoked	
   with	
   prolonged	
   stimulation	
   depends	
   on	
   two	
   factors:	
   vesicle	
  

recruitment/release	
  and	
  uptake	
  of	
  released	
  neurotransmitter	
  with	
  DAT.	
  Thus,	
  one	
  of	
  the	
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possible	
  explanations	
  for	
  better	
  sustained	
  [DA]o	
  in	
  the	
  dlCPu	
  of	
  SNCA	
  OVX	
  line	
  is	
  reduced	
  

uptake	
  of	
  [DA]o	
  by	
  DAT,	
  rather	
  than	
  a	
  change	
  in	
  the	
  rate	
  of	
  vesicle	
  release.	
  To	
  investigate	
  

this,	
  I	
  compared	
  DA	
  decay	
  rates	
  of	
  concentration-­‐matched	
  transients	
  evoked	
  with	
  single	
  

pulse	
   stimulation	
   in	
   dlCPu,	
   cCPu	
   and	
   vmCPu	
   of	
   SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐	
   mice	
   (Figure	
  

5.7d,e,f).	
  Single-­‐phase	
  exponential-­‐decay	
  curve	
  fitting	
  of	
  the	
  falling	
  phases	
  of	
  electrically	
  

evoked	
  DA	
  transients	
  between	
  0.125	
  s	
  and	
  2.125	
  s	
  from	
  the	
  stimulus	
  start	
  showed	
  that	
  

[DA]o	
  uptake	
  by	
  DAT	
  was	
  happening	
   significantly	
   faster	
   in	
   the	
  SNCA	
  OVX	
   compared	
   to	
  

Snca	
   -­‐/-­‐	
   mice	
   in	
   dlCPu	
   and	
   vmCPu,	
   while	
   in	
   cCPu	
   Snca	
   -­‐/-­‐	
   controls	
   had	
   faster	
   [DA]o	
  

uptake	
  rate.	
  The	
  K	
  (rate	
  constant)	
  values	
  between	
  the	
  curves	
  were	
  significantly	
  different	
  

in	
  dlCPu	
  (K=4.48	
  s-­‐1	
  vs.	
  K=3.31	
  s-­‐1	
   for	
  SNCA	
  OVX	
  vs.	
  Snca	
   -­‐/-­‐)	
   (F(2,186)=9.84,	
  p<0.0001;	
  

Figure	
  5.7d),	
  cCPu	
  (K=3.32	
  s-­‐1	
   	
  vs.	
  K=3.53	
  s-­‐1	
   	
  for	
  SNCA	
  OVX	
  vs.	
  Snca	
  -­‐/-­‐)	
  (F(2,186)=5.33,	
  

p=0.006;	
  Figure	
  5.7e)	
  and	
  vmCPu	
  (K=4.02	
  s-­‐1	
   	
  vs.	
  K=3.12	
  s-­‐1	
   	
   for	
  SNCA	
  OVX	
  vs.	
  Snca	
  -­‐/-­‐)	
  

(F(2,186)=3.69,	
   p=0.027;	
   Figure	
   5.7f).	
   Thus,	
   SNCA	
  OVX	
  mice	
   presented	
  with	
   enhanced	
  

and	
  not	
  reduced	
  DAT	
  function	
  in	
  dlCPu,	
  which	
  does	
  not	
  explain	
  higher	
  sustained	
  [DA]o	
  in	
  

dlCPu	
  of	
  the	
  SNCA	
  OVX	
  line,	
  but	
  may	
  explain	
  increased	
  effects	
  of	
  cocaine	
  in	
  SNCA	
  OVX.	
  

	
   During	
  stimulation	
  lasting	
  1	
  s	
  cholinergic	
  autofeedback	
  could	
  also	
  be	
  involved	
  in	
  

regulation	
  of	
  DA	
  release.	
  To	
  test	
  this,	
  pilot	
  control	
  experiments	
  were	
  performed	
  in	
  wild-­‐

type	
  C57Bl6/J	
  mouse	
  (N=1,	
   total	
  sampling	
  sites=2)	
  with	
  mAChR	
  antagonist	
   (atropine,	
  1	
  

µM).	
  Two-­‐way	
  ANOVA	
  on	
  the	
  mean	
  evoked	
  [DA]o	
  between	
  0.25	
  s	
  and	
  1.25	
  s	
  after	
   the	
  

stimulus	
   start	
   revealed	
   no	
   main	
   effect	
   of	
   drug	
   application	
   in	
   dlCPu	
   (F(1,54)=2.45,	
  

p=0.124;	
  Figure	
  5.7g)	
  and	
  vmCPu	
  (F(1,54)=3.23,	
  p=0.078;	
  Figure	
  5.7i).	
  However,	
  in	
  cCPu	
  

two-­‐way	
  ANOVA	
  showed	
   the	
  main	
  effect	
  of	
  drug	
   (F(1,54)=49.24,	
  p<0.0001),	
   and	
  post-­‐

hoc	
   Bonferroni	
   t-­‐tests	
   showed	
   that	
   at	
   0.75	
   s	
   evoked	
   [DA]o	
   was	
   significantly	
   lower	
   in	
  

atropine	
   compared	
   to	
   control	
   condition	
   (p<0.05)	
   (Figure	
   5.7h).	
   The	
   latter	
   difference,	
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however,	
   most	
   likely	
   stems	
   from	
   atropine	
   recordings	
   being	
   acquired	
   later	
   in	
   the	
  

experiment	
   when	
   evoked	
   [DA]o	
   was	
   decreasing	
   over	
   time,	
   rather	
   than	
   reflect	
   a	
   real	
  

difference	
   between	
   atropine	
   and	
   control	
   recording	
   conditions.	
   From	
   these	
   data	
   I	
  

conclude	
  that	
  muscarinic	
  regulation	
  of	
  sustained	
  [DA]o	
  evoked	
  with	
  20	
  pulses	
  at	
  20	
  Hz	
  

stimulation	
  protocol	
  is	
  likely	
  absent.	
  

5.3.4.5	
  Examination	
  of	
  sustained	
  [DA]o	
  in	
  Synapsin	
  3	
  -­/-­	
  mice	
  supports	
  altered	
  

vesicle	
  recruitment	
  hypothesis	
  of	
  impaired	
  dopamine	
  release	
  in	
  SNCA	
  OVX	
  

	
   Further	
  controls	
  examined	
  sustained	
  [DA]o	
  in	
  Synapsin	
  3	
  knockout	
  mice	
  (Synapsin	
  

3	
  -­‐/-­‐),	
  where	
  vesicle	
  pools	
  are	
  known	
  to	
  be	
  more	
  readily	
  available	
  for	
  release.	
  Synapsin	
  3	
  

negatively	
  regulates	
  DA	
  release	
  (Kile	
  et	
  al.,	
  2010),	
  with	
  Synapsin	
  3	
  	
  -­‐/-­‐	
  mice	
  showing	
  an	
  

increase	
  in	
  the	
  recycling	
  vesicle	
  pool	
  size	
  (Feng	
  et	
  al.,	
  2002).	
  Thus,	
  in	
  Synapsin	
  3	
  -­‐/-­‐	
  mice	
  

vesicles	
   are	
   released	
   more	
   readily	
   in	
   response	
   to	
   stimulation.	
   Synapsin	
   3	
   -­‐/-­‐	
   line,	
  

therefore,	
   would	
   be	
   a	
   good	
   control	
   for	
   addressing	
   how	
   changes	
   in	
   vesicle	
   availability	
  

impact	
  on	
  sustained	
  [DA]o	
  to	
  help	
  address	
  whether	
  the	
  difference	
  in	
  sustained	
  [DA]o	
  in	
  

the	
  dlCPu	
  of	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice	
  could	
  stem	
  from	
  changes	
   in	
  vesicle	
  handling	
  

following	
  α-­‐synuclein	
  overexpression.	
  

	
   Across	
  all	
  three	
  recording	
  regions	
  in	
  dlCPu,	
  cCPu	
  and	
  vmCPu,	
  Synapsin	
  3	
  -­‐/-­‐	
  mice	
  

(N=3,	
  2	
  slices	
  recorded	
  from	
  per	
  animal)	
  showed	
  faster	
  evoked	
  [DA]o	
  rundown	
  with	
  long	
  

electrical	
   stimulation	
   train	
   of	
   20	
   pulses	
   at	
   20	
   Hz	
   than	
   the	
   SNCA	
   OVX	
   line	
   (Figure	
   5.8	
  

a,b,c).	
  Two-­‐way	
  ANOVA	
  on	
  the	
  mean	
  evoked	
  [DA]o	
  between	
  0.25	
  s	
  and	
  1.25	
  s	
  from	
  the	
  

stimulation	
   start	
   revealed	
   the	
  main	
   effect	
   of	
   genotype	
   across	
   all	
   three	
   sampling	
   sites:	
  

dlCPu	
   (F(1,117)=21.72,	
   p<0.0001;	
   Figure	
   5.8a),	
   cCPu	
   (F(1,117)=82,39,	
   p<0.0001;	
   Figure	
  

5.8b)	
  and	
  vmCPu	
  (F(1,117)=5.06,	
  p=0.026;	
  Figure	
  5.8c).	
  Post-­‐hoc	
  Bonferroni	
  comparisons	
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revealed	
  that	
  in	
  cCPu	
  evoked	
  [DA]o	
  was	
  significantly	
  lower	
  in	
  Synapsin	
  3	
  -­‐/-­‐	
  line	
  between	
  

0.625	
  s	
  and	
  1.25	
  s	
   (p<0.05,	
  p<0.01,	
  p<0.001).	
  Because	
   in	
   the	
  Synapsin	
  3	
   -­‐/-­‐	
  model	
   the	
  

size	
  of	
  the	
  recycling	
  pool	
  of	
  vesicles	
  is	
  increased	
  and	
  vesicles	
  are	
  more	
  readily	
  available	
  

for	
   release,	
   sustained	
   depolarization	
   depletes	
   DA	
   release	
   quicker	
   because	
   less	
   is	
  

available	
   for	
   release	
   later	
   on	
   in	
   the	
   stimulation	
   train.	
   These	
   data	
   support	
   current	
  

hypothesis	
   that	
   the	
   timecourse	
   of	
   vesicle	
   recruitment	
   to	
   the	
   release	
   sites	
   could	
   be	
  

different	
  between	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice.	
  	
  

	
   Extra	
   exploratory	
   experiments	
   were	
   performed	
   to	
   further	
   examine	
   the	
  

interaction	
  between	
  α-­‐synuclein	
  overexpression	
  and	
  vesicle	
  handling	
  which	
  may	
  impact	
  

DA	
  releasability.	
  Synapsin	
  3	
  -­‐/-­‐	
  line	
  does	
  not	
  have	
  Snca	
  -­‐/-­‐	
  background,	
  which	
  limits	
  data	
  

interpretation	
   regarding	
   the	
   role	
  of	
  α-­‐synuclein	
  overexpression	
   in	
   regulation	
  of	
  vesicle	
  

handling.	
  A	
  more	
  meaningful	
  comparison	
  would	
  be	
  with	
  Synapsin	
  3	
  -­‐/-­‐	
   line	
  on	
  Snca	
  -­‐/-­‐	
  

background	
   to	
   ensure	
   that	
   the	
  only	
   difference	
  between	
  SNCA	
  OVX	
   and	
  Synapsin	
   3	
   -­‐/-­‐	
  

was	
  presence	
  or	
  absence	
  of	
  Synapsin	
  3,	
  and	
  not	
  mouse	
  α-­‐synuclein.	
  For	
  the	
  experiments	
  

performed	
  by	
  other	
   lab	
  members,	
  Synapsin	
  3	
   -­‐/-­‐	
  mice	
  were	
  bred	
   to	
  Snca	
   -­‐/-­‐	
  mice	
  and	
  

some	
   of	
   the	
   generated	
   double-­‐knockout	
   Synapsin	
   3	
   -­‐/-­‐	
   Snca	
   -­‐/-­‐	
   mice	
   were	
   used	
   for	
  

exploring	
   sustained	
   [DA]o	
   with	
   1	
   s-­‐long	
   pulse	
   train	
   stimuli.	
   The	
   experiments	
   with	
   20	
  

pulses	
   at	
   20	
  Hz	
   stimulation	
  protocols	
  were	
   repeated	
   in	
  double-­‐knockout	
  mice	
   (N=3,	
   2	
  

slices	
  recorded	
  from	
  per	
  animal)	
  and	
  wild-­‐type	
  C57Bl6/J	
  controls	
  (N=2,	
  2	
  slices	
  recorded	
  

from	
  per	
  animal).	
  	
  

	
   I	
   first	
   acquired	
   FCV	
   recordings	
   from	
   the	
   striatum	
  of	
  C57Bl6/J	
  wild-­‐type	
  mice	
   in	
  

order	
   to	
   examine	
   whether	
   sustained	
   [DA]o	
   evoked	
   with	
   20	
   pulses	
   at	
   20	
   Hz	
   electrical	
  

stimulation	
  were	
   different	
   between	
  wild-­‐type	
   and	
   Synapsin	
   3	
   -­‐/-­‐	
   (Figure	
   5.8d,e,f)	
   and	
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Snca	
  -­‐/-­‐	
  mice	
  (Figure	
  5.8g,h,i).	
  Two-­‐way	
  ANOVA	
  on	
  mean	
  evoked	
  [DA]o	
  between	
  0.25	
  s	
  

and	
   1.25	
   s	
   from	
   the	
   stimulation	
   start	
   revealed	
   the	
   main	
   effect	
   of	
   genotype	
   in	
   dlCPu	
  

(F(1,72)=4.35,	
   p=0.0405)	
   showing	
   significantly	
   higher	
   decline	
   in	
   sustained	
   [DA]o	
   in	
  

Synapsin	
  3	
  -­‐/-­‐	
  compared	
  to	
  WT	
  mice	
  (Figure	
  5.8d),	
  while	
  in	
  vmCPu	
  Synapsin	
  3	
  -­‐/-­‐	
  showed	
  

significantly	
  better	
  sustained	
  [DA]o	
  than	
  WT	
  (F(1,72)=7.34,	
  p=0.008;	
  Figure	
  5.8f).	
  For	
  the	
  

Snca	
  -­‐/-­‐	
  and	
  WT	
  comparison	
  two-­‐way	
  ANOVA	
  revealed	
  the	
  main	
  effect	
  of	
  genotype	
  only	
  

in	
  the	
  cCPu,	
  where	
  decline	
  in	
  sustained	
  [DA]o	
  was	
  more	
  pronounced	
  in	
  the	
  Snca	
  -­‐/-­‐	
  mice	
  

(F91,54)=7.24,	
  p=0.009;	
  Figure	
  5.8h).	
  Overall,	
  however,	
  evoked	
  DA	
  release	
  profiles	
  and	
  

sustained	
   [DA]o,	
   especially	
   in	
   dorsal	
   recording	
   sites,	
   were	
   similar	
   between	
   wild-­‐type	
  

controls	
   and	
   single	
   knockout	
   Synapsin	
   3-­‐/-­‐	
   or	
   Snca	
   -­‐/-­‐	
   lines.	
   These	
   data	
   show	
   the	
  

knockout	
  of	
  either	
  Synapsin	
  3	
  -­‐/-­‐	
  or	
  Snca	
  -­‐/-­‐	
  alone	
  does	
  not	
  dramatically	
  alter	
  sustained	
  

[DA]o.	
  	
  

	
   Next,	
   I	
  examined	
  sustained	
   [DA]o	
   in	
  Snca	
   -­‐/-­‐	
   single	
  knockout	
  and	
  Synapsin	
  3	
   -­‐/-­‐	
  

Snca	
   -­‐/-­‐	
   double-­‐knockout	
   mice,	
   to	
   explore	
   whether	
   the	
   latter	
   could	
   provide	
   a	
   better	
  

control	
   for	
   examining	
   vesicle	
   handling	
   processes	
   in	
   the	
   SNCA	
  OVX	
   line.	
   Synapsin	
   3	
   -­‐/-­‐	
  

Snca	
   -­‐/-­‐	
   mice	
   presented	
   with	
   an	
   increase	
   in	
   the	
   overall	
   evoked	
   [DA]o	
   and	
   better	
  

sustained	
  [DA]o	
  in	
  dlCPu	
  and	
  cCPu	
  (Figure	
  5.8j,k),	
  but	
  not	
  vmCPu	
  (Figure	
  5.8l).	
  Two-­‐way	
  

ANOVA	
   on	
  mean	
   evoked	
   [DA]o	
   between	
   0.25	
   s	
   and	
   1.25	
   s	
   from	
   the	
   stimulation	
   start	
  

showed	
   the	
   main	
   effect	
   of	
   genotype	
   in	
   dlCPu	
   (F(1,90)=129.6,	
   p<0.0001;	
   Figure	
   5.8j),	
  

cCPu	
  (F(1,90)=51.73,	
  p<0.0001;	
  Figure	
  5.8k)	
  and	
  vmCPu	
  (F(1,90)=7.89,	
  p=0.006;	
  Figure	
  5.	
  

