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Abstract	
  
	
  

Space	
  and	
  value	
  in	
  the	
  primate	
  amygdala	
  
	
  

Ellen	
  Peck	
  
	
  

	
   	
  

	
   Planning	
  behavioral	
  actions	
  requires	
  the	
  ability	
  to	
  form	
  associations	
  between	
  

stimuli	
   and	
   outcomes	
   in	
   order	
   to	
   appropriately	
   attribute	
   value	
   and	
   emotional	
  

significance	
   to	
   the	
   stimuli.	
   This	
   ability	
   to	
   form	
   associations	
   between	
   stimuli	
   and	
  

outcomes	
   is	
   also	
   dependent	
   on	
   being	
   able	
   to	
   attend	
   to	
   the	
   stimulus	
   in	
   question,	
  

which	
  generally	
   involves	
  honing	
   in	
  on	
   its	
  spatial	
   location.	
  The	
  amygdala	
   is	
  a	
  brain	
  

area	
   that	
   has	
   been	
   investigated	
   extensively	
   in	
   the	
   context	
   of	
   forming	
   associations	
  

between	
   stimuli	
   and	
   outcomes;	
   however,	
   whether	
   the	
   amygdala	
   may	
   also	
   be	
  

important	
  in	
  linking	
  spatial	
  representations	
  of	
  stimuli	
  with	
  their	
  value	
  is	
  relatively	
  

unexplored.	
  	
  	
  

	
   Recent	
   work	
   has	
   demonstrated	
   that	
   individual	
   primate	
   amygdala	
   neurons	
  

reflect	
   both	
   the	
   value	
   of	
   stimulus-­‐outcome	
   associations	
   and	
   the	
   degree	
   to	
   which	
  

spatial	
   attention	
   is	
   directed	
   towards	
   valuable	
   stimuli.	
   While	
   these	
   experiments	
  

demonstrated	
  that	
  amygdala	
  neurons	
  are	
  selective	
  for	
  value	
  and	
  spatial	
  information	
  

in	
   an	
   attentionally-­‐demanding	
   environment,	
   it	
   is	
   still	
   unclear	
   whether	
   similarly	
  

coordinated	
  spatial	
  and	
  value	
  selectivity	
  is	
  present	
  in	
  less	
  attentionally-­‐demanding	
  

contexts.	
   To	
   this	
   end,	
   we	
   trained	
   monkeys	
   to	
   perform	
   trace-­‐conditioning	
   tasks	
  

similar	
  to	
  those	
  known	
  to	
  induce	
  robust	
  value	
  selectivity	
  within	
  the	
  amygdala;	
  our	
  

tasks	
  differed	
  in	
  that	
  we	
  systematically	
  manipulated	
  the	
  spatial	
  location	
  of	
  stimuli	
  in	
  

order	
  to	
  evaluate	
  the	
  degree	
  of	
  spatial	
  selectivity	
   in	
  this	
  relatively	
  passive	
  context.	
  



	
  

Additionally,	
  we	
  used	
  two	
  variants	
  of	
  the	
  trace-­‐conditioning	
  task:	
  a	
  space-­‐irrelevant	
  

task	
  in	
  which	
  the	
  relationship	
  between	
  stimuli	
  and	
  outcomes	
  was	
  not	
  dependent	
  on	
  

where	
   the	
   stimuli	
   appeared,	
   and	
   a	
   space-­‐relevant	
   task	
   in	
   which	
   the	
   outcome	
  

predicted	
   by	
   stimuli	
   was	
   dependent	
   on	
   their	
   spatial	
   location.	
   We	
   reasoned	
   that	
  

spatial	
  selectivity	
  in	
  the	
  amygdala	
  might	
  be	
  augmented	
  when	
  spatial	
  variables	
  were	
  

relevant	
  to	
  the	
  task,	
  particularly	
  for	
  guiding	
  conditioned	
  responses.	
  This	
  prediction	
  

was	
   unsupported,	
   however;	
   amygdala	
   neurons	
   responded	
   similarly	
   in	
   the	
   space-­‐

irrelevant	
   and	
   space-­‐relevant	
   tasks.	
   In	
   each	
   task,	
   spatial	
   selectivity	
  was	
   observed	
  

mainly	
  around	
   the	
   time	
   that	
   that	
  stimulus	
  was	
  present,	
  and	
   this	
  spatial	
   selectivity	
  

was	
  essentially	
  random	
  with	
  respect	
  to	
  neurons’	
  value	
  selectivity.	
  These	
  results	
  run	
  

counter	
  to	
  those	
  observed	
  in	
  attentionally-­‐demanding	
  operant	
  tasks,	
  where	
  spatial	
  

selectivity	
   was	
   sustained	
   and	
   coordinated	
   with	
   value	
   selectivity,	
   therefore	
  

suggesting	
  that	
  spatial	
  coding	
  in	
  the	
  amygdala	
  is	
  task-­‐dependent.	
  	
  

	
   Given	
   the	
   weak	
   and	
   unpredictable	
   spatial	
   selectivity	
   in	
   these	
   trace-­‐

conditioning	
   tasks,	
   we	
   asked:	
   Under	
   what	
   degree	
   of	
   attentional	
   load	
   are	
   robust	
  

spatial	
   signals	
  apparent	
   in	
   the	
  amygdala?	
  To	
   investigate	
   this,	
  we	
   trained	
  monkeys	
  

on	
   an	
   operant	
   task	
   where	
   a	
   single	
   stimulus	
   appeared	
   at	
   one	
   of	
   two	
   locations;	
  

monkeys	
  had	
  to	
  detect	
  a	
  second	
  stimulus	
  that	
  appeared	
  at	
  the	
  same	
  location,	
  but	
  at	
  

an	
   unpredictable	
   time.	
   Unlike	
   in	
   the	
   trace-­‐conditioning	
   tasks,	
   amygdala	
   neurons	
  

exhibited	
   sustained	
   spatial	
   selectivity	
   that	
   was	
   well-­‐coordinated	
   with	
   value	
  

selectivity	
   on	
   this	
   task.	
   Further	
   suggesting	
   an	
   influential	
   role	
   on	
   attention,	
   the	
  

response	
   of	
   amygdala	
   neurons	
   predicted	
   trial-­‐to-­‐trial	
   fluctuations	
   in	
   monkeys’	
  

spatial	
   attention.	
   Together,	
   these	
   results	
   show	
   that	
   the	
   amygdala	
   participates	
   in	
  



	
  

more	
  than	
  just	
  encoding	
  of	
  value-­‐related	
  or	
  emotional	
  stimuli,	
  expanding	
  its	
  role	
  to	
  

include	
  encoding	
  of	
  spatial	
  features	
  and	
  lending	
  support	
  to	
  the	
  notion	
  that	
  this	
  brain	
  

area	
  may	
  be	
  involved	
  in	
  emotional	
  guidance	
  of	
  spatial	
  attention	
  in	
  physiological	
  and	
  

pathological	
  states.	
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Chapter	
  1:	
  Introduction	
  	
  
	
  
	
  

	
  
Imagine	
   that	
   you	
   are	
   walking	
   in	
   the	
   woods	
   and	
   you	
   discover	
   a	
   shiny,	
   red	
  

apple	
   hanging	
   from	
   a	
   tree.	
   You	
   have	
   not	
   had	
   lunch	
   yet,	
   and	
   your	
   stomach	
   begins	
  

rumbling	
  at	
  the	
  sight	
  of	
  the	
  apple.	
  You	
  pick	
  it	
  from	
  the	
  tree	
  and	
  take	
  a	
  bite,	
  and	
  find	
  

that	
  it	
  is	
  the	
  most	
  delicious	
  apple	
  you	
  have	
  ever	
  tasted.	
  You	
  continue	
  on	
  your	
  way,	
  

becoming	
  more	
  and	
  more	
  satiated	
  as	
  you	
  munch	
  your	
  way	
  through	
  the	
  apple.	
  

Now	
  imagine	
  that	
  you	
  are	
  walking	
  in	
  the	
  woods	
  and	
  you	
  see	
  a	
  large	
  bear.	
  You	
  

freeze	
   and	
   hope	
   to	
   remain	
   unnoticed,	
   but	
   unfortunately	
   the	
   bear	
   turns	
   and	
   looks	
  

right	
  at	
  you.	
  Completely	
  forgetting	
  what	
  your	
  wildlife	
  survival	
  book	
  told	
  you	
  to	
  do	
  

when	
  encountering	
   a	
  bear	
   (Freeze?	
  Yell?	
  Run?),	
   you	
   turn	
   and	
   flee	
   in	
   the	
  opposite	
  

direction.	
  

In	
   both	
   of	
   these	
   scenarios	
   you	
   were	
   presented	
   with	
   a	
   stimulus	
   in	
   the	
  

environment	
   and	
   had	
   to	
   assess	
   each	
   situation	
   to	
   decide	
   what	
   could	
   happen	
   and	
  

what	
  action	
  you	
  should	
  take.	
  In	
  the	
  first	
  case,	
  you	
  saw	
  the	
  apple,	
  and	
  you	
  associated	
  

it	
   with	
   an	
   appetitive	
   outcome	
   –	
   namely,	
   a	
   pleasant	
   taste	
   and	
   the	
   feeling	
   of	
  

satisfaction	
   and	
   satiation	
   that	
   would	
   result	
   if	
   you	
   ate	
   it.	
   With	
   this	
   in	
   mind,	
   you	
  

decide	
   to	
   approach	
   it.	
   In	
   the	
   second	
   example,	
   you	
   saw	
   the	
   bear	
   and	
   associated	
   it	
  

with	
  adverse	
  outcomes	
  –	
  pain,	
   serious	
   injury,	
   and	
  death	
  –	
   and	
  decided	
   to	
   run	
   the	
  

other	
  way.	
  Both	
  of	
  these	
  stimuli	
  were	
  arousing	
  to	
  you	
  and	
  grabbed	
  your	
  attention,	
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but	
  you	
  had	
  to	
  make	
  associations	
  between	
  each	
  stimulus	
  and	
  the	
  possible	
  outcomes	
  

on	
  a	
  case-­‐by-­‐case	
  basis	
  in	
  order	
  to	
  decide	
  what	
  to	
  do.	
  

Deciding	
  what	
   action	
   to	
   take	
   in	
   response	
   to	
   a	
   stimulus	
   requires	
  more	
   than	
  

just	
   knowing	
   the	
   possible	
   outcomes.	
   Where	
   in	
   space	
   that	
   stimulus	
   appears,	
   for	
  

example,	
   might	
   affect	
   the	
   best	
   response.	
   You	
  might	
   see	
   a	
   predator	
   and	
   correctly	
  

make	
   the	
   association	
   between	
   it	
   and	
   the	
   threat	
   it	
   signals,	
   but	
   if	
   you	
  were	
   to	
   run	
  

toward	
   instead	
   of	
   away	
   from	
   the	
   threat,	
   you	
   would	
   be	
   much	
   more	
   likely	
   to	
   be	
  

mauled	
  or	
  eaten;	
  just	
  knowing	
  that	
  the	
  animal	
  is	
  dangerous	
  would	
  not	
  be	
  enough	
  to	
  

ensure	
  survival.	
  Similarly,	
  seeing	
  the	
  apple	
  and	
  deciding	
  that	
  you	
  would	
  like	
  to	
  eat	
  it	
  

would	
  be	
  of	
  no	
  use	
  unless	
  you	
  could	
  create	
  a	
  spatial	
  representation	
  of	
  the	
  object	
  in	
  

order	
  to	
  approach	
  and	
  procure	
  it.	
  

This	
  dissertation	
  focuses	
  on	
  the	
  role	
  of	
  the	
  amygdala	
  in	
  encoding	
  space	
  and	
  

reward,	
  encoding	
  that	
  likely	
  is	
  important	
  for	
  understanding	
  the	
  role	
  of	
  the	
  amygdala	
  

in	
  attention.	
  In	
  the	
  example	
  described	
  in	
  the	
  beginning	
  of	
  this	
  introduction,	
  learned	
  

associations	
   between	
   stimuli	
   and	
   outcomes	
   triggered	
   behavioral	
   responses	
   that	
  

relied	
  on	
  our	
  ability	
  to	
  encode	
  information	
  about	
  both	
  the	
  motivational	
  significance	
  

and	
   the	
   location	
   of	
   stimuli.	
   This	
   information	
  was	
   acquired	
   through	
   learning,	
  with	
  

conditioning	
   often	
   inducing	
   such	
   learning.	
   In	
   this	
   introduction,	
   I	
   first	
   provide	
   an	
  

overview	
  of	
  the	
  types	
  of	
  conditioning,	
  since	
  these	
  processes	
  form	
  the	
  foundation	
  for	
  

our	
   experimental	
   approach.	
   I	
   then	
   review	
   anatomical	
   and	
   functional	
   studies	
   of	
   a	
  

brain	
   structure	
   thought	
   to	
   play	
   a	
   prominent	
   role	
   in	
   learning	
   and	
   representing	
  

stimulus-­‐outcome	
   associations	
   induced	
   by	
   conditioning:	
   the	
   amygdala.	
   I	
   go	
   on	
   to	
  

review	
   recent	
   work	
   implicating	
   the	
   amygdala	
   as	
   playing	
   a	
   role	
   in	
   attentional	
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processes	
   and,	
   finally,	
   I	
   provide	
   an	
   overview	
   explaining	
   how	
   my	
   experimental	
  

approach	
  builds	
  upon	
  prior	
  work.	
  

Classical	
  conditioning	
  	
  
	
  

Although	
  the	
  focus	
  of	
  this	
  dissertation	
  is	
  to	
  dissect	
  the	
  role	
  of	
  the	
  amygdala	
  in	
  

spatial	
  processing,	
  it	
  is	
  important	
  to	
  include	
  a	
  brief	
  review	
  of	
  what	
  we	
  know	
  of	
  the	
  

role	
  of	
  the	
  amygdala	
  in	
  forming	
  stimulus-­‐outcome	
  associations,	
  since	
  conditioning	
  is	
  

a	
  major	
  method	
  used	
  to	
  induce	
  learning,	
  and	
  learned	
  associations	
  are	
  known	
  to	
  be	
  

represented	
   in	
   the	
   amygdala	
   in	
   humans	
   (Buchel	
   et	
   al.,	
   1999;	
   Buchel	
   et	
   al.,	
   1998),	
  

rodents	
  (reviewed	
  in	
  (LeDoux,	
  2000)),	
  and	
  primates	
  (e.g.	
  (Paton	
  et	
  al.,	
  2006)).	
  I	
  will	
  

first	
   discuss	
   how	
   the	
   amygdala	
   initially	
   came	
   to	
   be	
   associated	
   with	
   encoding	
  

emotional	
   stimuli,	
   and	
  will	
   later	
   turn	
   to	
  what	
   is	
   known	
   about	
   how	
   the	
   amygdala	
  

encodes	
  rewarded	
  stimuli	
  and	
  how	
  spatial	
  selectivity	
  plays	
  a	
  role	
  in	
  this	
  encoding.	
  	
  

In	
   the	
   examples	
   given	
   in	
   the	
   introduction,	
   your	
   behavioral	
   responses	
   are	
  

based	
  on	
  having	
   appropriately	
   formed	
   stimulus-­‐	
   and	
   action-­‐outcome	
  associations.	
  

Many	
   studies	
   rely	
   on	
   animals’	
   ability	
   to	
   form	
   these	
   associations	
   (reviewed	
   in	
  

(Baxter,	
  2002))	
  and	
  so,	
  setting	
  aside	
  for	
  the	
  moment	
  the	
  question	
  of	
  how	
  space	
  and	
  

spatial	
   attention	
   are	
   encoded,	
   I	
   turn	
   to	
  what	
   is	
   known	
   about	
   how	
   stimuli	
   and/or	
  

actions	
   come	
   to	
   be	
   associated	
   with	
   different	
   outcomes.	
   There	
   are	
   two	
   types	
   of	
  

conditioning	
   to	
   discuss:	
   classical	
   and	
   operant.	
   The	
   differences	
   between	
   these	
   two	
  

types	
   of	
   conditioning	
   are	
   important;	
   in	
   the	
   former,	
   the	
   focus	
   is	
   on	
   automatic	
  

behaviors,	
  hence	
  the	
  emphasis	
  on	
  an	
  environmental	
  stimulus	
  being	
  associated	
  with	
  

a	
   given	
   outcome.	
   	
   In	
   the	
   latter,	
   reinforcement	
   is	
   used	
   to	
   strengthen	
   or	
   weaken	
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voluntary	
  behaviors	
  or	
  actions,	
  and	
  therefore	
  the	
  outcome	
  can	
  be	
  said	
  to	
  be	
  action-­‐

associated.	
  	
  

Ivan	
  Pavlov	
  first	
  described	
  classical	
  conditioning	
  in	
  1927.	
  In	
  his	
  experiments,	
  

Pavlov	
   rang	
   a	
   bell	
   before	
   delivering	
   food	
   to	
   dogs.	
   The	
   food	
   (the	
   unconditioned	
  

stimulus,	
  US)	
  caused	
  the	
  dogs	
  to	
  salivate	
  (an	
  unconditioned	
  response,	
  UR).	
  After	
  a	
  

period	
   of	
   pairing	
   the	
   bell	
   (the	
   conditioned	
   stimulus,	
   CS)	
   with	
   food,	
   Pavlov	
  

discovered	
   that	
   the	
  mere	
   sound	
  of	
   the	
  bell	
   caused	
   the	
  dogs	
   to	
   salivate;	
  because	
   it	
  

was	
   paired	
   with	
   the	
   conditioned	
   stimulus,	
   salivation	
   became	
   the	
   conditioned	
  

response	
  (CR)	
  (Pavlov,	
  1927).	
  This	
  type	
  of	
  conditioning	
  will	
  play	
  a	
  role	
  in	
  the	
  trace-­‐

conditioning	
  tasks	
  described	
  in	
  Chapter	
  2.	
  

The	
  classical	
  conditioning	
  paradigm	
  is	
  often	
  used	
  to	
  study	
  learning	
  as	
  well	
  as	
  

emotion,	
   especially	
   fear,	
   in	
   animals.	
   A	
   paradigm	
   that	
   has	
   been	
   used	
   extensively,	
  

particularly	
  in	
  rodents,	
  is	
  the	
  typical	
  Pavlovian	
  fear-­‐conditioning	
  model:	
  Animals	
  are	
  

placed	
  in	
  a	
  novel	
  environment,	
  and	
  after	
  they	
  have	
  explored	
  their	
  surroundings	
  for	
  

several	
  minutes,	
   an	
   electric	
   footshock	
   is	
   delivered.	
   Animals	
   respond	
   to	
   footshock	
  

initially	
   with	
   a	
   burst	
   of	
   locomotor	
   activity,	
   which	
   is	
   then	
   followed	
   by	
   freezing	
  

behavior.	
  The	
  footshock	
  is	
  often	
  paired	
  with	
  an	
  auditory	
  stimulus	
  (generally	
  a	
  tone,	
  

the	
  CS),	
  and	
  in	
  the	
  course	
  of	
  conditioning,	
  the	
  tone	
  quickly	
  becomes	
  associated	
  with	
  

the	
   footshock	
   and	
   triggers	
   freezing	
   behaviors	
   as	
   well	
   as	
   autonomic	
   and	
  

neuroendocrine	
   responses	
   (for	
   summary,	
   see	
   (Fanselow,	
   2000;	
   LeDoux,	
   2003;	
  

LeDoux,	
  1994).	
  

Countless	
   examples	
   of	
   classical	
   conditioning	
   shape	
   our	
   daily	
   lives.	
  We	
   are	
  

confronted	
  with	
  numerous	
  situations	
  every	
  day	
  that	
  require	
  us	
  to	
  predict	
  outcomes	
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based	
   on	
   environmental	
   stimuli.	
   Fear	
   conditioning	
   probably	
   led	
   our	
   ancestors	
   to	
  

run	
   from	
  wild	
   animals	
   because	
   they	
   had	
   personally	
   experienced	
   or	
   learned	
   from	
  

others	
  the	
  potential	
  for	
  harm	
  or	
  death,	
  a	
  response	
  that	
  directly	
  led	
  to	
  survival.	
  Fear	
  

conditioning	
   takes	
  many	
   different	
   forms	
   today,	
   such	
   as	
  when	
   it	
   leads	
   us	
   to	
   avoid	
  

dangerous	
  animals	
  or	
  foods	
  that	
  may	
  make	
  us	
  sick.	
  Before	
  discussing	
  other	
  factors	
  

involved	
   in	
   conditioning,	
   such	
   as	
   attention,	
   I	
   first	
   turn	
   to	
   another	
   type	
   of	
  

conditioning:	
  operant	
  conditioning.	
  

Operant	
  conditioning	
  and	
  reinforcement	
  learning	
  
	
  
In	
   operant	
   conditioning,	
   which	
   is	
   sometimes	
   referred	
   to	
   as	
   instrumental	
  

conditioning,	
  the	
  outcome	
  –	
  for	
  example,	
  reward	
  or	
  punishment	
  –	
  is	
  contingent	
  on	
  

the	
  performance	
  of	
  an	
  action	
  or	
  some	
  other	
  behavioral	
  response.	
  In	
  the	
  late	
  1890s,	
  

Edward	
   Thorndike	
   proposed	
   the	
   idea	
   of	
   instrumental	
   conditioning.	
   In	
   his	
  

experiments,	
   he	
   found	
   that	
   when	
   cats	
   were	
   placed	
   in	
   boxes	
   and	
   taken	
   out	
   for	
  

feedings,	
  they	
  came	
  to	
  associate	
  being	
  out	
  of	
  the	
  box	
  with	
  food	
  and	
  struggled	
  until	
  

they	
  found	
  a	
  way	
  to	
  open	
  the	
  door,	
  a	
  behavior	
  they	
  then	
  repeated	
  to	
  the	
  exclusion	
  of	
  

other	
   behaviors	
   so	
   as	
   to	
   maximize	
   their	
   time	
   out	
   of	
   the	
   box	
   and	
   receiving	
   food	
  

(Thorndike,	
  1898b).	
  

The	
   idea	
   that	
   actions	
   can	
   be	
   reinforced	
   and	
   occur	
   more	
   frequently	
   when	
  

followed	
  by	
  a	
  reward	
  was	
  developed	
  by	
  Thorndike	
  into	
  the	
  following	
  theory,	
  called	
  

the	
  Law	
  of	
  Effect:	
  

	
  
Of	
   several	
   responses	
   made	
   to	
   the	
   same	
   situation,	
   those	
   which	
   are	
  
accompanied	
  or	
  closely	
  followed	
  by	
  satisfaction	
  to	
  the	
  animal	
  will,	
  other	
  
things	
  being	
  equal,	
  be	
  more	
  firmly	
  connected	
  with	
  the	
  situation,	
  so	
  that,	
  
when	
   it	
   recurs,	
   they	
   will	
   be	
   more	
   likely	
   to	
   recur;	
   those	
   which	
   are	
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accompanied	
  or	
  closely	
  followed	
  by	
  discomfort	
  to	
  the	
  animal	
  will,	
  other	
  
things	
   being	
   equal,	
   have	
   their	
   connections	
   with	
   that	
   situation	
  
weakened,	
   so	
   that,	
  when	
   it	
  recurs,	
   they	
  will	
  be	
   less	
   likely	
   to	
  occur.	
  The	
  
greater	
  the	
  satisfaction	
  or	
  discomfort,	
  the	
  greater	
  the	
  strengthening	
  or	
  
weakening	
   of	
   the	
   bond.	
   (Thorndike,	
   1898a;	
   Thorndike,	
   1898b;	
  
Thorndike,	
  1911)	
  
	
  

Despite	
  this	
  early	
  work	
  by	
  Thorndike,	
  however,	
  the	
  best-­‐known	
  proponent	
  of	
  

operant	
   conditioning	
   is	
  B.F.	
   Skinner,	
  who	
  pioneered	
   the	
   Skinner	
  box	
   (the	
  operant	
  

conditioning	
  chamber).	
  In	
  Skinner’s	
  experiments,	
  animals	
  such	
  as	
  rats	
  and	
  pigeons	
  

learned	
   to	
   associate	
   a	
   behavior	
   –	
   namely	
   pulling	
   on	
   a	
   lever	
   or	
   pecking	
   at	
   a	
   disk,	
  

respectively	
  –	
  with	
  the	
  delivery	
  of	
  food	
  (Skinner,	
  1938).	
  	
  

Operant	
  conditioning	
  is	
  related	
  to	
  reinforcement	
  learning,	
  which	
  is	
  crucial	
  to	
  

the	
   ability	
   to	
   organize	
   goal-­‐directed	
   behavior	
   (Dayan	
   and	
   Balleine,	
   2002).	
  

Reinforcement	
  learning	
  refers	
  to	
  the	
  idea	
  that	
  organisms	
  learn	
  how	
  to	
  behave	
  in	
  a	
  

way	
   that	
   allows	
   them	
   to	
   “maximize	
   a	
   numerical	
   reward	
   signal,”	
   a	
   process	
   that	
   is	
  

accomplished	
  through	
  trial	
  and	
  error	
  and	
   involves	
  exploration	
  of	
   the	
  environment	
  

to	
   determine	
   which	
   actions	
   lead	
   to	
   more	
   favorable	
   outcomes	
   (Sutton	
   and	
   Barto,	
  

1998).	
   In	
  other	
  words,	
   it	
   is	
   the	
  process	
   through	
  which	
  stimuli	
  are	
  associated	
  with	
  

outcomes,	
   and	
   it	
   is	
   crucial	
   for	
   being	
   able	
   to	
   form	
   physiological	
   and	
   behavioral	
  

responses.	
  This	
  type	
  of	
  conditioning	
  underlies	
  the	
  operant	
  task	
  detailed	
  in	
  Chapter	
  

3.	
  

The	
  amygdala:	
  Structure	
  and	
  function	
  
	
  

The	
   amygdala	
   is	
   a	
   constellation	
   of	
   nuclei	
   located	
   deep	
   within	
   the	
   medial	
  

temporal	
  lobe	
  that	
  is	
  involved	
  mediating	
  processing	
  of	
  emotions	
  (Kluver	
  and	
  Bucy,	
  

1937;	
  LeDoux,	
  2000;	
  Weiskrantz,	
  1956)	
  and	
  has	
  been	
  especially	
  well-­‐studied	
  in	
  the	
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context	
   of	
   classical	
   conditioning	
   (reviewed	
   in	
   (Baxter,	
   2002)).	
   There	
   are	
   various	
  

categorization	
  schemes;	
  according	
  to	
  the	
  one	
  used	
  in	
  this	
  work,	
  the	
  amygdala	
  can	
  be	
  

divided	
   into	
   the	
   following	
   separate	
   groups	
   of	
   nuclei:	
   1)	
   the	
   deep,	
   or	
   basolateral,	
  

group,	
   which	
   consists	
   of	
   the	
   lateral,	
   basal,	
   and	
   accessory	
   basal	
   nuclei;	
   2)	
   the	
  

superficial	
   or	
   cortical-­‐like	
   group,	
   which	
   is	
   composed	
   of	
   the	
   cortical	
   nuclei	
   and	
  

nucleus	
  of	
  the	
  lateral	
  olfactory	
  tract;	
  and	
  3)	
  the	
  centromedial	
  group,	
  which	
  contains	
  

the	
  central	
  and	
  medial	
  nuclei	
  (Sah	
  et	
  al.,	
  2003).	
  	
  

The	
   basolateral	
   complex	
   (BLA)	
   is	
   the	
   main	
   input	
   region	
   of	
   the	
   amygdala,	
  

receiving	
   input	
   from	
   auditory,	
   olfactory,	
   gustatory/visceral,	
   somatosensory,	
   and	
  

visual	
   areas,	
   input	
   from	
   the	
   hypothalamus	
   and	
   brainstem	
   (Sah	
   et	
   al.,	
   2003),	
   and	
  

(reciprocal)	
  input	
  from	
  areas	
  involved	
  in	
  long-­‐term	
  declarative	
  memory,	
  such	
  as	
  the	
  

perirhinal	
   cortex,	
   entorhinal	
   cortex,	
   parahippocampal	
   cortex,	
   and	
   hippocampus.	
  

Input	
  reaches	
  the	
  amygdala	
  both	
  through	
  direct	
  projections	
  from	
  the	
  cortex	
  and	
  via	
  

projections	
  that	
  are	
  routed	
  through	
  the	
  thalamus	
  (Amaral	
  et	
  al.,	
  1992).	
  Damage	
  to	
  

the	
   lateral	
  nucleus	
   specifically	
   interferes	
  with	
   the	
   acquisition	
  of	
   fear	
   conditioning,	
  

and	
   it	
   is	
   thought	
   that	
   information	
   about	
   the	
   CS	
   and	
   US	
   converges	
   in	
   the	
   lateral	
  

amygdala	
   (LeDoux,	
   2007).	
   Inputs	
   to	
   the	
   BLA	
   are	
   predominately	
   glutamatergic	
   in	
  

nature,	
   and	
   terminate	
   on	
   both	
   projection	
   (principal)	
   neurons	
   and	
   inhibitory	
  

interneurons;	
   it	
   is	
   the	
   inhibitory	
   network	
   that	
   keeps	
   spontaneous	
   activity	
   in	
   the	
  

amygdala	
  low	
  in	
  rodents	
  (LeDoux,	
  2007).	
  	
  

The	
   central	
   nucleus	
   (CE)	
   is	
   the	
   main	
   output	
   structure	
   of	
   the	
   amygdala,	
  

projecting	
   to	
   areas	
   involved	
   in	
   the	
   control	
   of	
   behavioral	
   and	
   physiological	
  

functioning,	
   including	
   cortex,	
   striatum,	
   and	
   hippocampus	
   (Amaral	
   et	
   al.,	
   1992;	
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Fudge	
   and	
   Emiliano,	
   2003).	
   Outputs	
   from	
   this	
   nucleus	
   are	
   mostly	
   inhibitory	
  

(LeDoux,	
  2007),	
  and	
  damage	
  to	
  CE	
  interferes	
  with	
  the	
  expression	
  of	
  fear	
  responses	
  

(LeDoux,	
   2003).	
   The	
   central	
   nucleus	
   is	
   not	
   the	
   only	
   output	
   structure	
   of	
   the	
  

amygdala,	
   however;	
   for	
   example,	
   the	
   basal	
   amygdala	
   projects	
   to	
   the	
   striatum	
  and	
  

cortex	
  and	
  is	
  involved	
  in	
  controlling	
  actions	
  (LeDoux,	
  2007).	
  There	
  are	
  several	
  intra-­‐

amygdalar	
  connections	
  as	
  well,	
  specifically	
  between	
  the	
  basolateral	
  complex	
  and	
  the	
  

centromedial	
  nuclei	
  (Sah	
  et	
  al.,	
  2003).	
  	
  

Neural	
  basis	
  of	
  fear	
  conditioning:	
  Lesion	
  studies	
  
	
  

We	
   now	
   turn	
   our	
   attention	
   to	
   one	
   of	
   the	
   first	
   areas	
   of	
   study	
   involving	
  

conditioning	
   and	
   the	
   amygdala,	
   namely	
   fear	
   conditioning.	
   Our	
   knowledge	
   of	
   the	
  

neural	
  basis	
  of	
   fear	
  conditioning	
  and	
  emotional	
  behavior	
  comes	
   from	
  experiments	
  

involving	
   classical	
   fear	
   conditioning,	
   such	
   as	
   auditory	
   fear	
   conditioning	
   studies	
   in	
  

rodents	
   (for	
   a	
   review,	
   see	
   (LeDoux,	
   1998)),	
   and	
   from	
   studies	
   examining	
   links	
  

between	
   various	
   brain	
   lesions	
   and	
   associated	
   syndromes.	
   	
   The	
   amygdala	
   is	
   a	
   key	
  

brain	
  structure	
  implicated	
  in	
  emotions	
  (Kim	
  and	
  Jung,	
  2006;	
  Kluver	
  and	
  Bucy,	
  1937;	
  

Maclean	
   and	
  Delgado,	
   1953;	
  Weiskrantz,	
   1956),	
   and	
   dysfunction	
   in	
   this	
   structure	
  

tells	
  us	
  a	
  great	
  deal	
  about	
  its	
  normal	
  role	
  in	
  emotional	
  responses.	
  	
  

Urbach-­‐Wiethe	
   disease	
   is	
   one	
   example	
   of	
   a	
   disease	
   that	
   often	
   involves	
  

amygdala	
  dysfunction.	
  First	
  reported	
  in	
  1929,	
  this	
  condition	
  is	
  caused	
  by	
  a	
  mutation	
  

in	
  a	
  gene	
  on	
  chromosome	
  1	
  that	
  leads	
  to	
  a	
  variety	
  of	
  pathophysiological	
  symptoms.	
  

One	
   important	
  neurological	
  consequence	
  of	
   this	
  condition,	
  occurring	
   in	
  50-­‐75%	
  of	
  

patients	
  with	
  the	
  disease,	
  is	
  bilateral	
  calcification	
  of	
  the	
  medial	
  temporal	
  lobes,	
  often	
  

involving	
  the	
  amygdala	
  (Newton	
  et	
  al.,	
  1971;	
  Staut	
  and	
  Naidich,	
  1998).	
  In	
  one	
  study,	
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patients	
  with	
  various	
  types	
  of	
  temporal	
  lobe	
  damage	
  were	
  presented	
  with	
  different	
  

stimuli,	
   either	
   monochrome	
   slides	
   (experiment	
   one)	
   or	
   computer-­‐generated	
  

auditory	
  stimuli	
  (experiment	
  two),	
  both	
  of	
  which	
  were	
  paired	
  with	
  a	
  loud,	
  startling	
  

sound	
   (the	
   US).	
   	
   Patient	
   SM,	
   who	
   has	
   Urbach-­‐Wiethe	
   disease	
   involving	
   bilateral	
  

amygdala	
   damage,	
   demonstrated	
   abnormal	
   acquisition	
   of	
   skin	
   conductance	
  

responses	
  to	
  both	
  the	
  visual	
  and	
  the	
  auditory	
  CS-­‐US	
  pairings	
  despite	
  being	
  able	
  to	
  

recognize	
  and	
  provide	
   information	
  about	
   the	
  nature	
  of	
   the	
  pairings.	
   In	
   contrast,	
   a	
  

patient	
  with	
  bilateral	
  hippocampal	
   lesions	
  was	
  unable	
  to	
  report	
   information	
  about	
  

the	
   pairings	
   but	
   generated	
   appropriate	
   skin	
   conductance	
   responses	
   to	
   them	
  

(Bechara	
  et	
  al.,	
  1995).	
  