8l).	
  Post-­‐hoc	
  Bonferroni	
  t-­‐tests	
  showed	
  that	
   in	
  the	
  dlCPu	
  starting	
  from	
  0.5	
  s	
  and	
  in	
  the	
  

cCPu	
   from	
  0.875	
  s	
  Synapsin	
  3	
   -­‐/-­‐	
  Snca	
   -­‐/-­‐	
  mice	
  had	
  significantly	
  better	
  sustained	
   [DA]o	
  

than	
   Snca	
   -­‐/-­‐	
   mice	
   (p<0.05,	
   p<0.01,	
   p<0.001).	
   Together	
   these	
   data	
   show	
   double	
  

knockout	
  of	
   Synapsin	
  3	
   and	
  α-­‐synuclein	
  had	
   synergistic	
   effect	
  on	
   vesicle	
  handling	
   and	
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recruitment.	
  Thus,	
   this	
  double-­‐knockout	
  mouse	
   line	
  could	
  not	
  be	
  used	
  as	
  a	
  control	
   for	
  

exploring	
   the	
   underpinnings	
   of	
   better	
   sustained	
   [DA]o	
   in	
   the	
   SNCA	
   OVX	
   mice.	
   Supra-­‐

additive	
   effects	
   suggest	
   that	
   both	
   Synapsin	
   3	
   and	
  α-­‐synuclein	
  may	
  employ	
   a	
   common	
  

mechanism	
   for	
   control	
   of	
   intersynaptic	
   vesicle	
   dispersion	
   and/or	
   vesicle	
   mobility.	
  

However,	
  addressing	
  these	
  questions	
  was	
  beyond	
  the	
  scope	
  of	
  the	
  current	
  thesis	
  work.	
  

Experiments	
   are	
   currently	
   underway	
   in	
   the	
   lab	
   to	
   examine	
   the	
   interactions	
   between	
  

Synapsin	
   3	
   and	
   α-­‐synuclein	
   in	
   regulating	
   striatal	
   DA	
   release	
   following	
   α-­‐synuclein	
  

knockout	
  and	
  overexpression.	
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5.4	
  Discussion	
  

	
   DA	
  release	
  deficits	
  in	
  dorsal	
  striatum	
  of	
  SNCA	
  OVX	
  mice	
  were	
  reported	
  previously	
  

(Janezic	
  et	
   al.,	
   2013).	
  Data	
  presented	
   in	
   this	
   chapter	
   further	
  extended	
   investigation	
  of	
  

the	
  SNCA	
  OVX	
  PD	
  model	
  by	
  showing	
  reduced	
  DA	
  release	
  directly	
  stems	
  from	
  a	
  primary	
  

dysfunction	
   of	
   the	
   dopaminergic	
   system,	
   and	
   is	
   not	
   mediated	
   via	
   a	
   cholinergic	
  

mechanism.	
  Specifically,	
   changes	
   in	
  ACh	
   tone	
  at	
  nicotinic	
   receptors	
  on	
  DA	
  axons	
  were	
  

not	
  responsible	
  for	
  impaired	
  DA	
  release	
  in	
  dorsal	
  striatum	
  of	
  young	
  adult	
  (3-­‐4	
  months-­‐

old)	
  SNCA	
  OVX	
  mice.	
  However,	
  the	
  data	
  acquired	
   in	
  the	
  presence	
  of	
  nAChR	
  antagonist	
  

also	
   showed	
   increased	
   ACh	
   tone	
   in	
   the	
   NAc	
   of	
   SNCA	
   OVX	
   line,	
   which	
   could	
   mask	
   or	
  

compensate	
  for	
  an	
  underlying	
  impairment	
  in	
  evoked	
  DA	
  in	
  ventral	
  striatum.	
  	
  

	
   Electrically-­‐evoked	
   [DA]o	
   in	
   dorsal	
   striatum	
  of	
  SNCA	
  OVX	
  mice	
  was	
   significantly	
  

lower	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  controls	
  in	
  the	
  absence	
  of	
  ACh	
  transmission,	
  consistent	
  with	
  

published	
   data	
   acquired	
   without	
   nAChR	
   antagonist	
   (Janezic	
   et	
   al.,	
   2013).	
   Further	
  

examination	
   of	
   DA	
   transients	
   from	
   individual	
   sampling	
   sites	
   revealed	
   that	
   dlCPu	
   in	
  

particular	
  was	
  the	
  main	
  contributor	
  to	
  the	
  overall	
  impaired	
  DA	
  release	
  in	
  dorsal	
  striatum	
  

of	
  SNCA	
  OVX	
   line.	
  Work	
  from	
  our	
   laboratory	
  and	
  others	
  suggests	
  that	
  during	
  electrical	
  

stimulation	
  of	
   striatal	
  DA	
   release,	
   in	
   addition	
   to	
  direct	
   depolarization	
  of	
   dopaminergic	
  

terminals,	
   cholinergic	
   system	
   could	
   also	
   be	
   driving	
   DA	
   release	
   via	
   an	
   ACh-­‐dependent	
  

mechanism	
   (Cachope	
   et	
   al.,	
   2012;	
   Threlfell	
   et	
   al.,	
   2012).	
   In	
   fact,	
   during	
   electrical	
  

stimulation	
   with	
   cholinergic	
   transmission	
   intact,	
   ChI-­‐evoked	
   DA	
   release	
   could	
   be	
   the	
  

dominant	
   component	
   of	
   the	
   recorded	
   DA	
   signal:	
   both	
   with	
   direct	
   light-­‐evoked	
  

depolarization	
  of	
  striatal	
  ChIs	
  and	
  electrical	
  stimulation	
  of	
  striatal	
  DA	
  release,	
  evoked	
  DA	
  

transients	
   are	
   frequency	
   insensitive,	
   whereas	
   light-­‐evoked	
   depolarization	
   of	
   DA	
   axon	
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terminals	
   only	
   produces	
   highly	
   frequency	
   sensitive	
  DA	
   release	
   events.	
   Cholinergic	
   axis	
  

also	
  powerfully	
  regulate	
  DA	
  release	
  probability	
  and	
  short-­‐term	
  plasticity	
  via	
  nAChRs	
  on	
  

DA	
   axons	
   (Rice	
   and	
   Cragg,	
   2004;	
   Zhang	
   and	
   Sulzer,	
   2004;	
   Exley	
   et	
   al.,	
   2008).	
   Further,	
  

decrease	
   in	
   nAChR	
   number	
   in	
   Parkinson’s	
   patients	
   and	
   animal	
   models	
   suggests	
   that	
  

cholinergic	
   transmission	
   rules,	
   including	
   nAChR	
   tone,	
   could	
   be	
   altered	
   (Rinne	
   et	
   al.,	
  

1991;	
   Durany	
   et	
   al.,	
   2000;	
   Quik	
   et	
   al.,	
   2004;	
   McCallum	
   et	
   al.,	
   2005).	
   Therefore,	
   the	
  

reported	
  DA	
   release	
  deficits	
   in	
   the	
  SNCA	
  OVX	
   line	
   could	
   stem	
  not	
   from	
  a	
  primary	
  SNc	
  

neuron	
  dysfunction	
  that	
  renders	
  them	
  less	
  able	
  to	
  release	
  DA	
  upon	
  depolarization,	
  but	
  

could	
   be	
   ‘under-­‐written’	
   or	
   exacerbated	
   by	
   the	
   ChI	
   circuit.	
   Current	
   results,	
   however,	
  

demonstrate	
  that	
  with	
  the	
  ACh	
  axis	
  disabled,	
  DA	
  transmission	
  deficits	
  are	
  still	
  present	
  in	
  

dorsal	
   striatum	
   of	
   SNCA	
   OVX	
   mice	
   compared	
   to	
   Snca	
   -­‐/-­‐	
   littermates,	
   confirming	
   that	
  

factors	
  directly	
  regulating	
  DA	
  release	
  within	
  the	
  DA	
  axon	
  terminal	
  are	
  at	
  play.	
  

	
   The	
   current	
   study	
   further	
   revealed	
   an	
   underlying	
   DA	
   release	
   deficit	
   in	
   ventral	
  

striatum	
  of	
  SNCA	
  OVX	
  line	
  in	
  the	
  absence	
  of	
  cholinergic	
  influence.	
  With	
  nAChR	
  blockade,	
  

a	
   trend	
   towards	
   significantly	
   lower	
  evoked	
   [DA]o	
   release	
  was	
  unmasked	
   in	
   the	
  NAc	
  of	
  

SNCA	
   OVX	
   mice.	
   The	
   percent	
   decrease	
   in	
   evoked	
   [DA]o	
   in	
   both	
   dorsal	
   and	
   ventral	
  

striatum	
  in	
  SNCA	
  OVX	
  mice	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  	
  was	
  similar.	
  Yet,	
  the	
  data	
  for	
  the	
  NAc	
  

were	
  underpowered	
  with	
  fewer	
  data	
  points	
  and	
   larger	
  variance.	
  Only	
  two-­‐way	
  ANOVA	
  

on	
  the	
  frequency	
  data	
  set	
  were	
  able	
  to	
  reveal	
  a	
  significant	
  decrease	
  in	
  evoked	
  [DA]o	
  in	
  

the	
  NAc	
  of	
  SNCA	
  OVX.	
  A	
  decrease	
  in	
  evoked	
  [DA]o	
  in	
  ventral	
  striatum	
  of	
  the	
  SNCA	
  OVX	
  

line	
  has	
  not	
  been	
  reported	
  previously	
  for	
  the	
  data	
  where	
  ACh	
  transmission	
  was	
   intact,	
  

suggesting	
   increased	
   ACh	
   transmission	
   in	
   the	
   NAc	
   of	
   SNCA	
   OVX	
   could	
   mask	
   or	
  

compensate	
   for	
   DA	
   release	
   impairments	
   in	
   ventral	
   striatum.	
   This	
   is	
   consistent	
   with	
  

observations	
  of	
  increased	
  ACh	
  levels	
  in	
  PD	
  (Lehmann	
  and	
  Langer,	
  1983).	
  Comparing	
  the	
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current	
   data	
   from	
  NAc	
   sampling	
   sites	
  with	
   the	
   data	
   recorded	
  while	
   ACh	
   transmission	
  

was	
   intact	
   (Janezic	
   et	
   al.,	
   2013),	
   the	
   amplitude	
   of	
   evoked	
   [DA]o	
   is	
   similar	
   to	
   the	
  

previously	
   reported	
  data	
   for	
   both	
  SNCA	
  OVX	
   and	
  Snca	
   -­‐/-­‐	
   lines.	
  However,	
   the	
   relative	
  

decrease	
  in	
  evoked	
  [DA]o	
  in	
  the	
  SNCA	
  OVX	
  line	
  in	
  the	
  absence	
  of	
  cholinergic	
  influence	
  is	
  

more	
  pronounced.	
  	
  

	
   Thus,	
   evoked	
   [DA]o	
   deficits	
   in	
   dorsal	
   striatum	
  of	
  SNCA	
  OVX	
  mice	
  were	
   present	
  

regardless	
  of	
  ACh	
  tone	
  at	
  nAChRs,	
  whereas	
  decreased	
  [DA]o	
  release	
  in	
  ventral	
  striatum	
  

was	
   only	
   revealed	
   by	
   eliminating	
   ACh	
   influence	
   at	
   nAChRs.	
   These	
   data	
   hence	
   suggest	
  

that	
   cholinergic	
   transmission	
   could	
   differentially	
   compensate	
   for	
   dysfunction	
   of	
   pre-­‐

synaptic	
  DA	
  terminals	
  via	
  nAChRs	
  between	
  dorsal	
  and	
  ventral	
  striatum,	
  possibly	
  due	
  to	
  

variable	
   receptor	
   subunit	
   composition.	
   For	
   example,	
   α4α5β2-­‐containing	
   subtypes	
   of	
  

nAChR	
   are	
   predominantly	
   found	
   and	
   govern	
  DA	
   transmission	
   in	
   the	
   CPu,	
  while	
   in	
   the	
  

NAc	
  α4α6β2β3-­‐containing	
   subtypes	
  of	
  nAChR	
   regulate	
  DA	
   transmission	
   (Drenan	
  et	
  al.,	
  

2010;	
  Exley	
  et	
  al.,	
  2011,	
  2012).	
  Additionally,	
  differential	
  innervation	
  of	
  dorsal	
  and	
  ventral	
  

striatal	
   territories	
   by	
  midbrain	
   projections,	
   originating	
   from	
   SNc	
   and	
   VTA	
   respectively	
  

(Nelson	
   et	
   al.,	
   1996;	
   Haber	
   et	
   al.,	
   2000;	
   McFarland	
   and	
   Haber,	
   2000),	
   could	
   also	
  

contribute	
  to	
  this	
  distinction	
  in	
  external	
  regulation	
  of	
  DA	
  release	
  deficits	
  by	
  ACh.	
  Current	
  

data	
  also	
  showed	
  that	
  impaired	
  [DA]o	
  release	
  in	
  dorsal	
  and	
  ventral	
  striatum	
  of	
  SNCA	
  OVX	
  

mice	
   compared	
   to	
  Snca	
   -­‐/-­‐	
   littermate	
   controls	
   is	
   due	
   to	
  deficits	
   in	
   general	
   transmitter	
  

releasability,	
   rather	
   than	
   changes	
   in	
   release	
   probability	
   or	
   frequency	
   sensitivity	
   of	
  

electrically	
  evoked	
  [DA]o	
  following	
  α-­‐synuclein	
  overexpression.	
  

	
   In	
   aged	
   18-­‐26	
   months-­‐old	
   SNCA	
   OVX	
   mice,	
   the	
   time	
   point	
   when	
   SNc	
   neuron	
  

degeneration	
   is	
   present	
   in	
   the	
   transgenic	
  model	
   (Janezic	
   et	
   al.,	
   2013),	
   there	
  were	
   no	
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identifiable	
  changes	
  in	
  mAChR	
  function,	
  assessed	
  by	
  sequential	
  application	
  of	
  increasing	
  

concentrations	
   of	
  mAChR	
   agonist	
  Oxo-­‐M.	
   Because	
   dose-­‐response	
   curves	
   could	
   not	
   be	
  

fitted	
   to	
   untransformed	
   data,	
   I	
   used	
   percent-­‐normalized	
   data	
   to	
   determine	
   whether	
  

changes	
   in	
   binding	
   kinetics	
   and	
   half-­‐maximal	
   drug	
   responses,	
   indicative	
   of	
   changes	
   in	
  

receptor	
   coupling,	
  were	
  present	
   in	
   aged	
  18-­‐26	
  months-­‐old	
  mice	
   following	
  α-­‐synuclein	
  

overexpression.	
   These	
   comparisons	
   revealed	
   no	
   change	
   in	
   mAChRs	
   activity	
   between	
  

SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  lines.	
  This	
  finding	
  is	
  surprising	
  in	
  the	
  light	
  of	
  previously	
  published	
  

evidence	
   for	
   functional	
   downregulation	
   of	
  muscarinic	
   autoreceptor	
   function	
   following	
  

decline	
  in	
  DA	
  transmission	
  (Ding	
  et	
  al.,	
  2006;	
  Gonzalez-­‐Reyes	
  et	
  al.,	
  2012)	
  and	
  decline	
  in	
  

mAChR	
  number	
  in	
  Parkinson’s	
  disease	
  per	
  se	
  (Joyce,	
  1991,	
  1993).	
  	