Another	
  clinical	
  example	
  of	
  amygdala	
  dysfunction	
  is	
  Klüver-­‐Bucy	
  syndrome,	
  

which	
  was	
  first	
  described	
  in	
  rhesus	
  monkeys	
  in	
  1937	
  and	
  involves	
  bilateral	
  damage	
  

to	
   the	
   anterior	
   temporal	
   lobes.	
   In	
   early	
   animal	
   studies,	
   bilateral	
   temporal	
   lobe	
  

removal	
  resulted	
  in	
  visual	
  agnosia,	
  hyperorality,	
  increased	
  consumption	
  of	
  non-­‐food	
  

objects,	
  hypersexuality,	
  and	
  a	
   loss	
  of	
   fear	
  (Brown,	
  1888;	
  Maren,	
  2001;	
  Weiskrantz,	
  

1956;	
  Zola-­‐Morgan	
  et	
  al.,	
  1991).	
  In	
  humans,	
  the	
  syndrome	
  was	
  first	
  documented	
  in	
  

1955,	
   in	
   patients	
   who	
   had	
   undergone	
   temporal	
   lobectomy.	
   In	
   these	
   patients,	
   the	
  

surgery	
  was	
  associated	
  with	
  similar	
  symptoms,	
   including	
  docility,	
  dietary	
  changes,	
  

hyperorality,	
   hypersexuality,	
   visual	
   agnosia	
   and,	
   in	
   some	
   cases,	
  

hypermetamorphosis,	
  flattened	
  emotional	
  affect,	
  and	
  memory	
  loss	
  (Terzian	
  and	
  Ore,	
  

1955).	
  

Experimental	
  studies	
  have	
  also	
  implicated	
  the	
  amygdala	
  in	
  fear	
  conditioning.	
  

For	
  example,	
  temporal	
  lobe	
  lesions	
  have	
  been	
  found	
  to	
  result	
  in	
  loss	
  of	
  fear,	
  and	
  the	
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loss	
  of	
  fear	
  that	
  results	
  from	
  damage	
  to	
  the	
  amygdala	
  has	
  been	
  shown	
  to	
  resemble	
  

the	
   effects	
   of	
   Klüver-­‐Bucy	
   syndrome	
   (Meunier,	
   1999;	
   Weiskrantz,	
   1956).	
   In	
  

footshock-­‐related	
  Pavlovian	
   fear	
  conditioning,	
   research	
  has	
  demonstrated	
   that	
   the	
  

amygdala	
  is	
  essential	
  for	
  acquiring	
  avoidance	
  behaviors	
  and	
  conditioned	
  emotional	
  

responses,	
   and	
   that	
   amygdala	
   lesions	
   eliminate	
   shock-­‐related	
   freezing	
   behaviors	
  

(for	
  a	
  review,	
  see	
  (Maren,	
  2001)).	
  	
  

The	
  amygdala,	
  reward,	
  and	
  punishment	
  
	
  

The	
   ability	
   to	
   form	
   stimulus-­‐outcome	
   associations,	
   especially	
   for	
   rewarded	
  

stimuli,	
  is	
  crucial	
  to	
  the	
  work	
  presented	
  here	
  and	
  merits	
  its	
  own	
  discussion	
  separate	
  

from	
  the	
  issue	
  of	
  spatial	
  attention,	
  which	
  will	
  be	
  dealt	
  with	
  in	
  subsequent	
  sections.	
  I	
  

therefore	
  examine	
  evidence	
  regarding	
  the	
  role	
  of	
  the	
  amygdala	
  in	
  encoding	
  positive	
  

emotions	
   such	
   as	
   reward,	
   a	
   function	
   it	
   performs	
   along	
   with	
   regions	
   such	
   as	
   the	
  

nucleus	
  accumbens,	
  midbrain	
  dopaminergic	
  system,	
  basal	
  forebrain,	
  and	
  prefrontal	
  

cortex	
   (reviewed	
   in	
   (Baxter,	
   2002)).	
   Reward-­‐encoding	
   neurons	
   have	
   also	
   been	
  

found	
   in	
   areas	
   of	
   the	
   brain	
   typically	
   implicated	
   in	
   attention,	
   including	
   the	
   lateral	
  

intraparietal	
   cortex	
   (LIP;	
   (Platt	
   and	
   Glimcher,	
   1999));	
   higher-­‐order	
  

functioning/processing,	
   such	
   as	
   dorsolateral	
   prefrontal	
   cortex	
   (DLPFC;	
   (Leon	
   and	
  

Shadlen,	
  1999));	
  and	
  movement	
  control,	
  like	
  the	
  striatum	
  (Lau	
  and	
  Glimcher,	
  2008).	
  

However,	
   connections	
  between	
  areas	
   such	
  as	
  LIP	
  or	
  DLPFC	
  and	
   the	
   amygdala	
   are	
  

weak	
  at	
  best.	
  	
  

Just	
   as	
   the	
  basolateral	
   complex	
   is	
   important	
   for	
   fear	
   conditioning,	
   it	
   is	
   also	
  

important	
   for	
   forming	
  associations	
  between	
   stimuli	
   and	
  appetitive	
  outcomes	
   such	
  

as	
   food	
   delivery;	
   lesions	
   of	
   the	
   BLA	
   impair	
   the	
   updating	
   of	
   stimulus-­‐outcome	
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associations	
  (reviewed	
  in	
  (Baxter,	
  2002)).	
  Furthermore,	
  amygdala	
  lesions	
  have	
  been	
  

found	
   to	
   impair	
  monkeys’	
  ability	
   to	
  choose	
  between	
  objects	
  based	
  on	
   the	
  value	
  of	
  

the	
   reward	
   associated	
   with	
   the	
   object	
   (reviewed	
   in	
   (Baxter,	
   2002)).	
   All	
   of	
   these	
  

results	
  suggest	
  that	
  the	
  amygdala	
  is	
  intimately	
  involved	
  in	
  encoding	
  reward.	
  I	
  now	
  

turn	
   to	
   the	
   specific	
   evidence	
   that	
   has	
   been	
   found	
   to	
   support	
   this	
   role,	
   and	
   the	
  

research	
   that	
   has	
   laid	
   the	
   groundwork	
   for	
   the	
   reward-­‐related	
   tasks	
   used	
   in	
   this	
  

dissertation.	
  

Work	
   in	
   Daniel	
   Salzman’s	
   laboratory	
   at	
   Columbia	
   University	
   has	
   focused	
  

primarily	
  on	
  the	
  role	
  of	
  the	
  amygdala	
  in	
  encoding	
  motivational	
  value,	
  both	
  by	
  itself	
  

and	
   through	
   its	
   interactions	
   with	
   other	
   brain	
   areas.	
   Some	
   of	
   the	
   earliest	
  

experiments	
  performed	
  in	
  the	
  lab	
  used	
  conditioning	
  procedures	
  to	
  determine	
  how	
  

the	
  amygdala	
  encodes	
  visual	
  stimuli	
  and	
  their	
  associations	
  with	
  both	
  appetitive	
  and	
  

aversive	
  outcomes.	
   In	
  these	
  paradigms,	
  monkeys	
  were	
  required	
  to	
  perform	
  simple	
  

trace	
  conditioning	
  tasks	
  in	
  which	
  images	
  associated	
  with	
  various	
  amounts	
  of	
  reward	
  

or	
   punishment	
   were	
   presented	
   in	
   the	
   center	
   of	
   the	
   screen	
   while	
   monkeys	
  

maintained	
  fixation.	
  The	
  term	
  “trace-­‐conditioning”	
  refers	
   to	
   tasks	
   in	
  which	
  a	
  short	
  

time	
   interval	
  passes	
  after	
   the	
  presentation	
  of	
   the	
  cue,	
   i.e.	
   after	
   the	
  visual	
   stimulus	
  

had	
   disappeared	
   from	
   the	
   screen,	
   but	
   before	
   reinforcement	
   delivery.	
   Following	
   a	
  

correct	
  trial,	
  in	
  which	
  monkeys’	
  gaze	
  remained	
  within	
  a	
  certain	
  window	
  around	
  the	
  

fixation	
  point	
  during	
  the	
  fixation	
  and	
  cue	
  periods,	
  one	
  of	
  several	
  outcomes	
  –	
  a	
  liquid	
  

reward,	
  an	
  aversive	
  air	
  puff,	
  or	
  no	
  reward	
  –	
  was	
  delivered	
  depending	
  on	
  the	
  value	
  

predicted	
  by	
  the	
  cue	
  (see	
  Figure	
  1)	
  (Belova	
  et	
  al.,	
  2007;	
  Paton	
  et	
  al.,	
  2006).	
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Figure	
  1:	
  Task	
  paradigms	
  used	
  in	
  previous	
  experiments	
  by	
  the	
  Salzman	
  lab.	
  A.	
  Trace	
  conditioning	
  task	
  with	
  
reward,	
  neutral,	
  and	
  punishment	
  outcomes	
  (Paton	
  et	
  al.,	
  2006).	
  B.	
  Trace	
  conditioning	
  task	
  only	
  with	
  reward	
  and	
  
punishment	
  outcomes	
  (Belova	
  et	
  al.,	
  2007).	
  	
  

To	
   assess	
   whether	
   monkeys	
   had	
   learned	
   stimulus-­‐outcome	
   associations,	
  

researchers	
   measured	
   anticipatory	
   licking	
   before	
   rewarded	
   stimuli,	
   anticipatory	
  

blinking	
  before	
  delivery	
  of	
   the	
  air	
  puff,	
  and	
  responses	
   (or	
   lack	
   thereof)	
  before	
   the	
  

no-­‐reward	
   outcome.	
   After	
   it	
   was	
   established	
   that	
   monkeys	
   had	
   learned	
   these	
  

associations,	
   the	
   values	
   associated	
   with	
   the	
   visual	
   stimuli	
   were	
   reversed,	
   so	
   that	
  

previously	
  rewarded	
  stimuli	
  were	
  now	
  associated	
  with	
  air	
  puff	
  and	
  vice	
  versa,	
  and	
  

monkeys	
  were	
  required	
  to	
  learn	
  the	
  new	
  value	
  associations.	
  

Briefly,	
   the	
   results	
   of	
   these	
   experiments	
   indicated	
   that	
   there	
   are	
   distinct	
  

subpopulations	
   of	
   neurons	
   in	
   the	
   amygdala,	
   termed	
   positive	
   and	
   negative	
   value-­‐

coding	
   neurons,	
   that	
   are	
   distinguished	
   based	
   on	
   whether	
   they	
   respond	
   more	
  

strongly	
   to	
   cues	
   with	
   positive	
   or	
   negative	
   value.	
   These	
   populations	
   of	
   neurons	
  

appear	
  to	
  be	
  intermingled	
  within	
  the	
  amygdala,	
  with	
  no	
  anatomic	
  specificity	
  (Belova	
  

et	
   al.,	
   2007;	
   Paton	
   et	
   al.,	
   2006).	
   We	
   will	
   discuss	
   results	
   with	
   respect	
   to	
   these	
  

populations	
  of	
  neurons	
  further	
  in	
  Chapters	
  2	
  and	
  3.	
  

	
  

	
  

A	
   B	
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The	
  amygdala	
  and	
  attention	
  
	
  

We	
  know	
  that	
  forming	
  stimulus-­‐outcome	
  associations	
  enables	
  us	
  to	
  process	
  

and	
   react	
   to	
   objects	
   in	
   the	
   environment,	
   but	
   other	
   factors	
   provide	
   crucial	
  

information	
   that	
   might	
   influence	
   our	
   actions	
   and	
   responses	
   to	
   stimuli.	
   We	
   pay	
  

increased	
   attention	
   to	
   stimuli	
   that	
   promise	
   rewards	
   or	
   threaten	
   survival	
   even	
  

though	
  they	
  have	
  very	
  different	
  values	
  associated	
  with	
  them,	
  for	
  example,	
  whereas	
  

innocuous	
   visual	
   stimuli	
   that	
   bear	
   no	
   relation	
   to	
   future	
   reinforcement	
   are	
   often	
  

virtually	
   ignored.	
  Many	
  stimulus	
  characteristics	
  other	
  than	
  predicted	
  reward,	
  such	
  

as	
  spatial	
  location	
  and	
  salience,	
  are	
  important	
  for	
  modulating	
  behavior.	
  The	
  role	
  of	
  

the	
  amygdala	
  in	
  encoding	
  these	
  other	
  factors,	
  specifically	
  spatial	
  attention,	
  is	
  central	
  

to	
   the	
  work	
  described	
  here,	
   and	
   although	
  data	
   indicate	
   that	
   the	
   amygdala	
  plays	
   a	
  

role	
  in	
  attention	
  (Holland	
  and	
  Gallagher,	
  1999;	
  Paton	
  et	
  al.,	
  2006;	
  Ursin	
  and	
  Kaada,	
  

1960),	
  its	
  role	
  in	
  spatial	
  attention	
  is	
  less	
  clear	
  and	
  will	
  be	
  discussed	
  in	
  the	
  following	
  

section.	
  	
  

The	
  amygdala’s	
  role	
  in	
  attention	
  was	
  first	
  demonstrated	
  in	
  cat	
  studies	
  in	
  the	
  

mid-­‐20th	
   century.	
   These	
   experiments	
   found	
   that	
   stimulation	
   of	
   the	
   cat	
   amygdala,	
  

specifically	
  the	
  basolateral	
  nucleus,	
  produced	
  an	
  “attention”	
  response	
  characterized	
  

by	
   arrest	
   of	
   spontaneous	
   activities	
   followed	
   by	
   orienting	
   behaviors,	
   often	
   to	
   the	
  

contralateral	
  field	
  (Ursin	
  and	
  Kaada,	
  1960).	
  Attention	
  responses	
  were	
  also	
  observed	
  

when	
  the	
  amygdalae	
  of	
  drowsy	
  or	
  sleeping	
  animals	
  were	
  stimulated,	
  and	
  responses	
  

continued	
  for	
  the	
  duration	
  of	
  the	
  stimulation	
  and	
  for	
  several	
  seconds	
  afterwards.	
  	
  

Other	
  studies	
  showed	
  that	
  lesions	
  of	
  the	
  central	
  nucleus	
  of	
  the	
  rat	
  amygdala	
  

resulted	
  in	
  a	
  failure	
  to	
  acquire	
  conditioned	
  orienting	
  responses	
  to	
  auditory	
  or	
  visual	
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CSs	
   that	
   were	
   paired	
   with	
   food,	
   but	
   did	
   not	
   affect	
   acquisition	
   of	
   unconditioned	
  

orienting	
  responses	
  related	
   to	
   the	
  anticipation	
  of	
   food;	
   these	
   findings	
  suggest	
   that	
  

CE	
   is	
   selectively	
   involved	
   in	
   attention	
   for	
   action	
   (i.e.	
   attention	
   involved	
   in	
  

modulation	
  of	
  actions	
  on	
  familiar	
  tasks)	
  as	
  well	
  as	
  attention	
  as	
  it	
  is	
  deployed	
  in	
  new	
  

learning,	
   specifically	
   in	
   the	
   context	
   of	
   orienting	
   to	
   a	
   stimulus	
   that	
   predicts	
   the	
  

delivery	
   of	
   a	
   biologically	
   salient	
   event	
   such	
   as	
   the	
   delivery	
   of	
   food	
   (Holland	
   and	
  

Gallagher,	
   1993;	
   Holland	
   et	
   al.,	
   2000;	
   Maddux	
   et	
   al.,	
   2007).	
   Furthermore,	
   these	
  

orienting	
   impairments	
   were	
   not	
   thought	
   to	
   be	
   due	
   to	
   deficits	
   in	
   learning	
   or	
  

motivation	
   ((Gallagher	
   et	
   al.,	
   1990);	
   reviewed	
   in	
   (Holland	
   and	
   Gallagher,	
   1999)).	
  

Many	
  other	
   studies	
  have	
   confirmed	
   the	
   role	
   of	
   the	
   amygdala	
   in	
   vigilance,	
   arousal,	
  

and	
  attention	
  (reviewed	
  in	
  (Holland	
  and	
  Gallagher,	
  1999;	
  Pessoa,	
  2010)).	
  	
  

In	
  human	
  patients	
  with	
  isolated	
  amygdala	
  lesions,	
  localized	
  damage	
  indicates	
  

that	
   the	
   amygdala	
   helps	
   guide	
   attention	
   during	
   viewing	
   of	
   emotional	
   stimuli	
  

(Pessoa,	
  2010;	
  Phelps	
  and	
  LeDoux,	
  2005;	
  Vuilleumier,	
  2005).	
  Unilateral	
  lesions,	
  for	
  

example,	
   have	
   been	
   shown	
   to	
   impair	
   gaze-­‐directed	
   orienting,	
  which	
   suggests	
   that	
  

the	
  amygdala	
  may	
  be	
   important	
   in	
  detecting	
  and	
  responding	
   to	
  socially	
   important	
  

stimuli	
  (Akiyama	
  et	
  al.,	
  2007).	
  Amygdala	
  damage	
  is	
  also	
  associated	
  with	
  a	
  decreased	
  

ability	
   to	
   detect	
   negative	
   words	
   (Anderson,	
   2001).	
   	
   Furthermore,	
   Adolphs	
   et	
   al.	
  

(2005)	
  found	
  that	
  patient	
  SM,	
  the	
  patient	
  with	
  bilateral	
  destruction	
  of	
  the	
  amygdala	
  

due	
   to	
   Urbach-­‐Wiethe	
   disease	
   mentioned	
   earlier,	
   responded	
   abnormally	
   to	
   facial	
  

expressions,	
   specifically	
   manifesting	
   as	
   impaired	
   processing	
   both	
   of	
   fearful	
  

expressions	
  alone	
  and	
  of	
  a	
  combination	
  of	
   facial	
  emotions	
   in	
  a	
  single	
  face,	
  with	
  no	
  

impairment	
   in	
   recognizing	
   the	
   identity	
   of	
   those	
   faces.	
   When	
   patient	
   SM	
   was	
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instructed	
   to	
   fixate	
   on	
   the	
   eyes,	
   however,	
   the	
   impairment	
   disappeared,	
   indicating	
  

that	
  she	
  was	
  unable	
  to	
  combine	
  emotional	
  and	
  spatial	
  processing	
  to	
  direct	
  her	
  gaze	
  

to	
  emotionally	
  significant	
  areas	
  such	
  as	
  the	
  eyes	
  (Adolphs	
  et	
  al.,	
  2005;	
  Adolphs	
  et	
  al.,	
  

1994).	
  	
  

Although	
  human	
  lesion	
  studies	
  have	
  offered	
  some	
  insight	
  into	
  the	
  role	
  of	
  the	
  

amygdala	
   in	
   attention,	
  much	
   remains	
   to	
   be	
   studied.	
   This	
   role	
  may	
   be	
   one	
   of	
   two	
  

types:	
   On	
   the	
   one	
   hand,	
   the	
   amygdala	
   may	
   directly	
   influence	
   spatial	
   attention.	
  

Alternately,	
  it	
  may	
  be	
  involved	
  in	
  producing	
  a	
  vigilance	
  or	
  arousal	
  response.	
  Which	
  

function	
  more	
  accurately	
  describes	
  the	
  role	
  of	
  the	
  amygdala	
  will	
  be	
  explored	
  further	
  

in	
  this	
  work.	
  With	
  respect	
  to	
  attention	
  and	
  orienting,	
  competition	
  between	
  multiple	
  

stimuli	
   for	
   limited	
   resources	
   results	
   in	
   attention	
   being	
   biased	
   toward	
   relevant	
  

stimuli	
  (Desimone	
  and	
  Duncan,	
  1995),	
  and	
  orienting	
  responses	
  may	
  be	
  one	
  of	
  two	
  

varieties:	
   either	
   bottom-­‐up	
   or	
   top-­‐down.	
   Bottom-­‐up	
   (stimulus-­‐driven)	
   orienting	
  

refers	
   to	
   the	
   reflexive	
   process	
   of	
   shifting	
   attention	
   to	
   stimuli	
   that	
   violate	
  

expectations;	
   top-­‐down	
   (goal-­‐directed)	
   responses	
   include	
   voluntary	
   attention	
   and	
  

orienting	
   to	
   stimuli	
   that	
   predict	
   an	
   event	
   in	
   the	
   environment	
   (Carrasco,	
   2011;	
  

Corbetta	
  and	
  Shulman,	
  2002).	
   In	
  contrast,	
  vigilance	
  refers	
  to	
  the	
  process	
  by	
  which	
  

attention	
   is	
   sustained	
   depending	
   on	
   an	
   organism’s	
   state	
   of	
   arousal,	
   which	
   is	
  

considered	
   a	
   non-­‐spatial	
   allocation	
   of	
   attention	
   (Boudreau	
   et	
   al.,	
   2006;	
  Davis	
   and	
  

Whalen,	
   2001).	
   Many	
   previous	
   studies	
   have	
   looked	
   at	
   amygdala	
   function	
   in	
   the	
  

context	
  of	
  arousal	
  (Kapp	
  et	
  al.,	
  1994)	
  and	
  in	
  connection	
  with	
  non-­‐spatial	
  attention	
  

(Holland	
   and	
   Gallagher,	
   1999),	
   but	
   spatial	
   attention	
   has	
   not	
   been	
   studied	
   as	
  

extensively.	
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With	
  what	
  other	
  brain	
  areas	
  might	
  the	
  amygdala	
  be	
  interacting	
  to	
  produce	
  an	
  

attention	
   response?	
   One	
   hypothesis	
   holds	
   that	
   amygdalo-­‐cortical	
   projections	
   are	
  

responsible	
   for	
  modulating	
  attention	
  and	
  perception	
   following	
  detection	
  of	
   salient	
  

stimuli	
  by	
  the	
  amygdala	
  (reviewed	
   in	
  (Phelps	
  and	
  LeDoux,	
  2005)).	
  Other	
  evidence	
  

has	
   suggested	
   that	
   the	
   detection	
   of	
   fearful	
   stimuli	
   may	
   in	
   some	
   circumstances	
  

bypass	
   the	
  visual	
  cortex	
  completely,	
  as	
  evidenced	
  by	
   fMRI	
  studies	
  showing	
   lack	
  of	
  

visual	
  cortex	
  activation	
  when	
  stimuli	
  do	
  not	
  enter	
  awareness	
  ((Pasley	
  et	
  al.,	
  2004;	
  

Williams	
   et	
   al.,	
   2004);	
   reviewed	
   in	
   (Phelps	
   and	
   LeDoux,	
   2005)).	
   Furthermore,	
  

patients	
  with	
  amygdala	
  damage	
  “fail	
  to	
  show	
  the	
  normal	
  facilitation	
  of	
  attention	
  for	
  

emotional	
   stimuli,”	
   and	
   fMRI	
   studies	
   have	
   revealed	
   that	
   visual	
   cortical	
   activity	
   in	
  

response	
   to	
   fearful	
   faces	
   is	
   correlated	
   with	
   amygdala	
   activation	
   (reviewed	
   in	
  

(Phelps	
  and	
  LeDoux,	
  2005)).	
  Amygdala	
   connectivity	
  as	
   it	
  might	
   relate	
   to	
  attention	
  

will	
  be	
  discussed	
  in	
  the	
  following	
  section.	
  

Why	
  has	
  the	
  amygdala	
  not	
  been	
  considered	
  in	
  the	
  context	
  of	
  spatial	
  
attention?	
  
	
  

Traditionally,	
   the	
   amygdala	
   has	
   not	
   been	
   regarded	
   as	
   a	
   source	
   of	
   spatial	
  

information,	
   and	
   early	
   studies	
   found	
   no	
   encoding	
   of	
   factors	
   such	
   as	
   image	
   size,	
  

shape,	
  or	
  orientation	
  (Sanghera	
  et	
  al.,	
  1979).	
  One	
  reason	
  for	
  the	
  lack	
  of	
  implication	
  

in	
   spatial	
   processing	
   is	
   that	
   a	
   main	
   source	
   of	
   input	
   to	
   the	
   amygdala	
   is	
   the	
  

inferotemporal	
   (IT)	
   cortex,	
   which,	
   until	
   recently,	
   was	
   not	
   known	
   to	
   be	
   spatially	
  

sensitive.	
  IT	
  is	
  bidirectionally	
  connected	
  to	
  the	
  amygdala	
  (Webster	
  et	
  al.,	
  1991a,	
  b)	
  

and	
  is	
   important	
  because	
  bit	
  processes	
  non-­‐emotional	
  and,	
   importantly,	
  emotional	
  

stimuli	
  (Sabatinelli	
  et	
  al.,	
  2009),	
  although	
  it	
  is	
  not	
  involved	
  in	
  reward	
  coding	
  (Liu	
  et	
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al.,	
  2000;	
  Rolls	
  et	
  al.,	
  1977).	
  IT	
  receives	
  input	
  from	
  visual	
  areas	
  V1	
  through	
  V2	
  and	
  

V4	
   in	
  macaques	
  (reviewed	
   in	
  (Logothetis	
  and	
  Sheinberg,	
  1996)),	
  and	
   is	
  associated	
  

with	
  responses	
  to	
  visual	
  stimuli	
  such	
  as	
  natural	
  objects	
  (summarized	
  in	
  (Yamane	
  et	
  

al.,	
  2006)).	
  Early	
  evidence	
  indicated	
  that	
  the	
  receptive	
  fields	
  of	
  IT	
  neurons	
  are	
  large	
  

(10°	
   or	
   greater)	
   and	
   include	
   the	
   fovea	
   (Gross	
   et	
   al.,	
   1969;	
  Gross	
   et	
   al.,	
   1972),	
   but	
  

more	
   recent	
   evidence	
   has	
   suggested	
   that	
   RFs	
   are	
   actually	
   much	
   smaller	
   than	
  

previously	
   thought	
   and	
  may	
   actually	
   be	
   as	
   small	
   as	
   2.5°	
   in	
   diameter	
   (DiCarlo	
   and	
  

Maunsell,	
  2003).	
  

Recent	
  work	
  has	
  challenged	
  the	
  idea	
  that	
  IT	
  is	
  spatially	
  insensitive,	
  however.	
  

For	
   example,	
   Yamane	
   et	
   al.	
   (2006)	
   found	
   that	
   IT	
   neurons	
   were	
   sensitive	
   to	
   the	
  

spatial	
  arrangement	
  of	
  object	
  parts.	
  Recent	
  work	
  has	
  also	
  shown	
   that	
  RFs	
  may	
  be	
  

largely	
   contralateral	
   (Boussaoud	
   et	
   al.,	
   1991;	
   DiCarlo	
   and	
  Maunsell,	
   2003;	
   Op	
   De	
  

Beeck	
   and	
   Vogels,	
   2000)	
   and	
   that	
   neurons	
   respond	
   more	
   strongly	
   to	
   the	
  

contralateral	
   stimulus	
   when	
   two	
   stimuli	
   are	
   presented,	
   one	
   on	
   either	
   side	
   of	
   the	
  

median	
  (Chelazzi	
  et	
  al.,	
  1998;	
  Sato,	
  1989).	
  	
  

A	
   further	
   reason	
   why	
   the	
   amygdala	
   has	
   not	
   been	
   associated	
   with	
   spatial	
  

processing	
  may	
   lie	
   in	
   its	
   connections	
  with	
   orbitofrontal	
   cortex	
   (OFC)	
   and	
   ventral	
  

anterior	
  cingulate	
  cortex	
  (vACC).	
  OFC,	
  like	
  the	
  amygdala,	
  has	
  been	
  shown	
  to	
  encode	
  

the	
  delivery	
  and	
  value	
  of	
  unconditioned	
  stimuli	
   (Belova	
  et	
  al.,	
  2007;	
  Morrison	
  and	
  

Salzman,	
  2009).	
   Simultaneous	
   recordings	
   in	
  OFC	
  and	
  basolateral	
   amygdala	
   in	
   rats	
  

have	
  also	
   shown	
   that	
  neurons	
   in	
  both	
   regions	
   fire	
   in	
   anticipation	
  of	
   rewarding	
  or	
  

aversive	
   outcomes	
   and	
   maybe	
   subsequently	
   guide	
   goal-­‐directed	
   behaviors	
  

(Schoenbaum	
  et	
  al.,	
  1998).	
  OFC	
   is	
  not	
   thought	
   to	
  encode	
  spatial	
   factors,	
  at	
   least	
   in	
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primates;	
  indeed,	
  several	
  studies	
  in	
  monkeys	
  have	
  shown	
  a	
  lack	
  of	
  spatial	
  selectivity	
  

(Padoa-­‐Schioppa	
   and	
   Assad,	
   2006;	
   Tremblay	
   and	
   Schultz,	
   2000).	
   Rodent	
   data	
   are	
  

inconsistent	
   with	
   these	
   results,	
   however,	
   with	
   some	
   studies	
   showing	
   that	
   OFC	
  

neurons	
  do	
   indeed	
  encode	
  spatial	
  variables	
  such	
  as	
  port	
   location	
  (Feierstein	
  et	
  al.,	
  

2006).	
  This	
  might	
  be	
  due	
  to	
  the	
  fact	
  that	
  rodent	
  experiments	
  are	
  not	
  controlled	
   in	
  

terms	
   of	
   retinotopic	
   location,	
   as	
   are	
   many	
   primate	
   experiments.	
   Furthermore,	
  

rodent	
  OFC	
  is	
  not	
  necessarily	
  homologous	
  to	
  primate	
  OFC	
  (reviewed	
  in	
  (Furuyashiki	
  

and	
  Gallagher,	
  2007)).	
  	
  

Similarly,	
   vACC	
   is	
   connected	
  with	
   both	
   the	
   amygdala	
   and	
  OFC	
   (Carmichael	
  

and	
  Price,	
  1996;	
  Ghashghaei	
  et	
  al.,	
  2007)	
  and,	
  although	
  vACC	
  neurons	
  play	
  a	
  part	
  in	
  

encoding	
   the	
   value	
   of	
   stimulus-­‐outcome	
   associations	
   (Cai	
   and	
   Padoa-­‐Schioppa,	
  

2012),	
   these	
  neurons	
  do	
  not	
  encode	
  spatial	
   factors.	
  Therefore,	
  both	
  OFC	
  and	
  vACC	
  

are	
   involved	
   in	
   the	
   encoding	
   of	
   value	
   independent	
   of	
   stimulus	
   features	
   such	
   as	
  

spatial	
   location.	
   Unlike	
   vACC	
   neurons,	
   dorsal	
   anterior	
   cingulate	
   cortex	
   (dACC)	
  

neurons	
   fire	
   differently	
   depending	
   on	
   saccade	
   direction	
   in	
   a	
   free-­‐choice	
   task	
   (Cai	
  

and	
  Padoa-­‐Schioppa,	
  2012).	
  However,	
   this	
  area	
   is	
  not	
  strongly	
  connected	
  with	
   the	
  

amygdala	
   (Ghashghaei	
   et	
   al.,	
   2007).	
   Likewise,	
   although	
   the	
   dorsolateral	
   and	
  

ventrolateral	
  prefrontal	
  cortices	
  encode	
  spatial	
  information	
  that	
  can	
  be	
  augmented	
  

by	
   reward	
   (Kennerley	
   and	
   Wallis,	
   2009),	
   projections	
   from	
   these	
   areas	
   to	
   the	
  

amygdala	
  are	
  weak	
  (Ghashghaei	
  et	
  al.,	
  2007).	
  	
  

The	
  amygdala	
  and	
  spatial	
  attention	
  
	
  

Finally,	
  we	
  turn	
  to	
  the	
  last	
  and	
  arguably	
  most	
  relevant	
  topic:	
  namely,	
  how	
  the	
  

amygdala	
  might	
  be	
  involved	
  in	
  spatial	
  attention.	
  Many	
  of	
  the	
  studies	
  performed	
  on	
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this	
  brain	
  area	
  thus	
  far	
  have	
  not	
  systematically	
  manipulated	
  the	
  spatial	
   location	
  of	
  

stimuli;	
  as	
  mentioned	
  previously,	
  this	
  may	
  be	
  due	
  in	
  part	
  to	
  the	
  fact	
  that	
  activity	
  in	
  

such	
   interconnected	
   areas	
   as	
   inferotemporal	
   cortex	
   was	
   largely	
   thought	
   to	
   be	
  

invariant	
  to	
  spatial	
  features	
  (Gross	
  et	
  al.,	
  1969;	
  Gross	
  et	
  al.,	
  1972;	
  Ito	
  et	
  al.,	
  1995).	
  	
  

However,	
  more	
  recent	
  data	
  from	
  the	
  Salzman	
  laboratory	
  have	
  shown	
  that	
  the	
  

amygdala	
  participates	
   in	
   the	
   transformation	
  of	
   value	
   information	
   into	
   signals	
   that	
  

can	
  be	
  used	
  to	
  guide	
  spatial	
  attention.	
  The	
  tasks	
  used	
  to	
  elicit	
  spatial	
  signals	
  differ	
  

from	
  the	
  tasks	
  previously	
  used	
  in	
  the	
  lab	
  to	
  investigate	
  value-­‐coding	
  in	
  the	
  amygdala	
  

in	
  two	
  ways:	
  They	
  are	
  operant	
  tasks	
  that	
  required	
  monkeys	
  to	
  perform	
  an	
  action	
  in	
  

order	
   to	
   receive	
   a	
   reward,	
   and	
   they	
  presented	
  visual	
   stimuli	
   on	
   either	
   side	
  of	
   the	
  

fixation	
   point	
   instead	
   of	
   over	
   the	
   fovea.	
   Two	
   separate	
   tasks	
   were	
   used	
   in	
   these	
  

experiments	
   (Figure	
   2);	
   both	
   began	
   with	
   a	
   fixation	
   requirement	
   followed	
   by	
   the	
  

simultaneous	
   presentation	
   of	
   two	
   visual	
   cues,	
   one	
   on	
   either	
   side	
   of	
   the	
   fixation	
  

point.	
  In	
  the	
  first	
  version	
  of	
  the	
  task	
  (Task	
  A),	
  the	
  appearance	
  of	
  a	
  patch	
  grating	
  in	
  

the	
  location	
  where	
  one	
  of	
  the	
  two	
  cues	
  had	
  appeared	
  constituted	
  a	
  “go”	
  signal,	
  and	
  

monkeys	
  had	
  to	
  saccade	
  to	
  the	
  target	
  location.	
  The	
  second	
  of	
  the	
  two	
  tasks	
  (Task	
  B)	
  

was	
  a	
  visual	
  discrimination	
  task,	
  in	
  which	
  two	
  patch	
  gratings	
  appeared,	
  this	
  time	
  at	
  

the	
  previous	
  location	
  of	
  both	
  of	
  the	
  visual	
  stimuli.	
  The	
  gratings	
  then	
  began	
  rotating,	
  

and	
  after	
  an	
  unpredictable	
  amount	
  of	
   time,	
   the	
  gratings	
  were	
  occluded	
  by	
  a	
  mask;	
  

monkeys	
   had	
   to	
   report	
   whether	
   the	
   final	
   orientation	
   of	
   the	
   patch	
   was	
   more	
  

horizontal	
  or	
  vertical	
  by	
  making	
  a	
  saccade	
  to	
  one	
  of	
  two	
  dots	
  that	
  appeared	
  around	
  

where	
  one	
  of	
  the	
  two	
  patches	
  had	
  been	
  (Peck	
  et	
  al.,	
  2013).	
  Cues	
  indicated	
  that	
  the	
  

monkey	
  could	
  receive	
  a	
  high-­‐value	
  outcome	
  (large	
  reward)	
  or	
  a	
  low-­‐value	
  outcome	
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(small	
   or	
   no	
   reward);	
   if	
   the	
   trial	
   was	
   performed	
   correctly,	
  monkeys	
   received	
   the	
  

reward	
   that	
   was	
   associated	
   with	
   the	
   cue	
   that	
   had	
   appeared	
   in	
   the	
   same	
   visual	
  

hemifield	
  as	
  the	
  target.	
  	
  

	
  

	
  

Figure	
  2:	
  Task	
  paradigms	
  for	
  two	
  attention	
  tasks	
  used	
  to	
  study	
  spatial	
  selectivity	
  as	
  it	
  relates	
  
to	
  value	
  selectivity	
  in	
  the	
  primate	
  amygdala.	
  Both	
  tasks	
  began	
  with	
  a	
  fixation	
  period,	
  followed	
  by	
  
the	
  appearance	
  of	
  two	
  cues,	
  one	
  on	
  either	
  side	
  of	
  the	
  fixation	
  point.	
  In	
  Task	
  A,	
  cue	
  presentations	
  were	
  
followed	
  by	
   a	
   delay	
  period	
  during	
  which	
  no	
   stimuli	
  were	
   shown.	
  The	
   subsequent	
   appearance	
   of	
   a	
  
gabor	
   grating	
   target	
   at	
   one	
   of	
   the	
   two	
   cue	
   locations	
   was	
   the	
   go-­‐signal	
   for	
   monkeys	
   to	
   make	
   a	
  
memory-­‐guided	
  saccade	
  to	
  the	
  target	
  location.	
  In	
  Task	
  B,	
  randomly	
  oriented	
  patches	
  appeared	
  in	
  the	
  
locations	
   the	
   cues	
  had	
  previously	
   appeared	
   in	
   and	
   simultaneously	
   changed	
  orientation.	
   Two	
   small	
  
circular	
  targets	
  then	
  appeared	
  around	
  the	
  previous	
  location	
  of	
  one	
  of	
  the	
  two	
  targets.	
  Monkeys	
  were	
  
then	
  required	
  to	
  make	
  a	
  saccade	
  indicating	
  the	
  orientation	
  –	
  either	
  more	
  vertical	
  or	
  more	
  horizontal	
  
–	
  of	
  the	
  grating	
  (Peck	
  et	
  al.,	
  2013).	
  

In	
   these	
   experiments,	
   behavioral	
   evidence	
   suggested	
   that	
   attention	
   was	
  

drawn	
  towards	
  cues	
  associated	
  with	
  the	
  most	
  motivationally	
  significant	
  outcomes,	
  

i.e.	
  the	
  highest-­‐value	
  cue.	
  This	
  was	
  indicated	
  by	
  a	
  higher	
  percentage	
  of	
  correct	
  trials	
  

and	
  shorter	
  reaction	
  times	
  when	
  one	
  high	
  and	
  one	
  low	
  motivational	
  value	
  cue	
  were	
  

shown,	
  and	
  the	
  target	
  appeared	
  at	
  the	
  location	
  of	
  the	
  high-­‐value	
  cue.	
  	
  

Neurophysiological	
   data	
   recorded	
   from	
   the	
  primate	
   amygdala	
   during	
   these	
  

tasks	
  revealed	
  not	
  only	
  that	
  the	
  amygdala	
  encodes	
  non-­‐spatial	
  value	
  information	
  as	
  

expected,	
  but	
  also	
  that	
  it	
  provides	
  a	
  spatial	
  signal	
  that	
  could	
  be	
  used	
  to	
  bias	
  spatial	
  

attention	
   toward	
   motivationally	
   significant	
   cues.	
   Specifically,	
   reward-­‐positive	
  



	
  

21	
  	
  

neurons	
   tended	
   to	
   fire	
  more	
   to	
   high-­‐value	
   images	
   that	
   appeared	
   in	
   the	
   hemifield	
  

contralateral	
   to	
   the	
   amygdala	
   being	
   recorded	
   from,	
   as	
   compared	
   to	
   when	
   the	
  

identical	
  image	
  was	
  presented	
  in	
  the	
  ipsilateral	
  hemifield.	
  The	
  opposite	
  was	
  true	
  for	
  

reward-­‐negative	
  neurons:	
   that	
   is,	
  neurons	
   that	
  decreased	
   firing	
   in	
   the	
  presence	
  of	
  

high-­‐value	
   cues	
   showed	
   the	
   greatest	
   decrease	
   in	
   firing	
   rate	
   when	
   the	
   high-­‐value	
  

cues	
  appeared	
  in	
  the	
  contralateral	
  hemifield	
  (Figure	
  3)	
  (Peck	
  et	
  al.,	
  2013).	
  

	
  

Figure	
  3:	
  Example	
  space-­‐	
  and	
  value-­‐coding	
  cells	
  with	
  firing	
  rate	
  plotted	
  as	
  a	
  function	
  of	
  time	
  
relative	
  to	
  cue	
  onset.	
  Peristimulus	
  time	
  histograms	
  (PSTH)	
  showing	
  average	
  firing	
  rate	
  plotted	
  as	
  a	
  
function	
   of	
   time	
   relative	
   to	
   cue	
   onset	
   for	
   four	
   amygdala	
   neurons,	
   two	
   of	
   which	
   showed	
   negative	
  
value-­‐coding	
   and	
   two	
   of	
   which	
   shoed	
   positive	
   value-­‐coding.	
   Value-­‐	
   and	
   spatial-­‐selectivity	
   indices	
  
were	
  significantly	
   less	
   than	
  zero	
  (REW–;	
   left)	
  or	
  greater	
   than	
  zero	
  (REW+;	
  right)	
   for	
  each	
  example	
  
neuron	
  (P	
  <	
  0.05,	
  bootstrap)	
  (Peck	
  et	
  al.,	
  2013).	
  	
  

As	
   shown	
   in	
   Figure	
   3,	
   the	
   spatial	
   signal	
   remains	
   “on”	
   long	
   after	
   the	
  

presentation	
  of	
  the	
  visual	
  stimulus	
  on	
  the	
  screen	
  (300	
  or	
  350	
  ms	
  depending	
  on	
  the	
  

task),	
  as	
  indicated	
  by	
  the	
  separation	
  in	
  the	
  three	
  curves	
  well	
  into	
  the	
  delay	
  period.	
  

This	
  suggests	
  that	
   the	
  difference	
   in	
  responses	
  depending	
  on	
  the	
  spatial	
   location	
  of	
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the	
  cue	
  is	
  not	
  purely	
  a	
  visual	
  signal,	
  but	
  may	
  instead	
  provide	
  a	
  representation	
  of	
  the	
  

cue	
  that	
  can	
  later	
  be	
  used	
  to	
  help	
  guide	
  behavior.	
  	
  Providing	
  further	
  corroboration,	
  

the	
   authors	
   found	
   that	
   firing	
   rates	
   in	
   individual	
   neurons	
   were	
   correlated	
   with	
  

spatial	
   attention	
   (as	
   indexed	
  by	
   reaction	
   time)	
  on	
  a	
   trial-­‐by-­‐trial	
   basis.	
  This	
   effect	
  

was	
   spatial	
   in	
   the	
   sense	
   that	
   high	
   firing	
   rates	
   predicted	
   fast	
  reaction	
   times	
   to	
   the	
  

contralateral	
   field	
   for	
  neurons	
  that	
   fired	
  more	
  to	
  contralateral	
  high-­‐value	
  cues	
  but	
  

slow	
  reaction	
  times	
  to	
  the	
  ipsilateral	
  field,	
  and	
  vice	
  versa	
  for	
  neurons	
  that	
  fired	
  more	
  

for	
  ipsilateral	
  high-­‐value	
  cues.	
  	
  

These	
  results	
  raise	
  fundamental	
  questions	
  about	
  the	
  role	
  of	
  the	
  amygdala	
  in	
  

spatial	
   processing.	
   These	
   new	
   findings	
   challenge	
   long-­‐held	
   assumptions	
   that	
   the	
  

amygdala	
  is	
  relatively	
  insensitive	
  to	
  spatial	
  factors,	
  indicating	
  that	
  we	
  need	
  a	
  better	
  

understanding	
   of	
   the	
   conditions	
   under	
   which	
   spatial	
   processing	
   in	
   the	
   amygdala	
  

emerges.	
  Indeed,	
  these	
  findings	
  suggest	
  a	
  role	
  for	
  the	
  amygdala	
  in	
  spatial	
  attention	
  

but	
   do	
   not	
   elaborate	
   under	
   what	
   conditions	
   spatial	
   selectivity	
   is	
   seen.	
   The	
   tasks	
  

described	
  in	
  this	
  section	
  are	
  complex,	
  and	
  there	
  are	
  at	
   least	
  two	
  different	
  possible	
  

circumstances	
  under	
  which	
  the	
  amygdala	
  may	
  show	
  spatial	
  selectivity.	
  For	
  example,	
  

it	
  might	
   be	
   that	
   the	
   amygdala	
   shows	
   spatial	
   responses	
   in	
   even	
   the	
  most	
   basic	
   of	
  

tasks,	
   such	
   as	
   those	
  with	
   no	
   operant	
   component;	
  whether	
   this	
   is	
   the	
   case	
  will	
   be	
  

explored	
   in	
   Chapter	
   2.	
   Alternatively,	
   it	
  might	
   be	
   that	
   some	
   degree	
   of	
   attention	
   is	
  

required	
  before	
  the	
  amygdala	
  shows	
  spatial	
  selectivity	
  when	
  processing	
  visual	
  cues;	
  

whether	
  sustained	
  spatial	
  signals	
  are	
  present	
  in	
  a	
  more	
  demanding	
  operant	
  context	
  

is	
  the	
  focus	
  of	
  Chapter	
  3.	
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Chapter	
  summary	
  
	
  

This	
   dissertation	
   seeks	
   to	
   elucidate	
   the	
   recent	
   discovery	
   of	
   the	
   role	
   of	
   the	
  

amygdala	
  in	
  spatial	
  processing.	
  Whereas	
  the	
  majority	
  of	
  the	
  research	
  involving	
  the	
  

amygdala	
  has	
  previously	
  focused	
  on	
  the	
  role	
  of	
  this	
  brain	
  area	
  in	
  fear	
  conditioning	
  

and	
   value-­‐coding,	
   recent	
   studies	
   have	
   shown	
   that	
   it	
   may	
   play	
   a	
   role	
   in	
   spatial	
  

attention	
  as	
  well.	
  These	
  recent	
  studies	
  were	
  attentionally	
  demanding,	
  showing	
  two	
  

stimuli	
  simultaneously	
  and	
  requiring	
  performance	
  of	
  a	
  memory-­‐guided	
  saccade	
  or	
  

visual	
  discrimination.	
  The	
  work	
  described	
  here	
  aims	
  to	
  address	
  how	
  the	
  amygdala	
  

encodes	
   spatial	
   selectivity	
  by	
  using	
   simpler	
  paradigms	
  –	
   a	
   trace-­‐conditioning	
   task	
  

and	
  a	
  simpler	
  operant	
  task	
  –	
  to	
  examine	
  the	
  situations	
  in	
  which	
  spatial	
  selectivity	
  is	
  

observed.	
  

Chapter	
   2	
   looks	
   at	
   spatial	
   and	
   value	
   selectivity	
   in	
   amygdala	
   neurons	
   in	
   a	
  

simple	
   trace-­‐conditioning	
   task.	
   Whereas	
   recent	
   studies	
   have	
   shown	
   that	
   the	
  

amygdala	
   encodes	
   space	
   over	
   the	
   course	
   of	
   a	
   trial	
   in	
   an	
   attentionally	
   demanding	
  

operant	
  task,	
  we	
  found	
  that	
  sustained	
  spatial	
  signals	
  were	
  not	
  present	
  in	
  the	
  context	
  

of	
  a	
  trace-­‐conditioning	
  task.	
  

Chapter	
  3	
  describes	
  how	
  spatial	
  and	
  value	
  selectivity	
  evolve	
  over	
  the	
  course	
  

of	
   a	
   trial	
   in	
   a	
  more	
   attentionally-­‐demanding	
   operant	
   task,	
   and	
   compares	
   the	
   time	
  

course	
  of	
  the	
  spatial	
  signal	
  in	
  this	
  task	
  relative	
  to	
  the	
  trace-­‐conditioning	
  task.	
  Unlike	
  

the	
   results	
   from	
   the	
   trace-­‐conditioning	
   task,	
   amygdala	
   neurons	
  maintain	
   a	
   spatial	
  

representation	
  well	
  after	
  the	
  offset	
  of	
  the	
  cue	
  and	
  until	
  the	
  presentation	
  of	
  the	
  target	
  

at	
  the	
  remembered	
  spatial	
  location	
  in	
  the	
  context	
  of	
  the	
  operant	
  task.	
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Chapter	
   4	
   provides	
   a	
   look	
   at	
   possible	
   future	
   directions	
   inspired	
   by	
   these	
  

data.	
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Chapter	
  2:	
  Spatial-­‐	
  and	
  value-­‐coding	
  in	
  the	
  amygdala	
  
during	
  space-­‐irrelevant	
  and	
  space-­‐relevant	
  trace-­‐
conditioning	
  tasks	
  	
  
	
  

Introduction	
  
	
  

Associating	
   stimuli	
   in	
   the	
   environment	
   with	
   predicted	
   outcomes	
   is	
   an	
  

adaptive	
  behavior.	
  Remember	
  the	
  examples	
   in	
   the	
   introduction:	
  Seeing	
  a	
  delicious	
  

piece	
   of	
   fruit	
   hanging	
   from	
   a	
   tree	
   may	
   elicit	
   an	
   approach	
   behavior,	
   whereas	
   the	
  

sudden	
  appearance	
  of	
  a	
  predator	
  such	
  as	
  a	
  bear	
  compels	
  one	
  to	
  run	
  away.	
  In	
  both	
  

cases,	
   these	
  stimuli	
  prompt	
  attention	
  and	
  arousal	
   responses,	
  albeit	
  with	
  decidedly	
  

different	
   evaluations	
   of	
   the	
   probable	
   outcomes,	
   and	
   therefore	
   with	
   different	
  

subsequent	
  responses.	
  It	
  is	
  important	
  to	
  know	
  how	
  to	
  respond	
  to	
  cues	
  based	
  on	
  how	
  

they	
  can	
  benefit	
  or	
  harm	
  us	
  as	
  well	
  as	
  on	
  how	
  arousing	
  or	
  attention-­‐grabbing	
  they	
  

are.	
   Being	
   able	
   to	
   generate	
   the	
   proper	
   responses	
   to	
   stimuli	
   in	
   an	
   appropriate,	
  

expedient	
   manner	
   requires	
   the	
   ability	
   to	
   form	
   stimulus-­‐outcome	
   associations.	
  

Information	
   about	
   potential	
   outcomes	
   is	
   not	
   enough	
   to	
   generate	
   the	
   best	
   actions,	
  

however;	
  knowledge	
  of	
  such	
  factors	
  as	
  motivational	
  state	
  and	
  spatial	
  location	
  allows	
  

us	
  to	
  make	
  the	
  most	
  informed	
  decisions	
  because	
  we	
  are	
  able	
  to	
  guide	
  attention	
  and	
  

resources	
  toward	
  the	
  most	
  valuable	
  targets	
  or	
  away	
  from	
  potentially	
  harmful	
  ones.	
  	
  

Spatial	
   location	
   is	
   important	
   for	
   correctly	
   responding	
   to	
   stimuli,	
   especially	
  

when	
  generating	
  an	
  appropriate	
  reaction	
  may	
  mean	
  the	
  difference	
  between	
  hunger	
  

and	
  adequate	
  nourishment,	
  as	
  in	
  the	
  case	
  of	
  the	
  apple,	
  or	
  even	
  life	
  and	
  death,	
  as	
  in	
  

the	
  bear	
  example.	
  The	
  fact	
  that	
  the	
  amygdala	
   is	
  bidirectionally	
  connected	
  with	
  the	
  

inferotemporal	
   (IT)	
   cortex,	
   which	
   has	
   been	
   found	
   to	
   show	
   spatial	
   selectivity	
  



	
  

26	
  	
  

(DiCarlo	
  and	
  Maunsell,	
  2003;	
  Op	
  De	
  Beeck	
  and	
  Vogels,	
  2000),	
  raises	
  the	
  question	
  of	
  

whether	
  the	
  former	
  is	
  involved	
  in	
  spatial	
  processing,	
  or	
  whether	
  spatial	
  features	
  are	
  

encoded	
  elsewhere	
  along	
  the	
  pathway	
  by	
  which	
  visual	
  stimuli	
  are	
  processed.	
  Recent	
  

research	
  has	
   shown	
   that	
   the	
   amygdala	
  does	
   indeed	
  encode	
  a	
   signal	
   that	
  may	
  bias	
  

spatial	
   attention	
   toward	
   motivationally	
   significant	
   stimuli	
   (Peck	
   et	
   al.,	
   2013).	
   In	
  

these	
   recent	
   studies,	
   firing	
   rates	
   differed	
   depending	
   on	
   whether	
   a	
   given	
   visual	
  

stimulus	
   was	
   presented	
   in	
   the	
   visual	
   hemifield	
   contralateral	
   or	
   ipsilateral	
   to	
   the	
  

amygdala	
  being	
  recorded	
  from,	
  even	
  when	
  the	
  same	
  two	
  cues	
  were	
  presented	
  but	
  

were	
   shown	
   in	
   different	
   spatial	
   locations	
   (Peck	
   et	
   al.,	
   2013).	
   However,	
   since	
   the	
  

tasks	
   that	
   elicited	
   these	
   findings	
   were	
   complex	
   and	
   attentionally-­‐demanding,	
   we	
  

sought	
  to	
  address	
  whether	
  spatial	
  signals	
  emerge	
  in	
  simpler	
  contexts.	
  	
  

We	
   hypothesized	
   that	
   amygdala	
   neurons	
   might	
   encode	
   space	
   in	
   trace-­‐

conditioning	
  tasks	
  but	
  that	
  cells	
  would	
  show	
  different	
  response	
  profiles	
  when	
  space	
  

was	
   relevant	
   for	
   predicting	
   reward	
   compared	
   to	
  when	
   it	
   did	
   not	
   help	
   predict	
   the	
  

outcome.	
   In	
  the	
  trace-­‐conditioning	
  tasks	
  used	
   in	
  the	
  experiments	
  described	
   in	
  this	
  

chapter,	
  monkeys	
  were	
  shown	
  stimuli	
   that	
  were	
  associated	
  with	
  variable	
  amounts	
  

of	
  reward,	
  as	
  in	
  previous	
  experiments	
  (Peck	
  et	
  al.,	
  2013).	
  However,	
  in	
  order	
  to	
  learn	
  

more	
   about	
   the	
   development	
   and	
   time	
   course	
   of	
   the	
   spatial	
   signals,	
   we	
   made	
  

significant	
  changes	
  to	
  the	
  spatial	
  tasks	
  that	
  had	
  previously	
  been	
  used.	
  We	
  presented	
  

only	
   one	
   stimulus	
   at	
   a	
   time,	
   reasoning	
   that	
   this	
  would	
   enable	
   us	
   to	
  more	
  directly	
  

measure	
   the	
   effect	
   of	
   space	
   on	
   neural	
   responses.	
   	
   Because	
   we	
   showed	
   only	
   one	
  

stimulus	
  on	
  a	
  given	
  trial,	
  tasks	
  were	
  less	
  attentionally-­‐demanding,	
  as	
  monkeys	
  only	
  

had	
   to	
  pay	
   attention	
   to	
   one	
   visual	
   hemifield	
   and	
  not	
  both.	
   Furthermore,	
   the	
   trace	
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tasks	
   required	
   monkeys	
   only	
   to	
   maintain	
   fixation	
   to	
   obtain	
   reward;	
   no	
   operant	
  

action	
  was	
  required.	
  

Initial	
   experiments	
   were	
   performed	
   using	
   two	
   different	
   trace-­‐conditioning	
  

tasks,	
   one	
   in	
   which	
   the	
   location	
   of	
   stimuli	
   was	
   irrelevant	
   to	
   reinforcement	
  

contingencies	
   and	
   the	
   other	
   in	
  which	
   stimulus	
   location	
  was	
   relevant.	
   Using	
   these	
  

two	
  tasks,	
  we	
  recorded	
   from	
  one	
  monkey	
  (Monkey	
  O);	
  a	
  second	
  monkey	
  (Monkey	
  

MT)	
  was	
   studied	
  using	
  only	
   the	
   space-­‐irrelevant	
  version	
  of	
   the	
   task.	
   In	
   the	
   space-­‐

irrelevant	
  task,	
  cues’	
  reinforcement	
  contingencies	
  applied	
  regardless	
  of	
  their	
  spatial	
  

location.	
   In	
   the	
   space-­‐relevant	
   task,	
   cues’	
   association	
  with	
   reward	
  depended	
  upon	
  

which	
  hemifield	
   they	
   appeared	
   in.	
   This	
   allowed	
  us	
   to	
   test	
   the	
  hypothesis	
   that	
   the	
  

amygdala	
  encodes	
  the	
  spatial	
  features	
  of	
  visual	
  stimuli	
  differently	
  in	
  tasks	
  in	
  which	
  

space	
  is	
  more	
  or	
  less	
  relevant	
  for	
  predicting	
  stimulus-­‐outcome	
  associations.	
  

Results	
  
	
  

We	
  hypothesized	
   that	
  neurons	
  would	
   show	
  differential	
   spatial	
   encoding	
  on	
  

the	
   two	
   trace-­‐conditioning	
   tasks	
   due	
   to	
   task	
   differences	
   in	
   whether	
   spatial	
  

information	
   was	
   needed	
   for	
   predicting	
   reward.	
   However,	
   we	
   found	
   that	
   neurons	
  

behaved	
  similarly	
  on	
  the	
  tasks,	
  perhaps	
  indicating	
  that	
  spatial	
  information	
  was	
  used	
  

to	
   predict	
   reward	
   and	
   was	
   no	
   longer	
   necessary	
   after	
   this	
   computation	
   had	
   been	
  

made.	
  Furthermore,	
  we	
  found	
  no	
  relationship	
  between	
  spatial	
  and	
  value	
  selectivity,	
  

suggesting	
   that	
   the	
   emergence	
   of	
   such	
   a	
   relationship	
   in	
   the	
   amygdala	
   is	
   task-­‐

dependent	
   and	
   found	
   in	
   more	
   attentionally-­‐demanding	
   contexts,	
   including	
   those	
  

used	
  in	
  previous	
  studies	
  (Peck	
  et	
  al.,	
  2013).	
  

By	
   using	
   the	
   trace-­‐conditioning	
   tasks,	
   we	
   sought	
   to	
   investigate	
   the	
   nature	
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and	
   time	
   course	
  of	
   spatial	
   signals	
   and	
  how	
   they	
   interact	
  with	
   value	
   signals	
   in	
   the	
  

amygdala	
   in	
   a	
   context	
   where	
   space	
   was	
   not	
   relevant	
   for	
   performing	
   an	
   action.	
  

Unlike	
   the	
   trace-­‐conditioning	
   tasks	
   used	
   in	
   previous	
   experiments	
   in	
   the	
   Salzman	
  

laboratory	
  (Belova	
  et	
  al.,	
  2007;	
  Belova	
  et	
  al.,	
  2008;	
  Paton	
  et	
  al.,	
  2006),	
  in	
  which	
  the	
  

cue	
  was	
  presented	
   in	
   the	
  midline	
  of	
   the	
  screen	
   (0°	
   eccentricity),	
   the	
  cues	
   in	
   these	
  

experiments	
   were	
   shown	
   at	
   7°	
   eccentricity	
   either	
   to	
   the	
   right	
   or	
   the	
   left	
   of	
   the	
  

fixation	
  point.	
  This	
  small	
  change	
  in	
  cue	
  spatial	
  location	
  allowed	
  us	
  to	
  look	
  not	
  only	
  

at	
   value	
   signals,	
   but	
   also	
   at	
   whether	
   the	
   spatial	
   responses	
   in	
   amygdala	
   neurons	
  

found	
   in	
   previous	
   studies	
   (Peck	
   et	
   al.,	
   2013)	
  were	
   present	
   in	
   a	
   less	
   attentionally-­‐

demanding	
  environment	
  more	
  similar	
  to	
  that	
  of	
  the	
  trace-­‐conditioning	
  experiments	
  

used	
  previously	
  (Paton	
  et	
  al.,	
  2006).	
  	
  

We	
   employed	
   two	
   variants	
   of	
   the	
   trace-­‐conditioning	
   task	
   to	
   probe	
   the	
  

experimental	
  factors	
  that	
  influence	
  spatial	
  representations	
  in	
  the	
  amygdala.	
  In	
  one	
  

task,	
  space	
  was	
  irrelevant	
  for	
  predicting	
  reward;	
  in	
  the	
  other,	
  cues’	
  spatial	
  location	
  

determined	
   the	
   outcome.	
   In	
   other	
   words,	
   in	
   the	
   former	
   (space-­‐irrelevant)	
   task,	
  

stimuli	
  predicted	
  reward	
  (or	
  no	
  reward)	
  regardless	
  of	
  spatial	
  location.	
  In	
  the	
  latter	
  

(space-­‐relevant)	
  task,	
  a	
  particular	
  stimulus	
  might	
  predict	
  a	
  reward	
  when	
  presented	
  

in	
  the	
  right	
  visual	
  hemifield,	
  but	
  predict	
  no	
  reward	
  when	
  presented	
  in	
  the	
  left	
  visual	
  

hemifield,	
  and	
  vice	
  versa.	
  We	
  reasoned	
  that	
  when	
  spatial	
  information	
  was	
  relevant	
  

for	
  establishing	
  stimulus-­‐outcome	
  associations,	
  the	
  responses	
  of	
  amygdala	
  neurons	
  

might	
  exhibit	
  a	
  stronger	
  spatial	
  component.	
  On	
  the	
  other	
  hand,	
  if	
  the	
  spatial	
  signals	
  

were	
  mainly	
  driven	
  by	
  the	
  allocation	
  of	
  spatial	
  attention	
  in	
  preparation	
  for	
  actions	
  

(Peck	
   et	
   al.,	
   2013),	
   then	
   response	
   properties	
   during	
   these	
   two	
   tasks	
   might	
   be	
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similar.	
  	
  

Monkeys	
  were	
  presented	
  with	
  one	
  of	
  two	
  overtrained	
  visual	
  stimuli;	
  in	
  other	
  

words,	
   the	
   same	
   set	
   of	
   cues	
   was	
   used	
   throughout	
   the	
   course	
   of	
   experimental	
  

sessions	
   for	
  a	
  given	
   task	
   so	
   that	
  monkeys	
  were	
  very	
   familiar	
  with	
   them.	
  Different	
  

cue	
   sets	
   were	
   used	
   in	
   the	
   two	
   tasks.	
   In	
   the	
   space-­‐irrelevant	
   task,	
   one	
   cue	
   was	
  

initially	
  associated	
  with	
  reward	
  regardless	
  of	
  whether	
  it	
  appeared	
  in	
  the	
  right	
  or	
  left	
  

hemifield	
  and	
  one	
  was	
  associated	
  with	
  no	
  reward	
  regardless	
  of	
  where	
  it	
  appeared;	
  

contingencies	
   were	
   later	
   reversed	
   after	
   learning	
   had	
   been	
   demonstrated,	
   as	
  

discussed	
  in	
  the	
  following	
  section.	
  In	
  the	
  space-­‐relevant	
  task,	
  one	
  cue	
  was	
  reward-­‐

associated	
   in	
   the	
   right	
   hemifield	
   and	
   not	
   in	
   the	
   left,	
  while	
   the	
   other	
  was	
   reward-­‐

predicting	
   in	
   the	
   left	
   hemifield	
   but	
   not	
   the	
   right;	
   again,	
   stimulus-­‐outcome	
  

associations	
  were	
  reversed	
  after	
  learning.	
  	
  

Monkeys	
  initiated	
  trials	
  by	
  acquiring	
  and	
  holding	
  fixation,	
  after	
  which	
  the	
  cue	
  

was	
  presented,	
  either	
  to	
  the	
  right	
  or	
  the	
  left	
  of	
  the	
  fixation	
  point.	
  Provided	
  monkeys	
  

maintained	
   fixation	
   during	
   the	
   fixation	
   and	
   cue	
   epochs	
   as	
  well	
   as	
   during	
   the	
   first	
  

1000	
   of	
   the	
   1500	
   ms	
   trace	
   period	
   that	
   followed,	
   they	
   obtained	
   the	
   outcome	
  

predicted	
   by	
   the	
   cue	
   (100%	
   probability).	
   If	
   monkeys	
   broke	
   fixation	
   by	
  making	
   a	
  

saccade	
   out	
   of	
   the	
   fixation	
  window	
  during	
   any	
   of	
   the	
   aforementioned	
   epochs,	
   the	
  

trial	
  was	
  repeated	
  to	
  ensure	
  that	
  monkeys	
  did	
  not	
  selectively	
  break	
  fixation	
  during	
  

certain	
  trials,	
  such	
  as	
  non-­‐reward-­‐associated	
  trials.	
  Figure	
  4	
  shows	
  the	
  sequence	
  of	
  

events	
  for	
  the	
  space-­‐irrelevant	
  task;	
  Figure	
  5	
  depicts	
  the	
  space-­‐relevant	
  task.	
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Figure	
  4.	
  Task	
  paradigm	
  for	
  the	
  space-­‐irrelevant	
  trace-­‐conditioning	
  task.	
  After	
  monkeys	
  acquired	
  and	
  held	
  
fixation	
  of	
  the	
  central	
  square	
  (random),	
  a	
  cue	
  associated	
  with	
  either	
  reward	
  or	
  no	
  reward	
  was	
  presented	
  either	
  
to	
  the	
  right	
  or	
  to	
  the	
  left	
  of	
  the	
  fixation	
  point	
  (350	
  ms).	
  Cue	
  presentation	
  was	
  followed	
  by	
  a	
  trace	
  period	
  (1500	
  
ms,	
  1000	
  ms	
  of	
  which	
  required	
  continued	
  fixation),	
  and	
  the	
  outcome	
  predicted	
  by	
  the	
  cue	
  was	
  delivered	
  with	
  
100%	
  probability,	
   provided	
   that	
  monkeys	
  maintained	
   fixation	
  until	
   the	
   last	
   500	
  ms	
  of	
   the	
   trace	
  period.	
  After	
  
learning	
  of	
  initial	
  stimulus-­‐outcome	
  associations,	
  CS-­‐US	
  contingencies	
  were	
  reversed.	
  If	
  monkeys	
  broke	
  fixation,	
  
the	
  trial	
  was	
  repeated.	
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Figure	
   5:	
   Task	
   paradigm	
   for	
   the	
   space-­‐relevant	
   trace-­‐conditioning	
   task.	
   The	
   paradigm	
   for	
   the	
   space-­‐
relevant	
  task	
  was	
  almost	
  identical	
  to	
  that	
  of	
  the	
  space-­‐irrelevant	
  task	
  (Figure	
  1)	
  with	
  the	
  change	
  that	
  cues	
  were	
  
associated	
  with	
  reward	
  based	
  on	
  spatial	
  location.	
  Monkeys	
  were	
  required	
  to	
  acquire	
  and	
  hold	
  fixation	
  during	
  the	
  
fixation	
  interval	
  (random),	
  cue	
  period	
  (350	
  ms),	
  and	
  throughout	
  1000	
  ms	
  of	
  the	
  1500	
  ms	
  delay	
  period.	
  Breaking	
  
fixation	
  resulted	
  in	
  a	
  repetition	
  of	
  the	
  same	
  trial	
  type.	
  

	
  
Stimulus-­‐outcome	
   associations	
   were	
   reversed	
   after	
   sufficient	
   learning	
   had	
  

been	
  established,	
  as	
  detailed	
  below.	
  The	
  reversal	
  of	
  stimulus-­‐outcome	
  associations	
  

was	
   important,	
   as	
   it	
   allowed	
   us	
   to	
   verify	
   that	
   neurons	
   were	
   not	
   responding	
   to	
  

stimulus-­‐specific	
  features	
  such	
  as	
  visual	
  properties.	
  	