  

For	
  this	
  data	
  set,	
  however,	
  the	
  dose-­‐response	
  curve	
  is	
   incomplete:	
  the	
  maximal	
  

effect	
  of	
  Oxo-­‐M	
  is	
  not	
  reached	
  in	
  either	
  SNCA	
  OVX	
  or	
  Snca	
  -­‐/-­‐	
  mice,	
  since	
  application	
  of	
  

DHβE	
  should	
  not	
  have	
  an	
  additional	
  effect	
   if	
  Oxo-­‐M	
  dose	
   is	
  maximal.	
  This	
  observation	
  

sets	
  the	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  lines	
  apart	
  from	
  the	
  WT	
  C57Bl6/J	
  mice	
  where	
  10	
  µM	
  of	
  

Oxo-­‐M	
  is	
  the	
  maximal	
  effective	
  dose	
  of	
  mAChR	
  agonist	
  (Threlfell	
  et	
  al.,	
  2010).	
  	
  Further,	
  

plots	
   of	
   the	
   raw	
   data	
   also	
   suggest	
   that	
   10	
   µM	
   Oxo-­‐M+	
   1	
   µM	
   DHβE	
   effect	
   was	
   not	
  

equivalent	
   in	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  genotypes	
  as	
   judged	
  by	
  the	
  4p:1p	
  ratio	
  data.	
  The	
  

differences	
  in	
  4p:1p	
  ratios	
  obtained	
  using	
  absolute	
  evoked	
  [DA]o	
  between	
  SNCA	
  OVX	
  and	
  

Snca	
   -­‐/-­‐	
   mice	
   could	
   not	
   be	
   uncovered	
   in	
   3-­‐4	
   months-­‐old	
   animals	
   following	
   nAChR	
  

blockade	
   with	
   DHβE.	
   Further,	
   the	
   4p:1p	
   ratios	
   obtained	
   using	
   single	
   pulse	
   control	
  

normalized	
  data	
  were	
  also	
  unchanged	
  in	
  aged	
  SNCA	
  OVX	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  mice	
  in	
  

drug-­‐free	
   control	
   conditions.	
   Yet,	
   in	
   the	
   presence	
   of	
   DHβE	
   the	
   4p:1p	
   ratios	
   were	
  

different	
  in	
  18-­‐26	
  months-­‐old	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice.	
  It	
  is	
  difficult	
  to	
  unequivocally	
  

establish	
  whether	
  these	
  differences	
  stemmed	
  from	
  age-­‐related	
  changes	
  exacerbated	
  by	
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interference	
   with	
   cholinergic	
   transmission,	
   or	
   were	
   due	
   to	
   random	
   sampling	
   from	
  

different	
  populations	
  of	
  DA	
  releasing	
  sites.	
  Plots	
  of	
  the	
  raw	
  data	
  also	
  show	
  that	
  10	
  µM	
  

Oxo-­‐M	
  effect	
  was	
  not	
  equivalent	
  in	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice.	
  Therefore,	
  it	
  is	
  possible	
  

that	
  failure	
  to	
  uncover	
  changes	
  in	
  mAChR	
  activity	
  was	
  the	
  results	
  of	
  using	
  insufficiently	
  

high	
   drug	
   doses,	
   and	
   required	
   larger	
   number	
   of	
   animals.	
   However,	
   due	
   to	
   limited	
  

availability	
  of	
  aged	
  littermate	
  paired	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice	
  we	
  could	
  not	
  increase	
  

the	
  number	
  of	
  observations.	
  	
  

Current	
  experimental	
  design	
  may	
  also	
  not	
  be	
  sensitive	
  enough	
  to	
  highlight	
  subtle	
  

changes	
   in	
   mAChR	
   function.	
   In	
   particular,	
   changes	
   in	
   G	
   protein-­‐dependent	
   coupling	
  

between	
   receptors	
   and	
   effectors	
   at	
   mAChR	
   could	
   be	
   obscured	
   by	
   site	
   decline,	
   and	
  

having	
  to	
  use	
  the	
  4p:1p	
  ratio	
  data	
  instead	
  of	
  the	
  raw	
  control	
  normalized	
  peak	
  values.	
  We	
  

may	
   be	
   unable	
   to	
   catch	
   alterations	
   in	
  muscarinic	
   receptor	
   signalling	
   using	
   an	
   indirect	
  

readout	
  of	
  changes	
  in	
  evoked	
  DA	
  release,	
  in	
  contrast	
  to	
  direct	
  biochemical	
  examination	
  

of	
  intracellular	
  signalling	
  cascades	
  supported	
  by	
  mAChRs.	
  Alternatively,	
  different	
  mAChR	
  

subtypes,	
  including	
  M2	
  and	
  M4	
  localized	
  to	
  ChIs	
  (Levey	
  et	
  al.,	
  1991;	
  Hersch	
  et	
  al.,	
  1994;	
  

Yan	
  and	
  Surmeier,	
  1996),	
  could	
  be	
  differentially	
  affected.	
  Therefore,	
  a	
  broad-­‐spectrum	
  

agonist	
  like	
  Oxo-­‐M	
  could	
  be	
  unable	
  to	
  uncover	
  changes	
  in	
  mAChR	
  function	
  between	
  the	
  

SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  lines	
  if	
  the	
  latter	
  occur	
  in	
  receptor	
  subtype-­‐specific	
  manner.	
  For	
  

example,	
   the	
   study,	
   which	
   detected	
   downregulation	
   in	
   RGS4	
   signalling	
   at	
   mAChRs	
  

following	
  DA	
  depletion,	
   also	
   found	
   transient	
   upregulation	
  of	
  M2	
   expression	
   (Gonzalez-­‐

Reyes	
   et	
   al.,	
   2012).	
   Interestingly,	
   the	
   highest	
   Oxo-­‐M	
   dose	
   applied	
   (10	
  µM)	
  was	
  more	
  

effective	
   in	
   SNCA	
   OVX	
   than	
   Snca-­‐/-­‐	
   mice,	
   which	
   could	
   be	
   consistent	
   with	
   new	
   data	
  

reporting	
  ChI	
  death	
  following	
  α-­‐synuclein	
  overexpression	
  (Aldrin-­‐Kirk	
  et	
  al.,	
  2014).	
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I	
  next	
  examined	
  whether	
  more	
  pronounced	
   rise	
   in	
  evoked	
   [DA]o	
   following	
  DAT	
  

inhibition	
  with	
  cocaine	
  in	
  the	
  SNCA	
  OVX	
  line	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  could	
  be	
  reversed	
  by	
  

inhibition	
   of	
   CaMK2	
   activity	
   with	
   KN-­‐62	
   (5	
   µM).	
   In	
   particular,	
   I	
   explored	
   whether	
  

potentiated	
   cocaine	
   effects	
   in	
   the	
   SNCA	
   OVX	
   line	
   could	
   be	
   due	
   to	
   increased	
   DAT	
  

phosphorylation	
   following	
   α-­‐synuclein	
   overexpression,	
   which	
   could	
   increase	
   DAT	
  

function.	
   CaMK2	
   has	
   the	
   same	
   binding	
   site	
   on	
   the	
   DAT	
   as	
   α-­‐synuclein,	
   thus	
   I	
  

hypothesised	
   that	
   inhibiting	
   CaMK2a	
   activity	
   could	
   unveil	
   the	
   effects	
   of	
   α-­‐synuclein	
  

overexpression	
   on	
  DAT	
   function.	
   Specifically,	
   I	
   predicted	
   that	
   this	
  manipulation	
  would	
  

equalize	
  DAT	
   inhibition	
  effects	
  on	
  evoked	
  [DA]o	
  between	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
   lines.	
  

Contrary	
  to	
  this	
  prediction,	
  evoked	
  [DA]o	
  following	
  cocaine	
  application	
  was	
  significantly	
  

higher	
   in	
   SNCA	
  OVX	
   compared	
   to	
   Snca	
   -­‐/-­‐	
   mice.	
   Specifically,	
   DAT	
   inhibition	
   led	
   to	
   an	
  

average	
  increase	
  of	
  ~75%	
  in	
  evoked	
  [DA]o	
  in	
  SNCA	
  OVX	
  mice,	
  and	
  ~25%	
  increase	
  in	
  the	
  

Snca	
  -­‐/-­‐	
  line	
  across	
  all	
  stimulation	
  protocols.	
  These	
  data,	
  therefore,	
  replicate	
  consistently	
  

observed	
  significantly	
  higher	
  potentiation	
  of	
  evoked	
  DA	
  release	
  with	
  cocaine	
  in	
  the	
  SNCA	
  

OVX	
  compared	
  to	
  Snca	
  -­‐/-­‐	
   line	
  made	
  by	
  Dr	
  Threlfell.	
  Thus,	
  CaMK2	
  activity	
  inhibition,	
  at	
  

least	
  under	
  present	
  experimental	
   conditions,	
   could	
  not	
  be	
  used	
   to	
  examine	
   functional	
  

interactions	
  between	
  DAT	
  and	
  α-­‐synuclein,	
  and	
  was	
  moreover	
  suggestive	
  of	
  α-­‐synuclein	
  

overexpression	
   not	
   impacting	
   phosphorylation	
   status	
   of	
   DAT.	
   However,	
   pre-­‐injecting	
  

mice	
  with	
  KN-­‐62	
  might	
  be	
  necessary	
  to	
  reveal	
  this	
  interaction,	
  if	
  the	
  changes	
  are	
  highly	
  

time-­‐dependent	
  and	
  require	
  more	
  than	
  a	
  few	
  hours	
  to	
  take	
  place.	
  Yet,	
  some	
  biochemical	
  

analyses	
   will	
   be	
   necessary	
   to	
   first	
   examine	
   whether	
   DAT	
   phosphorylation	
   status	
   is	
  

altered	
  between	
  Snca	
  -­‐/-­‐	
  and	
  SNCA	
  OVX	
  lines.	
  	
  

	
   The	
   last	
   stage	
   of	
   the	
   project	
   encompassed	
   identification	
   of	
  mechanisms	
  which	
  

may	
   govern	
   reduced	
   DA	
   releasability	
   in	
   dorsal	
   striatum	
   of	
   SNCA	
   OVX	
   line.	
   Gross	
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similarity	
  of	
  DA	
  release	
  profiles	
  evoked	
  with	
  1	
  s-­‐long	
  electrical	
  stimulation	
  across	
  three	
  

striatal	
   sub-­‐regions	
   in	
   dlCPu,	
   cCPu	
   and	
   vmCPu	
   between	
   SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐	
   lines	
  

suggests	
  global	
  regulation	
  of	
  DA	
  transmission	
  by	
  diffusion	
  and	
  uptake	
  remains	
  intact	
  in	
  

this	
   transgenic	
  PD	
  model.	
  Yet,	
   there	
  was	
  an	
   indication	
  of	
  better	
  sustained	
  [DA]o	
   in	
   the	
  

dlCPu	
  of	
  SNCA	
  OVX	
  mice	
  compared	
  to	
  Snca	
  -­‐/-­‐.	
  Prior	
  studies	
  reporting	
  increase	
  in	
  evoked	
  

DA	
  following	
  synuclein	
  knock-­‐down	
  (Senior	
  et	
  al.,	
  2008;	
  Anwar	
  et	
  al.,	
  2011)	
  and	
  decrease	
  

in	
  evoked	
  DA	
  following	
  α-­‐synuclein	
  overexpression	
  (Janezic	
  et	
  al.,	
  2013),	
  would	
  predict	
  a	
  

more	
   pronounced	
   reduction	
   in	
   DA	
   release	
   upon	
   sustained	
   stimulation	
   in	
   SNCA	
   OVX	
  

mice.	
  The	
  EM	
  data	
  showing	
  increased	
  vesicle	
  clustering	
  in	
  the	
  SNCA	
  OVX	
  line	
  (Janezic	
  et	
  

al.,	
   2013)	
   could	
   reconcile	
   the	
   contradiction	
   between	
   the	
   earlier	
   studies	
   and	
   currently	
  

obtained	
  results.	
  The	
  increased	
  vesicle	
  clustering	
  being	
  able	
  to	
  support	
  better	
  sustained	
  

DA	
  release	
  in	
  the	
  dlCPu	
  of	
  the	
  SNCA	
  OVX	
  line	
  is	
  corroborated	
  by	
  the	
  data	
  from	
  Synapsin	
  

3	
   -­‐/-­‐	
  mice.	
   For	
   the	
  Synapsin	
  3	
   -­‐/-­‐	
   line,	
   in	
  which	
   vesicles	
   are	
  more	
   readily	
   available	
   for	
  

release	
  (Feng	
  et	
  al.,	
  2002;	
  Kile	
  et	
  al.,	
  2010),	
  site	
  rundown	
  happened	
  quicker	
  during	
  long	
  

stimulation	
  pulse	
  train	
  lasting	
  1	
  s.	
  Comparison	
  of	
  the	
  data	
  from	
  SNCA	
  OVX,	
  Snca	
  -­‐/-­‐	
  and	
  

Synapsin	
  3	
  -­‐/-­‐	
   lines	
  suggest	
  a	
  possibility	
  that	
  vesicle	
  handling	
  processes	
  may	
  be	
  altered	
  

following	
   α-­‐synuclein	
   overexpression.	
   These	
   data	
   find	
   resonance	
   with	
   experiments	
  

performed	
  in	
  18-­‐26	
  months-­‐old	
  SNCA	
  OVX	
  and	
  Snca	
  -­‐/-­‐	
  mice,	
  where	
  progressive	
  decline	
  

in	
   evoked	
   [DA]o	
  over	
   time	
   is	
  more	
  pronounced	
  and	
  happens	
   significantly	
   faster	
   in	
   the	
  

transgenic	
  line,	
  pointing	
  to	
  α-­‐synuclein-­‐dependent	
  changes	
  in	
  vesicle	
  handling.	
  	
  

	
   In	
  order	
  to	
  ensure	
  that	
  the	
  only	
  difference	
  between	
  the	
  compared	
  mouse	
   lines	
  

was	
   presence	
   or	
   absence	
   of	
   Synapsin	
   3,	
   not	
  α-­‐synuclein,	
   double-­‐knockout	
  mice	
  were	
  

used.	
  Synapsin	
  3	
  -­‐/-­‐	
  Snca	
  -­‐/-­‐	
  mice	
  unexpectedly	
  presented	
  with	
  both	
   increased	
  evoked	
  

DA	
   levels	
   and	
   better	
   sustained	
   [DA]o.	
   Previously	
   reported	
   studies	
   could	
   explain	
   the	
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increase	
   in	
   the	
   overall	
   evoked	
   DA	
   release	
   levels,	
   with	
   Synapsin	
   3	
   being	
   the	
   negative	
  

regulator	
  of	
  DA	
   release	
   (Kile	
  et	
   al.,	
   2010),	
   and	
  knockout	
  of	
  α-­‐synuclein	
   resulting	
   in	
  an	
  

increase	
  in	
  evoked	
  DA	
  levels	
  (Senior	
  et	
  al.,	
  2008;	
  Anwar	
  et	
  al.,	
  2011).	
  Yet,	
  an	
  explanation	
  

for	
  better	
  sustained	
  [DA]o	
  in	
  the	
  Synapsin	
  3	
  -­‐/-­‐	
  Snca	
  -­‐/-­‐	
  double-­‐knockout	
  line	
  is	
  lacking.	
  

The	
  only	
  study	
   looking	
  at	
  the	
   interaction	
  of	
  α-­‐synuclein	
  and	
  synapsins	
  suggests	
  that	
  a-­‐

synuclein	
   overexpression	
   leads	
   to	
   protein	
   aggregate	
   formation	
   at	
   the	
   presynaptic	
  

terminals,	
   and	
   thus	
   reduces	
   the	
   expression	
  of	
   synapsin	
  proteins	
   (Spinelli	
   et	
   al.,	
   2014).	
  

Thus,	
  due	
  to	
  lack	
  of	
  data	
  on	
  functional	
  interactions	
  between	
  α-­‐synuclein	
  and	
  Synapsin	
  3	
  

I	
   cannot	
  speculate	
  as	
   to	
  why	
  the	
  double	
  knockout	
  of	
   these	
  proteins	
   is	
  able	
   to	
  support	
  

better	
  sustained	
  [DA]o.	
  Consequently,	
  the	
  Synapsin	
  3	
  -­‐/-­‐	
  Snca	
  -­‐/-­‐	
  mice	
  also	
  could	
  not	
  be	
  

used	
  as	
  a	
  control	
  for	
  evaluating	
  sustained	
  [DA]o	
  properties	
   in	
  the	
  SNCA	
  OVX	
   line.	
  From	
  

the	
  data	
  currently	
  presented	
   I	
   can	
  only	
  conclude	
  that	
  Synapsin	
  3	
  and	
  α-­‐synuclein	
  may	
  

have	
   common	
   mechanisms	
   in	
   affecting	
   synapse	
   function	
   via	
   regulation	
   of	
   vesicle	
  

mobility	
   and/or	
   dispersion	
   and/or	
   handing,	
   and	
   that	
   Synapsin	
   3	
   and	
   α-­‐synuclein	
   are	
  

likely	
  the	
  negative	
  regulators	
  of	
  each	
  other’s	
  function.	
  