  

Monkeys	
  correctly	
  predict	
  outcomes	
  associated	
  with	
  visual	
  stimuli	
  
	
  

To	
   assess	
   that	
   monkeys	
   correctly	
   associated	
   stimuli	
   with	
   their	
   respective	
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outcomes,	
  we	
  measured	
   anticipatory	
   licking,	
  which	
   refers	
   to	
   licking	
   after	
   the	
   cue	
  

was	
  shown	
  but	
  before	
  reward	
  was	
  delivered.	
  This	
  has	
  been	
  shown	
  to	
  be	
  an	
  accurate	
  

measure	
  of	
  learning	
  (Paton	
  et	
  al.,	
  2006).	
  As	
  shown	
  in	
  Figure	
  6,	
  monkeys	
  licked	
  more	
  

following	
   the	
   presentation	
   of	
   cues	
   associated	
   with	
   reward	
   (cyan	
   for	
   reward-­‐

associated	
  contralateral	
  cues,	
  magenta	
  for	
  reward-­‐associated	
  ipsilateral	
  cues)	
  than	
  

they	
   did	
   for	
   those	
   associated	
   with	
   no	
   reward	
   (green	
   for	
   non-­‐reward-­‐associated	
  

contralateral	
  cues,	
  purple	
  for	
  non-­‐reward-­‐associated	
  ipsilateral	
  cues).	
  This	
  behavior	
  

was	
  especially	
  apparent	
  in	
  the	
  time	
  period	
  immediately	
  preceding	
  reward	
  delivery	
  

(or	
  the	
  equivalent	
  time	
  on	
  trials	
  without	
  reward),	
  and	
  we	
  analyzed	
  licking	
  behavior	
  

in	
  the	
  500	
  ms	
  before	
  reward,	
  during	
  which	
  time	
  monkeys	
  no	
  longer	
  had	
  to	
  maintain	
  

fixation	
  and	
  were	
  free	
  to	
  move	
  their	
  eyes.	
  	
  

A	
  linear	
  regression	
  was	
  used	
  to	
  assess	
  how	
  cues	
  influenced	
  licking	
  behavior	
  

based	
  on	
  their	
  association	
  with	
  reward,	
  their	
  spatial	
  location,	
  and/or	
  the	
  interaction	
  

between	
   reward	
   and	
   spatial	
   location.	
   The	
   reward	
   associated	
  with	
   the	
   cues	
   had	
   a	
  

significant	
   influence	
   on	
   anticipatory	
   licking	
   in	
   both	
   tasks	
   (linear	
   regression,	
   p	
   <	
  

0.0001	
  for	
  both)	
  such	
  that	
  licking	
  for	
  cues	
  linked	
  with	
  reward	
  was	
  greater	
  than	
  for	
  

cues	
  not	
  predictive	
  of	
  reward;	
  we	
  found	
  no	
  evidence	
  for	
  a	
  main	
  effect	
  of	
  cue	
  spatial	
  

location	
   (p	
   >	
   0.7	
   for	
   both	
   tasks)	
   or	
   an	
   interaction	
   between	
   reward	
   and	
   spatial	
  

location	
   (p	
   >	
   0.7	
   for	
   both	
   tasks).	
   These	
   results	
   were	
   true	
   for	
   each	
   monkey	
  

individually,	
  although	
  the	
  there	
  were	
  idiosyncratic	
  elements	
  to	
  their	
  overall	
  licking	
  

behavior	
  (see	
  Figure	
  7);	
   in	
  other	
  words,	
  for	
  each	
  monkey	
  individually,	
  there	
  was	
  a	
  

significant	
   effect	
   of	
   the	
   reward	
   associated	
   with	
   the	
   cue	
   (p	
   <	
   0.0001),	
   but	
   no	
  

influence	
   of	
   its	
   spatial	
   location	
   or	
   a	
   reward-­‐spatial	
   interaction	
   effect	
   (p	
   >	
   0.32).	
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Licking	
  behavior	
  indicated	
  that	
  monkeys	
  were	
  indeed	
  able	
  to	
  predict	
  cue-­‐associated	
  

outcomes	
  in	
  both	
  tasks	
  well	
  in	
  advance	
  of	
  outcome	
  delivery	
  and	
  were	
  therefore	
  able	
  

to	
  adjust	
  their	
  behavior	
  accordingly.	
  

	
  

Figure	
  6:	
  Anticipatory	
  licking,	
  space-­‐irrelevant	
  and	
  space-­‐relevant	
  trace-­‐conditioning	
  tasks.	
  Anticipatory	
  
licking	
  plotted	
  as	
  proportion	
  of	
  time	
  spent	
  licking	
  as	
  a	
  function	
  of	
  time	
  relative	
  to	
  cue	
  onset	
  for	
  both	
  monkeys	
  on	
  
the	
   space-­‐irrelevant	
   task	
   (a)	
   and	
   space-­‐relevant	
   task	
   (b).	
   Licking	
   is	
   significantly	
  higher	
   for	
   reward-­‐associated	
  
cues	
  than	
  for	
  cues	
  not	
  predictive	
  of	
  in	
  the	
  500	
  ms	
  before	
  reward	
  delivery	
  (linear	
  regression,	
  p	
  <	
  0.0001);	
  there	
  is	
  
no	
  effect	
  of	
  cue	
  spatial	
  location	
  or	
  interaction	
  between	
  reward	
  and	
  space	
  (p	
  >	
  0.7).	
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Figure	
   7:	
   Anticipatory	
   licking,	
   separated	
   by	
   monkey.	
   Anticipatory	
   licking	
   is	
   shown	
   for	
   monkey	
   O	
   and	
  
monkey	
  MT	
  separately.	
  	
  The	
  licking	
  behavior	
  of	
  monkey	
  O	
  (a,	
  space-­‐irrelevant;	
  b,	
  space-­‐relevant)	
  differed	
  from	
  
that	
  of	
  monkey	
  MT	
  (c,	
  space-­‐irrelevant),	
  as	
  monkey	
  O	
  licked	
  much	
  more	
  during	
  the	
  entire	
  trace	
  period,	
  whereas	
  
monkey	
  MT	
  licked	
  in	
  a	
  more	
  concentrated	
  fashion	
  just	
  prior	
  to	
  reward	
  delivery.	
  Owing	
  to	
  the	
  sheer	
  number	
  of	
  
trials	
  performed	
  by	
  monkey	
  O	
  in	
  the	
  original	
  two	
  trace-­‐conditioning	
  tasks,	
  the	
  licking	
  behavior	
  for	
  monkey	
  O	
  is	
  
more	
  heavily	
  weighted	
  in	
  the	
  combined	
  licking	
  plot	
  (Figure	
  6).	
  In	
  both	
  monkeys,	
  there	
  was	
  a	
  significant	
  effect	
  of	
  
reward	
  associated	
  with	
   the	
  cue	
   in	
   the	
  500	
  ms	
  before	
  reward	
  delivery	
  (or	
   the	
  same	
  time	
   for	
  no-­‐reward	
  trials)	
  
(linear	
  regression,	
  p	
  <	
  0.0001).	
  

	
  

Amygdala	
  neurons	
  encode	
  both	
  space	
  and	
  value	
  in	
  trace-­‐conditioning	
  tasks	
  
	
  

To	
   determine	
   whether	
   amygdala	
   neurons	
   encode	
   spatial	
   information	
   in	
  

addition	
  to	
  encoding	
  the	
  motivational	
  significance	
  of	
  stimuli	
  in	
  a	
  trace-­‐conditioning	
  

context,	
   we	
   recorded	
   from	
   697	
   neurons	
   while	
   monkeys	
   performed	
   the	
   space-­‐

irrelevant	
   trace-­‐conditioning	
   task,	
   the	
   space-­‐relevant	
   trace-­‐conditioning	
   task,	
   the	
  

operant	
  task	
  (Chapter	
  3),	
  or	
  some	
  combination	
  thereof.	
  292	
  of	
  these	
  neurons	
  were	
  

recorded	
  from	
  monkey	
  O	
  (113	
  from	
  the	
  left	
  amygdala,	
  179	
  from	
  the	
  right	
  amygdala)	
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and	
   405	
   from	
   monkey	
   MT	
   (all	
   from	
   the	
   right	
   amygdala).	
   Only	
   neurons	
   whose	
  

activity	
   was	
   well-­‐isolated	
   for	
   at	
   least	
   22	
   trials	
   both	
   before	
   and	
   after	
   reversal	
  

(average	
   number	
   of	
   trials	
   per	
   reversal,	
   mean	
   ±	
   std:	
   161.3	
   ±	
   66.1	
   trials)	
   were	
  

included	
  in	
  our	
  analyses.	
  Contralateral	
  and	
  ipsilateral	
  designations	
  were	
  relative	
  to	
  

the	
  amygdala	
  being	
  recorded	
  from.	
  	
  

Given	
   that	
   we	
   manipulated	
   both	
   reward	
   and	
   spatial	
   variables	
   in	
   these	
  

experiments,	
   we	
   were	
   able	
   to	
   probe	
   whether	
   neurons	
   exhibited	
   (1)	
   spatial	
  

selectivity	
   driven	
   by	
   the	
   location	
   of	
   the	
   cues,	
   (2)	
   value	
   selectivity	
   for	
   cues’	
  

association	
  with	
  reward,	
  or	
  (3)	
  selectivity	
  for	
  both	
  space	
  and	
  value.	
  The	
  selectivity	
  

of	
   individual	
   neurons’	
   firing	
   rates	
   for	
   different	
   trial	
   types	
   was	
   assessed	
   using	
   a	
  

receiver	
  operating	
  characteristic	
  (ROC)	
  analysis	
  (Green	
  and	
  Swets,	
  1966).	
  Here,	
  we	
  

calculated	
   both	
   value	
   selectivity	
   indices	
   (comparing	
   responses	
   to	
   cues	
   predicting	
  

reward	
  versus	
  no	
  reward)	
  and	
  spatial	
  selectivity	
  indices	
  (comparing	
  firing	
  for	
  cues	
  

appearing	
   in	
   the	
  contralateral	
  versus	
   ipsilateral	
  hemifield)	
   for	
  each	
  neuron.	
  When	
  

describing	
   neurons	
   with	
   preferences	
   for	
   reward-­‐associated	
   versus	
   non-­‐reward-­‐

associated	
   cues	
   (value-­‐coding	
   neurons),	
   selectivity	
   indices	
   >	
   0.5	
   indicated	
   a	
  

preference	
  for	
  reward-­‐associated	
  images,	
  whereas	
  indices	
  <	
  0.5	
  implied	
  a	
  stronger	
  

response	
  when	
  the	
  image	
  was	
  not	
  associated	
  with	
  reward.	
  For	
  spatial	
  ROC	
  analyses,	
  

selectivity	
  indices	
  >	
  0.5	
  corresponded	
  to	
  a	
  contralateral-­‐sided	
  preference,	
  and	
  those	
  

<	
   0.5	
   indicated	
   stronger	
   encoding	
   of	
   ipsilateral	
   stimuli.	
   To	
   determine	
   whether	
  

neurons	
  exhibited	
  significant	
  selectivity	
  for	
  space	
  and/or	
  value,	
  we	
  used	
  a	
  Wilcoxon	
  

rank-­‐sum	
  test	
  (p	
  <	
  0.05).	
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Selectivity	
   indices	
   were	
   calculated	
   and	
   significance	
   was	
   assessed	
   in	
   three	
  

time	
  windows:	
  the	
  visual	
  stimulus	
  epoch	
  (100-­‐400	
  ms),	
  the	
  early	
  delay	
  epoch	
  (400-­‐

850	
  ms)	
  and	
  the	
  late	
  delay	
  epoch	
  (850-­‐1300	
  ms).	
  The	
  timing	
  of	
  the	
  end	
  of	
  the	
  late	
  

delay	
  period	
  was	
  chosen	
  to	
  correspond	
  to	
  just	
  before	
  the	
  offset	
  of	
  the	
  fixation	
  point	
  

in	
  the	
  trace-­‐conditioning	
  tasks	
  (1350	
  ms)	
  and	
  the	
  first	
  possible	
  time	
  in	
  the	
  operant	
  

task	
  at	
  which	
  the	
  target	
  could	
  appear	
  on	
  the	
  screen	
  (1300	
  ms).	
  Therefore,	
  monkeys	
  

were	
  still	
  required	
  to	
  fixate,	
  but	
  no	
  other	
  stimuli	
  were	
  present	
  on	
  the	
  screen.	
  

Examples	
  of	
  individual	
  amygdala	
  neurons	
  exhibiting	
  value	
  selectivity,	
  spatial	
  

selectivity,	
   and	
   both	
   are	
   shown	
   in	
   Figure	
   8.	
   Figure	
   8ab	
   gives	
   an	
   example	
   of	
   a	
  

spatially-­‐selective	
  neuron;	
  this	
  neuron	
  fires	
  significantly	
  more	
  for	
  contralateral	
  cues	
  

during	
   the	
   cue	
   epoch	
   regardless	
   of	
   their	
   predicted	
   outcome	
   (Wilcoxon	
   rank-­‐sum	
  

test,	
   p	
   <	
   0.05).	
   Figure	
   8cd	
   depicts	
   a	
   reward-­‐coding	
   neuron	
   that	
   fires	
   more	
   for	
  

reward-­‐associated	
   cues	
   during	
   the	
   early	
   and	
   late	
   delay	
   epochs	
   (p	
   <	
   0.05).	
   The	
  

neuron	
  in	
  Figure	
  8ef	
  shows	
  significant	
  spatial	
  coding	
  in	
  the	
  cue	
  epoch	
  (p	
  <	
  0.05)	
  and	
  

significant	
  value-­‐coding	
  in	
  all	
  three	
  time	
  windows	
  (p	
  <	
  0.05).	
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Figure	
  8:	
  Example	
  neurons	
  recorded	
   in	
   the	
   trace-­‐conditioning	
   tasks	
  show	
  purely	
  spatial,	
  purely	
  value,	
  
and	
  mixed	
   coding.	
  Neurons	
   recorded	
  during	
   the	
  space-­‐irrelevant	
   trace-­‐conditioning	
   task	
   (a,	
   c,	
   e)	
  and	
  space-­‐
relevant	
  trace-­‐conditioning	
  task	
  (b,	
  d,	
  f).	
  Neurons	
  in	
  (a)	
  and	
  (b)	
  are	
  purely	
  spatial-­‐coding	
  neurons	
  during	
  the	
  cue	
  
period	
  (Wilcoxon	
  rank-­‐sum	
  test,	
  p	
  <	
  0.05);	
  those	
  in	
  (c)	
  and	
  (d)	
  are	
  value-­‐coding	
  during	
  the	
  early	
  and	
  late	
  delay	
  
periods	
  (p	
  <	
  0.05);	
  and	
  neurons	
  in	
  (e)	
  and	
  (f)	
  encode	
  space	
  during	
  the	
  cue	
  epoch	
  (p	
  <	
  0.05)	
  and	
  value	
  during	
  all	
  
three	
  windows	
  (p	
  <	
  0.05).	
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Neurons	
  encode	
  space	
  and	
  value	
  similarly	
  on	
  the	
  space-­‐irrelevant	
  and	
  space-­‐
relevant	
  trace-­‐conditioning	
  tasks	
  	
  
	
  

We	
   initially	
   set	
   out	
   to	
   determine	
  whether	
   sustained	
   spatial	
   responses	
   and	
  

systematic	
  spatial	
  and	
  value	
  encoding	
  were	
  present	
  in	
  the	
  amygdala.	
  We	
  sought	
  to	
  

address	
  these	
  questions	
  by	
  comparing	
  neural	
  responses	
  on	
  the	
  space-­‐irrelevant	
  and	
  

space-­‐relevant	
   trace-­‐conditioning	
   tasks.	
   We	
   hypothesized	
   that	
   differences	
   in	
   the	
  

two	
   tasks	
  would	
   allow	
  us	
   to	
   ask	
  whether	
   the	
   relevance	
   of	
   spatial	
   information	
   for	
  

predicting	
   reward	
   influenced	
   the	
   degree	
   to	
   which	
   amygdala	
   neurons	
   encoded	
  

spatial	
  information.	
  We	
  performed	
  82	
  recording	
  sessions	
  in	
  monkey	
  O	
  using	
  the	
  two	
  

versions	
  of	
  the	
  trace-­‐conditioning	
  task.	
  	
  

We	
   found	
   that	
   neural	
   response	
   properties	
   were	
   similar	
   in	
   the	
   space-­‐

irrelevant	
  and	
  space-­‐relevant	
  tasks,	
  as	
  exemplified	
  by	
  the	
  neurons	
  in	
  Figure	
  8.	
  For	
  

the	
   example	
   neuron	
   in	
   Figure	
   8ef,	
   the	
   significance	
   of	
   selectivity	
   was	
   the	
   same	
   in	
  

each	
  task;	
  spatial	
  selectivity	
  was	
  significant	
  in	
  the	
  first	
  time	
  window	
  (100	
  –	
  400	
  ms),	
  

and	
   value	
   selectivity	
   was	
   significant	
   in	
   all	
   three	
   time	
   windows.	
   On	
   a	
   population	
  

level,	
  we	
  considered	
   those	
  neurons	
   that	
  were	
   recorded	
   in	
  both	
   tasks	
   (n	
  =	
  132,	
   all	
  

from	
  monkey	
  O;	
  see	
  Table	
  1)	
  to	
  ensure	
  that	
  there	
  were	
  not	
  two	
  distinct	
  populations	
  

of	
   neurons	
   recorded	
   in	
   each	
  due	
   to	
   fluctuations	
   in	
  neural	
   isolation	
   across	
   a	
   given	
  

experimental	
   session.	
   On	
   the	
   whole,	
   neurons	
   were	
   not	
   more	
   spatially-­‐	
   or	
   value-­‐

selective	
  in	
  one	
  task	
  or	
  the	
  other	
  (χ2-­‐test,	
  p	
  >	
  0.2).	
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Table	
  1:	
  Comparison	
  of	
  counts	
  of	
  significant	
  cells,	
  space-­‐irrelevant	
  versus	
  space-­‐relevant	
  task,	
  neurons	
  
recorded	
  in	
  both	
  tasks.	
  Neurons	
  were	
  not	
  more	
  spatially-­‐or	
  value-­‐selective	
  on	
  either	
  task	
  (χ2-­‐test,	
  p	
  >	
  0.2).	
  

	
   Space-­‐irrelevant	
  
task	
  

Space-­‐relevant	
  
task	
  

	
  

Time	
  
window	
  

N	
  =	
  	
   Value-­‐selective	
  
neurons	
  
(percent/count)	
  

Value-­‐selective	
  
neurons	
  
(percent/count)	
  

Difference	
  (p	
  
value,	
  χ2-­‐test)	
  

100-­‐400	
  ms	
   132	
  
	
  

25.0	
  (33)	
   20.5	
  (27)	
   0.38	
  
400-­‐850	
  ms	
   32.6	
  (43)	
   35.6(47)	
   0.60	
  
850-­‐1300	
  ms	
   30.3	
  (40)	
   35.6	
  (47)	
   0.36	
  
Time	
  
window	
  

N	
  =	
  	
   Spatially-­‐selective	
  
neurons	
  
(percent/count)	
  

Spatially-­‐selective	
  
neurons	
  
(percent/count)	
  

Difference	
  (p	
  
value,	
  χ2-­‐test)	
  

100-­‐400	
  ms	
   132	
  
	
  

42.4	
  (56)	
   50.0	
  (66)	
   0.22	
  
400-­‐850	
  ms	
   26.5	
  (35)	
   28.8	
  (38)	
   0.68	
  
850-­‐1300	
  ms	
   11.4	
  (15)	
   9.1	
  (12)	
   0.54	
  

	
  

We	
  examined	
  neural	
  responses	
  in	
  the	
  two	
  trace-­‐conditioning	
  tasks	
  to	
  further	
  

determine	
   whether	
   responses	
   were	
   similar	
   in	
   the	
   two.	
   To	
   do	
   so,	
   we	
   looked	
  

separately	
  at	
  the	
  correlation	
  between	
  spatial	
  selectivity	
  indices	
  on	
  the	
  two	
  tasks	
  and	
  

the	
  correlation	
  between	
  value	
  selectivity	
  indices	
  for	
  the	
  two	
  tasks.	
  When	
  looking	
  at	
  

the	
  correlation	
  between	
  spatial	
  selectivity	
  indices	
  (Figure	
  9),	
  we	
  found	
  a	
  significant	
  

correlation	
  for	
  the	
  first	
  two	
  time	
  windows	
  (100-­‐400	
  ms,	
  β	
  =	
  0.75,	
  p	
  <	
  0.0001;	
  400-­‐

850,	
   β	
   =	
   0.49,	
   p	
   <	
   0.0001);	
   the	
   correlation	
   for	
   the	
   last	
   time	
   window	
   (late	
   delay	
  

period)	
   almost	
   reached	
   significance	
   (850-­‐1300,	
  β	
   =	
   0.15,	
   p	
   =	
   0.053).	
   This	
   lack	
   of	
  

correlation	
  in	
  the	
  late	
  delay	
  window	
  may	
  be	
  due	
  to	
  a	
  decrease	
  in	
  spatial	
  encoding	
  as	
  

hinted	
   by	
   the	
   smaller	
   proportion	
   of	
   spatially-­‐selective	
   neurons	
   in	
   the	
   late	
   time	
  

window	
  for	
  both	
  tasks	
  (Table	
  1).	
  	
   Looking	
   at	
   the	
   relationship	
   between	
   value	
  

selectivity	
  indices	
  for	
  both	
  trace-­‐conditioning	
  tasks	
  (Figure	
  10),	
  we	
  saw	
  that	
  the	
  two	
  

were	
  significantly	
  correlated	
   in	
  all	
   three	
  time	
  windows	
  (100-­‐400	
  ms,	
  β	
  =	
  0.52,	
  p	
  <	
  

0.0001;	
  400-­‐850,	
  β	
  =	
  0.0366	
  p	
  <	
  0.0001;	
  850-­‐1300	
  ms,	
  β	
  =	
  0.73,	
  p	
  <	
  0.0001).	
  Taken	
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together,	
  these	
  results	
  indicate	
  that	
  neurons	
  respond	
  similarly	
  to	
  spatial	
  and	
  value	
  

factors	
   in	
   the	
   two	
   tasks.	
  This	
   could	
  be	
  due	
   to	
  one	
  of	
   several	
   reasons.	
  Perhaps	
   the	
  

complexity	
   of	
   the	
   two	
   tasks	
  was	
  not	
   different	
   enough	
   to	
   tease	
   out	
   varying	
   spatial	
  

signals	
   in	
  the	
  amygdala.	
  Alternatively,	
   it	
  could	
  be	
  the	
  case	
  that	
   in	
  both	
  tasks	
  space	
  

could	
  be	
  dismissed	
  after	
  calculating	
  outcomes,	
  a	
  calculation	
  that	
  was	
  performed	
  on	
  

a	
   similar	
   time	
   scale	
   in	
   both	
   tasks.	
   Based	
   on	
   these	
   data,	
   as	
   well	
   as	
   the	
   fact	
   that	
  

neurons	
  were	
  not	
  significantly	
  more	
  spatially-­‐	
  or	
  value-­‐selective	
  in	
  one	
  or	
  the	
  other	
  

task	
   (Table	
   1),	
   we	
   chose	
   to	
   combine	
   data	
   from	
   the	
   two	
   tasks	
   for	
   the	
  majority	
   of	
  

subsequent	
  analyses.	
  	
  

	
  

Figure	
  9:	
  Correlation	
  between	
  spatial	
  selectivity	
  on	
  the	
  space-­‐irrelevant	
  and	
  space-­‐relevant	
  tasks	
  in	
  the	
  
cue	
  period	
  and	
  early	
  delay	
  epoch.	
  Spatial	
  selectivity	
  indices	
  >	
  0.5	
  indicate	
  higher	
  activity	
  on	
  contralateral	
  cue	
  
trials,	
  whereas	
  indices	
  <	
  0.5	
  reflect	
  higher	
  activity	
  on	
  ipsilaterally	
  presented	
  cue	
  trials.	
  Spatial	
  selectivity	
  on	
  the	
  
two	
  tasks	
  was	
  correlated	
  in	
  the	
  cue	
  and	
  early	
  delay	
  epochs	
  (β	
  =	
  0.75	
  and	
  β	
  =	
  0.49,	
  respectively;	
  p	
  <	
  0.0001	
  for	
  
both)	
  and	
  almost	
  reached	
  significance	
  in	
  the	
  late	
  delay	
  window	
  (β	
  =	
  0.15,	
  p	
  =	
  0.053).	
  

	
  

a

0 0.25 0.5 0.75 1
0

0.25

0.5

0.75

1

Spatial ROC (Space-irrelevant task)

Sp
at

ial
 R

OC
 (S

pa
ce

-re
lev

an
t t

as
k)

100-400 ms; n=132,
b=0.75, p(b)=0.0000,

0 0.25 0.5 0.75 1
0

0.25

0.5

0.75

1

400-850 ms; n=132,
b=0.49, p(b)=0.0000,

0 0.25 0.5 0.75 1
0

0.25

0.5

0.75

1

850-1300 ms; n=132,
b=0.15, p(b)=0.0534,

Spatial ROC (Space-irrelevant task)Spatial ROC (Space-irrelevant task)

Sp
at

ial
 R

OC
 (S

pa
ce

-re
lev

an
t t

as
k)

Sp
at

ial
 R

OC
 (S

pa
ce

-re
lev

an
t t

as
k)

b c



	
  

41	
  	
  

	
  

Figure	
  10:	
  Correlation	
  between	
  value	
  selectivity	
  on	
  the	
  space-­‐irrelevant	
  and	
  space-­‐relevant	
  tasks	
  in	
  all	
  
three	
  time	
  windows.	
  Value	
  selectivity	
  indices	
  >	
  0.5	
  indicate	
  higher	
  activity	
  on	
  rewarded	
  trials,	
  and	
  those	
  <	
  0.5	
  
reflect	
  greater	
  activity	
  on	
  non-­‐rewarded	
  trials.	
  Value	
  selectivity	
  on	
  the	
  space-­‐irrelevant	
  and	
  space-­‐relevant	
  tasks	
  
was	
  correlated	
  in	
  all	
  three	
  time	
  windows	
  (β	
  =	
  0.52,	
  β	
  =	
  0.66,	
  and	
  β	
  =	
  0.73,	
  respectively;	
  p	
  <	
  0.0001	
  for	
  all).	
  

	
  

Spatial	
  and	
  value	
  selectivity	
  are	
  not	
  systematically	
  correlated	
  in	
  the	
  trace-­‐
conditioning	
  tasks	
  
	
  

To	
  determine	
  whether	
   the	
  amygdala	
  encodes	
  spatial	
  and	
  value	
   information	
  

in	
  a	
  systematic	
  manner,	
  a	
  relationship	
  that	
  was	
  seen	
  in	
  previous	
  experiments	
  (Peck	
  

et	
   al.,	
   2013),	
   on	
   the	
   less-­‐demanding	
   trace-­‐conditioning	
   tasks,	
   we	
   assessed	
   the	
  

relationship	
   between	
   the	
   spatial	
   and	
   value	
   selectivity	
   indices	
   once	
   data	
   recorded	
  

during	
   the	
   two	
   types	
   of	
   tasks	
   had	
   been	
   combined.	
   Of	
   the	
   581	
   total	
   neurons	
   that	
  

were	
   recorded	
   in	
   the	
   trace-­‐conditioning	
   tasks	
   and	
   included	
   in	
   these	
   analyses,	
   a	
  

decreasing	
  number	
  was	
  significantly	
  modulated	
  by	
  spatial	
  location	
  across	
  the	
  three	
  

time	
   windows;	
   this	
   finding	
   accords	
   with	
   the	
   data	
   shown	
   in	
   Table	
   1.	
   Unlike	
   the	
  

decreasing	
   proportion	
   of	
   spatially-­‐selective	
   neurons,	
   the	
   proportion	
   of	
   value-­‐

selective	
  neurons	
  remained	
  relatively	
  constant	
  (Table	
  2).	
  This	
  may	
  be	
  because	
  value	
  

information	
   remains	
   relevant	
   in	
   later	
   time	
   periods	
   (e.g.	
   for	
   guiding	
   licking	
  

behavior),	
   while	
   spatial	
   information	
   is	
   either	
   completely	
   irrelevant	
   (space-­‐
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irrelevant	
   task)	
   or	
   unnecessary	
   once	
   value	
   has	
   been	
   computed	
   (space-­‐relevant	
  

task).	
  	
  

Table	
   2:	
   Spatial	
   and	
   value	
   selectivity	
   in	
   amygdala	
   neurons,	
   data	
   combined	
   across	
   	
   the	
   two	
   trace-­‐
conditioning	
   tasks.	
   Counts	
   of	
   significant	
   space-­‐	
   and	
   value-­‐coding	
   neurons	
   in	
   each	
   time	
   window	
   for	
   data	
  
collapsed	
  across	
  trace-­‐condtioning	
  tasks	
  (n	
  =	
  581	
  neurons	
  recorded	
  on	
  either	
  or	
  both	
  trace-­‐conditioning	
  tasks).	
  

	
  
Time	
  
window	
  

Spatially-­‐selective	
  
neurons	
  (percent/count)	
  

Value-­‐selective	
   neurons	
  
(percent/count)	
  

100-­‐400	
  ms	
   38.6	
  (224)	
   32.4	
  (188)	
  
400-­‐850	
  ms	
   25.5	
  (148)	
   34.3	
  (199)	
  
850-­‐1300	
  ms	
   10.5	
  (61)	
   31.3	
  (182)	
  

	
   	
  

We	
  sought	
  not	
  only	
   to	
  draw	
  conclusions	
  about	
   spatial	
   and	
  value	
   selectivity	
  

individually	
  to	
  determine	
  similarity	
   in	
  neural	
  encoding,	
  but	
  also	
  to	
  assess	
  whether	
  

there	
   was	
   a	
   systematic	
   relationship	
   between	
   the	
   two;	
   the	
   presence	
   of	
   such	
   a	
  

relationship	
  would	
  support	
  data	
  that	
  the	
  amygdala	
  plays	
  a	
  role	
  in	
  spatial	
  attention	
  

because	
   a	
   combined	
   space-­‐value	
   signal	
   could	
   be	
   used	
   to	
   bias	
   attention	
   to	
   more	
  

motivationally	
   salient	
   stimuli.	
   Based	
   on	
   previous	
   results,	
   we	
   hypothesized	
   that	
  

positive	
  value-­‐coding	
  neurons	
  would	
  fire	
  more	
  strongly	
  for	
  contralateral	
  cues,	
  and	
  

that	
   negative	
   value-­‐coding	
   neurons	
   would	
   more	
   strongly	
   encode	
   ipsilateral	
   cues	
  

(Peck	
   et	
   al.,	
   2013).	
  We	
   calculated	
   selectivity	
   indices	
   as	
   described	
   in	
   the	
   previous	
  

sections	
  to	
  determine	
  whether	
  a	
  relationship	
  between	
  spatial	
  and	
  value	
  selectivity	
  

existed.	
   We	
   then	
   used	
   a	
   linear	
   regression	
   to	
   assess	
   the	
   relationship	
   and	
   to	
  

determine	
  whether	
  the	
  slope	
  of	
  the	
  regression	
  was	
  significantly	
  different	
  from	
  zero.	
  	
  

In	
   contrast	
  with	
  both	
  previous	
   results	
   (Peck	
  et	
   al.,	
   2013)	
  and	
  our	
  expected	
  

findings,	
  we	
  saw	
  no	
  systematic	
  relationship	
  between	
  space	
  and	
  value	
  selectivity	
  in	
  

the	
  visual	
   stimulus	
  epoch,	
  nor	
   in	
  either	
   the	
  early	
  or	
   late	
   trace	
  periods	
   (Figure	
  11;	
  

100-­‐400	
  ms,	
  β	
  =	
  0.00,	
  p	
  >	
  0.28;	
  400-­‐850,	
  β	
  =	
  0.03,	
  p	
  >	
  0.28;	
  850-­‐1300	
  ms,	
  β	
  =	
  0.02,	
  p	
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>	
   0.28).	
   This	
   was	
   true	
   even	
   when	
   we	
   removed	
   the	
   neurons	
   with	
   no	
   significant	
  

spatial	
   or	
   value	
   selectivity	
   from	
   the	
   analysis	
   as	
   well	
   as	
   when	
   we	
   looked	
   at	
   only	
  

spatially-­‐	
   and	
   value-­‐selective	
   neurons	
   individually.	
   When	
   we	
   looked	
   at	
   the	
  

relationship	
  between	
  spatial	
  and	
  value	
  selectivity	
  on	
  the	
  space-­‐irrelevant	
  and	
  space-­‐

relevant	
   tasks	
   separately,	
   we	
   found	
   no	
   evidence	
   for	
   a	
   difference	
   in	
   correlation	
  

across	
   the	
   two	
   tasks	
   (Figure	
   12);	
   regression	
   slopes	
   for	
   each	
   of	
   the	
   two	
   trace-­‐

conditioning	
   tasks	
  were	
  not	
   significantly	
   different	
   from	
  one	
   another	
   in	
   any	
  of	
   the	
  

three	
   time	
   epochs,	
   with	
   only	
   a	
   trend	
   in	
   the	
   earliest	
   time	
   window	
   (p	
   >	
   0.097,	
  

ANCOVA)	
  and	
  no	
  evidence	
  for	
  a	
  difference	
  at	
  all	
  in	
  the	
  later	
  two	
  time	
  windows	
  (p	
  >	
  

0.42).	
  	
  	
  

	
  
Figure	
  11:	
  No	
  correlation	
  between	
  spatial	
  and	
  value	
  selectivity	
   indices	
   in	
   the	
   trace-­‐conditioning	
  tasks.	
  
Spatial	
  selectivity	
  indices	
  >	
  0.5	
  indicate	
  higher	
  activity	
  on	
  contralateral	
  cue	
  trials,	
  whereas	
  indices	
  <	
  0.5	
  reflect	
  
higher	
   activity	
   on	
   ipsilaterally	
   presented	
   cue	
   trials.	
   Value	
   selectivity	
   indices	
   >	
   0.5	
   indicate	
   higher	
   activity	
   on	
  
rewarded	
  trials,	
  and	
  those	
  <	
  0.5	
  reflect	
  greater	
  activity	
  on	
  non-­‐rewarded	
  trials.	
  Light	
  blue	
  circles	
  correspond	
  to	
  
spatially	
  selective	
  cells,	
  and	
  the	
  dark	
  blue	
  dots	
  correspond	
  to	
  value-­‐selective	
  neurons;	
  dark	
  blue	
  dots	
  with	
  light	
  
blue	
  circles	
  reflect	
  neurons	
  with	
  both	
  spatial	
  and	
  value	
  selectivity.	
  Regression	
  slope	
  is	
  not	
  significantly	
  different	
  
from	
  zero	
  in	
  any	
  of	
  the	
  three	
  time	
  windows	
  (p	
  >	
  0.28	
  for	
  all).	
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Figure	
  12:	
  Direct	
  comparison	
  of	
  the	
  correlation	
  between	
  spatial	
  and	
  value	
  selectivity	
  on	
  the	
  two	
  trace-­‐
conditioning	
   tasks	
   shows	
   no	
   difference	
   between	
   tasks.	
   	
   Spatial	
   selectivity	
   indices	
   >	
   0.5	
   indicate	
   higher	
  
activity	
  on	
   contralateral	
   cue	
   trials,	
  whereas	
   indices	
  <	
  0.5	
   reflect	
  higher	
   activity	
  on	
   ipsilaterally	
  presented	
   cue	
  
trials.	
  Value	
  selectivity	
   indices	
  >	
  0.5	
  indicate	
  higher	
  activity	
  on	
  rewarded	
  trials,	
  and	
  those	
  <	
  0.5	
  reflect	
  greater	
  
activity	
  on	
  non-­‐rewarded	
   trials.	
  Regression	
  slopes	
  are	
  not	
   significantly	
  different	
  between	
   the	
  space-­‐irrelevant	
  
(SI)	
  and	
  space-­‐relevant	
  (SR)	
  tasks	
  in	
  any	
  of	
  the	
  three	
  time	
  windows	
  (p	
  >	
  0.09).	
  	
  

	
  
These	
   results	
   do	
   not,	
   however,	
   indicate	
   that	
   there	
   is	
   never	
   a	
   systematic	
  

correlation	
   between	
   space	
   and	
   value	
   selectivity	
   in	
   the	
   amygdala;	
   indeed,	
   this	
  

conclusion	
  would	
  not	
  be	
  consistent	
  with	
  results	
  from	
  previous	
  studies	
  (Peck	
  et	
  al.,	
  

2013).	
  Instead,	
  it	
  suggests	
  only	
  that	
  this	
  correlation	
  is	
  not	
  present	
  in	
  a	
  simpler,	
  less	
  

attentionally-­‐demanding	
   task.	
   The	
   role	
   of	
   the	
   amygdala	
   in	
   spatial	
   encoding	
   in	
   the	
  

context	
   of	
   varying	
   levels	
   of	
   task	
   complexity	
   will	
   be	
   explored	
   in	
   greater	
   detail	
   in	
  

Chapter	
  3,	
  which	
  describes	
  the	
  results	
  from	
  an	
  operant	
  task	
  and	
  contrasts	
  them	
  with	
  

the	
  results	
  from	
  the	
  trace-­‐conditioning	
  tasks	
  described	
  here.	
  	
  

Differences	
  between	
  hemispheres	
  
	
  

Because	
  we	
  recorded	
  from	
  amygdala	
  neurons	
  in	
  two	
  hemispheres	
  in	
  monkey	
  

O,	
   we	
   were	
   able	
   to	
   look	
   at	
   whether	
   there	
   were	
   systematic	
   differences	
   between	
  

neural	
  activity	
  in	
  each.	
  Table	
  3	
  gives	
  a	
  numerical	
  comparison	
  of	
  significant	
  counts	
  of	
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space-­‐	
  and	
  value-­‐coding	
  cells	
   in	
   the	
   two	
  hemispheres	
  on	
  the	
   two	
  tasks	
   for	
  each	
  of	
  

the	
   three	
   time	
  windows	
   (100-­‐400	
  ms,	
   400-­‐850	
  ms,	
   and	
   850-­‐1300	
  ms).	
   Although	
  

there	
   were	
   several	
   significant	
   differences	
   between	
   cell	
   counts,	
   on	
   the	
   whole	
   it	
  

appears	
  that	
  there	
  were	
  few	
  systematic	
  differences	
  between	
  hemispheres.	
  

Table	
   3:	
   Comparison	
   of	
   significant	
   counts	
   of	
   space-­‐coding	
   and	
   value-­‐coding	
   cells	
   in	
   the	
   left	
   and	
   right	
  
hemispheres,	
   monkey	
   O.	
   There	
   are	
   no	
   systematic	
   differences	
   in	
   space-­‐	
   and	
   value-­‐coding	
   between	
   the	
   two	
  
hemispheres	
  on	
  the	
  trace-­‐conditioning	
  tasks.	
  

	
  
Time	
  
window	
  

	
   Space-­‐irrelevant	
  
trace-­‐conditioning	
  
task	
  

Difference	
  
(p	
  value;	
  
χ 2)	
  

Space-­‐relevant	
  
trace-­‐
conditioning	
  
task	
  

Difference	
  
(p	
  value;	
  
χ 2)	
  

	
   	
   Left	
  	
  
(n	
  =	
  67)	
  

Right	
  	
  
(n	
  =	
  65)	
  

	
   Left	
  	
  
(n	
  =	
  
67)	
  

Right	
  
(n	
  =	
  
65)	
  

	
  

100-­‐400	
  
ms	
  

Value	
  
selective	
  
neurons	
  
(percent/
count)	
  

28.7	
  	
  
(19)	
  

21.7	
  
(14)	
  

0.245	
   16.5	
  
(11)	
  

21.8	
  
(14)	
  

0.343	
  

400-­‐850	
  
ms	
  

26.6	
  	
  
(18)	
  

30.9	
  
(20)	
  

0.031**	
   27.1	
  
(18)	
  

43.5	
  
(28)	
  

0.015**	
  

850-­‐
1300	
  ms	
  

25.5	
  	
  
(17)	
  

32.3	
  
(21)	
  

0.293	
   32.9	
  
(22)	
  

39.5	
  
(26)	
  

0.331	
  

100-­‐400	
  
ms	
  

Spatially	
  
selective	
  
neurons	
  
(percent/
count)	
  

48.9	
  	
  
(33)	
  

34.8	
  
(23)	
  

0.039**	
   51.8	
  
(35)	
  

38.7	
  
(25)	
  

0.062	
  

400-­‐850	
  
ms	
  

26.6	
  
(18)	
  

20.0	
  
(13)	
  

0.259	
   27.1	
  
(18)	
  

30.6	
  
(20)	
  

0.575	
  

850-­‐
1300	
  ms	
  

9.6	
  	
  
(6)	
  

13.9	
  	
  
(9)	
  

0.433	
   11.8	
  	
  
(8)	
  

8.9	
  
(6)	
  

0.494	
  

	
  

Discussion	
  
	
  

In	
   this	
   chapter	
  we	
   showed	
   that	
   the	
   primate	
   amygdala	
   encodes	
   both	
   space	
  

and	
   value	
   in	
   two	
   trace-­‐conditioning	
   tasks,	
   one	
   in	
   which	
   space	
   is	
   relevant	
   for	
  

predicting	
   reward	
   and	
   one	
   in	
   which	
   it	
   is	
   irrelevant.	
   Although	
   the	
   proportion	
   of	
  

value-­‐coding	
  neurons	
  remained	
  relatively	
  constant	
  over	
  the	
  course	
  of	
  a	
  given	
  trial,	
  

the	
  proportion	
  of	
  spatially-­‐selective	
  neurons	
  decreased;	
  this	
  was	
  true	
  of	
  both	
  tasks,	
  

in	
  which	
  neural	
   responses	
  were	
  not	
   significantly	
  different	
   from	
  one	
  another.	
  That	
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neural	
  responses	
  were	
  similar	
  in	
  the	
  two	
  tasks	
  suggests	
  either	
  that	
  the	
  complexity	
  

of	
   the	
   two	
  tasks	
  did	
  not	
  differ	
  enough	
  to	
  elicit	
  different	
   types	
  of	
  spatial	
  signals,	
  or	
  

that	
  in	
  both	
  tasks	
  space	
  could	
  be	
  ignored	
  quickly	
  enough	
  within	
  a	
  trial	
  that	
  spatial	
  

signals	
  would	
  be	
  similar.	
  	
  

We	
   therefore	
   chose	
   to	
   combine	
   data	
   from	
   the	
   two	
   tasks	
   to	
   examine	
   the	
  

relationship	
  between	
  spatial	
  and	
  value	
  selectivity.	
  	
  We	
  hypothesized	
  that	
  we	
  might	
  

see	
   a	
   relationship	
   between	
   spatial-­‐	
   and	
   value-­‐coding	
  where	
   positive	
   value-­‐coding	
  

neurons	
  preferred	
  contralateral	
  cues	
  and	
  negative	
  value-­‐coding	
  neurons	
  preferred	
  

ipsilateral	
  cues,	
  as	
  seen	
  in	
  previous	
  studies	
  (Peck	
  et	
  al.,	
  2013).	
  However,	
  we	
  found	
  

no	
   evidence	
   of	
   this	
   type	
   of	
   relationship	
   either	
   during	
   the	
   presentation	
   of	
   visual	
  

stimuli	
  or	
  in	
  the	
  time	
  period	
  thereafter.	
  	
  

What	
   might	
   explain	
   the	
   fact	
   that	
   amygdala	
   neurons	
   do	
   not	
   systematically	
  

encode	
  spatial	
  and	
  value	
  selectivity	
  in	
  the	
  trace-­‐conditioning	
  tasks,	
  and	
  that	
  spatial	
  

selectivity	
  attenuates	
  quickly	
  after	
  the	
  disappearance	
  of	
  the	
  visual	
  stimulus	
  in	
  these	
  

less	
   demanding	
   tasks?	
   First,	
   previous	
   tasks	
   (Peck	
   et	
   al.,	
   2013)	
  were	
   both	
   operant	
  

and	
   more	
   attentionally-­‐demanding,	
   because	
   it	
   was	
   in	
   monkeys’	
   best	
   interest	
   to	
  

maintain	
  a	
   representation	
  of	
   the	
   two	
  cue	
   spatial	
   locations	
   so	
   that	
   they	
   could	
   then	
  

execute	
   a	
   spatially-­‐directed	
   saccade.	
   In	
   the	
   trace-­‐conditioning	
   tasks	
   used	
   in	
   this	
  

work,	
   no	
   operant	
   action	
   was	
   required,	
   and	
   therefore	
   monkeys	
   did	
   not	
   have	
   to	
  

maintain	
  a	
  representation	
  of	
  the	
  cue	
  location.	
  Additionally,	
  because	
  monkeys	
  were	
  

presented	
  with	
  only	
  one	
  visual	
   stimulus	
  at	
   a	
   time,	
   they	
  had	
   to	
  attend	
  only	
   to	
   that	
  

stimulus.	
  	
  

Whether	
  the	
  lack	
  of	
  correlation	
  between	
  spatial	
  and	
  value	
  selectivity	
  was	
  due	
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to	
  task	
  demands	
  is	
  a	
  question	
  that	
  will	
  be	
  addressed	
  in	
  the	
  following	
  chapter,	
  which	
  

describes	
  the	
  operant	
  task	
  and	
  compares	
  the	
  results	
  from	
  that	
  task	
  with	
  those	
  from	
  

the	
  trace-­‐conditioning	
  tasks	
  detailed	
  here.	
  

Methods	
  

Primate	
  care	
  and	
  surgical	
  procedures	
  
	
  

Experiments	
   were	
   performed	
   using	
   non-­‐human	
   primates	
   of	
   the	
   species	
  

Macaca	
  mulatta	
  (Rhesus	
  macaques)	
  that	
  were	
  obtained	
  from	
  pathogen-­‐free	
  primate	
  

breeding	
   facilities.	
   The	
   experiments	
   described	
   here	
  were	
   performed	
   on	
   two	
   adult	
  

male	
  primates,	
  monkey	
  O	
  and	
  monkey	
  MT,	
  weighing	
  8–10	
  kg.	
  All	
  animal	
  procedures	
  

followed	
  NIH	
   guidelines	
   and	
  were	
   approved	
   by	
   the	
   Institutional	
   Animal	
   Care	
   and	
  

Use	
   Committee	
   (IACUC)	
   at	
   New	
   York	
   State	
   Psychiatric	
   Institute	
   (NYSPI)	
   and	
  

Columbia	
  University.	
  

Monkeys’	
  water	
   intake	
  was	
   carefully	
  monitored	
  during	
   experiments	
   and	
   in	
  

the	
   interim.	
   This	
   enabled	
   us	
   to	
   achieve	
   a	
   high	
   level	
   of	
  motivation	
   in	
   the	
   animals,	
  

whose	
  rewards	
  consisted	
  of	
  a	
  small	
  amount	
  of	
  water	
  for	
  each	
  correctly	
  performed	
  

trial,	
   while	
   also	
   ensuring	
   monkeys’	
   continued	
   good	
   health.	
   The	
   amount	
   of	
   fluid	
  

intake	
   varied	
   for	
   each	
   animal,	
   but	
   all	
   animals	
  were	
   carefully	
  monitored	
   to	
   ensure	
  

their	
  well-­‐being.	
  

Multiple	
   surgeries	
   were	
   performed	
   for	
   the	
   implantation	
   of	
   head-­‐holding	
  

equipment	
   and	
   recording	
   chambers;	
   the	
   latter	
   of	
   these	
   required	
   craniotomy.	
  

Surgery	
   was	
   performed	
   in	
   a	
   sterile	
   environment	
   by	
   at	
   least	
   two	
   surgeons	
   (lab	
  

members,	
  at	
  least	
  one	
  of	
  whom	
  had	
  extensive	
  prior	
  training),	
  under	
  the	
  supervision	
  

of	
   a	
   veterinary	
   technician	
   and	
   the	
   principal	
   investigator.	
   Monkeys	
   were	
   first	
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induced	
   with	
   ketamine	
   and	
   diazepam	
   and	
   then	
   intubated	
   and	
   given	
   isofluorane.	
  

Additionally,	
  their	
  respiration	
  rate,	
  blood	
  pressure,	
  and	
  heart	
  rate	
  were	
  monitored	
  

during	
   surgery,	
   and	
   IV	
   fluids	
   were	
   provided.	
   Monkeys	
   were	
   cared	
   for	
  

postoperatively,	
  and	
  chronic	
   implants	
  and	
  recording	
  chambers	
  were	
  cleaned	
  three	
  

times	
  per	
  week	
  during	
  behavioral	
  training	
  and	
  during	
  “vacation”	
  periods,	
  and	
  daily	
  

during	
  recording	
  periods.	
  	
  

After	
   surgical	
   placement	
   of	
   implants,	
   magnetic	
   resonance	
   imaging	
   (MRI)	
  

using	
   either	
   the	
   1.5	
   or	
   3	
   Tesla	
   research	
   magnet	
   at	
   Columbia	
   University	
   was	
  

employed	
  to	
  obtain	
  an	
  anatomical	
  scan	
  of	
  the	
  brain	
  that	
  could	
  then	
  be	
  used	
  to	
  guide	
  

placement	
   of	
   the	
   chamber	
   and	
   locate	
   the	
   amygdala	
   for	
   recording.	
   MRI	
   was	
  

performed	
  again	
  after	
   chamber	
  placement	
  surgery	
  using	
  a	
   fluid-­‐filled	
  Crist	
  grid	
   to	
  

verify	
   that	
   the	
   chamber	
   was	
   located	
   over	
   the	
   amygdala	
   and	
   to	
   guide	
   electrode	
  

targeting	
  of	
  the	
  amygdala.	
  	
  

General	
  experimental	
  protocol	
  
	
  

During	
  experiments,	
  monkeys	
  were	
  seated	
  comfortably	
  in	
  Plexiglas	
  primate	
  

chairs	
  (Christ	
  Instruments),	
  and	
  their	
  heads	
  were	
  fixed	
  to	
  the	
  primate	
  chair	
  with	
  a	
  

head-­‐holding	
   device	
   (Brainsight)	
   to	
   ensure	
   accurate	
   tracking	
   of	
   eye	
   position.	
   Eye	
  

position	
  was	
  monitored	
  via	
  an	
  infrared	
  eye	
  tracking	
  system	
  (ASL/Eyelink).	
  Monkeys	
  

were	
  seated	
  with	
  their	
  eyes	
  57	
  cm	
  from	
  a	
  CRT	
  monitor.	
  Other	
  than	
  fixation	
  of	
  their	
  

heads,	
  monkeys	
  were	
  allowed	
  to	
  move	
  freely	
  within	
  the	
  chair	
  and	
  were	
  monitored	
  

in	
  the	
  booths	
  by	
  means	
  of	
  an	
  infrared	
  video	
  camera	
  connected	
  to	
  a	
  monitor	
  outside	
  

the	
   experimental	
   rig	
   to	
   ensure	
   that	
   they	
   were	
   not	
   in	
   discomfort	
   or	
   pain.	
  	
  

Experimental	
   tasks	
   were	
   run	
   on	
   EXPO	
   software	
   (New	
   York	
   University),	
   and	
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information	
  about	
  animals’	
  performance	
  during	
  the	
  entire	
  experimental	
  session	
  was	
  

collected	
  for	
  subsequent	
  analysis.	
  The	
  Blackrock	
  system	
  (Blackrock	
  Microsystems)	
  

was	
   used	
   for	
   data	
   collection,	
   including	
   neurophysiological	
   recording,	
   signal	
  

amplification	
  and	
  filtering,	
  and	
  digitization	
  of	
  spike	
  waveforms.	
  

In	
   order	
   to	
   measure	
   anticipatory	
   licking	
   to	
   assess	
   learning	
   and	
  

understanding	
  of	
  stimulus-­‐outcome	
  associations,	
  a	
  lick	
  tube	
  was	
  placed	
  1-­‐2	
  cm	
  from	
  

monkeys’	
  mouths.	
  The	
  distance	
   and	
  position	
  were	
   calculated	
   to	
   ensure	
   that	
   if	
   the	
  

animals	
   did	
   not	
   stick	
   out	
   their	
   tongues	
   to	
   catch	
   the	
  water	
   from	
   the	
   lick	
   tube,	
   the	
  

water	
  would	
  fall	
  to	
  the	
  floor	
  and	
  no	
  reward	
  would	
  be	
  obtained.	
  A	
  laser	
  was	
  placed	
  

between	
  monkeys’	
  mouths	
  and	
  the	
  lick	
  tube	
  in	
  such	
  a	
  way	
  that	
  the	
  infrared	
  beam	
  of	
  

light	
  would	
  be	
  interrupted	
  whenever	
  the	
  monkeys	
  stuck	
  out	
  their	
  tongues.	
  

Behavioral	
  training:	
  Trace-­‐conditioning	
  task	
  
	
  

To	
   first	
   investigate	
   the	
   nature	
   and	
   time	
   course	
   of	
   spatial	
   signals	
   and	
   how	
  

they	
   interact	
  with	
  value	
  signals	
   in	
   the	
  amygdala	
   in	
  a	
  context	
  where	
  space	
  was	
  not	
  

behaviorally	
   relevant,	
   we	
   required	
   monkeys	
   to	
   perform	
   two	
   trace-­‐conditioning	
  

tasks.	
  Although	
  we	
  initially	
  used	
  two	
  tasks,	
  one	
  in	
  which	
  space	
  was	
  relevant	
  and	
  the	
  

other	
   in	
   which	
   it	
   was	
   irrelevant,	
   we	
   ultimately	
   chose	
   to	
   use	
   the	
   space-­‐irrelevant	
  

trace-­‐conditioning	
   task,	
   in	
  which	
   cues	
  were	
   associated	
  with	
   reward	
   regardless	
   of	
  

spatial	
  location,	
  in	
  conjunction	
  with	
  the	
  operant	
  task	
  (Chapter	
  3)	
  to	
  investigate	
  how	
  

task	
  demands	
  affect	
  spatial	
  encoding.	
  	
  

Over	
   the	
   course	
   of	
   the	
   trace-­‐conditioning	
   tasks,	
   monkeys	
   were	
   presented	
  

with	
   one	
   of	
   two	
   visual	
   stimuli.	
   Different	
   sets	
   of	
   stimuli	
   were	
   used	
   for	
   the	
   trace-­‐

conditioning	
  tasks,	
  and	
  for	
  each	
  task,	
  the	
  same	
  stimuli	
  were	
  used	
  over	
  the	
  course	
  of	
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the	
   entire	
   period	
   of	
   training	
   and	
   recording	
   to	
   the	
   extent	
   that	
   monkeys	
   were	
  

overtrained	
   by	
   the	
   time	
   recording	
   began.	
   In	
   the	
   space-­‐irrelevant	
   task,	
   cues	
   were	
  

associated	
  with	
   reward	
   or	
   no	
   reward	
   regardless	
   of	
   spatial	
   location;	
   in	
   the	
   space-­‐

relevant	
  trace-­‐conditioning	
  task,	
  cues	
  were	
  predictive	
  of	
  reward	
  or	
  no	
  reward	
  based	
  

on	
  spatial	
  location,	
  e.g.	
  rewarded	
  only	
  when	
  they	
  appeared	
  in	
  the	
  left	
  hemifield	
  and	
  

not	
  when	
  they	
  appeared	
  in	
  the	
  right	
  or	
  vice	
  versa.	
  Stimulus-­‐outcome	
  contingencies	
  

were	
  later	
  reversed,	
  as	
  discussed	
  in	
  more	
  detail	
  below.	
  	
  

Trials	
  were	
   initiated	
   after	
  monkeys	
   acquired	
   and	
   held	
   fixation	
   of	
   a	
   central	
  

square	
  (0.25°,	
  gray	
  square).	
  The	
  fixation	
  period	
  (random)	
  was	
  then	
  followed	
  by	
  the	
  

presentation	
  of	
  one	
  of	
  the	
  two	
  visual	
  stimuli,	
  which	
  could	
  be	
  presented	
  either	
  to	
  the	
  

right	
  or	
  to	
  the	
  left	
  of	
  the	
  fixation	
  point	
  (7°	
  eccentricity)	
  and	
  remained	
  on	
  the	
  screen	
  

for	
   350	
   ms.	
   Monkeys	
   were	
   required	
   to	
   maintain	
   fixation	
   within	
   a	
   window	
   of	
   4°	
  

diameter	
  during	
  the	
  visual	
  stimulus	
  epoch	
  as	
  well	
  as	
  during	
  1000	
  ms	
  of	
  the	
  1500	
  ms	
  

trace	
   period	
   that	
   followed,	
   in	
   which	
   the	
   cue	
   disappeared	
   but	
   the	
   fixation	
   point	
  

remained	
  on	
  the	
  screen	
  until	
  the	
  last	
  500	
  ms.	
  If	
  monkeys	
  broke	
  fixation	
  by	
  making	
  a	
  

saccade	
  out	
  of	
  the	
  fixation	
  window	
  during	
  the	
  fixation	
  or	
  cue	
  periods,	
  or	
  for	
  the	
  first	
  

1000	
  of	
  the	
  1500-­‐ms	
  trace	
  epoch,	
  the	
  trial	
  was	
  repeated	
  to	
  ensure	
  that	
  monkeys	
  did	
  

not	
   selectively	
   break	
   fixation,	
   for	
   example	
   on	
   non-­‐rewarded	
   trials	
   only.	
   After	
   the	
  

trace	
   period,	
   a	
   liquid	
   reward	
   was	
   delivered	
   when	
   the	
   presented	
   stimulus	
   was	
  

associated	
  with	
  reward,	
  and	
  no	
  reward	
  occurred	
  when	
  the	
  cue	
  was	
  not	
  associated	
  

with	
  reward.	
  Both	
  outcomes	
  occurred	
  with	
  100%	
  predictability.	
  	
  

After	
  monkeys	
  had	
  clearly	
  demonstrated	
  understanding	
  of	
  stimulus-­‐outcome	
  

associations	
   in	
   either	
   task,	
   as	
   assessed	
   by	
   online	
   tracking	
   of	
   licking	
   behavior	
   and	
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completion	
   of	
   an	
   adequate	
   number	
   of	
   trials,	
   the	
   contingencies	
   were	
   reversed	
  

without	
  warning	
  so	
  that	
  the	
  previously	
  reward-­‐associated	
  stimuli	
  and/or	
  locations	
  

were	
   now	
   associated	
  with	
   no	
   reward,	
   and	
   vice	
   versa.	
   This	
   reversal	
   allowed	
   us	
   to	
  

verify	
  that	
  different	
  behavioral	
  and/or	
  neural	
  responses	
  to	
  different	
  cues	
  were	
  due	
  

to	
  their	
  associations	
  with	
  reward	
  or	
  their	
  spatial	
   location,	
  rather	
  than	
  to	
  stimulus-­‐

specific	
  factors	
  such	
  as	
  visual	
  features.	
  	
  

In	
  both	
  tasks,	
  monkeys’	
  understanding	
  of	
  stimulus-­‐outcome	
  associations	
  was	
  

assessed	
   by	
   looking	
   at	
   anticipatory	
   licking,	
   which	
   was	
   measured	
   by	
   recording	
  

interruptions	
   in	
   an	
   infrared	
   beam	
   of	
   the	
   laser	
   that	
   we	
   positioned	
   between	
   the	
  

monkeys’	
  mouths	
  and	
  the	
  lick	
  tube.	
  It	
  was	
  expected	
  that	
  monkeys	
  would	
  lick	
  more	
  

after	
  cues	
  predictive	
  of	
   reward	
  were	
  shown,	
   in	
  anticipation	
  of	
   reward	
  delivery,	
  as	
  

this	
   type	
   of	
   response	
   has	
   been	
   observed	
   in	
   previous	
   experiments	
   (Belova	
   et	
   al.,	
  

2007;	
  Belova	
  et	
  al.,	
  2008;	
  Paton	
  et	
  al.,	
  2006).	
  	
  

Neural	
  Data	
  Collection	
  	
  
	
  

Neurons	
  were	
  recorded	
  from	
  the	
  amygdalae	
  of	
  two	
  monkeys	
  over	
  the	
  course	
  

of	
   1.5	
   years	
   of	
   experiments.	
   For	
   monkey	
   O,	
   33	
   recording	
   sessions	
   using	
   single	
  

electrodes	
  were	
  performed	
  in	
  the	
  left	
  amygdala,	
  and	
  84	
  sessions	
  were	
  completed	
  in	
  

the	
   right	
   amygdala,	
   each	
   using	
   4-­‐5	
   electrodes	
   per	
   session.	
   A	
   total	
   of	
   296	
  neurons	
  

were	
  recorded	
  from	
  monkey	
  O,	
  135	
  from	
  the	
  left	
  hemisphere	
  and	
  161	
  from	
  the	
  right	
  

hemisphere.	
  Of	
  the	
  neurons	
  recorded	
  from	
  the	
  right	
  hemisphere,	
  108	
  were	
  recorded	
  

during	
  sessions	
  in	
  which	
  the	
  monkey	
  performed	
  both	
  trace	
  and	
  operant	
  tasks	
  (the	
  

previous	
  sessions	
  consisted	
  of	
  two	
  trace	
  conditioning	
  task	
  paradigms).	
  For	
  monkey	
  

MT,	
   all	
   recordings	
  were	
   performed	
   in	
   the	
   right	
   hemisphere.	
   6	
   recording	
   sessions	
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were	
  performed	
  using	
  3	
  single	
  electrodes	
  each	
  time,	
  with	
  a	
  yield	
  of	
  32	
  neurons.	
  25	
  

recording	
   sessions	
   were	
   performed	
   using	
   a	
   24-­‐contact	
   U-­‐Probe	
   (Plexon);	
   during	
  

these	
  U-­‐probe	
  sessions,	
  activity	
  from	
  a	
  total	
  of	
  403	
  neurons	
  was	
  recorded.	
  	
  

During	
   recording,	
   a	
   motorized	
   multi-­‐electrode	
   drive	
   (NAN)	
   was	
   used	
   to	
  

advance	
   either	
   3–5	
   tungsten	
  microelectrodes	
   (impedence	
   X;	
   FHC	
   Instruments)	
   or	
  

one	
  24-­‐contact	
  U-­‐Probe	
   (Plexon)	
   into	
   the	
   amygdala.	
  As	
   the	
   electrodes	
  were	
  being	
  

advanced,	
  as	
  well	
   as	
  during	
  a	
  20-­‐45	
  minute	
  period	
  after	
   they	
   reached	
   their	
   target	
  

location,	
  monkeys	
  sat	
  in	
  the	
  experimental	
  booth	
  and	
  the	
  monitor	
  was	
  set	
  so	
  that	
  it	
  

was	
  completely	
  black,	
  allowing	
  monkeys	
  to	
  rest	
  while	
  the	
  brain	
  settled	
  to	
  reduce	
  the	
  

chance	
  of	
  neuronal	
  movement	
  during	
  the	
  course	
  of	
  the	
  experiments.	
  It	
  was	
  not	
  until	
  

neurons	
  had	
  stabilized	
  that	
  the	
  monitor	
  was	
  turned	
  on	
  and	
  the	
  tasks	
  were	
  begun.	
  	
  

The	
   Blackrock	
   system	
   was	
   used	
   for	
   signal	
   amplification,	
   filtering,	
   and	
  

digitizing	
  of	
  spike	
  waveforms.	
  Individual	
  spikes	
  were	
  sorted	
  using	
  an	
  offline	
  spike-­‐

sorting	
   program	
   using	
   principal	
   component	
   analysis	
   (Plexon).	
   Only	
   neurons	
   that	
  

were	
  well-­‐isolated	
  for	
  at	
  least	
  22	
  trials	
  both	
  before	
  and	
  after	
  reversal	
  were	
  included	
  

in	
  analyses.	
  

Data	
  Analysis	
  
	
  

We	
  used	
  a	
  receiver	
  operating	
  characteristic	
  (ROC)	
  analysis	
  (Green	
  and	
  Swets,	
  

1966)	
   to	
   calculate	
   selectivity	
   indices	
   to	
   assess	
  whether	
   neurons	
   responded	
  more	
  

strongly	
  to	
  reward-­‐associated	
  versus	
  no-­‐reward-­‐associated	
  and	
  contralateral	
  versus	
  

ipsilateral	
   cues.	
   To	
   determine	
   whether	
   the	
   differences	
   in	
   firing	
   rates	
   between	
  

conditions	
  were	
  significant,	
  we	
  used	
  a	
  Wilcoxon	
  rank-­‐sum	
  test	
  with	
  a	
  thresholds	
  of	
  

p	
   <	
   0.05.	
  We	
   divided	
   trials	
   into	
   three	
   discrete	
   time	
  windows:	
   the	
   visual	
   stimulus	
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epoch	
  (100-­‐400	
  ms),	
  the	
  early	
  delay	
  epoch	
  (400-­‐850	
  ms)	
  and	
  the	
  late	
  delay	
  epoch	
  

(850-­‐1300	
  ms).	
  We	
  used	
  a	
  linear	
  regression	
  to	
  find	
  the	
  best-­‐fit	
   line	
  and	
  determine	
  

whether	
  its	
  slope	
  was	
  significantly	
  different	
  from	
  zero.	
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Chapter	
  3:	
  Spatial-­‐	
  and	
  value-­‐coding	
  in	
  the	
  operant	
  versus	
  
trace-­‐conditioning	
  tasks	
  
	
  

Introduction	
  
	
  

The	
   amygdala	
   has	
   long	
   been	
   associated	
   with	
   fear	
   conditioning,	
   and	
   more	
  

recently	
   it	
   has	
   been	
   associated	
   with	
   assigning	
   positive	
   value	
   to	
   stimuli	
   as	
   well	
  

(reviewed	
   in	
   (Baxter,	
   2002)).	
   Although	
   the	
   amygdala	
   has	
   been	
   the	
   focus	
   of	
  much	
  

study,	
   especially	
   in	
   recent	
   years,	
   a	
   great	
   deal	
   remains	
   unknown	
   about	
   the	
  

physiological	
   properties	
   of	
   amygdala	
   neurons.	
   Previous	
   studies	
   have	
   shown	
   that	
  

different	
  populations	
  of	
  neurons	
  assign	
  positive	
  and	
  negative	
  motivational	
  value	
  to	
  

stimuli	
   (Paton	
   et	
   al.,	
   2006).	
   Furthermore,	
   recent	
   research	
   has	
   indicated	
   that	
   the	
  

amygdala	
   also	
   systematically	
   encodes	
   space	
   and	
   value	
   and	
   that	
   this	
   spatial	
  

representation	
   is	
   maintained	
   after	
   visual	
   stimuli	
   disappear	
   from	
   view	
   and	
   often	
  

until	
   in	
   the	
   point	
   in	
   a	
   given	
   trial	
   when	
   monkeys	
   had	
   to	
   make	
   a	
   perceptual	
  

discrimination	
  (Peck	
  et	
  al.,	
  2013).	
  These	
  findings	
  suggest	
  that	
  the	
  amygdala	
  plays	
  a	
  

role	
   in	
   spatial	
   attention	
   that	
   has	
   not	
   been	
   described	
   previously	
   and	
   is	
   less	
   well	
  

understood.	
  	
  

These	
   results	
   raise	
   questions	
   about	
   whether	
   sustained	
   spatial	
   signals	
   are	
  

found	
  in	
  tasks	
  that	
  are	
  less	
  cognitively	
  demanding	
  than	
  the	
  tasks	
  employed	
  in	
  these	
  

previous	
   studies.	
   As	
   discussed	
   in	
   Chapter	
   2,	
   we	
   found	
   no	
   systematic	
   relationship	
  

between	
  spatial	
  selectivity	
  (i.e.	
  differential	
   firing	
  rates	
   in	
  response	
  to	
  contralateral	
  

or	
  ipsilateral	
  cues)	
  and	
  value	
  selectivity	
  (i.e.	
  different	
  firing	
  for	
  cues	
  associated	
  with	
  

reward	
  or	
  no	
  reward)	
  in	
  amygdala	
  neurons	
  during	
  simple	
  trace-­‐conditioning	
  tasks	
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in	
  which	
  space	
  was	
  either	
  behaviorally	
  irrelevant	
  (space-­‐irrelevant	
  task)	
  or	
  relevant	
  

for	
  predicting	
  reward	
  but	
  not	
  for	
  performing	
  an	
  action	
  (space-­‐relevant	
  task).	
  This	
  is	
  

perhaps	
   not	
   surprising	
   given	
   that	
   spatial	
   representations	
   were	
   not	
   necessary	
   to	
  

complete	
   the	
   task.	
   In	
   the	
   experiments	
   that	
   first	
   demonstrated	
   clear	
   coordination	
  

between	
   space	
   and	
   value	
   signals	
   in	
   the	
   amygdala,	
   two	
   cues	
   were	
   presented	
   to	
  

monkeys,	
  who	
  were	
   then	
   required	
   either	
   to	
  make	
   a	
   saccade	
   to	
   a	
   target	
   that	
   later	
  

appeared	
   at	
   the	
   location	
   of	
   one	
   of	
   the	
   cues,	
   or	
   to	
   perform	
   an	
   orientation	
  

discrimination	
  task	
  by	
  making	
  a	
  saccade	
  to	
  one	
  of	
  two	
  directional	
  cues	
  (Peck	
  et	
  al.,	
  

2013).	
   The	
   increased	
   attentional	
   load	
   and	
   requirement	
   of	
   a	
   spatially-­‐directed	
  

saccade	
   in	
   these	
   tasks	
   may	
   account	
   for	
   the	
   fact	
   that	
   a	
   sustained	
   relationship	
  

between	
  spatial	
  and	
  value	
  selectivity	
  was	
  seen	
   in	
   these	
   tasks	
  but	
  not	
   in	
   the	
   trace-­‐

conditioning	
  tasks	
  described	
  in	
  Chapter	
  2.	
  	