Together	
   with	
   the	
   previously	
   published	
   (Janezic	
   et	
   al.,	
   2013)	
   and	
   currently	
  

present	
  data	
  showing	
  DA	
  release	
  deficits	
  in	
  dorsal	
  striatum	
  of	
  SNCA	
  OVX	
  mice	
  with	
  short	
  

stimulation	
  protocols,	
  better	
  sustained	
  [DA]o	
  in	
  dlCPu	
  in	
  the	
  SNCA	
  OVX	
  line	
  with	
  1	
  s-­‐long	
  

stimulation	
   points	
   to	
   a	
   distinction	
   between	
   instantaneous	
   and	
   sustained	
   DA	
   release	
  

properties.	
   In	
   particular,	
   the	
   initial	
   DA	
   release,	
   evoked	
   by	
   single	
   pulse	
   or	
   short	
   high	
  

frequency	
   burst	
   stimulation	
   protocols,	
   is	
   clearly	
   compromised	
   in	
   the	
   SNCA	
   OVX	
   line	
  

compared	
   to	
  Snca	
   -­‐/-­‐	
   littermates	
   both	
   in	
   the	
   presence	
   and	
   absence	
   of	
   ACh	
   influence.	
  

Yet,	
   during	
   continuous	
   1	
   s-­‐long	
   stimulation	
  DA	
   transients	
   recorded	
   in	
   the	
   dlCPu	
  were	
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indicative	
  of	
  better	
  sustained	
  [DA]o	
  in	
  the	
  SNCA	
  OVX	
  line	
  compared	
  to	
  Snca	
  -­‐/-­‐.	
  I	
  focus	
  on	
  

dlCPu	
  due	
   to	
   low	
  variability	
   in	
  evoked	
   [DA]o	
   in	
   this	
   region,	
  which	
   therefore	
  provides	
  a	
  

more	
   reliable	
   functional	
   read-­‐out	
  and	
  enables	
  more	
  accurate	
   comparison	
  of	
   sustained	
  

[DA]o	
   properties	
   across	
   animals,	
   experimental	
   days	
   and	
   sampling	
   sites.	
   The	
   data	
  

presented	
  here	
   indicate	
   that	
  SNCA	
  OVX	
   could	
  be	
  able	
   to	
   recruit	
  additional	
  vesicles	
   for	
  

supporting	
   sustained	
   release	
   in	
   dlCPu	
   during	
   long	
   hyperpolarization	
   of	
   DA	
   axon	
  

terminals,	
  while	
  with	
   short	
   stimulation	
   protocols	
   SNCA	
  OVX	
   line	
   consistently	
   presents	
  

with	
   deficits	
   in	
   evoked	
  DA	
   release.	
   Thus,	
   I	
   hypothesize	
   that	
   the	
   timecourse	
   of	
   vesicle	
  

recruitment	
  to	
  the	
  release	
  sites	
  could	
  be	
  different	
  between	
  the	
  Snca	
  -­‐/-­‐	
  and	
  SNCA	
  OVX	
  

lines	
  and	
  this	
  distinction	
  could	
  stem	
  from	
  differences	
  in	
  vesicle	
  clustering	
  profiles.	
  	
  

SNCA	
   OVX	
   mice	
   present	
   with	
   significantly	
   higher	
   vesicle	
   clustering	
   in	
   DA	
   axon	
  

terminals	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  littermates	
  (Janezic	
  et	
  al.,	
  2013).	
  Thus,	
  it	
  is	
  possible	
  that	
  

mechanisms	
  recruiting	
  vesicles	
  to	
  the	
  active	
  zone	
  and	
  regulating	
  vesicle	
  fusion	
  with	
  the	
  

plasma	
   membrane	
   are	
   compromised	
   in	
   the	
   SNCA	
   OVX	
   line.	
   Consequently,	
   initial	
   DA	
  

release	
  probed	
  with	
   short	
  electrical	
   stimulation	
   shows	
  DA	
   release	
  deficits	
   in	
   the	
  SNCA	
  

OVX	
   compared	
   to	
   Snca	
   -­‐/-­‐	
   mice.	
   However,	
   once	
   the	
   vesicle	
   docking	
   machinery	
   has	
  

succeeded	
   in	
   tethering	
   first	
   vesicles	
   to	
   the	
   active	
   zone	
   and	
   due	
   to	
   close	
   proximity	
   of	
  

other	
   vesicles	
   following	
  α-­‐synuclein-­‐mediated	
   increase	
   in	
   vesicle	
   clustering,	
   sustained	
  

[DA]o	
  could	
  be	
  better	
  in	
  SNCA	
  OVX	
  mice.	
  This	
  hypothesis	
  provides	
  a	
  testable	
  framework	
  

for	
  understanding	
  evoked	
  DA	
  release	
  deficits	
  in	
  this	
  PD	
  model	
  overexpressing	
  human	
  α-­‐

synuclein.	
   There	
   are	
   no	
   reported	
   DA	
   ‘content’	
   abnormalities,	
   yet	
   the	
   functional	
  

characterization	
  of	
   the	
  dopaminergic	
  system	
  reveals	
   impaired	
  DA	
  release	
   in	
  SNCA	
  OVX	
  

compared	
  to	
  Snca	
  -­‐/-­‐	
  mice.	
  More	
  data	
  is	
  required	
  to	
  explore	
  this	
  possibility,	
  potentially	
  

using	
  longer	
  stimulation	
  protocols.	
  This	
  work,	
  however,	
  was	
  not	
  undertaken	
  as	
  a	
  part	
  of	
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this	
   project	
   because	
   long	
   stimulations	
   lasting	
   a	
   few	
   seconds	
   engage	
   additional	
  

neurotransmitter	
  systems,	
  such	
  as	
  glutamatergic	
  signalling	
  which	
   in	
  turn	
  engages	
  nitric	
  

oxide	
   release	
   from	
  MSNs,	
   that	
   can	
  modify	
  DA	
   release	
  profiles	
   via	
   secondary	
   signalling	
  

cascades	
  (Rice	
  et	
  al.,	
  2011),	
  and	
  thus	
  obscure	
  the	
  primary	
  release	
  deficits	
  intrinsic	
  to	
  the	
  

DA	
  axon	
  terminals.	
  

5.5	
  Summary	
  

	
   The	
   data	
   presented	
   in	
   this	
   chapter	
   further	
   extend	
   the	
   work	
   on	
   DA	
  

neurotransmission	
   deficits	
   in	
   the	
   SNCA	
   OVX	
   mouse	
   model	
   of	
   PD.	
   Specifically,	
   in	
   this	
  

chapter	
  I	
  demonstrate	
  that	
  deficits	
  in	
  evoked	
  DA	
  release	
  in	
  dorsal	
  striatum	
  of	
  SNCA	
  OVX	
  

mice	
   compared	
   to	
   Snca	
   -­‐/-­‐	
   controls	
   are	
   present	
   regardless	
   of	
   the	
   state	
   of	
   cholinergic	
  

transmission.	
  However,	
  these	
  data	
  also	
  show	
  that	
  DA	
  release	
  deficits	
  in	
  ventral	
  striatum	
  

could	
   be	
   uncovered	
   in	
   SNCA	
   OVX	
   mice	
   following	
   arrest	
   of	
   cholinergic	
   transmission,	
  

suggesting	
  that	
  up-­‐regulation	
  of	
  ACh	
  tone	
  at	
  nAChRs	
  could	
  obscure	
  primary	
  DA	
  release	
  

deficits	
  in	
  the	
  NAc	
  and/or	
  compensate	
  for	
  release	
  deficits	
  in	
  evoked	
  DA.	
  Examination	
  of	
  

mAChR	
   function	
   following	
   dopaminergic	
   denervation	
   after	
   SNc	
   neuronal	
   degeneration	
  

and	
   during	
   reduced	
   striatal	
   DA	
   transmission	
   in	
   aged	
   mice	
   revealed	
   no	
   difference	
  

between	
   SNCA	
   OVX	
   and	
   Snca	
   -­‐/-­‐	
   lines,	
   although	
   this	
   data	
   set	
   is	
   limited.	
   Inhibition	
   of	
  

CaMK2	
   activity	
   also	
   did	
   not	
   prove	
   to	
   be	
   a	
   suitable	
   tool	
   for	
   examining	
   interactions	
  

between	
  DAT	
  and	
  α-­‐synuclein,	
  suggesting	
  that	
  DAT	
  phosphorylation	
  was	
  not	
  altered	
  by	
  

α-­‐synuclein	
  overexpression,	
  contributing	
  to	
  increased	
  cocaine	
  effects	
  in	
  SNCA	
  OVX	
  mice.	
  

Finally,	
   investigation	
   of	
   sustained	
   DA	
   release	
   properties	
   potentially	
   highlights	
   a	
  

dissociation	
   between	
   release	
   events	
   evoked	
   with	
   short	
   (up	
   to	
   80	
   ms)	
   and	
   long	
   (1	
   s)	
  

stimulation	
  protocols,	
  whereby	
  initial	
  release	
  is	
  consistently	
  shown	
  to	
  be	
  compromised	
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in	
  the	
  SNCA	
  OVX	
  line	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  mice,	
  while	
  sustained	
  [DA]o	
  	
  could	
  be	
  better	
  

in	
  the	
  dlCPu	
  of	
  SNCA	
  OVX	
  mice	
  compared	
  to	
  Snca	
  -­‐/-­‐	
  littermates.	
  



Figure 5.1 De�cits in 1 p-evoked [DA]o in SNCA OVX line persist in the absence of ACh tone at 
nAChRs
(a,b) Mean [DA]o± SEM versus time evoked by single pulse stimulation (1 p) in CPu (a) and NAc (b) of 
Snca -/- (N=9) and SNCA OVX (N=9) mice at 3-4 months of age with nAChR antagonist (DHβE, 1 μM) 
present throughout. Mean peak evoked [DA]o was signi�cantly lower in SNCA OVX compared to Snca -/- 
in the CPu (a) (*p<0.05; unpaired t-test), but not the NAc (b) (p>0.05; unpaired t-test). (c) Regional 
breakdown of mean 1 p-evoked [DA]o± SEM versus time within 6 sampling sites in the CPu (dmCPu, 
dmidCPu, dlCPu, cCPu, vlCPu, vmCPu) and 2 sites in the NAc core. dlCPu was the main contributor to 
the overall 1 p-evoked [DA]o de�cits in dorsal striatum of SNCA OVX mice ( Two-way ANOVA, post-hoc 
Bonferroni t-tests). (d,e) Mean peak 1 p-evoked [DA]o± SEM grouped by genotype and recording site. 
(d) SNCA OVX mice on average had 16% lower evoked [DA]o  than Snca -/- controls in the CPu and 21% 
in the NAc, but reduction in evoked [DA]o was statistically signi�cant only in CPu (Two-way ANOVA, 
post-hoc Bonferroni t-tests). (e) In CPu of SNCA OVX mice dlCPu and dmidCPu had the largest reduction 
in evoked [DA]o compared to Snca -/-, 34% and 24% respectively. The reduction in evoked [DA]o in 
dlCPu of SNCA OVX was statistically signi�cant ( Two-way ANOVA, post-hoc Bonferroni t-tests, *p<0.05).

d e

a

0.5 µM

1 s

SNCA OVX 
Snca -/- 

CPu (n= 54) NAc (n=18)

1 p 1 p

*

*

n.s.

b

c

1 s

1

2

3

4

5

6

7

1 µM

SNCA OVX 
Snca -/- 

CPu Snca -/
- 

CPu SNCA OVX

NAc Snca -/-
 

NAc SNCA OVX 
0.0

0.5

1.0

1.5

2.0

2.5

m
ea

n 
pe

ak
 [D

A]
o

( µ
M

)

n.s.*

dmCPu

dmidCPu
dlCPu

cCPu
vlC

Pu
vmCPu

0.0

0.5

1.0

1.5

2.0

2.5

3.0

m
ea

n 
pe

ak
 [D

A]
o

( µ
M

)