  

The	
   discrepancy	
   in	
   these	
   findings	
   raises	
   fundamental	
   questions	
   about	
   the	
  

spatial	
   properties	
   of	
   amygdala	
   neurons,	
   such	
   as	
  whether	
   extended	
   spatial	
   signals	
  

are	
  seen	
  in	
  tasks	
  that	
  are	
   intermediately	
  attentionally-­‐demanding.	
   	
   In	
  this	
  chapter,	
  

we	
   focus	
   on	
   how	
   the	
   amygdala	
   encodes	
   space	
   and	
   value	
   in	
   an	
   operant	
   task	
   that	
  

likely	
  requires	
  both	
  more	
  sustained	
  and	
  increased	
  attention	
  compared	
  to	
  the	
  trace-­‐

conditioning	
  tasks.	
  In	
  contrast	
  to	
  the	
  tasks	
  described	
  in	
  Chapter	
  2,	
  the	
  task	
  added	
  in	
  

this	
  chapter	
  required	
  monkeys	
  to	
  not	
  just	
  make	
  stimulus-­‐outcome	
  associations	
  but	
  

also	
  to	
  saccade	
  to	
  the	
  location	
  of	
  reward-­‐	
  and	
  no-­‐reward-­‐associated	
  cues.	
  We	
  chose	
  

this	
   task	
  because	
   it	
   necessitated	
   that	
  monkeys	
  maintain	
  a	
   representation	
  of	
   space	
  

throughout	
  the	
  delay	
  period	
  in	
  order	
  to	
  perform	
  the	
  required	
  saccade	
  correctly.	
  We	
  

hypothesized	
  that	
  requiring	
  a	
  spatially-­‐directed	
  saccade	
  would	
  make	
  it	
  more	
  likely	
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for	
  us	
   to	
  obtain	
  a	
   sustained	
  spatial	
   signal	
   in	
   the	
  amygdala.	
  We	
  also	
   theorized	
   that	
  

such	
  a	
  task	
  might	
  elicit	
  a	
  systematic	
  relationship	
  between	
  space	
  and	
  value	
  that	
  could	
  

be	
  used	
  to	
  guide	
  attention	
  to	
  motivationally	
  significant	
  cues.	
  The	
  operant	
  task	
  was	
  

‘space-­‐irrelevant’	
   in	
   the	
   sense	
   that	
   reward	
   associations	
   depended	
   only	
   on	
   the	
  

identity	
  of	
  the	
  cue,	
  not	
  on	
  its	
  spatial	
  location.	
  Additionally,	
  it	
  was	
  less	
  attentionally-­‐

demanding	
  than	
  the	
  tasks	
  used	
  in	
  Peck	
  et	
  al.	
  (2013)	
  because	
  monkeys	
  did	
  not	
  have	
  

to	
  pay	
  attention	
  to	
  two	
  cue	
  locations	
  at	
  once;	
  this	
  was	
  evidenced	
  by	
  the	
  higher	
  hit	
  

rate	
  (discussed	
  in	
  a	
  subsequent	
  section)	
  on	
  our	
  operant	
  task	
  compared	
  with	
  that	
  on	
  

the	
  tasks	
  used	
  by	
  Peck	
  et	
  al.	
  (2013).	
  In	
  the	
  following	
  analyses,	
  combined	
  data	
  from	
  

the	
   space-­‐irrelevant	
   and	
   space-­‐relevant	
   trace-­‐conditioning	
   tasks	
   was	
   used	
   for	
  

comparison.	
  

Our	
   goal	
   in	
   examining	
   neural	
   responses	
   in	
   the	
   amygdala	
   during	
   the	
   more	
  

attentionally-­‐demanding	
  operant	
  task	
  and	
  comparing	
  them	
  with	
  those	
  observed	
  in	
  

the	
  trace-­‐conditioning	
  tasks	
  was	
  to	
  gain	
  a	
  better	
  understanding	
  of	
  how	
  and	
  why	
  the	
  

relationship	
  between	
  value	
  and	
  spatial	
  signals	
  might	
  differ	
  between	
  the	
  two	
  tasks.	
  

We	
  also	
  sought	
  to	
  elucidate	
  how	
  the	
  spatial	
  signal	
  evolves	
  over	
  time	
  in	
  the	
  two	
  types	
  

of	
  tasks,	
  as	
  well	
  as	
  how	
  spatial	
  and	
  value	
  latencies	
  might	
  differ.	
  Questions	
  we	
  sought	
  

to	
   answer	
   included:	
   How	
   does	
   the	
   spatial	
   representation	
   maintained	
   by	
   the	
  

amygdala	
   differ	
   based	
   on	
   task	
   demands?	
   Does	
   the	
   spatial	
   representation	
   change	
  

over	
   time?	
   In	
   this	
   chapter,	
  we	
   examine	
  neural	
   responses	
  on	
   the	
  operant	
   task	
   and	
  

compare	
   them	
   to	
   those	
   on	
   the	
   trace-­‐conditioning	
   tasks	
   in	
   order	
   to	
   address	
   these	
  

questions.	
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Results	
  
	
  

To	
   determine	
   how	
   cues’	
   spatial	
   configuration	
   affects	
   spatial	
   attention,	
   we	
  

trained	
  monkeys	
  on	
  the	
  trace-­‐conditioning	
  tasks	
  described	
  previously	
  as	
  well	
  as	
  on	
  

an	
   operant	
   task.	
  We	
   previously	
   recorded	
   from	
   amygdala	
   neurons	
   during	
   the	
   two	
  

different	
   trace-­‐conditioning	
   tasks	
  described	
   in	
  Chapter	
   2,	
   one	
   in	
  which	
   space	
  was	
  

irrelevant	
  for	
  predicting	
  cue-­‐outcome	
  associations	
  and	
  also	
  behaviorally	
  irrelevant	
  

(space-­‐irrelevant	
   task)	
  and	
  one	
   in	
  which	
   it	
  was	
   important	
   for	
   correctly	
  predicting	
  

outcomes	
   but	
   not	
   for	
   performing	
   an	
   action	
   (space-­‐relevant	
   task).	
   We	
   found	
   that	
  

neural	
  responses	
  did	
  not	
  differ	
  significantly	
  between	
  the	
  two	
  tasks,	
  and	
  that	
  in	
  both,	
  

populations	
  of	
  neurons	
  were	
  found	
  that	
  encoded	
  spatial	
  and	
  value	
  factors.	
  We	
  also	
  

determined	
   that	
   the	
   amygdala	
   does	
   not	
   encode	
   space	
   and	
   value	
   in	
   a	
   systematic	
  

manner	
  in	
  these	
  tasks.	
  When	
  compared	
  with	
  the	
  results	
  seen	
  by	
  Peck	
  et	
  al.	
  (2013),	
  

where	
   positive	
   value-­‐coding	
   neurons	
  were	
   found	
   to	
   prefer	
   contralateral	
   cues	
   and	
  

negative	
  value-­‐coding	
  neurons	
  fired	
  more	
  for	
  ipsilateral	
  cues,	
  the	
  lack	
  of	
  correlation	
  

in	
  the	
  trace-­‐conditioning	
  tasks	
  suggests	
  that	
  task	
  demands	
  impact	
  spatial	
  encoding	
  

in	
  the	
  amygdala.	
  Given	
  these	
  results,	
  we	
  decided	
  to	
  implement	
  an	
  operant	
  task	
  that	
  

requires	
   a	
   sustained	
   representation	
   of	
   cues’	
   spatial	
   location	
   because	
   the	
   task	
  

required	
  a	
  spatially-­‐dependent	
  action.	
  This	
  task	
  was	
  more	
  similar	
  to	
  one	
  of	
  the	
  tasks	
  

used	
  by	
  Peck	
  et	
  al.	
  (2013)	
  because	
  it	
  involved	
  the	
  performance	
  of	
  a	
  memory-­‐guided	
  

saccade	
   to	
   the	
   location	
   of	
   a	
   cue-­‐related	
   target.	
   However,	
   it	
   was	
   dissimilar	
   in	
   the	
  

sense	
  that	
  attention	
  did	
  not	
  need	
  to	
  be	
  spread	
  across	
  multiple	
  spatial	
  locations,	
  and	
  

we	
   reasoned	
   that	
   it	
   was	
   less	
   attentionally-­‐demanding	
   because	
   only	
   one	
   cue	
   was	
  

shown	
  at	
  a	
  time.	
  We	
  therefore	
  hypothesized	
  that	
  the	
  operant	
  task	
  was	
  intermediate	
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between	
   the	
   tasks	
   used	
   by	
   Peck	
   et	
   al.	
   (2013)	
   and	
   the	
   trace-­‐conditioning	
   tasks	
  

detailed	
   in	
   Chapter	
   2	
   in	
   terms	
   of	
   difficulty	
   and	
   attentional	
   demands,	
   and	
   might	
  

therefore	
  elicit	
  a	
  sustained	
  representation	
  of	
  space	
  similar	
  to	
  that	
  seen	
  in	
  previous	
  

experiments.	
  

In	
  the	
  operant	
  task	
  (Figure	
  13),	
  as	
   in	
  the	
  trace-­‐conditioning	
  tasks,	
  monkeys	
  

were	
   required	
   to	
   fixate	
   a	
   central	
   square;	
   however,	
   the	
   color	
   of	
   the	
   square	
   was	
  

changed	
   from	
   a	
   gray	
   square,	
   used	
   in	
   the	
   tasks	
   described	
   in	
   Chapter	
   2,	
   to	
   a	
   blue	
  

square,	
  to	
  indicate	
  to	
  monkeys	
  that	
  they	
  were	
  in	
  a	
  different	
  context.	
  Monkeys	
  were	
  

required	
   to	
   maintain	
   fixation	
   during	
   the	
   presentation	
   of	
   a	
   reward-­‐predicting	
   cue	
  

(300	
  ms),	
  as	
  well	
  as	
  during	
  the	
  variable	
  delay	
  period	
  (1000-­‐2000	
  ms)	
  that	
  followed,	
  

until	
   the	
   target	
  appeared	
  on	
   the	
  screen.	
  The	
  cues	
  were	
   the	
  same	
  ones	
  used	
   in	
   the	
  

space-­‐irrelevant	
   trace-­‐conditioning	
   task,	
   appeared	
   at	
   the	
   same	
   eccentricity	
   with	
  

respect	
   to	
   the	
  midline	
   (7°),	
  and	
  were	
  associated	
  with	
  reward	
  regardless	
  of	
   spatial	
  

location	
  provided	
  the	
  trial	
  was	
  successfully	
  completed.	
  The	
  cue	
  duration	
  (300	
  ms)	
  

was	
  chosen	
  to	
  match	
  the	
  timing	
  in	
  Peck	
  et	
  al.	
  (2013).	
  The	
  appearance	
  of	
  the	
  target,	
  

which	
  was	
  on	
  the	
  screen	
  for	
  only	
  50	
  ms,	
  served	
  as	
  a	
  “go”	
  signal	
  to	
  monkeys	
  to	
  make	
  

a	
  memory-­‐guided	
  saccade	
  to	
  the	
  location	
  of	
  that	
  target,	
  which	
  was	
  always	
  shown	
  in	
  

the	
  same	
  spatial	
  location	
  as	
  the	
  cue	
  on	
  a	
  given	
  trial.	
  An	
  incorrect	
  saccade	
  or	
  one	
  not	
  

performed	
  within	
  the	
  100-­‐600	
  ms	
  window	
  after	
  target	
  appearance	
  was	
  considered	
  

a	
  miss,	
  and	
  no	
  reward	
  was	
  delivered.	
  For	
  a	
  break	
  in	
  fixation	
  during	
  the	
  fixation,	
  cue,	
  

or	
   delay	
   periods,	
   the	
   trial	
   was	
   repeated	
   to	
   ensure	
   that	
   monkeys	
   did	
   not	
   break	
  

fixation	
   on	
   selective	
   trials,	
   particularly	
   non-­‐reward-­‐associated	
   trials.	
   Behavioral	
  

measures	
  of	
  anticipatory	
  licking,	
  hit	
  rate,	
  and	
  reaction	
  time	
  were	
  used	
  to	
  determine	
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that	
   monkeys	
   had	
   learned	
   stimulus-­‐outcome	
   associations;	
   the	
   latter	
   two	
   were	
   of	
  

most	
  importance	
  because	
  they	
  are	
  classic	
  measures	
  of	
  attention.	
  Stimulus-­‐outcome	
  

contingencies	
  were	
  reversed	
  after	
  learning	
  was	
  established.	
  

	
  

Figure	
  13.	
  Operant	
   task.	
  Task	
  paradigm	
  for	
  operant	
  task.	
  Fixation	
  is	
  followed	
  by	
  cue	
  presentation	
  and	
  delay	
  
period.	
  After	
  target	
  presentation,	
  monkeys	
  make	
  a	
  saccade	
  to	
  the	
  location	
  of	
  the	
  target;	
  reward	
  is	
  delivered	
  with	
  
100%	
   probability	
   when	
   predicted	
   by	
   cue.	
   After	
   learning	
   of	
   initial	
   stimulus-­‐outcome	
   associations,	
   CS-­‐US	
  
contingencies	
  are	
  reversed.	
  

Monkeys	
  understand	
  stimulus-­‐outcome	
  associations	
  and	
  pay	
  more	
  attention	
  to	
  
rewarded	
  cues	
  
	
  

As	
  in	
  Chapter	
  2,	
  we	
  sought	
  to	
  determine	
  that	
  monkeys	
  understood	
  stimulus-­‐

outcome	
  associations,	
  as	
  doing	
  so	
  enabled	
  us	
  to	
  draw	
  conclusions	
  about	
  how	
  neural	
  

activity	
   related	
   to	
   trial	
   type.	
   We	
   did	
   so	
   by	
   again	
   looking	
   at	
   anticipatory	
   licking;	
  

however,	
  because	
  we	
  required	
  monkeys	
  to	
  perform	
  an	
  operant	
  task,	
  we	
  were	
  also	
  

able	
   to	
  measure	
   hit	
   rate	
   (proportion	
   of	
   trials	
   that	
  were	
   performed	
   correctly)	
   and	
  

reaction	
  time	
  (saccade	
  timing),	
  both	
  of	
  which	
  are	
  classic	
  measures	
  of	
  attention.	
  

We	
   again	
   looked	
   at	
   licking	
   in	
   the	
   500	
   ms	
   before	
   reward	
   delivery	
   and	
  

performed	
   a	
   linear	
   regression	
  with	
   factors	
   expected	
   reward,	
   cue	
   spatial	
   location,	
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and	
  an	
  interaction	
  term.	
  As	
  before,	
  stimulus-­‐outcome	
  associations	
  had	
  a	
  significant	
  

influence	
  on	
  anticipatory	
  licking	
  (Figure	
  14;	
  linear	
  regression,	
  p	
  <	
  0.0001)	
  such	
  that	
  

licking	
  for	
  cues	
  predictive	
  of	
  reward	
  (cyan	
  for	
  reward-­‐associated	
  contralateral	
  cues,	
  

magenta	
   for	
   reward-­‐associated	
   ipsilateral	
   cues)	
  was	
  greater	
   than	
   for	
  non-­‐reward-­‐

associated	
   cues	
   (green	
   for	
   non-­‐reward-­‐associated	
   contralateral	
   cues,	
   purple	
   for	
  

non-­‐reward-­‐associated	
   ipsilateral	
   cues).	
   There	
   was	
   no	
   main	
   effect	
   of	
   cue	
   spatial	
  

location	
  or	
  interaction	
  between	
  reward	
  and	
  spatial	
  location	
  (p	
  >	
  0.7).	
  These	
  results	
  

were	
   true	
   for	
   each	
   monkey	
   individually	
   as	
   well	
   (p	
   <	
   0.0001	
   for	
   main	
   effect	
   of	
  

associated	
  reward,	
  p	
  >	
  0.2	
  for	
  main	
  effect	
  of	
  spatial	
   location	
  and	
  interaction	
  effect;	
  

Figure	
  15).	
  This	
  indicates	
  that	
  monkeys	
  understood	
  stimulus-­‐outcome	
  associations	
  

and	
  anticipated	
  reward	
  significantly	
  more	
  often	
  when	
  a	
  reward-­‐predicting	
  cue	
  was	
  

shown.	
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Figure	
   14:	
   Anticipatory	
   licking,	
   operant	
   task.	
  Licking	
  was	
  higher	
   in	
   the	
  500	
  ms	
  before	
   reward	
  onset	
  after	
  
reward-­‐associated	
  cues	
  were	
  shown,	
  regardless	
  of	
  cue	
  spatial	
   location	
  (linear	
  regression,	
  p	
  <	
  0.0001	
   for	
  main	
  
effect	
  of	
  associated	
  reward,	
  p	
  >	
  0.7	
  for	
  main	
  effect	
  of	
  spatial	
  location	
  and	
  interaction	
  effect).	
  Anticipatory	
  licking	
  
in	
   this	
   pre-­‐reward	
   interval	
   for	
   the	
   reward-­‐associated	
   cues	
   indicates	
   that	
   monkeys	
   understood	
   cue-­‐outcome	
  
associations.	
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Figure	
   15:	
   Anticipatory	
   licking,	
   operant	
   task,	
   separated	
   by	
   monkey.	
   Licking	
   on	
   reward-­‐associated	
   was	
  
higher	
  in	
  the	
  500	
  ms	
  before	
  reward	
  onset	
  for	
  both	
  monkeys,	
  regardless	
  of	
  cue	
  spatial	
  location	
  (linear	
  regression,	
  
p	
  <	
  0.0001	
  for	
  main	
  effect	
  of	
  associated	
  reward,	
  p	
  >	
  0.2	
  for	
  main	
  effect	
  of	
  spatial	
  location	
  and	
  interaction	
  effect).	
  
This	
  indicated	
  that	
  monkeys	
  understood	
  cue-­‐outcome	
  associations.	
  

	
  
Because	
  of	
  the	
  operant	
  nature	
  of	
  the	
  task,	
  we	
  were	
  also	
  able	
  to	
  assess	
  how	
  reward	
  associations	
  influence	
  
classic	
  measures	
  of	
  attention,	
  particularly	
  reaction	
  time	
  and	
  hit	
  rate.	
   If	
  monkeys	
  correctly	
   learned	
  the	
  
associations	
   between	
   cues	
   and	
   their	
   outcomes	
   and	
   subsequently	
   paid	
  more	
   attention	
   to	
   the	
   reward-­‐
associated	
  cues,	
  then	
  performance	
  (hit	
  rate)	
  should	
  be	
  better	
  when	
  the	
  target	
  appeared	
  at	
  the	
  location	
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of	
  those	
  cues.	
  Monkeys	
  performed	
  better	
  on	
  rewarded	
  trials	
  compared	
  with	
  non-­‐rewarded	
  trials	
  (Figure	
  
16a;	
  98.5%	
  versus	
  92%;	
  χ2-­‐test,	
  P	
  <	
  0.0001),	
  and	
  reaction	
  times	
  were	
  shorter	
  for	
  saccades	
  to	
  rewarded	
  
targets	
   than	
   to	
   non-­‐rewarded	
   targets	
   (Figure	
   16b;	
  mean	
   reaction	
   time	
   141	
  ms	
   for	
   reward-­‐associated	
  
cues	
   versus	
   174	
   ms	
   for	
   non-­‐reward-­‐associated	
   cues;	
   paired	
   Wilcoxon,	
   P	
   <<	
   0.01).	
   Importantly,	
   the	
  
differences	
  in	
  hit	
  rate	
  and	
  reaction	
  time	
  for	
  rewarded	
  and	
  non-­‐rewarded	
  trials	
  were	
  significant	
  for	
  each	
  
saccade	
  direction	
  (p	
  <	
  0.0001	
  for	
  each)	
  and	
  each	
  monkey	
  (p	
  <	
  0.0001	
  for	
  all;	
  	
  

Figure	
  17).	
  	
  

	
  

Figure	
  16:	
  Behavioral	
  measures	
  of	
  learning.	
  (a)	
  Hit	
  rate/percent	
  correct	
  was	
  calculated	
  as	
  (number	
  of	
  correct	
  
trials	
   /	
   number	
  of	
   trials	
  where	
   the	
   target	
   appeared)	
   *	
   100.	
   Percentage	
   correct	
  was	
  better	
   on	
   rewarded	
   trials	
  
(Chi-­‐square	
   test,	
   p	
   <	
   0.0001).	
   (b)	
   Reaction	
   time	
   on	
   rewarded	
   and	
   non-­‐rewarded	
   trials.	
   When	
   cues	
   were	
  
associated	
  with	
   reward,	
   reaction	
   times	
   (saccade	
   latency)	
  were	
   faster.	
   Significant	
   differences	
   (Wilcoxon	
   rank-­‐
sum	
  test,	
  P	
  <	
  0.0001)	
  indicated	
  by	
  an	
  asterisk.	
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Figure	
  17:	
  Hit	
  rate	
  and	
  reaction	
  time	
  in	
  the	
  operant	
  task,	
  separated	
  by	
  monkey.	
  a)	
  Hit	
  rate/percent	
  correct	
  
was	
   calculated	
   as	
   (number	
   of	
   correct	
   trials	
   /	
   number	
   of	
   trials	
  where	
   the	
   target	
   appeared)	
   *	
   100.	
   Significant	
  
differences	
  between	
  hit	
   rates	
   (χ2-­‐test)	
  and	
  reaction	
   time	
  (paired	
  Wilcoxon	
  rank-­‐sum	
  test)	
  are	
   indicated	
  by	
  an	
  
asterisk.	
   a)	
   There	
   was	
   a	
   significant	
   difference	
   between	
   hit	
   rates	
   for	
   rewarded	
   and	
   non-­‐rewarded	
   trials	
   for	
  
monkey	
  O	
   (χ2-­‐test,	
  p	
  <	
  0.0001),	
  and	
  b)	
  a	
   significant	
  difference	
  between	
  reaction	
   times	
  on	
  rewarded	
  and	
  non-­‐
rewarded	
  trials	
  (paired	
  Wilcoxon	
  rank-­‐sum	
  test,	
  p	
  <	
  0.0001).	
  The	
  same	
  was	
  true	
  for	
  hit	
  rate	
  (c,	
  p	
  <	
  0.0001)	
  and	
  
reaction	
  time	
  (d,	
  p	
  <	
  0.0001)	
  for	
  monkey	
  MT.	
  

Amygdala	
  neurons	
  encode	
  both	
  spatial	
  and	
  value	
  selectivity	
  in	
  an	
  operant	
  
context	
  	
  
	
  

Based	
  on	
  the	
  results	
  in	
  Chapter	
  2,	
  we	
  expected	
  neurons	
  to	
  show	
  the	
  same	
  or	
  

more	
  spatial	
   selectivity	
   in	
   the	
  operant	
   task;	
  we	
  also	
  hypothesized	
   that	
   spatial	
  and	
  

value	
  selectivity	
  might	
  be	
  correlated	
  in	
  this	
  more	
  attentionally-­‐demanding	
  task.	
  To	
  

address	
  what	
  role	
  the	
  amygdala	
  plays	
  in	
  spatial	
  attention	
  in	
  different	
  contexts	
  with	
  

No reward Reward
0

0.2

0.4

0.6

0.8

1
Hi

t r
at

e

No reward Reward
0

0.05

0.1

0.15

0.2

Re
ac

tio
n 

tim
e

No reward Reward
0

0.2

0.4

0.6

0.8

1

Hi
t r

at
e

No reward Reward
0

0.05

0.1

0.15

0.2
Re

ac
tio

n 
tim

e

Monkey O

Monkey MT
c d

a b *

 *

 *  *



	
  

65	
  	
  

variable	
  attentional	
  demands,	
   including	
  when	
  an	
  action	
  was	
  required	
  compared	
  to	
  

when	
   only	
   fixation	
   was	
   necessary	
   to	
   obtain	
   a	
   reward,	
   we	
   recorded	
   from	
   343	
  

neurons	
  while	
  monkeys	
   performed	
   the	
   operant	
   task,	
   58	
   from	
  monkey	
  O	
   and	
   285	
  

from	
  monkey	
  MT.	
  Only	
  neurons	
  whose	
  activity	
  was	
   recorded	
   for	
  at	
   least	
  22	
   trials	
  

both	
  before	
  and	
  after	
  reversal	
  were	
  included	
  for	
  analysis.	
  We	
  calculated	
  spatial	
  and	
  

value	
  selectivity	
  indices	
  for	
  each	
  neuron	
  in	
  three	
  separate	
  time	
  windows	
  –	
  the	
  visual	
  

stimulus,	
  early	
  delay,	
  and	
  late	
  delay	
  epochs	
  described	
  previously	
  –	
  and	
  explored	
  the	
  

relationship	
  between	
  selectivity	
   for	
  spatial	
  and	
  value	
   factors.	
  The	
  choice	
  of	
   timing	
  

for	
  the	
  late	
  delay	
  period	
  epochs	
  was	
  important	
  because	
  it	
  was	
  chosen	
  to	
  correspond	
  

to	
   just	
  before	
   the	
  offset	
  of	
   the	
   fixation	
  point	
   in	
   the	
   trace-­‐conditioning	
   tasks	
   (1350	
  

ms)	
   and	
   to	
   the	
   first	
   possible	
   time	
   in	
   the	
   operant	
   task	
   at	
   which	
   the	
   target	
   could	
  

appear	
   on	
   the	
   screen	
   (1300	
  ms).	
   As	
  we	
   looked	
   at	
   neural	
   responses	
   on	
   the	
   three	
  

separate	
   time	
   windows,	
   we	
   were	
   therefore	
   able	
   to	
   compare	
   responses	
   in	
   a	
   cue-­‐

driven	
   epoch	
   with	
   those	
   in	
   which	
   there	
   was	
   no	
   stimulus	
   other	
   than	
   the	
   fixation	
  

point	
  on	
  the	
  screen.	
  	
  

As	
  before,	
  we	
  calculated	
  spatial	
  selectivity	
  indices	
  by	
  comparing	
  responses	
  to	
  

cues	
  appearing	
   in	
  the	
  contralateral	
  and	
   ipsilateral	
  hemifields,	
  and	
  value	
  selectivity	
  

by	
  comparing	
  responses	
  to	
  reward-­‐associated	
  and	
  non-­‐reward-­‐associated	
  cues.	
  For	
  

spatial	
   selectivity,	
  a	
   selectivity	
   index	
  >	
  0.5	
   indicated	
  a	
  preference	
   for	
  contralateral	
  

cues,	
   and	
  a	
   selectivity	
   index	
  <	
  0.5	
   indicated	
  a	
  preference	
   for	
   ipsilateral	
   cues.	
  With	
  

regard	
  to	
  value	
  selectivity,	
  selectivity	
  indices	
  >	
  0.5	
  corresponded	
  to	
  a	
  preference	
  for	
  

rewarded	
   cues,	
   and	
   indices	
   <	
   0.5	
   corresponded	
   to	
   stronger	
   responses	
   to	
   non-­‐

rewarded	
   cues.	
   To	
   determine	
   whether	
   the	
   difference	
   in	
   firing	
   rates	
   between	
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conditions	
   (reward	
   versus	
   no	
   reward,	
   and	
   contralateral	
   versus	
   ipsilateral)	
   were	
  

significant,	
  we	
  used	
  a	
  Wilcoxon	
  rank-­‐sum	
  test	
  (p	
  <	
  0.05).	
  	
  

One	
   of	
   our	
   main	
   hypotheses	
   was	
   that	
   amygdala	
   neurons	
   would	
   exhibit	
  

stronger	
  and	
  more	
  sustained	
  spatial	
  selectivity	
  in	
  the	
  operant	
  task	
  than	
  they	
  did	
  in	
  

the	
   trace-­‐conditioning	
   tasks;	
   this	
   possibility	
   is	
   supported	
   both	
   by	
   results	
   from	
  

previous	
  studies	
  (Peck	
  et	
  al.,	
  2013)	
  and	
  by	
  the	
  response	
  properties	
  of	
  the	
  example	
  

neurons	
   in	
   Figure	
   5,	
   which	
   were	
   recorded	
   during	
   both	
   tasks.	
   In	
   both	
   example	
  

neurons,	
   spatial	
   selectivity	
   was	
   not	
   significant	
   in	
   any	
   of	
   the	
   three	
   time	
   windows	
  

(100-­‐400	
  ms,	
   400-­‐850	
  ms,	
   and	
   850-­‐1300	
  ms)	
   during	
   the	
   trace-­‐conditioning	
   tasks	
  

(Figure	
  18ac);	
  the	
  neurons	
  did	
  however	
  differ	
  in	
  that	
  one	
  was	
  value-­‐selective	
  in	
  all	
  

three	
  time	
  windows	
  (Figure	
  18a;	
  Wilcoxon	
  rank-­‐sum	
  test,	
  p	
  <	
  0.05)	
  while	
  the	
  other	
  

was	
  value-­‐selective	
  in	
  the	
  late	
  delay	
  period	
  only	
  (Figure	
  18c).	
  In	
  contrast,	
  during	
  the	
  

operant	
   task,	
  we	
   saw	
   that	
   both	
   expected	
   reward	
   and	
   cue	
   spatial	
   location	
   affected	
  

neural	
  responses.	
  Furthermore,	
  we	
  found	
  a	
  systematic	
  relationship	
  between	
  spatial	
  

and	
   value	
   selectivity,	
   as	
   exhibited	
   by	
   neurons	
   in	
   Figure	
   18bd:	
   One	
   neuron	
   was	
  

significantly	
   modulated	
   by	
   both	
   cue	
   spatial	
   location	
   and	
   value	
   in	
   all	
   three	
   time	
  

windows	
   (Figure	
   18b),	
   whereas	
   the	
   other	
   neuron	
   was	
   modulated	
   by	
   cue	
   value	
  

throughout	
   the	
   trial	
   and	
   by	
   cue	
   spatial	
   location	
   in	
   the	
   last	
   time	
   window	
   (Figure	
  

18d).	
  We	
  also	
  noted	
   that,	
   for	
   these	
  example	
  neurons,	
  baseline	
   firing	
  rates	
  differed	
  

across	
   tasks;	
  we	
  address	
   the	
  possibility	
   that	
   these	
  changes	
   in	
  baseline	
   firing	
   rates	
  

reflect	
  different	
  levels	
  of	
  reward	
  expectation	
  in	
  the	
  trace-­‐conditioning	
  and	
  operant	
  

tasks	
  in	
  a	
  later	
  section.	
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Figure	
   18:	
   Example	
   neurons,	
   trace-­‐conditioning	
   and	
   operant	
   tasks.	
   a)	
   Example	
   neuron	
   recorded	
   from	
  
monkey	
  O	
  on	
  the	
  trace-­‐conditioning	
  task;	
  there	
  is	
  a	
  reward	
  response	
  during	
  all	
  three	
  time	
  windows	
  (Wilcoxon	
  
rank-­‐sum	
   test,	
  p	
  <	
  0.05)	
  but	
  no	
   spatial	
   response	
   in	
  any	
  window.	
  b)	
  Same	
  example	
  neuron	
  as	
   in	
   (a),	
   recorded	
  
during	
   the	
   operant	
   task.	
   Significant	
   spatial	
   and	
   value	
   responses	
   during	
   all	
   three	
   time	
  windows	
   (p	
   <	
   0.05).	
   c)	
  
Example	
   neuron	
   recorded	
   from	
  monkey	
   MT	
   during	
   the	
   trace	
   task;	
   significant	
   value-­‐coding	
   in	
   the	
   late	
   delay	
  
period	
  only	
  (p	
  <	
  0.05).	
  d)	
  Same	
  neuron	
  as	
  in	
  (c)	
  recorded	
  during	
  the	
  operant	
  task;	
  value-­‐coding	
  during	
  all	
  three	
  
time	
  windows	
  (p	
  <	
  0.05)	
  and	
  spatial	
  coding	
  in	
  the	
  late	
  delay	
  window	
  (p	
  <	
  0.05).	
  	
  

	
  
We	
   sought	
   to	
   determine	
   whether	
   neurons	
   encoded	
   space	
   or	
   value	
   factors	
  

differently	
   in	
   the	
   trace-­‐conditioning	
   and	
   operant	
   tasks.	
   As	
   we	
   saw	
   in	
   Chapter	
   2,	
  

there	
  was	
   no	
   systematic	
   relationship	
   between	
   spatial	
   and	
   value	
   selectivity	
   on	
   the	
  

trace-­‐conditioning	
   tasks,	
   although	
   there	
  was	
   evidence	
   for	
   both	
   spatial-­‐	
   and	
  value-­‐

coding	
   in	
   both	
   (Table	
   1	
   and	
   Table	
   2).	
   Counts	
   of	
   value-­‐	
   and	
   spatially-­‐selective	
  

5

10

15

20

25

30

Fi
rin

g 
ra

te

Trace-conditioning task

5

10

15

20

25

30

Fi
rin

g 
ra

te

Operant task

Example neuron, Monkey O

0 0.5 1
0

5

10

15

Fi
rin

g 
ra

te

0 0.5 1
0

5

10

15

Fi
rin

g 
ra

te
Time relative to cue onset (s) Time relative to cue onset (s)

Time relative to cue onset (s) Time relative to cue onset (s)

0 0.5 1 0 0.5 1

Example neuron, Monkey MT

Trace-conditioning task Operant task

Contralateral reward
Ipsilateral reward
Contralateral no reward
Ipsilateral no reward

a b

c d
Cu

e 
on

se
t

Cu
e 

on
se

t

Cu
e 

on
se

t

Cu
e 

on
se

t



	
  

68	
  	
  

neurons	
   in	
   the	
   trace	
   and	
   operant	
   tasks	
   are	
   listed	
   in	
   the	
   table	
   below	
   (Table	
   4);	
  

differences	
  in	
  counts	
  on	
  the	
  two	
  tasks	
  are	
  shown	
  in	
  the	
  far	
  right	
  column	
  (χ2-­‐test).	
  As	
  

a	
   population,	
   amygdala	
   neurons	
   were	
   more	
   likely	
   to	
   show	
   sustained	
   spatial	
  

selectivity	
   in	
   the	
  operant	
   task	
   than	
   in	
   the	
   trace-­‐conditioning	
   tasks;	
  during	
   the	
   late	
  

delay	
   period	
   (850-­‐1300	
   ms),	
   the	
   proportion	
   of	
   spatially-­‐selective	
   neurons	
   was	
  

significantly	
  greater	
  in	
  the	
  operant	
  task	
  as	
  compared	
  to	
  the	
  trace-­‐conditioning	
  task.	
  