SNCA OVX
Snca -/-

*

247



Figure 5.2 De�cits in 4 p-evoked [DA]o in SNCA OVX line persist in the absence of ACh tone at 
nAChRs
(a,b) Mean [DA]o± SEM versus time evoked by high frequency burst stimulation (4 p 100 Hz) in CPu (a) 
and NAc (b) of Snca -/- (N=9) and SNCA OVX (N=9) mice at 3-4 months of age with nAChR antagonist 
(DHβE, 1 μM) present throughout. Mean peak evoked [DA]o was signi�cantly lower in SNCA OVX than 
Snca -/- line in the CPu (a) (*p<0.05; unpaired t-test), but not the NAc (b) (p>0.05; unpaired t-test). (c) 
Regional breakdown of mean 4 p-evoked [DA]o± SEM versus time within 6 sampling sites in the CPu 
(dmCPu, dmidCPu, dlCPu, cCPu, vlCPu, vmCPu) and 2 sites in the NAc core. Overall, across all CPu sites 
evoked [DA]o was signi�cantly lower in SNCA OVX than Snca -/- mice (Two-way ANOVA, *p>0.05). (d,e) 
Mean peak 4 p-evoked [DA]o± SEM grouped by genotype and recording site. (d) SNCA OVX mice on 
average had 13% lower evoked  [DA]o  than Snca -/- mice in the CPu and 15% in the NAc. Overall, SNCA 
OVX mice had lower evoked [DA]o than Snca -/- controls (Two-way ANOVA, *p>0.05). (e) In CPu of SNCA 
OVX mice dlCPu and dmidCPu had the largest reduction in evoked [DA]o compared to Snca -/- controls, 
26% and 20% respectively. Two-way ANOVA revealed the main e�ect of genotype (*p>0.05), but no 
single region contributed signi�cantly to the overall 4 p-evoked [DA]o de�cits in the SNCA OVX line.
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Figure 5.3 [DA]o release de�cits in the SNCA OVX line in the absence of ACh tone at nAChRs are 
present across all stimulation frequencies, but frequency sensitivity and release probability of 
evoked [DA]o is unaltered compared to Snca -/- controls
(a,b) Mean peak [DA]o± SEM versus stimulation frequency evoked by 4 pulses electrical stimulation 
trains at 5, 10, 25, 40 and 100 Hz in CPu (a) and NAc (b) of Snca -/- (N=9) and SNCA OVX (N=9) mice at 
3-4 months of age with nAChR antagonist (DHβE, 1 μM) present throughout. Data are normalized to 1 
p evoked [DA]o in the Snca -/-. DA release de�cits in the SNCA OVX mice were present irrespective of 
stimulation frequency (Two-way ANOVA, *p<0.05, post-hoc Bonferroni t-tests,**p<0.01). (c) Ratio of 
[DA]o evoked by 4 pulses at 100 Hz to [DA]o evoked by 1 pulse stimulation for the dlCPu and NAc core 
grouped by genotype. 4p:1p ratio was not signi�cantly di�erent between SNCA OVX and Snca -/- lines 
for both dlCPu and NAC core recording sites (Two-way ANOVA, p>0.05), suggesting no changes in DA 
release probability. (d,e) Mean peak [DA]o± SEM versus stimulation frequency evoked by 4 pulses 
electrical stimulation trains at 5, 10, 25, 40 and 100Hz in CPu (d) and NAc (e). Data are normalized to 1 
p evoked [DA]o within each genotype. Frequency sensitivity of evoked [DA]o was unaltered in the SNCA 
OVX line compared to Snca -/- mice (Two-way ANOVA, p>0.05).
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Figure 5.4 Progressive decline in evoked [DA]o over time is more pronounced in aged 18-26 
months old SNCA OVX compared to Snca-/- mice
(a) Mean peak [DA]o± SEM versus time evoked in the dlCPu of 18-26 months old Snca -/- (N=10) and 
SNCA OVX (N=10) mice with 1 p or 4 p 100 Hz stimulations. Data are normalized to the peak of the �rst 
evoked [DA]o transient. Exponential decay curve �t to 1 p data shows signi�cantly higher predrug site 
decline in SNCA OVX than Snca -/- mice (***p<0.001). (b,c) Mean peak [DA]o± SEM versus time evoked in 
the dlCPu with 1 p or 4 p 100 Hz stimulations during sequential application of increasing Oxo-M doses 
at 60 nM, 600 nM and 10 µM (b) or 100 nM, 1µM and 10 µM (c). Data are normalized to the peak of the 
�rst evoked [DA]o transient. Exponential decay curve �t to 1 p predrug data shows signi�cantly higher 
site decline in SNCA OVX for both data sets (***p<0.001). (d,e) As decline in evoked [DA]o almost 
reaches plateau in predrug condition, the data were normalized to their respective predrug plateau 
values to correct for site decline. This transformation shows that for both 60 nM (d) and 100 nM (e) data 
sets mAChR response to agonist application is the same, as the data for SNCA OVX and Snca -/- overlap. 
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Figure 5.5 mAChR function is not altered in SNCA OVX compared to Snca -/- mice at 18-26 months
(a) Ratio of [DA]o evoked by 4 pulses at 100 Hz to [DA]o evoked by 1 pulse stimulation in the dlCPu of 
18-26 months-old SNCA OVX (N=10) and Snca -/- (N=10) mice at 3 time points prior to the �rst drug 
dose application. The 4p:1p ratios were not signi�cantly di�erent between SNCA OVX and Snca -/- lines 
(unpaired t-test, p>0.05), and remained relatively steady. (b) Ratio of [DA]o± SEM evoked by high 
frequency burst (4 p 100 Hz) to [DA]o± SEM evoked by single pulse (1 p) versus applied concentration 
of mAChR agonist Oxo-M (60 nM, 100 nM, 600 nM, 1µM, 10µM) in the dlCPu of aged 18-26 months old 
SNCA OVX (N=10) and Snca -/- (N=10) mice. The 4p:1p ratio values at + 1 µM DHßE data point, which 
de�nes the top limit of the drug response curve, are di�erent between genotypes and therefore the 
dose-response curves for Oxo-M between SNCA OVX and Snca -/- cannot be meaningfully compared 
without normalizing the data. (c) To compare dose-response curves between genotypes the 4p:1p 
ratio data were % normalized using the max value, i.e. the data point value at 10 µM Oxo-M+ 1 µM 
DHßE. For each data set the largest value represents 100% and the lowest value is 0%, Oxo-M concen-
tration values were log-transformed. Normalized data were �tted with sigmoidal dose-response curve. 
The logEC50 and Hill slope values were not signi�cantly di�erent between SNCA OVX and Snca -/- Oxo-M 
dose-response curves (p>0.05), and thus mAChR function was not altered between transgenic and 
control lines at 18-26 months of age. 
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Figure 5.6 Inhibition of CaMK2 activity does not prevent the increased potentiation of evoked 
[DA]o by cocaine in SNCA OVX compared to Snca -/- mice
 (a,b) Mean peak evoked [DA]o± SEM versus frequency following1 pulse or 4 pulses at 5-100 Hz stimula-
tions are not signi�cantly di�erent after DAT inhibition (cocaine, 5 µM) in CPu of (a) Snca-/- (Two-way 
ANOVA, p>0.05), but is signi�cantly greater in (b) SNCA OVX mice (Two-way ANOVA, post-hoc Bonfer-
roni t-tests). (c) The percentage increase of mean peak evoked [DA]o by cocaine is signi�cantly greater 
in SNCA OVX mice (Two-way ANOVA, post-hoc Bonferroni t-tests).(d-i) All slices were pre-incubated with 
CaMK2 inhibitor (KN-62, 5 µM), also bath-applied at 5 µM. Data are normalized to 1 p evoked [DA]o in 
control, i.e. KN-62, condition within genotype. (d,e) Mean [DA]o± SEM versus time evoked by 1 p (d) or 
4 p at 100 Hz (e) stimulation in dlCPu of SNCA OVX (N=2) and Snca -/- (N=2) mice at 3-4 months of age 
in KN-62 and following DAT inhibition (cocaine, 5 µM). Cocaine potentiated evoked  [DA]o signi�cantly 
more in SNCA OVX than Snca -/- mice both for 1 p (d) and 4 p 100 Hz (e) protocols (Two-way ANOVA, 
post-hoc Bonferroni t-tests). (f) Mean [DA]o± SEM versus time evoked by trains of 4 pulses at 1-100 Hz in 
KN-62 and cocaine. (g,h) Mean peak [DA]o± SEM versus stimulation frequency, summary of (f ). Cocaine 
signi�cantly increased evoked [DA]o in both Snca -/- (g) and SNCA OVX (h) mice (Two-way ANOVA,post-
hoc Bonferroni t-tests). (i) The percentage increase of mean peak evoked [DA]o was signi�cantly greater 
in SNCA OVX than Snca -/- mice (Two-way ANOVA, post-hoc Bonferroni t-tests, *p<0.05, **p<0.01, 
***p<0.001). 
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Figure 5.7 SNCA OVX mice show better sustained [DA]o during 1 s long electrical stimulation train 
in the dlCPu compared to Snca -/- controls
(a,b,c) Mean [DA]o± SEM versus time evoked by electrical pulse train stimulation of 20 pulses at 20 Hz 
in dlCPu (a), cCPu (b) and vmCPu (c) of Snca -/- (N=4) and SNCA OVX (N=4) mice at 7-10 months of age. 
D2 receptor antagonist (L-741,626, 1 μM) was bath-applied throughout to abolish autoinhibition of DA 
release. Sustained [DA]o was signi�cantly higher in the dlCPu of SNCA OVX than Snca -/- mice at 0.875 - 
1.125 s from the start of the stimulation (a), and overall lower in the vmCPu (Two-way ANOVA, post-hoc 
Bonferroni t-tests). (d,e,f) Single-phase exponential decay curve �t of concentration-matched 1 pulse 
evoked [DA]o transients between 0.125-2.125 s  from the start of the stimulation in dlCPu (***p<0.001) 
(d), cCPu (**p<0.01) (e) and vmCPu (*p<0.05) (f) of Snca -/- (N=4) and SNCA OVX (N=4) mice at 7-10 
months of age showed that in dlCPu and vmCPu SNCA OVX had higher rate of DA clearance by DAT 
than Snca -/-, while in cCPu the reverse was true. Overall, DAT function was not signi�cantly decreased 
in the SNCA OVX line. (g,h,i)  Mean [DA]o± SEM versus time evoked by stimulation of 20 pulses at 20 Hz 
in dlCPu (g), cCPu (h) and vmCPu (i) of C57Bl6/J wild-type mouse (N=1) in control and following 
application of muscarinic agonist (atropine, 1 μM). D2 receptor antagonist (L-741,626, 1 μM) present 
throughout. These pilot data show that with 1 s -long stimulation endogenous muscarinic receptor 
regulation of evoked DA is absent (Two-way ANOVA, post-hoc Bonferroni t-tests, *p<0.05,***p<0.001). 
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Figure 5.8 SNCA OVX line present with enhanced sustained [DA]o compared to Synapsin 3 -/- mice 
where vesicles are more readily available for release, while double-knockout of α-synuclein and 
Synapsin 3 has synergistic e�ects on evoked [DA]o
(a-l) D2 receptor antagonist (L-741,626, 1 μM) present throughout. (a,b,c) Mean [DA]o± SEM versus 
time evoked by 20 p at 20 Hz stimulation in dlCPu (a), cCPu (b) and vmCPu (c) of SNCA OVX (N=4) mice 
at 7-10 months and Synapsin 3 -/- (N=2) mice at 3-4 months of age. Sustained [DA]o at 0.25-1.25 s from 
the stimulation start was signi�cantly lower in Synapsin 3 -/- line compared to SNCA OVX mice in dlCPu  
(Two-way ANOVA, ***p<0.001), cCPu (Two-way ANOVA, post-hoc Bonferroni t-tests) and vmCPu 
(Two-way ANOVA, *p<0.05). (d,e,f) Mean [DA]o± SEM versus time evoked by 20 p at 20 Hz stimulation 
in dlCPu (d), cCPu (e) and vmCPu (f) of WT C57Bl6/J (N=3) and Synapsin 3 -/- (N=3) mice at 3-4 months 
of age. Sustained [DA]o at 0.25-1.25 s from the stimulation start was overall signi�cantly di�erent 
between WT and Synapsin 3 -/- mice in dlCPu (Two-way ANOVA, *p<0.05) and vmCPu (Two-way 
ANOVA,**p<0.01). (g,h,i) Mean [DA]o± SEM versus time evoked by 20 p at 20 Hz stimulation in dlCPu 
(g), cCPu (h) and vmCPu (i) of WT C57Bl6/J (N=2) and Snca -/- (N=2) mice at 3-4 months of age (paired 
recordings - both genotypes on the same day). Sustained [DA]o at 0.25-1.25 s from the stimulation start 
was overall signi�cantly di�erent between WT and Snca -/- mice in cCPu (Two-way ANOVA, *p<0.05). 
(j,k,l) Mean [DA]o± SEM versus time evoked by 20 p at 20 Hz stimulation in dlCPu (j), cCPu (k) and 
vmCPu (l) of Snca -/- (N=4) mice at 7-10 months and Synapsin 3 -/- Snca -/- (N=3) mice at 3-4 months of 
age. Sustained [DA]o at 0.25-1.25 s from the stimulation start was signi�cantly higher in the Synapsin 3 
-/- Snca -/- mice compared to Snca -/- in dlCPu (Two-way ANOVA, post-hoc Bonferroni t-tests), cCPu 
(Two-way ANOVA, post-hoc Bonferroni t-tests, *p<0.05,**p<0.01, ***p<0.001) and vmCPu (Two-way 
ANOVA, **p<0.01).
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6.1	
  General	
  discussion	
  overview	
  

	
   The	
  work	
   presented	
   in	
   this	
   thesis	
   is	
   concerned	
  with	
   understanding	
   cholinergic	
  

regulation	
  of	
  striatal	
  DA	
  transmission	
  in	
  health	
  and	
  disease.	
  Chapters	
  3	
  and	
  4	
  presented	
  

the	
  data	
  from	
  exploration	
  of	
  candidate	
  circuits	
  for	
  driving	
  ACh-­‐evoked	
  striatal	
  DA	
  release	
  

using	
   optogenetics.	
   Chapter	
   5	
   examined	
   whether	
   ACh-­‐dependent	
   mechanisms	
   could	
  

underlie	
   DA	
   release	
   deficits	
   in	
   a	
   mouse	
   model	
   of	
   Parkinson’s	
   disease	
   overexpressing	
  

human	
  wild	
   type	
  α-­‐synuclein	
  protein	
  using	
  electrical	
   stimulation	
  approach.	
  These	
  data	
  

further	
   extend	
   our	
   understanding	
   of	
   the	
   interplay	
   between	
   striatal	
   ACh	
   and	
   DA	
   in	
  

normal	
  and	
  pathological	
  states.	
  The	
  discussion	
  section	
  of	
  individual	
  chapters	
  interpreted	
  

experimental	
   results	
   and	
   provided	
   a	
   framework	
   for	
   understanding	
   experimental	
  

approach	
  and	
  data	
  in	
  the	
  light	
  of	
  currently	
  published	
  literature.	
  The	
  General	
  Discussion	
  

aims	
  to	
  briefly	
  review	
  the	
  key	
  findings	
  and	
  their	
  wider	
  implications,	
  thus	
  using	
  presented	
  

data	
   to	
   synthesize	
   a	
   bigger	
   picture	
   that	
   this	
   body	
   of	
   scholarly	
   work	
   contributes	
   to	
  

understanding	
  of	
  the	
  BG.	
  

6.2	
   Acetylcholine-­evoked	
   drive	
   of	
   striatal	
   dopamine	
   release	
   is	
  

physiologically	
  relevant	
  

	
   The	
   first	
   goal	
   of	
   this	
   thesis	
   work	
   was	
   to	
   explore	
   physiological	
   relevance	
   of	
   a	
  

recently	
   identified	
   ACh-­‐evoked	
   drive	
   of	
   striatal	
   DA	
   release	
   (Cachope	
   et	
   al.,	
   2012;	
  

Threlfell	
  et	
  al.,	
  2012).	
  Thus,	
  I	
  examined	
  whether	
  ACh-­‐evoked	
  striatal	
  DA	
  release	
  could	
  be	
  

triggered	
   by	
   driving	
   ChI	
   population	
   activity	
   via	
   stimulation	
   of	
   afferents	
   of	
   thalamic	
   or	
  

cortical	
   origin.	
   These	
   experiments	
   also	
   intended	
   to	
   explore	
   the	
   relative	
   roles	
   of	
  

thalamostriatal	
  and	
  corticostriatal	
  inputs	
  in	
  recruiting	
  ACh-­‐dependent	
  DA	
  release.	
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   Optogenetic	
  experiments	
  using	
  AAV5	
  ChR2	
  vector	
  injections	
  in	
  CaMK2a-­‐Cre	
  mice	
  

revealed	
   that	
  both	
   thalamostriatal	
   and	
   corticostriatal	
   afferents	
   could	
  drive	
  ChI-­‐evoked	
  

DA	
  release.	
  These	
  DA	
  events	
  detected	
  with	
  FCV	
  at	
  CFMs	
  were	
  dependent	
  on	
  glutamate	
  

and	
  ACh,	
  and	
  were	
  putatively	
  evoked	
  by	
  synchronous	
  activity	
  in	
  a	
  population	
  of	
  striatal	
  

ChIs	
  recruited	
  by	
  stimulation	
  of	
  their	
  excitatory	
  inputs.	
  Together,	
  these	
  data	
  suggest	
  that	
  

cholinergic	
   drive	
   of	
   striatal	
   DA	
   could	
   potentially	
   be	
   engaged	
   in	
   vivo.	
   In	
   particular,	
  

behaviours	
  synchronizing	
  ChI	
  activity	
  following	
  synaptic	
   input	
  barrages	
  from	
  cortical	
  or	
  

thalamic	
   afferents	
   could	
   also	
   drive	
   local	
   striatal	
   DA	
   release.	
   However,	
   due	
   to	
  

methodological	
   complications	
   associated	
   with	
   combined	
   axonal	
   transport	
   of	
   AAV5-­‐

packaged	
  ChR2	
  construct	
  in	
  the	
  non-­‐specific	
  CaMK2a-­‐Cre	
  driver	
  line,	
  I	
  switched	
  to	
  using	
  

exclusively	
   anterogradely	
   transported	
   AAV2-­‐packaged	
   ChR2	
   vector.	
   Nonetheless,	
   as	
  

AAV2	
   ChR2	
   experiments	
   yielded	
   no	
   light-­‐evoked	
   DA	
   events,	
   at	
   present	
   it	
   remains	
  

unknown	
   whether	
   thalamostriatal	
   and	
   corticostriatal	
   afferents	
   to	
   ChIs	
   are	
   capable	
   of	
  

driving	
  locally	
  mediated	
  DA	
  release	
  independently	
  of	
  each	
  other.	
  

	
   Thus,	
   we	
   learned	
   that	
   cholinergic	
   drive	
   of	
   striatal	
   DA	
   release	
   is	
   possible	
   via	
  

engagement	
  of	
  circuits	
  removed	
  one	
  synapse	
  away	
  from	
  the	
  primary	
  driver	
  mechanism,	
  

suggesting	
   it	
   could	
   be	
   recruited	
   in	
   vivo	
   and	
   is	
   physiologically	
   relevant.	
   However,	
   we	
  

could	
   not	
   establish	
   what	
   are	
   the	
   relative	
   roles	
   of	
   thalamostriatal	
   and	
   corticostriatal	
  

circuits	
   in	
   driving	
   local	
   striatal	
   DA	
   release.	
   This	
   is	
   an	
   important	
   question	
   to	
   elucidate,	
  

especially	
  in	
  the	
  light	
  of	
  data	
  suggesting	
  tri-­‐fold	
  number	
  of	
  synaptic	
  contacts	
  on	
  ChIs	
  of	
  

thalamic	
  origin	
  compared	
  to	
  cortical	
  afferents	
  (Doig	
  et	
  al.,	
  2014).	
  The	
  question	
  arising	
  is	
  

whether	
   with	
   such	
   vast	
   difference	
   in	
   the	
   synapse	
   number	
   each	
   projection	
   carries	
   an	
  

equal	
  weight	
  in	
  driving	
  glutamate-­‐dependent	
  ACh-­‐evoked	
  DA	
  events,	
  and	
  if	
  so,	
  how	
  this	
  

‘equalized’	
   output	
   function	
   is	
   achieved.	
   Electrophysiology	
   data	
   will	
   be	
   vital	
   for	
  



	
   	
   	
  

	
   	
   	
  

258	
  

quantification	
   of	
   these	
   relationships;	
   yet	
   again	
   the	
   difficulties	
   of	
   comparing	
   the	
   data	
  

from	
   single	
   cell-­‐	
   and	
   population-­‐based	
   response	
   monitoring	
   would	
   have	
   to	
   be	
  

addressed.	
  Future	
  work	
  therefore	
  could	
  examine	
  glutamatergic	
  drive	
  of	
  ChI	
  population	
  

activity	
  for	
  local	
  striatal	
  DA	
  release	
  using	
  more	
  sophisticated	
  experimental	
  paradigms.	
  	
  

6.2.1	
   Alternative	
   approaches:	
   genetic	
   engineering	
   and	
   trans-­synaptic	
  

targeting	
  

	
   To	
   improve	
   upon	
   the	
   current	
   experimental	
   design,	
   several	
   strategies	
   can	
   be	
  

exploited.	
   Firstly,	
   given	
   limited	
   availability	
   of	
   Cre-­‐driver	
   lines	
   for	
   selective	
   targeting	
   of	
  

cortical	
  versus	
   thalamic	
   structures	
  with	
  bi-­‐directionally	
   transported	
  AAV5	
  ChR2	
  vector,	
  

which	
  this	
  far	
  has	
  been	
  the	
  most	
  successful	
  in	
  indirect	
  drive	
  of	
  ACh-­‐evoked	
  DA	
  release,	
  

genetic	
   engineering	
   can	
   be	
   called	
   upon.	
   For	
   example,	
   finding	
   genetic	
   markers	
   which	
  

selectively	
   define	
   neuronal	
   populations	
   of	
   interest,	
   i.e.	
   striatally-­‐projecting	
   M1	
   or	
   Pf	
  

neurons,	
   and	
   subsequently	
   targeting	
   Cre-­‐expression	
   to	
   those	
   neurons	
   using	
   BAC	
   or	
  

knock-­‐in	
   techniques.	
   This	
   fundamental	
   change	
   in	
   experimental	
   approach,	
   however,	
  

relies	
  on	
  the	
  assumption	
  that	
  co-­‐activation	
  of	
  M1	
  and	
  Pf	
   inputs	
  to	
  ChIs	
  in	
  not	
  required	
  

for	
  successful	
  drive	
  of	
  ACh-­‐evoked	
  DA	
  by	
  glutamatergic	
  afferents.	
  	
  

	
   Alternatively,	
   trans-­‐synaptic	
   targeting	
   of	
   convergent	
   inputs	
   could	
   also	
   be	
  

achieved	
  using	
  dual	
   injection	
  strategies	
   in	
  ChAT-­‐Cre	
  driver	
   line.	
  First,	
   injections	
  of	
  Cre-­‐

dependent	
   rabies	
   virus	
   plasmid	
   carrying	
   gene	
   sequence	
   for	
   either	
   Cre-­‐	
   or	
   FLP-­‐

recombinase	
   in	
  striatum	
  would	
  selectively	
   label	
  and	
  transduce	
  ChI	
  afferents	
  of	
  cortical	
  

and	
  thalamic	
  origin	
  via	
  retrograde	
  trans-­‐synaptic	
  transport	
  (Kato	
  et	
  al.,	
  2011;	
  Osakada	
  et	
  

al.,	
  2011;	
  Watabe-­‐Uchida	
  et	
  al.,	
  2012;	
  Kress	
  et	
  al.,	
  2013).	
  Subsequent	
  injections	
  of	
  Cre-­‐	
  

or	
  FLP-­‐dependent	
  ChR2	
  vectors	
  in	
  both	
  M1	
  and	
  Pf	
  of	
  these	
  mice	
  would	
  enable	
  selective	
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examination	
  of	
  roles	
  of	
  cortical	
  and	
  thalamic	
  inputs	
  using	
  dual	
  band-­‐width	
  optogenetic	
  

activation	
   with	
   red-­‐shifted	
   and	
   blue-­‐shifted	
   ChR2	
   variants,	
   such	
   as	
   Chrimson	
   and	
  

Chronos	
   (Klapoetke	
  et	
  al.,	
  2014).	
   In	
   this	
   case,	
  minimally	
  overlapping	
  activation	
  spectra	
  

could	
  be	
  used	
  to	
  either	
  activate	
  each	
  pathway	
  in	
  isolation,	
  or	
  using	
  broad-­‐spectrum	
  filter	
  

concurrently	
  activate	
  both	
  M1	
  and	
  Pf	
  afferents.	
  Furthermore,	
   this	
  experimental	
  set	
  up	
  

could	
   be	
   paired	
   with	
   DREADDs	
   for	
   selective	
   inhibition	
   of	
   a	
   single	
   afferent	
   pathway	
  

(Armbruster	
   et	
   al.,	
   2007;	
   Ferguson	
   et	
   al.,	
   2011,	
   2013),	
   to	
   enable	
   exploration	
   of	
   the	
  

necessary	
   and	
   sufficient	
   circuit	
   components	
   for	
   driving	
   glutamate-­‐dependent	
   ACh-­‐

evoked	
   striatal	
   DA.	
   The	
   major	
   shortcoming	
   of	
   this	
   approach,	
   however,	
   would	
   be	
   the	
  

number	
  of	
   surgical	
  procedures	
  and	
   large	
   intracerebral	
   injection	
  volumes	
   required,	
  and	
  

the	
  associated	
  time	
  and	
  experimental	
  error.	
  	
  	
  	
  

	
   Knowing	
  the	
  specifics	
  is	
  indispensable	
  for	
  understanding	
  the	
  exact	
  circumstances	
  

of	
  when	
  thalamic	
  and/or	
  cortical	
  drive	
  of	
  terminal	
  DA	
  release	
  could	
  happen,	
  and	
  hence	
  

for	
   developing	
   experimental	
   paradigms	
   that	
   could	
   explore	
   ChI-­‐evoked	
  drive	
   of	
   striatal	
  

DA	
   in	
   vivo	
   using	
   behavioural	
   manipulations.	
   However,	
   the	
   bigger	
   picture	
   itself	
   lies	
   in	
  

discovering	
  what	
  messages	
   could	
  be	
   conveyed	
   to	
   the	
   local	
   computational	
   circuitry	
   via	
  

this	
  route.	
  

6.2.2	
   Are	
   dopamine-­independent	
   behaviours	
   really	
   dopamine	
  

independent?	
  

	
   Axo-­‐axonic	
  drive	
  of	
   transmitter	
   release	
   from	
  striatal	
  dopaminergic	
   terminals	
  by	
  

cholinergic	
   system	
   raises	
   the	
  question	
  of	
  whether	
   intact	
  behavioural	
   control	
   following	
  

overtraining	
   is	
   really	
   DA	
   independent,	
   if	
   local	
   DA	
   signalling	
   can	
   be	
   provided	
   by	
   a	
   ChI-­‐

dependent	
  mechanism.	
  Thus,	
  when	
  DA	
  release	
  events	
  are	
  no	
   longer	
  supported	
  by	
   the	
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midbrain	
  messages	
   conveying	
   zero	
   reward	
  prediction	
   error	
   (Schultz,	
   1998;	
  Wickens	
   et	
  

al.,	
   2007;	
   Steinberg	
   et	
   al.,	
   2013),	
   striatal	
   DA	
   release	
   can	
   still	
   be	
   evoked	
   by	
   local	
   ACh-­‐

dependent	
  signalling	
  cascades.	
  	
  

	
   ChIs	
  acquire	
  characteristic	
  burst-­‐pause	
  firing	
  pattern	
  with	
  conditioning	
  (Morris	
  et	
  

al.,	
  2004;	
  Goldberg	
  and	
  Reynolds,	
  2011).	
  Hence,	
  during	
  the	
  early	
  learning	
  stages	
  pause	
  in	
  

ChI	
  activity	
  could	
  enable	
  dynamic	
  translation	
  of	
  increased	
  firing	
  rate	
  of	
  the	
  midbrain	
  DA	
  

neurons	
   in	
   striatal	
   DA	
   events	
   of	
   larger	
   amplitude	
   (Cragg,	
   2006).	
   In	
   turn,	
   synchronized	
  

burst	
  firing	
  of	
  ChIs,	
  occurring	
  either	
  initially	
  or	
  upon	
  rebound	
  excitation,	
  could	
  take	
  over	
  

driving	
  DA	
  release	
  locally	
  once	
  the	
  midbrain	
  neurons	
  are	
  no	
  longer	
  responsive	
  to	
  stimuli	
  

or	
   context	
   which	
   provide	
   no	
   new	
   learning.	
   Of	
   course,	
   this	
   is	
   one	
   of	
   many	
   possible	
  

explanations	
  for	
  changes	
  in	
  DA	
  neuron	
  firing	
  properties	
  with	
  overtraining	
  still	
  resulting	
  in	
  

intact	
  performance	
  of	
  putatively	
  DA-­‐dependent	
  behaviours.	
  Yet,	
  the	
  possibility	
  that	
  local	
  

ACh-­‐dependent	
  drive	
  of	
  DA	
   release	
   continues	
   to	
  encode	
  all	
   the	
  necessary	
   information	
  

and	
  provides	
  DA	
  for	
  normal	
  circuit	
  function	
  is	
  appealing.	
  

6.2.3	
  Synchronized	
  spiking	
  or	
  pauses	
  in	
  cholinergic	
  interneuron	
  activity	
  

that	
  matter	
  for	
  acetylcholine-­evoked	
  drive	
  of	
  striatal	
  dopamine?	
  

	
   Up	
   to	
   now,	
   the	
   core	
   emphasis	
  was	
   placed	
   on	
   active	
   information	
   transfer	
   from	
  

ChIs	
  to	
  DA	
  terminals,	
  which	
  relies	
  on	
  synchronized	
  ChI	
  population	
  activity	
  and	
  activation	
  

of	
   pre-­‐synaptic	
   nAChRs	
   on	
   DA	
   axons	
   for	
   driving	
   locally	
   evoked	
   DA	
   events.	
   However,	
  

current	
  results	
  are	
  still	
  relevant	
  when	
  pauses	
  in	
  ChI	
  activity,	
  historically	
  accepted	
  to	
  be	
  

the	
  main	
  correlate	
  of	
  ChI	
  role	
   in	
   learning	
  and	
  behaviour	
  (Wilson	
  et	
  al.,	
  1990;	
  Aosaki	
  et	
  

al.,	
  1998;	
  Tan	
  and	
  Bullock,	
  2008;	
  Schulz	
  et	
  al.,	
  2011),	
  are	
  considered.	
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   It	
   is	
  possible	
  that	
  the	
  main	
  purpose	
  of	
  cortical	
  and	
  thalamic	
  afferents	
  recruiting	
  

ChI	
   population	
   activity	
   lies	
   not	
   in	
   driving	
   of	
   ACh-­‐evoked	
   striatal	
   DA	
   release	
   per	
   se.	
  

Rather,	
  it	
  could	
  be	
  a	
  way	
  for	
  the	
  cholinergic	
  system,	
  by	
  creating	
  a	
  pause-­‐like	
  state	
  in	
  ACh	
  

transmission,	
  to	
  enhance	
  gain	
  in	
  processing	
  of	
  DA	
  signals	
  conveyed	
  by	
  SNc/VTA	
  activity	
  

via	
   transient	
   desensitization	
   of	
   nAChRs	
   on	
   dopaminergic	
   terminals	
   (Cragg,	
   2006).	
   Of	
  

course,	
   the	
   probability	
   of	
   this	
   ‘additional’	
   signalling	
   event	
   occurring	
   depends	
   on	
   the	
  

relative	
  timing	
  of	
  these	
  discrete	
  DA	
  release	
  episodes.	
  Specifically,	
  it	
  could	
  only	
  take	
  place	
  

if	
   DA	
   terminals	
   recover	
   within	
   100	
   ms	
   of	
   the	
   initial	
   nAChRs-­‐mediated	
   drive	
   of	
   a	
   DA	
  

release	
  event	
  to	
  support	
  the	
  subsequent	
  DA	
  release	
  directly	
  evoked	
  by	
  midbrain	
  spiking	
  

activity.	
  Then,	
   striatal	
  DA	
  signals	
  could	
  be	
  amplified	
  during	
   the	
   time	
  when	
  nAChRs	
  are	
  

refractory.	
   Critically,	
   differential	
   processing	
   supported	
   by	
   distinct	
   signal	
   integration	
  

strategies	
   employed	
   by	
   cortical	
   versus	
   thalamic	
   inputs	
   in	
   recruiting	
   ChI	
   population	
  

activity	
   would	
   still	
   hold	
   true.	
   Further,	
   these	
   two	
   roles	
   of	
   the	
   local	
   ACh-­‐mediated	
   DA	
  

signalling	
  cascades,	
  i.e.	
   local	
  drive	
  of	
  DA	
  release	
  and	
  gain	
  amplification	
  of	
  DA	
  signals	
  of	
  

midbrain	
  origin,	
  are	
  not	
  mutually	
  exclusive.	
  	
  

6.2.4	
   Defining	
   the	
   context	
   in	
   which	
   di-­synaptic	
   drive	
   of	
   local	
   striatal	
  

dopamine	
  could	
  support	
  behavioural	
  performance	
  

	
   The	
  context	
   in	
  which	
  glutamate-­‐dependent	
  ChI-­‐evoked	
  drive	
  of	
  DA	
  release	
  is	
  of	
  

relevance	
  to	
  behaviour	
  yet	
  remains	
  the	
  subject	
  of	
  speculation.	
  I	
  propose	
  that	
  there	
  are	
  

several	
  roles	
  these	
  locally	
  mediated	
  DA	
  signalling	
  events	
  may	
  fulfil.	
  Firstly,	
  these	
  events	
  

could	
   support	
   unperturbed	
   striatal	
   information	
   processing	
   when	
   the	
   nigrostriatal	
  

pathway	
  no	
   longer	
  supplies	
  DA	
  signals.	
  Secondly,	
  cortical	
  and	
  thalamic	
  drive	
  of	
  striatal	
  

DA	
   release	
   could	
   also	
   serve	
   as	
   global	
   and/or	
   local	
   feedback	
   circuit	
   for	
   acquisition	
   of	
  



	
   	
   	
  

	
   	
   	
  

262	
  

learned	
   behaviours.	
   For	
   example,	
   evidence	
   that	
   selection	
   of	
   subsets	
   of	
   highly	
   active	
  

cortical	
   inputs	
  happens	
   via	
   activation	
  of	
  D2	
   receptors	
   (Bamford	
  et	
   al.,	
   2004),	
   suggests	
  

that	
  cortex	
  itself,	
  or	
  even	
  Pf	
  afferents,	
  could	
  selectively	
  reinforce	
  input	
  filtering	
  via	
  this	
  

route.	
   The	
   same	
   mechanism	
   could	
   also	
   enhance	
   burst	
   firing	
   by	
   cortical	
   pyramidal	
  

neurons	
   in	
   layer	
  V	
  (Vitrac	
  et	
  al.,	
  2014),	
   further	
   increasing	
  the	
  probability	
  of	
  glutamate-­‐

dependent	
  ChI-­‐evoked	
  DA	
  events	
  occurring.	
  Recently	
  published	
   findings	
  of	
  DA	
  directly	
  

driving	
   pause	
   response	
   in	
   ChIs	
   in	
   dorsal	
   striatum	
   (Chuhma	
   et	
   al.,	
   2014)	
   additionally	
  

suggest	
  that	
   local	
  DA	
  signalling	
  could	
  enhance	
  conditioned	
  response	
  acquisition	
  by	
  the	
  

cholinergic	
  system.	
  In	
  this	
  case,	
  the	
  primary	
  role	
  of	
  Pf	
  afferents	
  in	
  facilitating	
  acquisition	
  

of	
   characteristic	
   burst-­‐pause	
   response	
   sequence	
   by	
   ChIs	
   (Graybiel	
   et	
   al.,	
   1994;	
  

Matsumoto	
   et	
   al.,	
   2001)	
   could	
   happen	
   not	
   only	
   via	
   direct	
   entrainment,	
   but	
   also	
   via	
  

recruitment	
   of	
   ACh-­‐evoked	
   DA	
   release,	
   at	
   least	
   in	
   dorsal	
   striatum,	
   region	
   linked	
   to	
  

encoding	
  of	
  state	
  prediction	
  information	
  (Bradfield	
  et	
  al.,	
  2013).	
  	