This	
   greater	
   spatial	
   selectivity	
   in	
   the	
   operant	
   task	
   is	
   crucial	
   to	
   these	
   findings	
  

because	
  it	
  indicates	
  that	
  the	
  operant	
  task	
  elicits	
  more	
  of	
  a	
  sustained	
  spatial	
  response	
  

than	
  do	
   the	
   trace-­‐conditioning	
   tasks.	
   It	
   is	
   important	
   to	
  note	
   that	
   there	
  was	
   also	
   a	
  

significantly	
   higher	
   proportion	
   of	
   value-­‐selective	
   neurons	
   in	
   the	
   operant	
   task	
  

(41.1%)	
   compared	
   to	
   the	
   trace-­‐conditioning	
   tasks	
   (32.4%)	
   during	
   the	
   cue	
   period	
  

(χ2-­‐test;	
  p	
  <	
  0.01).	
  

Table	
   4:	
   Comparison	
   of	
   counts	
   of	
   significant	
   cells,	
   trace-­‐conditioning	
   versus	
   operant	
   tasks	
   (n(total)	
   =	
  
581).	
   Neurons	
  were	
  more	
   value-­‐selective	
   in	
   the	
   operant	
   task	
   in	
   the	
   cue	
   epoch	
   (χ2-­‐test,	
   p	
   <	
   0.01)	
   and	
  more	
  
spatially-­‐selective	
  in	
  the	
  operant	
  task	
  in	
  the	
  late	
  delay	
  period	
  (p	
  <	
  0.05).	
  	
  

	
  
Time	
  
window	
  

	
   Trace-­‐
conditioning	
  
task	
  

Operant	
  
task	
  

Difference	
  
(p	
  value;	
  
χ2-­‐test)	
  

100-­‐400	
  ms	
   Value-­‐selective	
  
neurons	
  
(percent/count)	
  

32.4	
  (188)	
   41.1	
  (239)	
   0.007**	
  
400-­‐850	
  ms	
   34.3	
  (199)	
   34.7	
  (202)	
   0.891	
  
850-­‐1300	
  ms	
   31.3	
  (182)	
   32.1	
  (187)	
   0.814	
  
100-­‐400	
  ms	
   Spatially-­‐

selective	
  neurons	
  
(percent/count)	
  

38.6	
  (224)	
   35.9	
  (209)	
   0.414	
  
400-­‐850	
  ms	
   25.5	
  (148)	
   23.6	
  (137)	
   0.527	
  
850-­‐1300	
  ms	
   10.5	
  (61)	
   16.3	
  (95)	
   0.010**	
  

	
  

Spatial	
  and	
  value	
  selectivity	
  are	
  correlated	
  in	
  the	
  operant	
  task	
  
	
  

To	
   determine	
   whether	
   the	
   amygdala	
   coordinates	
   value	
   and	
   spatial	
  

information,	
   we	
   examined	
   the	
   relationship	
   between	
   value	
   and	
   spatial	
   selectivity	
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directly	
  by	
  using	
  a	
  linear	
  regression	
  to	
  find	
  the	
  best-­‐fit	
  line	
  and	
  assessing	
  whether	
  it	
  

was	
  significantly	
  different	
  from	
  zero.	
  This	
  is	
  depicted	
  in	
  the	
  scatterplot	
  in	
  Figure	
  19,	
  

where	
  spatial	
   selectivity	
  on	
   the	
  y-­‐axis	
   is	
  plotted	
  against	
  value	
  selectivity	
  on	
   the	
  x-­‐

axis.	
  As	
  before,	
   calculating	
   these	
   two	
   selectivity	
   indices	
   allowed	
  us	
   to	
   address	
   the	
  

question	
  of	
  whether	
  spatial	
  and	
  value	
  selectivity	
  were	
  correlated	
  in	
  any	
  of	
  the	
  three	
  

time	
  windows.	
  There	
  are	
   two	
  possibilities:	
  First,	
   it	
  might	
  be	
  that	
  value	
  and	
  spatial	
  

selectivity	
  are	
  encoded	
  randomly	
  and	
  with	
  no	
  relation	
  to	
  each	
  other	
  in	
  the	
  operant	
  

task.	
  Results	
  from	
  the	
  trace-­‐conditioning	
  tasks	
  appear	
  to	
  support	
  this	
  view,	
  although	
  

the	
  demands	
  of	
   the	
   two	
   types	
  of	
   tasks	
   are	
  different.	
  Alternatively,	
   it	
  might	
  be	
   the	
  

case	
   that	
   the	
  amygdala	
  encodes	
   these	
   factors	
   in	
  a	
  systematic	
  manner	
   in	
   this	
  more	
  

attentionally-­‐demanding	
   context,	
   such	
   that	
   value	
   selectivity	
   is	
   related	
   to	
   spatial	
  

selectivity	
   in	
   an	
   organized	
  way	
   that	
   could	
   be	
   used	
   to	
   direct	
   attention	
   to	
   valuable	
  

cues.	
   	
  This	
  would	
  be	
   in	
   line	
  with	
  previous	
  results	
   from	
  the	
   lab	
   (Peck	
  et	
  al.,	
  2013),	
  

which	
  showed	
  that	
  positive	
  value-­‐coding	
  neurons	
  preferred	
  contralateral	
  cues,	
  and	
  

ipsilateral	
  cues	
  were	
  more	
  strongly	
  encoded	
  by	
  negative	
  value-­‐coding	
  neurons.	
  

In	
  contrast	
  to	
  the	
  results	
  from	
  the	
  trace-­‐conditioning	
  tasks	
  in	
  Chapter	
  2,	
  we	
  

found	
   a	
   positive	
   correlation	
   between	
   value	
   and	
   spatial	
   selectivity	
   indices	
   (linear	
  

regression,	
  p	
  <	
  0.05)	
  in	
  the	
  operant	
  task	
  in	
  both	
  the	
  early	
  and	
  late	
  delay	
  epochs;	
  the	
  

relationship	
  between	
  the	
  selectivity	
   indices	
   in	
  all	
   time	
  windows	
  on	
  both	
  the	
  trace-­‐

conditioning	
   and	
   operant	
   tasks	
   is	
   shown	
   in	
   Figure	
   19.	
   Importantly,	
   when	
   we	
  

removed	
   the	
   four	
   outliers	
   in	
   Figure19f	
   from	
   our	
   analyses,	
   we	
   found	
   that	
   the	
  

significant	
   correlation	
   between	
   spatial	
   and	
   value	
   selectivity	
  was	
  maintained.	
   This	
  

significant	
  relationship	
  supports	
  previous	
  findings	
  (Peck	
  et	
  al.,	
  2013)	
  that,	
  on	
  tasks	
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that	
   require	
   operant	
   actions,	
   positive	
   value-­‐coding	
   neurons	
   fire	
   more	
   when	
   cues	
  

appear	
   in	
   the	
   contralateral	
   hemifield.	
   Conversely,	
   negative	
   value-­‐coding	
   neurons	
  

appear	
  to	
  fire	
  more	
  when	
  cues	
  appear	
  in	
  the	
  ipsilateral	
  hemifield.	
  The	
  fact	
  that	
  this	
  

correlation	
   is	
   present	
   during	
   the	
   late	
   delay	
   period	
   indicates	
   that	
   this	
   systematic	
  

interaction	
  between	
  spatial	
  and	
  value	
  selectivity	
  is	
  found	
  during	
  the	
  time	
  when	
  the	
  

spatial	
   representation	
   of	
   visual	
   cues	
   must	
   be	
   maintained	
   in	
   order	
   to	
   facilitate	
   a	
  

subsequent	
   saccade.	
   These	
   findings,	
   along	
   with	
   those	
   seen	
   by	
   Peck	
   et	
   al.	
   (2013),	
  

challenge	
  previous,	
  more	
  limited	
  conceptions	
  regarding	
  the	
  role	
  of	
  the	
  amygdala	
  in	
  

encoding	
  emotionally-­‐relevant	
  stimuli.	
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Figure	
  19:	
  Correlation	
  between	
  spatial	
  and	
  value	
  selectivity	
  on	
  trace-­‐conditioning	
  versus	
  operant	
  tasks.	
  
Spatial	
  and	
  value	
  selectivity	
  indices	
  are	
  plotted	
  for	
  both	
  the	
  trace	
  and	
  operant	
  tasks	
  in	
  the	
  three	
  time	
  windows	
  
described	
   in	
   order	
   to	
   determine	
   the	
   relationship	
   between	
   the	
   two.	
   Spatial	
   ROC	
   >	
   0.5	
   indicates	
   contralateral	
  
preference;	
  ROC	
  <	
  0.5	
  represents	
  ipsilateral	
  preference.	
  Value	
  ROC	
  >	
  0.5	
  indicates	
  preference	
  for	
  reward;	
  ROC	
  <	
  
0.5	
  shows	
  no-­‐reward	
  preference.	
  Light	
  blue	
  circles	
  denote	
  statistically	
  significant	
  spatially-­‐selective	
  cells;	
  dark	
  
blue	
  dots	
  correspond	
  to	
  significantly	
  value-­‐selective	
  neurons.	
  The	
  presence	
  of	
  both	
  markers	
  indicates	
  selectivity	
  
for	
   both	
   factors;	
   gray	
   dots	
   are	
   not	
   significant	
   for	
   space	
   or	
   reward.	
   The	
   black	
   line	
   is	
   line	
   of	
   best	
   fit	
   and	
   is	
  
significantly	
  different	
  from	
  zero	
  in	
  the	
  early	
  (β	
  =	
  0.23,	
  P	
  <	
  0.0001)	
  and	
  late	
  delay	
  (β	
  =	
  25,	
  P	
  <	
  0.0001)	
  periods	
  in	
  
the	
  operant	
  task	
  but	
  not	
  in	
  any	
  window	
  in	
  the	
  trace-­‐conditioning	
  task.	
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We	
   also	
   wanted	
   to	
   directly	
   compare	
   the	
   regression	
   slopes	
   across	
   tasks	
   to	
  

confirm	
  that	
  the	
  coordination	
  between	
  value	
  and	
  spatial	
  selectivity	
  was	
  stronger	
  on	
  

the	
  operant	
  task	
  than	
  on	
  the	
  trace-­‐conditioning	
  tasks.	
  Here,	
  we	
  used	
  an	
  analysis	
  of	
  

covariance	
   (ANCOVA)	
   to	
   determine	
  whether	
   the	
   regression	
   slopes	
   describing	
   the	
  

relationship	
  between	
  value	
  and	
  spatial	
  selectivity	
  were	
  significantly	
  different	
  across	
  

tasks.	
   The	
   results	
   for	
   each	
   of	
   the	
   three	
   time	
  windows	
   used	
   in	
   these	
   analyses	
   are	
  

shown	
   in	
  Figure	
  20.	
  As	
   the	
   figure	
   indicates,	
   the	
   regression	
  slopes	
  are	
  significantly	
  

greater	
   in	
   the	
   operant	
   task	
   compared	
   to	
   the	
   trace-­‐conditioning	
   tasks	
   in	
   both	
   the	
  

early	
  and	
  late	
  delay	
  tasks	
  (ANCOVA,	
  p	
  <	
  0.0001	
  for	
  both)	
  but	
  not	
  during	
  the	
  visual	
  

stimulus	
  epoch	
  (p	
  >	
  0.2).	
  

	
  

Figure	
   20:	
   Correlation	
   between	
   spatial	
   and	
   value	
   selectivity,	
   compared	
   directly	
   across	
   the	
   trace-­‐
conditioning	
   and	
   operant	
   tasks.	
   Spatial	
  and	
  value	
  selectivity	
   indices	
  are	
  plotted	
   for	
  both	
   trace	
  and	
  operant	
  
tasks	
  on	
  a	
  single	
  plot	
  for	
  each	
  of	
  the	
  three	
  time	
  windows.	
  Spatial	
  ROC	
  >	
  0.5	
  indicates	
  contralateral	
  preference;	
  
ROC	
  <	
  0.5	
  represents	
  ipsilateral	
  preference.	
  Value	
  ROC	
  >	
  0.5	
  indicates	
  preference	
  for	
  reward;	
  ROC	
  <	
  0.5	
  shows	
  
no-­‐reward	
   preference.	
   Regression	
   slopes	
   for	
   the	
   operant	
   task	
   are	
   plotted	
   in	
   yellow,	
   and	
   correlations	
   for	
   the	
  
trace-­‐conditioning	
  tasks	
  are	
  plotted	
  in	
  green.	
  The	
  regression	
  slope	
  for	
  the	
  operant	
  task	
  is	
  significantly	
  different	
  
from	
  zero	
  in	
  the	
  early	
  and	
  late	
  delay	
  windows	
  (p	
  <	
  0.0001),	
  but	
  not	
  in	
  the	
  visual	
  stimulus	
  epoch	
  (p	
  >	
  0.2).	
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Correlation	
  between	
  spatial	
  and	
  value	
  selectivity	
  is	
  not	
  a	
  product	
  of	
  distinct	
  
neural	
  populations	
  
	
  
	
   We	
   recorded	
   from	
   132	
   neurons	
   during	
   both	
   the	
   trace-­‐conditioning	
   and	
  

operant	
  tasks.	
  Since	
  some	
  neurons	
  were	
  recorded	
  from	
  during	
  only	
  one	
  or	
  the	
  other	
  

task,	
   we	
   asked	
   whether	
   the	
   correlation	
   we	
   found	
   between	
   spatial	
   and	
   value	
  

selectivity	
  in	
  the	
  operant	
  task	
  was	
  due	
  to	
  the	
  fact	
  that	
  neural	
  activity	
  was	
  sometimes	
  

recorded	
   during	
   one	
   but	
   not	
   both	
   tasks.	
  We	
   compared	
   regression	
   slopes	
   directly	
  

across	
   the	
   two	
   tasks	
   for	
   only	
   this	
   subgroup	
   of	
   neurons	
   using	
   an	
   ANCOVA,	
   again	
  

analyzing	
  activity	
  in	
  the	
  three	
  windows	
  described	
  previously	
  (100-­‐400	
  ms,	
  400-­‐850	
  

ms,	
  and	
  850-­‐1300	
  ms).	
  As	
  shown	
  in	
  Figure	
  21,	
  the	
  correlation	
  between	
  spatial	
  and	
  

value	
   selectivity	
   was	
   significantly	
   greater	
   than	
   zero	
   on	
   the	
   operant	
   task	
   (linear	
  

regression,	
  p	
  <	
  0.002)	
  but	
  not	
  the	
  trace-­‐conditioning	
  task	
  in	
  the	
  early	
  and	
  late	
  delay	
  

windows.	
  Furthermore,	
  the	
  regression	
  slopes	
  differed	
  significantly	
  between	
  the	
  two	
  

tasks	
   (ANCOVA,	
   p	
   <	
   0.03)	
   in	
   all	
   three	
   time	
   windows.	
   These	
   results	
   support	
   the	
  

finding	
   in	
   the	
   previous	
   section	
   that	
   the	
   amygdala	
   combines	
   spatial	
   and	
   value	
  

information	
  in	
  systematic	
  manner	
  only	
  in	
  the	
  operant	
  task	
  and	
  that	
  this	
  result	
  does	
  

not	
   appear	
   to	
   be	
   due	
   to	
   the	
   fact	
   that	
   the	
   analyses	
   were	
   performed	
   on	
   distinct	
  

populations	
  of	
  neurons.	
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Figure	
  21:	
  Correlation	
  between	
  spatial	
  and	
  value	
  selectivity,	
  only	
  neurons	
  recorded	
  during	
  both	
  tasks.	
  
Spatial	
  and	
  value	
  selectivity	
  indices	
  are	
  plotted	
  for	
  both	
  trace	
  and	
  operant	
  tasks	
  on	
  a	
  single	
  plot	
  for	
  each	
  of	
  the	
  
three	
  time	
  windows;	
  only	
  neurons	
  recorded	
  during	
  both	
  tasks	
  in	
  a	
  given	
  experimental	
  session	
  are	
  included	
  (n	
  =	
  
132).	
   Spatial	
   ROC	
   >	
   0.5	
   indicates	
   contralateral	
   preference;	
   ROC	
   <	
   0.5	
   represents	
   ipsilateral	
   preference.	
   Value	
  
ROC	
  >	
  0.5	
   indicates	
  preference	
   for	
   reward;	
  ROC	
  <	
  0.5	
   shows	
  no-­‐reward	
  preference.	
  Regression	
  slopes	
   for	
   the	
  
operant	
   task	
  are	
  plotted	
   in	
  yellow,	
   and	
   correlations	
   for	
   the	
   trace-­‐conditioning	
   tasks	
  are	
  plotted	
   in	
  green.	
  The	
  
regression	
  slope	
  for	
  the	
  operant	
  task	
  is	
  significantly	
  different	
  from	
  zero	
  in	
  the	
  early	
  and	
  late	
  delay	
  epochs	
  (p	
  <	
  
0.002),	
  and	
  the	
  slopes	
  for	
  the	
  two	
  tasks	
  are	
  different	
  in	
  all	
  three	
  time	
  windows	
  as	
  well	
  (p	
  <	
  0.03).	
  	
  

	
  

Correlation	
  between	
  spatial	
  and	
  value	
  selectivity	
  indices	
  
	
  

Our	
   results	
   thus	
   far	
   demonstrate	
   (1)	
   that	
   value	
   selectivity	
   and	
   spatial	
  

selectivity	
   are	
   significantly	
   correlated	
   in	
   the	
   early	
   and	
   late	
   delay	
   periods	
   on	
   the	
  

operant	
   task,	
   but	
   not	
   in	
   any	
   of	
   the	
   three	
   time	
  windows	
   on	
   the	
   trace-­‐conditioning	
  

tasks	
  (Figure	
  19),	
  and	
  (2)	
  that	
  strength	
  of	
  this	
  relationship	
  is	
  significantly	
  stronger	
  

in	
  the	
  operant	
  task	
  when	
  compared	
  directly	
  across	
  tasks	
  (Figure	
  20).	
  However,	
  it	
  is	
  

possible	
   that	
   weak,	
   predictable	
   spatial	
   selectivity	
   might	
   still	
   exist	
   for	
   amygdala	
  

neurons	
  in	
  the	
  trace-­‐conditioning	
  task;	
  for	
  example,	
  neurons	
  that	
  fire	
  considerably	
  

more	
  for	
  contralateral	
  cues	
  in	
  the	
  operant	
  task	
  might	
  tend	
  to	
  fire	
  a	
  little	
  bit	
  more	
  for	
  

contralateral	
   cues	
   in	
   the	
   trace-­‐conditioning	
   task.	
   To	
   address	
   the	
   consistency	
   of	
  

selectivity	
  across	
  tasks,	
  we	
  examined	
  the	
   inter-­‐task	
  correlation	
  for	
  both	
  selectivity	
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indices.	
  When	
   looking	
   at	
   the	
   correlation	
   between	
   spatial	
   selectivity	
   on	
   the	
   trace-­‐

conditioning	
  tasks	
  and	
  spatial	
  selectivity	
  on	
  the	
  operant	
  task	
  (Figure	
  22),	
  we	
  found	
  a	
  

significant	
  relationship	
  in	
  all	
  three	
  time	
  windows	
  (100-­‐400	
  ms,	
  β	
  =	
  0.45,	
  p	
  <	
  0.001;	
  

400-­‐850,	
  β	
  =	
  0.59,	
  p	
  <	
  0.001;	
  850-­‐1300	
  ms,	
  β	
  =	
  0.25,	
  p	
  <	
  0.001).	
  Looking	
  at	
  value	
  

selectivity	
   indices	
   across	
   the	
   two	
   tasks	
   (Figure	
   23),	
   there	
  was	
   again	
   a	
   significant	
  

across-­‐tasks	
   relationship	
   in	
   each	
  of	
   the	
   time	
  windows	
   (100-­‐400	
  ms,	
  β	
   =	
   0.45,	
   p	
  <	
  

0.001;	
  400-­‐850,	
  β	
  =	
  0.59,	
  p	
  <	
  0.001;	
  850-­‐1300	
  ms,	
  β	
  =	
  0.25,	
  p	
  <	
  0.001).	
  That	
  both	
  

spatial	
  and	
  value	
  selectivity	
  indices	
  are	
  correlated	
  between	
  the	
  two	
  tasks	
  indicates	
  

that	
  neurons	
  have	
  similar	
  selectivity	
  in	
  both.	
  

	
  

	
  

Figure	
  22:	
  Correlation	
  between	
  spatial	
  selectivity	
  on	
  the	
  trace-­‐conditioning	
  tasks	
  and	
  spatial	
  
selectivity	
   on	
   the	
   operant	
   task	
   in	
   the	
   cue	
   period	
   and	
   early	
   delay	
   epoch.	
   Spatial	
   selectivity	
  
indices	
  >	
  0.5	
  indicate	
  higher	
  activity	
  on	
  contralateral	
  cue	
  trials;	
  indices	
  <	
  0.5	
  reflect	
  higher	
  activity	
  on	
  
ipsilaterally-­‐presented	
  cue	
  trials.	
  Spatial	
  selectivity	
  on	
  the	
  two	
  tasks	
  was	
  significantly	
  correlated	
   in	
  
all	
   three	
   time	
  windows	
   (100-­‐400	
  ms,	
  β	
   =	
   0.45;	
   400-­‐850	
  ms,	
  β	
   =	
   0.59;	
   850-­‐1300	
  ms,	
  β	
   =	
   0.25;	
   p	
   <	
  
0.001	
  for	
  all).	
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Figure	
  23:	
  Correlation	
  between	
  value	
  selectivity	
  on	
  the	
  trace-­‐conditioning	
  tasks	
  and	
  value	
  selectivity	
  on	
  
the	
  operant	
  task	
  in	
  the	
  cue	
  period	
  and	
  early	
  delay	
  epoch.	
  Value	
  selectivity	
  indices	
  >	
  0.5	
  correspond	
  to	
  higher	
  
activity	
   on	
   reward-­‐associated	
   cue	
   trials,	
  whereas	
   indices	
   <	
   0.5	
   reflect	
   higher	
   activity	
   on	
   cue	
   ipsilateral	
   trials.	
  
Value	
  selectivity	
  on	
  the	
  two	
  tasks	
  was	
  significantly	
  correlated	
  in	
  all	
  three	
  time	
  windows	
  (100-­‐400	
  ms,	
  β	
  =	
  0.46;	
  
400-­‐850	
  ms,	
  β	
  =	
  0.44;	
  850-­‐1300	
  ms,	
  β	
  =	
  0.46;	
  p	
  <	
  0.0001	
  for	
  all).	
  

	
  

Value	
  and	
  spatial	
  selectivity	
  coincident	
  in	
  the	
  late	
  delay	
  period	
  in	
  the	
  operant	
  
task	
  only	
  
	
  

We	
  have	
  shown	
  that	
  value	
  and	
  spatial	
  selectivity	
  are	
  correlated	
  in	
  the	
  early	
  

and	
  late	
  delay	
  periods	
  on	
  the	
  operant	
  task	
  but	
  not	
  on	
  the	
  trace-­‐conditioning	
  tasks.	
  

However,	
   it	
  could	
  be	
  the	
  case	
  that	
  there	
  is	
  a	
  correlation	
  between	
  value	
  and	
  spatial	
  

selectivity	
  on	
  a	
  population	
  level	
  without	
  there	
  being	
  a	
  significant	
  relationship	
  at	
  the	
  

level	
  of	
  individual	
  neurons.	
  We	
  therefore	
  wanted	
  to	
  know	
  whether	
  coincident	
  value	
  

and	
   spatial	
   selectivity	
   is	
   present	
   on	
   an	
   individual	
   neuron	
   basis,	
   and	
  whether	
   this	
  

coincident	
  coding	
  differs	
  across	
  tasks.	
  To	
  address	
  this	
  question,	
  we	
  looked	
  at	
  the	
  set	
  

of	
  both	
  positive	
  and	
  negative	
  value-­‐coding	
  neurons	
  and	
  asked	
  what	
  proportion	
  of	
  

these	
  neurons	
  also	
  showed	
  spatial	
  selectivity.	
  When	
  asking	
  this	
  question	
  of	
  neurons	
  

in	
   each	
   of	
   the	
   three	
   time	
   windows	
   (Figure	
   24),	
   we	
   saw	
   that	
   value	
   selectivity,	
  

regardless	
  of	
  the	
  sign	
  of	
  the	
  selectivity,	
  was	
  more	
  likely	
  to	
  predict	
  spatial	
  selectivity	
  

in	
  the	
  operant	
  task	
  compared	
  to	
  the	
  trace-­‐conditioning	
  tasks	
  only	
  in	
  the	
  late	
  delay	
  

window.	
   As	
   shown	
   in	
   Figure	
   24c,	
   approximately	
   40%	
   of	
   neurons	
   were	
   spatially-­‐
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selective	
   in	
   the	
   operant	
   task	
   in	
   the	
   late	
   delay	
   window,	
   whereas	
   a	
   significantly	
  

smaller	
  percentage	
  –	
  approximately	
  20%	
  –	
  of	
  these	
  neurons	
  were	
  spatially-­‐selective	
  

in	
   the	
   trace-­‐conditioning	
   task	
   (χ2-­‐test,	
   p	
   <	
   0.005)	
   in	
   this	
   same	
   time	
  window.	
   One	
  

hypothesis	
  is	
  that	
  this	
  finding	
  was	
  due	
  to	
  the	
  task	
  demands	
  of	
  the	
  operant	
  task	
  and	
  

the	
   fact	
   that	
   neurons	
   were	
   more	
   likely	
   to	
   combine	
   information	
   about	
   value	
   and	
  

space	
  to	
  direct	
  attention	
  to	
  motivationally	
  and	
  behaviorally	
  significant	
  stimuli	
  in	
  this	
  

task.	
   That	
   there	
   was	
   less	
   coincident	
   spatial	
   and	
   value	
   coding	
   in	
   the	
   late	
   delay	
  

window	
   in	
   the	
   trace-­‐conditioning	
   tasks	
   could	
   be	
   a	
   result	
   of	
   the	
   fact	
   that	
   neurons	
  

showed	
  less	
  spatial	
  coding	
  overall	
  in	
  the	
  trace	
  tasks	
  during	
  this	
  period.	
  

	
  

Figure	
  24:	
  Value	
   selectivity	
  predicts	
   spatial	
   selectivity	
  on	
  an	
   individual	
  neuron	
  basis	
   in	
   the	
   late	
  delay	
  
period	
  more	
  often	
  on	
  the	
  operant	
  task	
  than	
  the	
  trace-­‐conditioning	
  task.	
  Looking	
  a	
  the	
  proportions	
  of	
  value-­‐
selective	
  neurons	
  that	
  are	
  also	
  spatially-­‐selective	
  in	
  each	
  of	
  the	
  three	
  time	
  windows	
  for	
  the	
  trace-­‐conditioning	
  
versus	
   operant	
   tasks:	
   a)	
   100-­‐400	
   ms,	
   n(trace)	
   =	
   188,	
   n(operant)	
   =	
   141;	
   b)	
   400-­‐850	
   ms,	
   n(trace)	
   =	
   199,	
  
n(operant)	
  =	
  119;	
  and	
  c)	
  850-­‐1300	
  ms,	
  n(trace)	
  =	
  182,	
  n(operant)	
  =	
  110.	
  N	
  values	
  refer	
  to	
  total	
  value-­‐selective	
  
neurons.	
  There	
  is	
  a	
  significant	
  difference	
  in	
  proportions	
  of	
  neurons	
  between	
  the	
  two	
  tasks	
  only	
  in	
  the	
  late	
  delay	
  
period	
  (c)	
  (χ2-­‐test,	
  p	
  <	
  0.05).	
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Given	
   that	
   value	
   selectivity	
   was	
   more	
   likely	
   to	
   be	
   coincident	
   with	
   spatial	
  

selectivity	
  in	
  late	
  window	
  for	
  all	
  value-­‐coding	
  neurons,	
  we	
  asked	
  whether	
  this	
  was	
  

true	
  for	
  both	
  positive	
  and	
  negative	
  value-­‐coding	
  neurons.	
  When	
  we	
  analyzed	
  value	
  

selectivity	
  as	
  a	
  predictor	
  of	
  spatial	
  selectivity	
  in	
  the	
  operant	
  and	
  trace-­‐conditioning	
  

tasks	
  for	
  positive	
  and	
  negative	
  value-­‐coding	
  neurons	
  separately,	
  we	
  found	
  that	
  the	
  

predictive	
  effect	
  was	
   true	
  only	
   for	
   the	
   former	
   (Figure	
  25;	
  χ2-­‐test,	
  p	
  <	
  0.005).	
  Why	
  

might	
  this	
  be	
  the	
  case?	
  One	
  potential	
  explanation	
  is	
  that	
  spatial	
  selectivity	
  is	
  driven	
  

more	
   by	
   positive	
   neurons;	
   further	
   investigation	
   would	
   be	
   required	
   to	
   determine	
  

whether	
  or	
  not	
  this	
  is	
  the	
  case.	
  

	
  

Figure	
  25:	
  Value	
  selectivity	
  predicts	
  spatial	
  selectivity	
  on	
  an	
  individual	
  neuron	
  basis	
   in	
  positive	
  value-­‐
coding	
  neurons	
  in	
  the	
  late	
  delay	
  period	
  more	
  often	
  on	
  the	
  operant	
  task	
  than	
  the	
  trace-­‐conditioning	
  task.	
  
Looking	
  at	
  the	
  proportions	
  of	
  value-­‐selective	
  neurons	
  that	
  are	
  also	
  spatially-­‐selective	
  in	
  the	
  late	
  delay	
  window.	
  
All	
   neurons,	
   n(trace)	
   =	
   182,	
   n(operant)	
   =	
   110;	
   positive	
   neurons,	
   p(trace)	
   =	
   92,	
   n(operant)	
   =	
   56;	
   negative	
  
neurons,	
  n(trace)	
  =	
  90,	
  n(operant)	
  =	
  54.	
  N	
  values	
   refer	
   to	
   total	
   value-­‐selective	
  neurons.	
  There	
   is	
   a	
   significant	
  
difference	
   in	
  proportions	
  of	
  neurons	
  between	
   the	
   two	
   tasks	
   for	
  all	
  neurons	
   (χ2-­‐test,	
  p	
  <	
  0.05);	
   this	
  difference	
  
appears	
  to	
  be	
  driven	
  by	
  the	
  positive	
  value-­‐coding	
  neurons.	
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Temporally	
  extended	
  spatial	
  and	
  value	
  selectivity	
  for	
  individual	
  neurons	
  
	
  

We	
  have	
  shown	
   that	
   there	
  are	
  variable	
  proportions	
  of	
   spatially-­‐	
  and	
  value-­‐

selective	
  cells	
  in	
  the	
  amygdala	
  across	
  time	
  windows.	
  However,	
  one	
  question	
  that	
  has	
  

not	
   been	
   answered	
   is	
   whether	
   these	
   populations	
   of	
   neurons	
   are	
   the	
   same	
  

throughout	
  a	
  given	
  trial.	
  This	
  is	
  an	
  important	
  question	
  because	
  it	
  could	
  be	
  the	
  case	
  

that	
  different	
  groups	
  of	
  neurons	
  are	
   spatially-­‐	
   and/or	
  value-­‐selective	
   in	
  each	
   time	
  

window.	
   To	
   address	
   this	
   issue,	
   we	
   looked	
   at	
   the	
   proportion	
   of	
   neurons	
   that	
  

demonstrated	
  spatial	
  or	
  value	
  selectivity	
  in	
  two	
  or	
  more	
  time	
  windows.	
  	
  

We	
   found	
   that,	
   in	
   value-­‐selective	
   neurons	
   recorded	
   during	
   both	
   the	
   trace-­‐

conditioning	
   and	
   operant	
   tasks,	
   the	
   proportion	
   of	
   neurons	
   in	
   overlapping	
   time	
  

windows	
  was	
   significantly	
   different	
   from	
   chance	
   (Figure	
   26ab;	
   binomial	
   test,	
   p	
   <	
  

0.0001).	
   For	
   spatially-­‐selective	
   neurons	
   (Figure	
   26cd),	
   on	
   the	
   other	
   hand,	
  

populations	
  of	
  neurons	
  overlapped	
  for	
  the	
  first	
  two	
  time	
  windows	
  on	
  both	
  tasks	
  (p	
  

<	
  0.0001)	
  but,	
   for	
  the	
  last	
  two	
  time	
  windows,	
  overlapped	
  on	
  the	
  operant	
  task	
  only	
  

(p(operant)	
   <	
   0.01;	
   p(trace)	
   >	
   0.95).	
   This	
   supports	
   our	
   findings	
   of	
   a	
   sustained	
  

relationship	
   between	
   spatial-­‐	
   and	
   value-­‐coding	
   and	
   a	
   role	
   for	
   the	
   amygdala	
   in	
  

spatial	
  attention	
  because	
  it	
  indicates	
  that	
  the	
  neurons	
  that	
  encode	
  spatial	
  features	
  in	
  

the	
   early	
  delay	
  period	
  maintain	
   their	
   spatial	
   selectivity	
   throughout	
   the	
   end	
  of	
   the	
  

trial	
   in	
   the	
  operant	
   task,	
  until	
   the	
   target	
  appears	
  and	
  this	
  spatial	
   information	
  then	
  

becomes	
  important	
  in	
  directing	
  a	
  saccade.	
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Figure	
  26:	
  The	
   same	
  neurons	
  encode	
  value	
  across	
  all	
   three	
   time	
  windows;	
  neurons	
  encode	
   space	
   in	
  a	
  
temporally	
  sustained	
  way	
  in	
  the	
  operant	
  task	
  only.	
   	