  

	
   Rather	
  than	
  conveying	
  mutually	
  redundant	
  information,	
  cortical	
  or	
  thalamic	
  drive	
  

of	
   ChI-­‐evoked	
   DA	
   release	
   likely	
   relays	
   signals	
   about	
   distinct	
   aspects	
   of	
   behaviourally	
  

salient	
  events.	
  Cortical	
  inputs	
  could	
  predominantly	
  encode	
  internal	
  occurrences,	
  forming	
  

a	
  top-­‐down	
  processing	
  loop	
  for	
  attention	
  and	
  anticipation	
  of	
  significant	
  events	
  (Kimura	
  

et	
   al.,	
   2004):	
   strong	
   initial	
   input	
   would	
   lead	
   to	
   a	
   DA	
   event.	
   In	
   contrast,	
   multimodal	
  

nature	
   of	
   Pf	
   inputs	
  would	
  make	
   Pf	
   striatal	
   afferents	
   an	
   ideal	
   candidate	
   for	
   conveying	
  

information	
  about	
  external	
   events.	
  Bottom-­‐up	
   sensory-­‐driven	
  processing	
  underwritten	
  

by	
   sustained	
   activation	
   of	
   the	
   circuit	
   upon	
   detection	
   of	
   discrepancy,	
  would	
   terminate	
  

top-­‐down	
  cortical	
  drive	
  giving	
  precedence	
  to	
  Pf	
  signals	
  (Kimura	
  et	
  al.,	
  2004).	
  In	
  addition,	
  

by	
   triggering	
   DA	
   release	
   Pf	
   projections	
   could	
   mediate	
   feed-­‐forward	
   facilitation	
   for	
  

creating	
   a	
   sensory-­‐motor	
   preparatory	
   set	
   for	
   the	
   arrival	
   of	
   cortical	
   signals	
   by	
   aiding	
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activation	
  of	
  MSNs	
  via	
  D1	
  receptors	
  or	
  selective	
  filtering	
  of	
  highly	
  active	
  cortical	
   inputs	
  

via	
  D2	
  receptors	
  (Hernández-­‐López	
  et	
  al.,	
  1997;	
  Bamford	
  et	
  al.,	
  2004).	
  Cortex,	
  in	
  turn,	
  via	
  

DA	
   route	
   could	
   provide	
   signals	
   for	
   salience	
   attribution	
   in	
   conjunction	
   with	
   Pf	
   inputs	
  

conveying	
   arousal	
   and	
   attention,	
   to	
   facilitate	
   associative	
   learning	
   during	
   online	
  

behavioural	
  performance.	
  

6.2.5	
  Analogue	
  versus	
  digital	
  code	
  for	
  signal	
  transfer	
  

	
   With	
  respect	
  to	
  digital	
  versus	
  analogue	
  mode	
  for	
  signal	
  transfer	
  between	
  cortical	
  

or	
   thalamic	
   inputs	
   and	
   striatal	
   ChIs,	
   several	
   possible	
   configurations	
   exist.	
   Cortical	
  

neurons	
   in	
   layer	
   V	
   of	
   motor	
   and	
   sensory	
   areas	
   show	
   tonic	
   low	
   frequency	
   firing	
   or	
  

bursting	
   behaviour	
   in	
   vitro	
   and	
   in	
   vivo	
   (Agmon	
   and	
   Connors,	
   1989;	
   Pockberger,	
   1991;	
  

Hattox	
   and	
  Nelson,	
   2007;	
  Hedrick	
   and	
  Waters,	
   2011),	
   possibly	
   due	
   to	
   distinct	
   laminar	
  

distribution	
  of	
  their	
  synaptic	
  inputs	
  (Larkum	
  et	
  al.,	
  2001).	
  Similarly,	
  thalamic	
  Pf	
  neurons	
  

can	
  be	
   induced	
   to	
   fire	
  at	
   frequencies	
  of	
  up	
   to	
  40	
  Hz	
  showing	
  bursts	
  of	
  2-­‐5	
  spikes,	
  but	
  

most	
  recordings	
  demonstrate	
  2-­‐3	
  spikes/s	
  firing	
  mode	
  (Doig	
  et	
  al.,	
  2014)	
  and	
  discharges	
  

of	
  groups	
  of	
   spikes	
  at	
   low	
   frequency	
   (Lacey	
  et	
  al.,	
  2007).	
  Hence,	
  depending	
  on	
  stimuli	
  

intensity,	
   distinct	
   signal	
   transfer	
   modes	
   could	
   be	
   used	
   by	
   M1	
   and	
   Pf	
   afferents	
   in	
  

communicating	
  with	
  their	
  downstream	
  ChI	
  targets.	
  	
  

	
   According	
   to	
  Sherman	
   (2001),	
   tonic	
   low	
   frequency	
   firing	
   facilitates	
   linear	
   signal	
  

summation	
   leading	
   to	
   larger	
  excitatory	
  post-­‐synaptic	
  potentials,	
  which	
   is	
  equivalent	
   to	
  

an	
  analogue	
  code.	
   In	
   turn,	
  burst	
   firing	
   integration,	
   characterized	
  by	
  a	
   step	
   function,	
   is	
  

analogous	
  to	
  a	
  digital	
  all-­‐or-­‐none	
  code.	
  Pf	
   inputs	
  to	
  ChIs	
  may	
  employ	
  analogue	
  coding,	
  

which	
  is	
  well	
  suited	
  to	
  conveying	
  alerting	
  messages	
  as	
  signal	
  amplitude	
  could	
  represent	
  

the	
  degree	
  of	
  urgency.	
  Low	
  frequency	
   firing	
   typically	
  observed	
   in	
  Pf	
  units	
   is	
  consistent	
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with	
   this	
  prediction	
   (Ni	
  et	
  al.,	
  2000;	
  Parr-­‐Brownlie	
  et	
  al.,	
  2009).	
  However,	
  existence	
  of	
  

distinct	
   types	
   of	
   Pf	
   neurons	
   suggests	
   that	
   caudal	
   intralaminar	
   thalamus	
   could	
   also	
  

employ	
  digital	
  coding	
  for	
  neurons	
  with	
  a	
  bursting	
  discharge	
  pattern	
  (Beatty	
  et	
  al.,	
  2009).	
  

Cortical	
   afferents	
   are	
   also	
   likely	
   to	
   utilize	
   a	
   mixture	
   of	
   digital	
   and	
   analogue	
   codes,	
  

although	
   based	
   on	
   high	
   frequency	
   discharges	
   recorded	
   in	
   single	
   cortical	
   units	
   digital	
  

coding	
   may	
   dominate.	
   In	
   this	
   case,	
   cortical	
   drive	
   of	
   striatal	
   DA	
   release	
   could	
   be	
  

employed	
   to	
   relieve	
   synaptic	
   depression	
   which	
   follows	
   high	
   frequency	
   burst	
   firing	
  

(Wickens	
   et	
   al.,	
   1996)	
   or	
   even	
   further	
   potentiate	
   spiking	
   activity	
   of	
   cortical	
   neurons	
  

(Vitrac	
  et	
  al.,	
  2014).	
  	
  

	
   Nonetheless,	
   low	
   release	
   probability	
   at	
   cortical	
   synapses	
   and	
   high	
   release	
  

probability	
  at	
  thalamic	
  terminals	
  (Fremeau	
  et	
  al.,	
  2004a,	
  2004b;	
  Ding	
  et	
  al.,	
  2008),	
  may	
  

equalize	
   the	
   differences	
   in	
   the	
   firing	
   modes	
   and	
   corresponding	
   information	
   transfer	
  

strategies	
   between	
   the	
   two	
   afferent	
   inputs	
   to	
   striatal	
   ChIs.	
   As	
   such,	
   high	
   release	
  

probability	
   at	
   thalamic	
   terminals	
   suggests	
   that	
   in	
   between	
   responding	
  more	
   synapses	
  

are	
   silent/refractory,	
   similar	
   to	
   digital	
   code.	
   In	
   contrast,	
   low	
   release	
   probability	
   at	
  

cortical	
   terminals	
   may	
   mean	
   these	
   projections	
   are	
   better	
   suited	
   to	
   analogue	
  

representation,	
   as	
   there	
   is	
   scope	
   for	
   further	
   increase	
   in	
   response	
   amplitude	
   with	
  

increasing	
  stimulation	
  or	
  input	
  intensity.	
  	
  

	
   Together,	
   the	
   above	
   data	
   suggest	
   that	
   exclusively	
   one	
   mode	
   of	
   information	
  

transfer	
   between	
   corticostriatal	
   or	
   thalamostriatal	
   afferents	
   and	
   ChIs	
   is	
   unlikely.	
   This	
  

arrangement	
   corresponds	
  with	
   organization	
  of	
   information	
   transfer	
   between	
  ChIs	
   and	
  

DA	
   axons,	
   downstream	
   of	
   cortical	
   or	
   thalamic	
   inputs.	
   The	
   relay	
   code	
   will	
   always	
   be	
  

translated	
  to	
  digital	
  between	
  ChIs	
  and	
  DA	
  axon	
  terminals,	
  as	
  I	
  show	
  that	
  ACh-­‐evoked	
  DA	
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release	
   events	
   are	
   all-­‐or-­‐none	
   responses.	
   Therefore,	
   relying	
   exclusively	
   on	
   analogue	
  

code	
  by	
  either	
   thalamic	
  or	
  cortical	
  afferents	
   to	
   striatal	
  ChIs	
  may	
  be	
   redundant,	
  as	
   this	
  

information	
   is	
   never	
   conveyed	
   to	
   the	
  downstream	
  dopaminergic	
   targets,	
   unless	
   it	
   has	
  

some	
  functionality	
  at	
  the	
  level	
  of	
  regulating	
  ChI	
  activity	
  and	
  not	
  ACh-­‐evoked	
  DA	
  release.	
  

6.2.6	
  Acetylcholine-­evoked	
  dopamine	
  release	
  is	
  not	
  a	
  species	
  artefact	
  

	
   One	
  of	
  the	
  important	
  concerns	
  for	
  all	
  optogenetic	
  experiments	
  using	
  transgenic	
  

mouse	
   lines	
   is	
   whether	
   generated	
   results	
   are	
   genuine,	
   or	
   are	
   a	
   consequence	
   of	
  

transgene	
  expression,	
  changes	
  in	
  native	
  protein	
  expression	
  patterns,	
  etc.	
  Therefore,	
  an	
  

important	
   experiment	
   for	
   demonstrating	
   physiological	
   relevance	
   of	
   ACh-­‐evoked	
   DA	
  

events,	
  in	
  addition	
  to	
  showing	
  recruitment	
  of	
  DA	
  release	
  by	
  stimulation	
  of	
  ChI	
  afferents	
  

in	
   CaMK2a-­‐Cre	
   mice,	
   was	
   to	
   show	
   that	
   ACh-­‐dependent	
   DA	
   release	
   following	
   direct	
  

activation	
  of	
  ChI	
  populations	
  is	
  not	
  specific	
  to	
  ChAT-­‐Cre	
  or	
  ChAT-­‐ChR2	
  mouse	
  lines.	
  Large	
  

amplitude	
  light-­‐evoked	
  DA	
  release	
  events	
  were	
  recorded	
  throughout	
  dorsal	
  and	
  ventral	
  

striatum	
  of	
  ChAT-­‐Cre	
  rat	
  (Witten	
  et	
  al.,	
  2011)	
  expressing	
  ChR2	
  in	
  ChIs	
  following	
  striatal	
  

injections	
  of	
  AAV2	
  ChR2.	
  Hence,	
  I	
  confirmed	
  that	
  ACh-­‐evoked	
  drive	
  of	
  striatal	
  DA	
  release	
  

is	
   not	
   a	
   species	
   artefact,	
   and	
   is	
   observed	
   in	
   both	
   mouse	
   and	
   rat	
   following	
   direct	
  

activation	
  of	
  striatal	
  ChIs	
  expressing	
  ChR2	
  with	
  blue	
   light.	
  Significantly,	
  AAV2-­‐packaged	
  

ChR2	
  construct	
  was	
  successfully	
  employed	
  to	
  drive	
  light-­‐evoked	
  striatal	
  DA	
  release	
  with	
  

direct	
  activation	
  of	
  ChIs	
  in	
  mouse	
  and	
  rat	
  ChAT-­‐Cre	
  lines,	
  yet	
  failed	
  to	
  do	
  so	
  when	
  used	
  

for	
  recruitment	
  of	
  ChI	
  activity	
  by	
  stimulation	
  of	
  their	
  afferent	
  excitatory	
  inputs.	
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6.3	
   AAV5	
   ChR2,	
   AAV2	
   ChR2	
   and	
   hyperpolarization	
   experiments:	
  

implications	
  for	
  probing	
  circuit	
  function	
  using	
  optogenetics	
  

	
   	
  The	
   foremost	
   difference	
   in	
   using	
   AAV5-­‐packaged	
   and	
   AAV2-­‐packaged	
   ChR2	
  

constructs	
  in	
  CaMK2a-­‐Cre	
  driver	
  line	
  was	
  their	
  success	
  and	
  failure	
  in	
  driving	
  glutamate-­‐

dependent	
   ACh-­‐evoked	
   striatal	
   DA	
   release.	
   Thus,	
   for	
   indirect	
   drive	
   of	
   striatal	
   DA	
   via	
  

recruitment	
   of	
   ChI	
   population	
   activity	
   by	
   activation	
   of	
   their	
   excitatory	
   glutamatergic	
  

afferents	
   only	
   the	
   AAV5	
   ChR2	
   vector	
   was	
   successful.	
   In	
   contrast,	
   AAV2	
   ChR2	
  

experiments	
   in	
   several	
   permutations	
   consistently	
   generated	
   negative	
   data.	
   Yet,	
   the	
  

AAV2	
  ChR2	
  vector	
  was	
  functional	
  as	
  when	
  used	
  in	
  ChAT-­‐Cre	
  mouse	
  and	
  rat,	
  DA	
  events	
  

evoked	
  by	
  direct	
   depolarization	
  of	
   striatal	
   ChIs	
  with	
   light	
  were	
   robust.	
   The	
  discordant	
  

results	
  from	
  the	
  AAV5	
  ChR2	
  and	
  AAV2	
  ChR2	
  series	
  of	
  experiments	
  first	
  of	
  all	
  suggest	
  that	
  

vector	
   properties	
   play	
   a	
   major	
   role	
   in	
   determining	
   the	
   success	
   of	
   experimental	
  

outcomes,	
  and	
  thus	
  call	
  for	
  scrupulous	
  examination	
  of	
  negative	
  data	
  and	
  careful	
  design	
  

of	
   circuit	
   mapping	
   experiments.	
   Secondly,	
   they	
   also	
   emphasize	
   that	
   further	
   work	
   is	
  

required	
  to	
  delineate	
  the	
  exact	
  circumstances	
  of	
  when	
  and	
  whether	
  independent	
  drive	
  

of	
  striatal	
  DA	
  release	
  via	
  ChIs	
  by	
  cortical	
  and	
  thalamic	
  inputs	
  is	
  achievable.	
  

	
   It	
  is	
  possible	
  that	
  AAV2	
  ChR2	
  simply	
  failed	
  to	
  transduce	
  large	
  enough	
  population	
  

of	
   striatally-­‐projecting	
   neurons	
   to	
   achieve	
   sufficient	
   synchronization	
   of	
   excitatory	
  

activity	
   in	
  post-­‐synaptic	
  ChIs.	
  However,	
  AAV2	
  ChR2-­‐transduced	
  afferents	
   also	
  may	
  not	
  

have	
   been	
   able	
   to	
   recruit	
   any	
   post-­‐synaptic	
   excitation	
   in	
   striatal	
   ChIs.	
   Future	
   studies	
  

should	
   therefore	
   incorporate	
   electrophysiology	
   to	
   back	
   up	
   FCV	
   data	
   and	
   distinguish	
  

between	
   a	
   number	
   of	
   alternative	
   explanations.	
   Furthermore,	
   electrophysiology	
   data	
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would	
  be	
  able	
  to	
  offer	
  clues	
  regarding	
  the	
  necessity	
  of	
  cortical	
  and	
  thalamic	
  inputs	
  co-­‐

activation	
  for	
  driving	
  glutamate-­‐dependent	
  ACh-­‐evoked	
  DA	
  release.	
  	
  

	
   A	
   direct	
   comparison	
   between	
   AAV5	
   ChR2	
   and	
   AAV2	
   ChR2	
   experiments	
   is	
   not	
  

possible,	
  not	
  only	
  due	
  to	
  different	
  transduction	
  efficiencies	
  of	
  the	
  two	
  vectors,	
  but	
  also	
  

distinct	
  recruitment	
  of	
  intracellular	
  transport	
  machinery	
  by	
  AAV5	
  and	
  AAV2.	
  Notably,	
  all	
  

AAV-­‐based	
  vectors	
  reported	
  to	
  provide	
  high	
  levels	
  of	
  ChR2	
  transduction	
  both	
  in	
  rodent	
  

and	
   primate	
   brains,	
   including	
   AAV5,	
   AAV6,	
   AAV8	
   and	
   AAV9	
   serotypes	
   (Paterna	
   et	
   al.,	
  

2004;	
  Taymans	
  et	
  al.,	
  2007;	
  McFarland	
  et	
  al.,	
  2009;	
  Markakis	
  et	
  al.,	
  2010;	
  Towne	
  et	
  al.,	
  

2010;	
  Masamizu	
  et	
  al.,	
  2011;	
  Salegio	
  et	
  al.,	
  2012),	
  are	
  subject	
  to	
  combined	
  anterograde-­‐

retrograde	
   axonal	
   transport	
   which	
   perhaps	
   renders	
   them	
  most	
   efficient	
   in	
   facilitating	
  

virus	
   spread.	
   Extending	
   our	
   understanding	
   of	
   mechanisms	
   regulating	
   neuronal	
  

transduction	
   with	
   AAV-­‐packaged	
   vectors,	
   including	
   molecules	
   governing	
   intracellular	
  

transport	
   modes,	
   would	
   greatly	
   aid	
   future	
   studies	
   by	
   enabling	
   informed	
   choice	
   of	
  

construct	
  to	
  suit	
  a	
  particular	
  experimental	
  design.	
  	
  	
  	
  

	
   The	
   inability	
   to	
   drive	
   light-­‐evoked	
   DA	
   release	
   following	
   optical	
   stimulation	
   of	
  

hyperpolarizing	
  opsins	
  Arch	
  3.0	
  and	
  eNpHR	
  3.0	
   selectively	
  expressed	
   in	
   striatal	
  ChIs	
   in	
  

ChAT-­‐Cre	
   mouse	
   line	
   was	
   ubiquitous.	
   Yet,	
   these	
   studies	
   would	
   also	
   benefit	
   from	
  

companion	
  electrophysiology.	
  We	
  can	
  be	
  fairly	
  certain	
  that	
  inhibition	
  of	
  ChIs	
  activity	
  was	
  

achievable	
  with	
  these	
  hyperpolarizing	
  ion	
  pumps,	
  while	
  the	
  state	
  of	
  rebound	
  spiking,	
  if	
  

any,	
  is	
  completely	
  unknown.	
  Averaging	
  single	
  cell	
  responses	
  could	
  obscure	
  main	
  effects	
  

and	
   complicate	
   extrapolation	
   of	
   single-­‐cell	
   electrophysiology	
   results	
   to	
   a	
   direct	
  

comparison	
  with	
  FCV	
  read-­‐out	
  of	
  a	
  population-­‐based	
  response	
  in	
  ACh-­‐evoked	
  striatal	
  DA	
  

release.	
   An	
   alternative	
   approach	
   would	
   be	
   to	
   perform	
   experiments	
   geared	
   towards	
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monitoring	
  of	
  spiking	
  activity	
  from	
  a	
  large	
  population	
  of	
  neurons	
  simultaneously	
  in	
  real	
  

time.	
   In	
   this	
   respect,	
   Ca2+	
   imaging	
   with	
   genetically	
   encoded	
   indicators	
   could	
   be	
   a	
  

promising	
   tool	
   and	
   should	
   be	
   considered	
   for	
   further	
   extending	
   the	
   current	
   work.	
  

Nonetheless,	
  these	
  experiments	
  also	
  face	
  challenges	
  because	
  Ca2+	
   imaging	
  needs	
  to	
  be	
  

combined	
  with	
  optogenetic	
  stimulation,	
  and	
  currently	
  there	
  are	
  no	
  reports	
  of	
  opsin	
  and	
  

voltage	
  sensitive	
  Ca2+	
  indicators	
  co-­‐expression	
  in	
  the	
  same	
  neuronal	
  population.	
  Further,	
  

newly	
  emerging	
   chloride-­‐selective	
   variants	
  of	
  ChR2	
   (Berndt	
  et	
   al.,	
   2014;	
  Wietek	
  et	
   al.,	
  

2014)	
   could	
   significantly	
   benefit	
   the	
   investigation	
   of	
   evoked	
   DA	
   release	
   induced	
   by	
  

rebound	
  spiking	
  in	
  striatal	
  ChI	
  populations,	
  as	
  these	
  hyperpolarizing	
  tools	
  are	
  more	
  likely	
  

to	
  provide	
   sufficient	
  hyperpolarization	
  not	
  only	
   to	
  pause	
  ChI	
   activity,	
   but	
   also	
   achieve	
  

sufficient	
  membrane	
  depolarization	
  to	
  induce	
  intrinsically-­‐generated	
  rebound	
  excitation.	
  

6.4	
   Cholinergic	
   modulation	
   of	
   striatal	
   dopamine	
   release:	
  

implications	
  for	
  SNCA	
  OVX	
  work	
  

	
   Further	
   examination	
   of	
   DA	
   release	
   deficits	
   in	
   the	
   SNCA	
   OVX	
   line	
   showed	
   that	
  

changes	
  in	
  ACh	
  tone	
  at	
  nAChRs	
  were	
  not	
  a	
  mechanism	
  underlying	
  impaired	
  evoked	
  DA	
  

release	
  in	
  dorsal	
  striatum	
  of	
  this	
  PD	
  model,	
  overexpressing	
  human	
  wild	
  type	
  α-­‐synuclein	
  

protein.	
   Instead	
   evoked	
   DA	
   impairments	
   stemmed	
   from	
   a	
   primary	
   dysfunction	
   at	
   the	
  

level	
   of	
   DA	
   axon	
   terminals.	
   However,	
   I	
   unexpectedly	
   uncovered	
   potential	
   deficits	
   in	
  

evoked	
   DA	
   release	
   in	
   ventral	
   striatum	
   of	
   the	
   same	
   model	
   in	
   experimental	
   paradigm	
  

where	
  ACh	
  action	
  at	
  nAChRs	
  was	
  removed.	
  These	
  data	
  indicate	
  that	
  changes	
  in	
  ACh	
  tone	
  

at	
  nAChRs	
  could	
  mask	
  or	
  compensate	
  for	
  DA	
  release	
  deficits	
  in	
  ventral	
  striatum	
  of	
  SNCA	
  

OVX	
  mice,	
  while	
  in	
  dorsal	
  striatum	
  cholinergic	
  system	
  appears	
  to	
  have	
  little	
  effect	
  on	
  α-­‐

synuclein-­‐dependent	
  DA	
  neuron	
  dysfunction.	
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   More	
   extended	
   examination	
   of	
   these	
   findings	
   is	
   needed,	
   but	
   they	
   potentially	
  

offer	
   new	
   insights	
   into	
   treatment	
   strategies	
   targeting	
   DA	
   dysfunction	
   in	
   PD	
   with	
  

anticholinergic	
   agents.	
   In	
   theory,	
   these	
   data	
   could	
   change	
   our	
   understanding	
   of	
   PD	
  

therapeutics,	
  suggesting	
  that	
  in	
  some	
  disease	
  cases	
  where	
  α-­‐synuclein	
  overexpression	
  is	
  

involved,	
   the	
   effects	
   of	
   anticholinergic	
   drugs	
   may	
   be	
   different	
   between	
   dorsal	
   and	
  

ventral	
   striatum,	
   with	
   little	
   effect	
   on	
   the	
   former	
   and	
   exacerbating	
   an	
   underlying	
  

dopaminergic	
   dysfunction	
   in	
   the	
   latter.	
   However,	
   firm	
   conclusions	
   on	
   this	
   account	
  

cannot	
  be	
  drawn	
  without	
  a	
  large	
  scale	
  biochemical	
  and	
  electrophysiological	
  profiling	
  of	
  

the	
   two	
   striatal	
   regions	
   to	
   identify	
   primary	
   and	
   compensatory	
   changes	
   underlying	
  

alterations	
   in	
   evoked	
  DA	
   release,	
   and	
   finding	
   an	
   explanation	
   for	
   how	
   cholinergic	
   tone	
  

may	
   distinctly	
   affect	
   evoked	
   DA	
   properties	
   between	
   CPu	
   and	
   NAc.	
   Significantly,	
  

cholinergic	
   impact	
   on	
   striatal	
   DA	
   release	
   in	
   PD	
  may	
   also	
   be	
  mediated	
   via	
   ACh-­‐evoked	
  

drive	
   of	
   striatal	
   DA	
   release,	
   especially	
   via	
   thalamostriatal	
   projections	
   (Threlfell	
   et	
   al.,	
  

2012).	
   There	
   is	
   a	
   number	
   of	
   reports	
   from	
   human	
   PD	
   cases	
   identifying	
   Pf	
   neuron	
  

degeneration	
   in	
   this	
   patient	
   group	
   (Henderson	
   et	
   al.,	
   2000a,	
   2000b;	
   Halliday,	
   2009).	
  

Further,	
   Pf	
   overactivity	
   has	
   also	
   been	
   reported	
   for	
   animal	
  models	
   of	
   PD	
   (Bacci	
   et	
   al.,	
  

2004;	
  Lanciego	
  et	
  al.,	
  2008),	
  perhaps	
  suggesting	
  compensatory	
  changes	
  that	
  transiently	
  

upregulate	
  neuronal	
  activity	
  to	
  support	
  striatal	
  DA	
  release.	
  These	
  observations	
  suggest	
  

that	
   ACh	
   impact	
   on	
   DA	
   dysfunction	
   in	
   PD	
   cases	
   resulting	
   from	
   α-­‐synuclein	
  

overexpression	
  may	
  be	
  even	
  greater.	
  	
  

	
   Another	
  intriguing	
  observation	
  that	
  emerged	
  from	
  the	
  work	
  on	
  this	
  model	
  of	
  PD	
  

is	
   concerned	
  with	
  α-­‐synuclein-­‐dependent	
   changes	
   in	
  vesicle	
  handling,	
  which	
  may	
  be	
  a	
  

candidate	
  mechanism	
  for	
   impaired	
  DA	
  release	
  in	
  SNCA	
  OVX	
  mice.	
  Specifically,	
  the	
  data	
  

suggest	
  that	
  the	
  properties	
  of	
  evoked	
  and	
  sustained	
  [DA]o	
  may	
  be	
  differentially	
  affected	
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by	
  α-­‐synuclein	
  overexpression.	
  While	
  impairing	
  initial	
  release,	
  possibly	
  due	
  to	
  increased	
  

vesicle	
  clustering	
  precluding	
  efficient	
  vesicle	
  recruitment	
  to	
  the	
  docking	
  sites	
  with	
  short-­‐

lasting	
  depolarization,	
  sustained	
  [DA]o	
  is	
  actually	
  higher	
  in	
  the	
  SNCA	
  OVX	
  line	
  compared	
  

to	
  Snca	
  -­‐/-­‐	
  controls.	
  The	
  future	
  work	
  must	
  examine	
  these	
  differences	
  further	
  to	
  explore	
  

if	
   they	
   could	
   be	
   more	
   apparent	
   with	
   more	
   extended	
   stimulation	
   protocols,	
   and	
  

potentially	
  using	
  techniques	
  that	
  enable	
  more	
  precise	
  quantification	
  of	
  quantal	
  release	
  

over	
  time,	
  including	
  electrophysiology	
  and	
  amperometry.	
  In	
  turn,	
  if	
  this	
  theory	
  holds	
  up	
  

in	
   the	
   face	
  of	
   evidence,	
   these	
  new	
   insights	
   could	
  be	
  used	
   for	
   therapeutic	
   targeting	
  of	
  

evoked	
   DA	
   deficits	
   with	
   treatments	
   that	
   reduce	
   vesicle	
   clustering	
   in	
   dopaminergic	
  

terminals	
  that	
  are	
  induced	
  by	
  α-­‐synuclein-­‐dependent	
  changes	
  in	
  vesicle	
  handling.	
  

6.5	
  Concluding	
  remarks	
  

	
   The	
   data	
   presented	
   in	
   this	
   thesis	
   underscore	
   the	
   importance	
   of	
   understanding	
  

the	
   wider	
   context	
   for	
   ACh-­‐DA	
   interactions	
   in	
   health	
   and	
   disease	
   states.	
   These	
  

interactions	
   have	
   a	
   significant	
   impact	
   on	
   the	
   overall	
   function	
   of	
   the	
   BG,	
   primarily	
   via	
  

their	
   effect	
   on	
   striatal	
   circuitry,	
   and	
   therefore	
   require	
   further	
   hypothesis-­‐driven	
  

exploration.	
   From	
   the	
  work	
   conducted	
   as	
   part	
   of	
   this	
   thesis	
   research	
  we	
   learned	
   that	
  

dopaminergic	
  pathways	
  in	
  dorsal	
  and	
  ventral	
  striatum	
  may	
  be	
  differentially	
  affected	
  by	
  

α-­‐synuclein	
   overexpression	
   in	
   SNCA	
  OVX	
  mouse	
  model	
   of	
   PD,	
   possibly	
   due	
   to	
   distinct	
  

compensatory	
   changes	
   in	
   ACh	
   tone.	
   Further,	
   this	
   work	
   drew	
   a	
   distinction	
   between	
  

instantaneous	
   DA	
   release	
   events	
   recruited	
   with	
   short	
   stimulation	
   protocols,	
   which	
  

consistently	
   show	
   evoked	
   DA	
   deficits,	
   and	
   sustained	
   DA	
   release	
   following	
   prolonged	
  

depolarization,	
   which	
   may	
   be	
   better	
   in	
   SNCA	
   OVX	
   compared	
   to	
   Snca	
   -­‐/-­‐	
   mice.	
   	
   This	
  

hypothesis	
   provides	
   a	
   testable	
   framework	
   for	
   understanding	
   α-­‐synuclein-­‐dependent	
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dysfunction	
   of	
   DA	
   neurons	
   during	
   early	
   disease	
   stages,	
   potentially	
   explaining	
   why	
  

deficits	
  in	
  evoked	
  DA	
  release	
  are	
  present	
  prior	
  to	
  SNc	
  degeneration	
  and	
  even	
  in	
  the	
  face	
  

of	
   normal	
   DA	
   tissue	
   content.	
   In	
   turn,	
   AAV5	
   ChR2	
   work	
   suggested	
   that	
   cortical	
   and	
  

thalamic	
   afferents	
   to	
   ChIs	
   may	
   work	
   co-­‐operatively	
   to	
   drive	
   ACh-­‐evoked	
   striatal	
   DA	
  

release.	
   It	
   remains	
   to	
  be	
  established	
  what	
   the	
  relative	
  contributions	
  of	
  each	
   individual	
  

pathway	
  to	
  ChI-­‐evoked	
  rive	
  of	
  striatal	
  DA	
  release	
  are.	
  Further	
  work	
  on	
  this	
  front	
  would	
  

benefit	
   from	
   combining	
   optogenetics,	
   FCV	
   and	
   electrophysiology,	
   and	
   use	
   of	
   selective	
  

transduction	
  methods	
  where	
  behaviour	
  of	
  viral	
  vectors	
  can	
  be	
  better	
  controlled.	
  From	
  

the	
  current	
  work	
  we	
  learned	
  that	
  some	
  of	
  the	
  methodological	
  complications	
  cannot	
  be	
  

predicted	
   in	
   advance,	
   and	
   thus	
   may	
   require	
   flexible	
   evolution	
   of	
   experimental	
  

approaches	
  to	
  tackle	
  research	
  questions	
  at	
  hand.	
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