  The	
  proportion	
  of	
  value-­‐selective	
  neurons	
  recorded	
  in	
  
the	
   trace-­‐conditioning	
   (a)	
   and	
   operant	
   (b)	
   tasks	
   in	
   value-­‐selective	
   neurons	
   in	
   overlapping	
   windows	
   was	
  
significantly	
  different	
  from	
  chance	
  (binomial	
  test,	
  p	
  <	
  0.0001).	
  Populations	
  of	
  spatially-­‐selective	
  neurons	
  overlap	
  
during	
   the	
   cue	
   and	
   early	
  delay	
   epochs	
   in	
   the	
   trace-­‐conditioning	
   (c)	
   and	
  operant	
   (d)	
   tasks	
  but	
   overlap	
  on	
   the	
  
early	
  and	
  late	
  delay	
  epochs	
  only	
  in	
  the	
  operant	
  task	
  (p	
  <	
  0.01).	
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Firing	
  rate	
  and	
  reaction	
  time	
  are	
  correlated	
  on	
  reward-­‐associated	
  trials	
  with	
  
opposite	
  signs	
  for	
  contralateral	
  and	
  ipsilateral	
  cues	
  
	
  

Our	
  data	
  have	
   indicated	
   that	
   the	
  amygdala	
  plays	
  a	
   role	
   in	
   spatial	
   attention,	
  

but	
  only	
  in	
  a	
  more	
  cognitively	
  engaging	
  environment	
  in	
  which	
  maintaining	
  a	
  spatial	
  

representation	
   is	
   relevant	
   for	
   subsequent	
   behavior.	
   Thus	
   far,	
   we	
   have	
   looked	
   at	
  

spatial	
  and	
  value	
  selectivity	
  in	
  amygdala	
  neurons	
  across	
  trial	
  types;	
  we	
  now	
  turn	
  to	
  

how	
   firing	
   rates	
   fluctuate	
   as	
   a	
   function	
   of	
   attention	
   within	
   each	
   trial	
   type.	
  

Furthermore,	
  because	
   there	
  are	
  populations	
  of	
  neurons	
   that	
  preferentially	
  encode	
  

different	
   combinations	
   of	
   space	
   and	
   value,	
   we	
   will	
   examine	
   whether	
   spatial	
  

responses	
  are	
   related	
   to	
   the	
   trial-­‐by-­‐trial	
   correlation	
  between	
  attention	
  and	
   firing	
  

rate.	
  In	
  both	
  of	
  these	
  analyses,	
  we	
  will	
  use	
  reaction	
  time	
  as	
  a	
  measure	
  of	
  attention.	
  

We	
   hypothesized	
   that	
   on	
   trials	
   where	
   attention	
   was	
   especially	
   biased	
  

towards	
   the	
  contralateral	
  hemifield	
  (e.g.	
   for	
  contralateral	
   reward-­‐preferring	
  cells),	
  

neurons	
  would	
  not	
  only	
  display	
  higher	
  firing	
  rates,	
  but	
  also	
  faster	
  reaction	
  times.	
  If	
  

this	
  were	
   indeed	
   the	
  case,	
  we	
  would	
  expect	
   to	
  see	
  a	
  negative	
  correlation	
  between	
  

firing	
   rates	
   and	
   reaction	
   times	
   on	
   contralateral	
   rewarded	
   trials.	
   Conversely,	
   we	
  

might	
  expect	
  to	
  see	
  a	
  positive	
  correlation	
  between	
  these	
  two	
  measures	
  on	
  ipsilateral	
  

rewarded	
   trials,	
   if	
   indeed	
   the	
   amygdala	
   plays	
   a	
   role	
   in	
   spatial	
   attention.	
   If	
   the	
  

amygdala	
  were	
   instead	
  involved	
  in	
  general,	
  non-­‐spatial	
  attention,	
  we	
  might	
  expect	
  

to	
  see	
  a	
  correlation	
  of	
  the	
  same	
  sign	
  for	
  both	
  contralateral	
  and	
  ipsilateral	
  cues.	
  

We	
   analyzed	
   the	
   relationship	
   between	
   firing	
   rates	
   and	
   saccadic	
   reaction	
  

times	
  during	
  the	
  late	
  delay	
  window	
  (850-­‐1300	
  ms)	
  for	
  each	
  saccade	
  direction	
  (cue	
  

location)	
   and	
   reward	
   contingency	
   separately	
   (4	
   conditions;	
  2	
   spatial	
   locations	
   x	
  2	
  

reward	
   conditions).	
   As	
   an	
   example,	
   we	
   again	
   turn	
   to	
   the	
   neuron	
   first	
   shown	
   in	
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Figure	
  18ab;	
  the	
  sustained	
  reward-­‐	
  and	
  spatial-­‐related	
  responses	
  of	
  this	
  neuron	
  in	
  

the	
  operant	
  task	
  are	
  depicted	
  again	
  below	
  (Figure	
  27).	
  Because	
  this	
  neuron	
  was	
  of	
  

the	
   contralateral	
   reward-­‐preferring	
   type,	
   we	
   expected	
   to	
   see	
   the	
   aforementioned	
  

negative	
   relationship	
   between	
   firing	
   rate	
   and	
   reaction	
   time	
   on	
   contralateral	
  

rewarded	
  trials	
  and	
  a	
  positive	
  relationship	
  on	
  ipsilateral	
  rewarded	
  trials.	
  	
  

Correlations	
   (Fisher-­‐Z	
   transformed	
   correlation	
   coefficient)	
   between	
   firing	
  

rate	
   and	
   reaction	
   time	
   for	
   each	
   cue	
   spatial	
   location	
   and	
   reward	
   condition	
   were	
  

significant	
  or	
  close	
  to	
  significant	
  on	
  rewarded	
  trials	
  only,	
  both	
  for	
  contralateral	
  and	
  

ipsilateral	
   trials	
   (Figure	
   28).	
   As	
   shown	
   in	
   this	
   figure,	
   the	
   two	
   measures	
   were	
  

oppositely	
   correlated:	
   There	
   is	
   a	
   negative	
   relationship	
   between	
   firing	
   rate	
   and	
  

reaction	
   time	
   on	
   contralateral	
   trials	
   (Figure	
   28d;	
   p	
   <	
   0.05),	
   and	
   a	
   trend	
   toward	
   a	
  

positive	
  correlation	
  on	
  ipsilateral	
  trials	
  (Figure	
  28b;	
  p	
  =	
  0.08).	
  The	
  relationship	
  on	
  

non-­‐rewarded	
  trials,	
  on	
  the	
  other	
  hand,	
  was	
  not	
  significantly	
  different	
  from	
  zero	
  for	
  

either	
  saccade	
  direction	
  (p	
  >	
  0.1	
  for	
  both).	
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Figure	
  27:	
  Example	
  neuron,	
  operant	
  task,	
  monkey	
  O.	
  Firing	
  rate	
  plotted	
  as	
  a	
  function	
  of	
  time	
  relative	
  to	
  cue	
  
onset	
   for	
   monkey	
   O	
   example	
   neuron	
   recorded	
   in	
   the	
   operant	
   task.	
   Significant	
   value-­‐coding	
   during	
   all	
   three	
  
epochs	
  (Wilcoxon	
  rank-­‐sum	
  test,	
  p	
  <	
  0.05)	
  and	
  significant	
  spatial-­‐coding	
  in	
  all	
  three	
  windows	
  as	
  well	
  (p	
  <	
  0.05).	
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Figure	
  28:	
  Trial-­‐by-­‐trial	
  relationship	
  between	
  firing	
  rate	
  and	
  reaction	
  time	
  is	
  significant	
  on	
  contralateral	
  
reward	
   trials	
   and	
   trending	
   toward	
   significant	
   on	
   the	
   ipsilateral	
   reward-­‐associated	
   trials.	
   Correlation	
  
between	
  firing	
  rate	
  and	
  reaction	
  time	
  is	
  not	
  significant	
  for	
  no-­‐reward	
  ipsilateral	
  (a;	
  p	
  >	
  0.1)	
  or	
  contralateral	
  (c;	
  p	
  
>	
  0.1)	
  trials	
  for	
  this	
  neuron	
  from	
  monkey	
  O.	
  There	
  is	
  a	
  trend	
  toward	
  a	
  positive	
  correlation	
  for	
  reward	
  ipsilateral	
  
trials	
  (b;	
  p	
  =	
  0.08)	
  and	
  a	
  significant	
  negative	
  correlation	
  for	
  reward	
  contralateral	
  trials	
  (d;	
  p	
  <	
  0.05).	
  

	
  
Because	
   we	
   found	
   populations	
   of	
   both	
   contralateral-­‐	
   and	
   ipsilateral-­‐

preferring	
   neurons,	
   we	
   used	
   a	
   linear	
   regression	
   to	
   determine	
   the	
   relationship	
  

between	
   neurons’	
   spatial	
   selectivity	
   and	
   the	
   trial-­‐by-­‐trial	
   relationship	
   between	
  

firing	
  rates	
  and	
  reaction	
  times	
  (Fisher-­‐Z	
  transformed	
  correlation	
  coefficient)	
  (Figure	
  

29).	
   As	
   expected,	
   we	
   found	
   a	
   negative	
   relationship	
   between	
   the	
   correlation	
  

coefficients	
  and	
  spatial	
  selectivity	
  on	
  reward	
  contralateral	
  trials	
  (linear	
  regression,	
  

p	
  <	
  0.05)	
  and	
  a	
  positive	
  relationship	
  for	
  reward	
  ipsilateral	
  trials	
  (p	
  <	
  0.05).	
  We	
  also	
  

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

Firing rate (z-score)

Re
ac

tio
n 

tim
e 

(z
-s

co
re

)

No reward ipsi; n=27, r=-0.134, p=0.508

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

Firing rate (z-score)

Re
ac

tio
n 

tim
e 

(z
-s

co
re

)

No reward contra; n=16, r=-0.421, p=0.127

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

Firing rate (z-score)

Re
ac

tio
n 

tim
e 

(z
-s

co
re

)

Reward ipsi; n=31, r=0.331, p=0.080

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

Firing rate (z-score)

Re
ac

tio
n 

tim
e 

(z
-s

co
re

)

Reward contra; n=26, r=-0.441, p=0.035

a

dc

b



	
  

85	
  	
  

saw	
  a	
  negative	
  relationship	
  between	
  the	
  two	
  for	
  no-­‐reward	
  contralateral	
  trials	
  (p	
  <	
  

0.05)	
  and	
  no	
  relationship	
  for	
  no-­‐reward	
  ipsilateral	
  trials	
  (p	
  =	
  0.61).	
  	
  The	
  slope	
  of	
  the	
  

regression	
   lines	
   did	
   not	
   differ	
   across	
   reward	
   contingencies	
   for	
   contralateral	
  

saccades	
   (p	
   =	
   0.79,	
   ANCOVA),	
   but	
   did	
   differ	
   across	
   reward	
   contingency	
   for	
  

ipsilateral	
   saccades	
   (p	
   =	
   0.024).	
   The	
   fact	
   that	
   correlation	
   coefficients	
   and	
   spatial	
  

selectivity	
  were	
  correlated	
  on	
  each	
  trial	
  type	
  except	
  for	
  ipsilateral	
  no-­‐reward	
  trials	
  

may	
   indicate	
   that	
   amygdala	
   neurons	
   encode	
   this	
   relationship	
   between	
   firing	
   rate	
  

and	
  reaction	
  time	
  only	
  on	
  rewarded	
  and/or	
  contralateral	
  trials.	
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Figure	
  29:	
  Relationship	
  between	
  spatial	
   selectivity	
  and	
  correlation	
  coefficient	
  between	
   firing	
  rate	
  and	
  
reaction	
  time	
  varies	
  across	
  trial	
  conditions.	
  No	
  significant	
  relationship	
  between	
  correlation	
  coefficient	
  (FR	
  x	
  
RT)	
   and	
   spatial	
   selectivity	
   for	
   no-­‐reward	
   ipsilateral	
   trials	
   (a;	
   p	
   >	
   0.6)	
   but	
   a	
   positive	
   relationship	
   for	
   reward	
  
ipsilateral	
   trials	
   (b;	
   p	
   <	
   0.05).	
   Significant	
   negative	
   relationship	
   between	
   spatial	
   selectivity	
   and	
   correlation	
  
coefficient	
  in	
  both	
  contralateral	
  no-­‐reward	
  (c)	
  and	
  reward	
  (d)	
  trials	
  (p	
  <	
  0.05	
  for	
  both).	
  	
  

Spatial	
  selectivity	
  precedes	
  value	
  selectivity	
  in	
  both	
  the	
  trace-­‐conditioning	
  and	
  
operant	
  tasks	
  
	
  

These	
   data	
   indicate	
   that	
   the	
   amygdala	
   plays	
   a	
   role	
   in	
   spatial	
   attention	
   and	
  

that	
   it	
   is	
   especially	
   important	
   in	
   combining	
   information	
   about	
   spatial	
   and	
   value	
  

factors	
  in	
  the	
  period	
  preceding	
  target	
  onset,	
  before	
  the	
  performance	
  of	
  a	
  saccade,	
  in	
  

the	
   context	
   of	
   an	
   operant	
   task.	
   However,	
   they	
   tell	
   us	
   nothing	
   about	
   the	
   possible	
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neural	
   origins	
   for	
   these	
   signals.	
   In	
   order	
   to	
   further	
   examine	
   the	
   nature	
   of	
   these	
  

signals,	
  we	
  analyzed	
  the	
  latency	
  with	
  which	
  spatial	
  and	
  value	
  signals	
  arose	
  in	
  each	
  

task.	
  

We	
  first	
  quantified	
  these	
  latencies	
  for	
  each	
  neuron	
  (see	
  Methods),	
  including	
  

only	
  those	
  neurons	
  for	
  which	
  we	
  could	
  estimate	
  both	
  spatial	
  and	
  value	
  latencies	
  in	
  a	
  

given	
   task.	
  We	
   found	
   that	
   the	
   spatial	
   selectivity	
   latencies	
  were	
   shorter	
   than	
  value	
  

selectivity	
  latencies	
  for	
  46	
  (82%)	
  of	
  the	
  56	
  neurons	
  in	
  the	
  trace-­‐conditioning	
  tasks	
  

and	
   for	
  26	
   (67%)	
  of	
  33	
  neurons	
   in	
   the	
  operant	
   task.	
   	
  The	
  mean	
   spatial	
   and	
  value	
  

selectivity	
  latencies	
  were	
  132	
  and	
  218	
  ms	
  in	
  the	
  trace	
  tasks,	
  and	
  144	
  and	
  203	
  ms	
  in	
  

the	
  operant	
  task;	
  these	
  latencies	
  differed	
  significantly	
  from	
  one	
  another	
  in	
  each	
  task	
  

(Wilcoxon	
  sign-­‐rank	
  test,	
  p	
  <	
  0.001).	
  These	
  results	
  were	
  true	
  at	
  the	
  population	
  level	
  

as	
  well.	
  	
  

We	
   then	
   normalized	
   and	
   averaged	
   activity	
   across	
   all	
   neurons	
   that	
  

demonstrated	
  both	
  types	
  of	
  selectivity	
  in	
  the	
  cue	
  period	
  (100-­‐400	
  ms)	
  for	
  both	
  tasks	
  

(n	
  =	
  39	
  for	
  spatial	
  selectivity,	
  n	
  =	
  45	
  for	
  value	
  selectivity);	
  we	
  chose	
  to	
   look	
  at	
  the	
  

cue	
  period	
  to	
  examine	
  how	
  the	
  amygdala	
  responds	
  to	
  the	
  cue	
  itself.	
  We	
  found	
  that	
  

spatial	
  selectivity	
  preceded	
  value	
  selectivity	
  both	
  in	
  the	
  trace	
  tasks	
  (Figure	
  30a;	
  81	
  

ms	
  vs.	
  139	
  ms;	
  p	
  <	
  0.02,	
  bootstrap)	
  and	
  in	
  the	
  operant	
  task	
  	
  (Figure	
  30b;	
  77	
  ms	
  vs.	
  

160	
  ms;	
  p	
  <	
  0.0001),	
  but	
  that	
  the	
  latency	
  of	
  value	
  selectivity	
  and	
  spatial	
  selectivity	
  

did	
  not	
  differ	
  across	
  tasks	
  (p	
  >	
  0.54	
  for	
  each).	
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Figure	
  30:	
  Spatial	
  selectivity	
  precedes	
  value	
  selectivity	
  in	
  both	
  tasks.	
  Spatial	
  selectivity	
  latencies	
  (cyan)	
  are	
  
shorter	
  than	
  value	
  selectivity	
  latencies	
  (dark	
  blue)	
  in	
  the	
  trace-­‐conditioning	
  (a;	
  bootstrap,	
  p	
  <	
  0.02)	
  and	
  operant	
  
(b;	
  p	
  <	
  0.0001)	
  tasks.	
  Latencies	
  do	
  not	
  differ	
  across	
  tasks	
  (p	
  >	
  0.5	
  for	
  both).	
  	
  

	
  
These	
  findings	
  suggest	
  that	
  early	
  spatial	
  information	
  might	
  be	
  obtained	
  from	
  

bottom-­‐up	
   input	
   from	
   visual	
   areas,	
   as	
   these	
   input	
   are	
   more	
   reflexive	
   and	
   reflect	
  

responses	
   to	
   stimuli	
   that	
   violate	
   expectations	
   (Carrasco,	
   2011;	
   Corbetta	
   and	
  

Shulman,	
  2002).	
  Value	
  information,	
  on	
  the	
  other	
  hand	
  may	
  need	
  to	
  be	
  computed	
  in	
  

the	
   amygdala	
   or	
   areas	
   such	
   as	
   prefrontal	
   cortex	
   and	
   therefore	
   takes	
   longer	
   to	
  

manifest.	
  

Baseline	
  firing	
  rates	
  are	
  influenced	
  by	
  reward	
  expectation	
  

Figure	
   18	
   raises	
   the	
   question	
   of	
   whether	
   firing	
   rates	
   are	
   systematically	
  

higher	
  on	
  the	
  trace-­‐conditioning	
  task	
  compared	
  with	
  the	
  operant	
  task,	
  as	
  appears	
  to	
  

be	
  the	
  case	
  in	
  these	
  two	
  example	
  neurons	
  (Figure	
  18ac).	
  One	
  reason	
  that	
  we	
  might	
  

observe	
  differences	
  in	
  baseline	
  firing	
  rate	
  is	
  that	
  the	
  ‘state	
  value’	
  differs	
  between	
  the	
  

two	
  tasks.	
  State	
  value	
  is	
  a	
  measure	
  which	
  takes	
  into	
  account	
  changes	
  in	
  external	
  and	
  

internal	
   stimuli	
   (e.g.	
   satiation),	
   affects	
   responses	
   to	
   reinforcements	
   (Belova	
   et	
   al.,	
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2008),	
   and	
   varies	
   according	
   to	
   task	
   parameters	
   and	
   demands.	
   Thus,	
   state	
   value	
  

could	
  be	
  influenced	
  by	
  differences	
  between	
  the	
  two	
  tasks	
  such	
  as	
  difficulty,	
  rate	
  of	
  

reward,	
   and	
   proportion	
   of	
   correct	
   trials.	
  We	
   reasoned	
   that	
   the	
   trace-­‐conditioning	
  

tasks	
  were	
  a	
  more	
  valuable	
  state	
  since	
  monkeys	
  simply	
  had	
  to	
  passively	
  fixate,	
  and	
  

the	
  delivery	
  of	
  reward	
  was	
  guaranteed	
  given	
  successful	
   fixation.	
   Indeed,	
  we	
   found	
  

that	
  the	
  overall	
  rate	
  of	
  reward,	
  calculated	
  as	
  (solenoid	
  open	
  time	
  /	
  total	
  task	
  time),	
  

was	
   significantly	
   higher	
   in	
   the	
   trace-­‐conditioning	
   tasks	
   (0.04	
   vs.	
   0.02;	
   χ2-­‐test,	
   p	
   <	
  

0.0001).	
   In	
   this	
  case,	
  we	
  expected	
   that	
  any	
   task	
   influences	
  on	
  baseline	
   firing	
  rates	
  

would	
   be	
   dependent	
   on	
   neurons’	
   value	
   selectivity;	
   for	
   example,	
   positive	
   value-­‐

coding	
   neurons	
   might	
   fire	
   more	
   in	
   the	
   more	
   valuable	
   trace-­‐conditioning	
   tasks,	
  

whereas	
  negative	
  value-­‐coding	
  neurons	
  might	
  fire	
  less	
  in	
  these	
  tasks.	
  	
  

To	
  analyze	
  the	
  selectivity	
  of	
  baseline	
  firing	
  rates,	
  we	
  looked	
  at	
  neural	
  firing	
  in	
  

the	
   200	
  ms	
   before	
   cue	
   onset	
   and	
   compared	
   firing	
   rates	
   on	
   trials	
   6-­‐50	
   before	
   and	
  

after	
  reversal.	
  The	
  five	
  trials	
  both	
  before	
  and	
  after	
  reversal	
  were	
  excluded	
  in	
  order	
  

to	
   focus	
   on	
   steady-­‐state	
   activity.	
  We	
   analyzed	
   the	
   set	
   of	
   neurons	
  with	
   significant	
  

value	
  selectivity	
  in	
  at	
  least	
  one	
  of	
  the	
  three	
  time	
  bins	
  (100-­‐400	
  ms,	
  400-­‐850	
  ms,	
  and	
  

850-­‐1300	
   ms)	
   for	
   both	
   trace	
   and	
   operant	
   tasks;	
   this	
   included	
   41	
   neurons	
   with	
  

positive	
  value	
  selectivity	
  and	
  40	
  neurons	
  with	
  negative	
  value	
  selectivity	
  (2	
  neurons	
  

had	
  opposite	
  signs	
  of	
  selectivity	
  on	
  the	
  two	
  tasks	
  and	
  were	
  not	
  included).	
  Amongst	
  

positive	
  neurons,	
  13	
  (32%)	
  fired	
  significantly	
  more	
  on	
  the	
  trace	
  tasks	
  and	
  10	
  (24%)	
  

fired	
   significantly	
   more	
   on	
   the	
   operant	
   task.	
   For	
   negative	
   neurons,	
   a	
   higher	
  

proportion	
   fired	
   significantly	
  more	
   in	
   the	
   operant	
   task	
   (n	
   =	
   15,	
   38%)	
   than	
   in	
   the	
  

trace-­‐conditioning	
   tasks	
   (n	
  =	
  5,	
  13%).	
  Critically,	
   the	
  number	
  of	
  neurons	
   that	
   fired	
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significantly	
  more	
  in	
  the	
  trace	
  tasks	
  versus	
  the	
  number	
  of	
  neurons	
  that	
  fired	
  more	
  in	
  

the	
   operant	
   task	
   depended	
   on	
  whether	
   neurons	
  were	
   positive	
   or	
   negative	
   value-­‐

coding.	
  (χ2-­‐test,	
  p	
  =	
  0.0366).	
  For	
  neither	
  positive	
  nor	
  negative	
  neurons	
  did	
  the	
  order	
  

in	
  which	
  tasks	
  were	
  run	
  predict	
  the	
  sign	
  of	
  baseline	
  firing	
  rate	
  changes	
  (χ2-­‐test,	
  p	
  >	
  

0.18	
   for	
   both	
   positive	
   and	
   negative	
   value	
   neurons).	
   Thus,	
   it	
   seems	
   that	
   baseline	
  

firing	
  rates	
  were	
  influenced	
  by	
  the	
  ‘value’	
  of	
  the	
  tasks,	
  where	
  the	
  trace-­‐conditioning	
  

tasks	
  were	
  a	
  more	
  valuable	
  state.	
  

Discussion	
  
	
  

That	
   the	
   amygdala	
   encodes	
   stimulus-­‐outcome	
   associations	
   in	
   a	
   spatially	
  

nonspecific	
   manner	
   is	
   a	
   notion	
   that	
   remained	
   unchallenged	
   for	
   many	
   years.	
  

However,	
  it	
  was	
  recently	
  found	
  that	
  the	
  amygdala	
  coincidently	
  encodes	
  information	
  

about	
  cue	
  spatial	
  location	
  and	
  reward	
  associations	
  in	
  such	
  a	
  way	
  that	
  neurons	
  that	
  

prefer	
  rewarded	
  images	
  fire	
  more	
  for	
  contralateral	
  cues	
  and	
  negative	
  value-­‐coding	
  

neurons	
  prefer	
   ipsilateral	
   cues,	
   results	
   that	
  were	
   found	
   in	
  operant	
   tasks	
  requiring	
  

considerable	
  spatial	
  attention	
  (Peck	
  et	
  al.,	
  2013).	
  Given	
  these	
  findings,	
  we	
  sought	
  to	
  

address	
  in	
  what	
  conditions	
  such	
  spatial	
  coding	
  would	
  be	
  seen.	
  

As	
  discussed	
   in	
  Chapter	
  2,	
  we	
  found	
  no	
  such	
  systematic	
  encoding	
  of	
  spatial	
  

and	
  value	
   factors	
   in	
   the	
  trace-­‐conditioning	
  tasks.	
  To	
   learn	
  more	
  about	
  how	
  spatial	
  

signals	
   might	
   interact	
   with	
   value	
   signals	
   in	
   a	
   more	
   challenging	
   task,	
   we	
  

implemented	
  an	
  operant	
   task	
   that	
  was	
  more	
  similar	
   to	
   those	
  used	
   in	
   the	
  previous	
  

experiments	
  (Peck	
  et	
  al.,	
  2013),	
  with	
  the	
  change	
  that	
  only	
  one	
  stimulus	
  was	
  shown	
  

at	
  a	
  time.	
  We	
  chose	
  this	
  task	
  because	
  we	
  reasoned	
  that	
  it	
  would	
  be	
  less	
  demanding	
  

than	
  the	
  tasks	
  used	
  by	
  Peck	
  et	
  al.	
  on	
  both	
  the	
  visual	
  and	
  memory	
  systems.	
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In	
  this	
  chapter,	
  we	
  compared	
  behavioral	
  and	
  neural	
  responses	
  on	
  an	
  operant	
  

task	
   with	
   those	
   seen	
   in	
   the	
   trace-­‐conditioning	
   tasks.	
   Anticipatory	
   licking	
   in	
   the	
  

former	
   indicated	
   that,	
   as	
   in	
   the	
   trace	
   tasks,	
  monkeys	
  were	
  able	
   to	
  correctly	
  gauge	
  

stimulus-­‐outcome	
   associations	
   and	
   behave	
   accordingly;	
   this	
   was	
   not	
   surprising	
  

since	
  the	
  cues	
  used	
  in	
  this	
  task	
  were	
  the	
  same	
  as	
  those	
  used	
  in	
  the	
  space-­‐irrelevant	
  

trace-­‐conditioning	
   task.	
   Furthermore,	
   we	
   found	
   that	
   monkeys	
   performed	
   better	
  

(higher	
   hit	
   rate)	
   for	
   rewarded	
   trials	
   and	
   made	
   faster	
   saccades	
   (shorter	
   reaction	
  

time)	
  on	
  these	
  trials	
  as	
  well,	
   lending	
   further	
  support	
   to	
   the	
   fact	
   that	
   they	
  not	
  only	
  

learned	
  stimulus-­‐outcome	
  contingencies	
  but	
  paid	
  more	
  attention	
  to	
  rewarded	
  cues,	
  

as	
  hit	
  rate	
  and	
  reaction	
  time	
  are	
  classic	
  measures	
  of	
  attention.	
  

When	
   looking	
   at	
   neural	
   activity	
   in	
   the	
   trace	
   versus	
   operant	
   tasks,	
   one	
  

question	
  that	
  arose	
  was	
  whether	
  baseline	
  firing	
  rates	
  were	
  systematically	
  higher	
  on	
  

one	
   task	
   versus	
   the	
   other.	
   We	
   found	
   that	
   a	
   higher	
   proportion	
   of	
   positive	
   value-­‐

coding	
  neurons	
   fired	
  more	
  on	
   the	
   trace	
   tasks	
   than	
  on	
   the	
  operant	
   task,	
  whereas	
  a	
  

higher	
  proportion	
  of	
  negative	
  value-­‐coding	
  neurons	
  fired	
  more	
  on	
  the	
  operant	
  task	
  

than	
  the	
   trace	
   task.	
  Therefore,	
  whether	
  neurons	
   fired	
  more	
   in	
  one	
   task	
  versus	
   the	
  

other	
  depended	
  on	
  the	
  value	
  coding	
  (positive	
  or	
  negative)	
  of	
  the	
  cell;	
   this	
  was	
  not	
  

surprising,	
   as	
   the	
   trace-­‐conditioning	
   tasks	
   were	
   found	
   to	
   be	
   a	
   more	
   rewarding	
  

context.	
  

In	
  order	
  to	
  assess	
  what	
  role	
  the	
  amygdala	
  might	
  play	
  in	
  spatial	
  attention	
  in	
  

the	
   tasks	
  described	
  here,	
  we	
  examined	
   the	
  relationship	
  between	
  spatial	
  and	
  value	
  

selectivity	
   in	
   the	
   cue,	
   early	
   delay,	
   and	
   late	
   delay	
   epochs	
   on	
   the	
   operant	
   and	
   trace	
  

tasks.	
   We	
   found	
   that	
   neurons	
   in	
   the	
   amygdala	
   showed	
   more	
   enduring	
   spatially-­‐
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selective	
  responses	
   in	
  the	
  operant	
  task,	
   in	
  which	
  sustained	
  spatial	
  representations	
  

were	
  important	
  for	
  the	
  completion	
  of	
  a	
  memory-­‐guided	
  saccade	
  cued	
  by	
  the	
  location	
  

of	
   the	
   initial	
   visual	
   stimulus.	
   This	
   spatial	
   selectivity	
   specifically	
   manifested	
   in	
   a	
  

stronger	
   preference	
   for	
   contralateral	
   cues	
   in	
   the	
   positive	
   value-­‐coding	
   neural	
  

population,	
   and	
   greater	
   encoding	
   of	
   ipsilateral	
   cues	
   in	
   negative	
   value-­‐coding	
  

neurons.	
  	
  

One	
   question	
   we	
   explored	
   in	
   greater	
   detail	
   was	
   whether	
   the	
   relationship	
  

between	
   spatial	
   and	
   value	
   selectivity	
   was	
   due	
   to	
   the	
   fact	
   that	
   certain	
   neurons	
   in	
  

each	
  task	
  were	
  recorded	
  during	
  one	
  but	
  not	
   the	
  other	
  experiment.	
  Looking	
  at	
   just	
  

the	
   subset	
   of	
   neurons	
   that	
   were	
   recorded	
   during	
   both	
   tasks,	
   we	
   found	
   that	
   the	
  

correlation	
  between	
  spatial	
  and	
  value	
  selectivity	
  in	
  the	
  early	
  and	
  late	
  delay	
  periods	
  

in	
   operant	
   task	
   was	
   maintained.	
   Furthermore,	
   our	
   data	
   indicated	
   that	
   there	
   was	
  

more	
   coincident	
   encoding	
  of	
   spatial	
   and	
  value	
   selectivity	
   in	
   the	
  operant	
   task	
   than	
  

the	
   trace-­‐conditioning	
   task	
   in	
   the	
   late	
   delay	
   period	
   window,	
   which	
   supports	
   the	
  

hypothesis	
   that	
   the	
   demands	
   of	
   the	
   operant	
   task	
   were	
   better	
   able	
   to	
   elicit	
  

temporally-­‐sustained	
  spatial	
  signals.	
  	
  

We	
  examined	
  the	
  trial-­‐by-­‐trial	
  relationship	
  between	
  reaction	
  time	
  and	
  firing	
  

rates	
   to	
   investigate	
  whether	
  neural	
   firing	
   fluctuates	
  with	
  attention.	
  We	
   found	
   that	
  

the	
   two	
   were	
   negatively	
   correlated	
   for	
   saccades	
   to	
   the	
   preferred	
   direction	
   (e.g.	
  

reward	
   contralateral	
   trials	
   for	
   contralateral-­‐preferring	
   neurons)	
   and	
   positively	
  

correlated	
  for	
  the	
  non-­‐preferred	
  direction	
  on	
  rewarded	
  trials.	
  We	
  also	
  determined	
  

that	
  there	
  was	
  a	
  negative	
  relationship	
  between	
  the	
  correlation	
  coefficient	
  describing	
  

the	
   relationship	
   between	
   firing	
   rate	
   and	
   reaction	
   time,	
   and	
   spatial	
   selectivity	
   for	
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reward	
  contralateral	
  trials,	
  and	
  a	
  positive	
  relationship	
  for	
  reward	
  ipsilateral	
  trials.	
  

This	
   lends	
   further	
   support	
   to	
   the	
   idea	
   that	
   the	
   amygdala	
   plays	
   a	
   role	
   in	
   spatial	
  

attention,	
  not	
  other	
  functions	
  such	
  as	
  vigilance,	
  in	
  which	
  the	
  signs	
  of	
  the	
  correlation	
  

would	
  be	
  the	
  same,	
  not	
  opposite,	
  across	
  saccade	
  directions.	
  

Lastly,	
  we	
  examined	
  the	
   latencies	
  of	
  spatial	
  and	
  value	
  selectivity	
  and	
   found	
  

that	
  the	
  former	
  were	
  shorter	
  the	
  latter	
  in	
  both	
  tasks.	
  Of	
  note,	
  the	
  latencies	
  for	
  spatial	
  

and	
   value	
   selectivity	
   separately	
   were	
   not	
   different	
   across	
   tasks.	
   That	
   spatial	
  

selectivity	
   emerges	
   earlier	
   than	
   value	
   selectivity	
   may	
   indicate	
   that	
   the	
   amygdala	
  

receives	
  bottom-­‐up	
  spatial	
  information	
  but	
  computes	
  value	
  information	
  or	
  receives	
  

it	
  from	
  areas	
  such	
  as	
  prefrontal	
  cortex.	
  

Conclusion	
  

The	
   findings	
   in	
   this	
  work	
   suggest	
   that	
   the	
   amygdala	
   plays	
   a	
   role	
   in	
   spatial	
  

attention	
   by	
   linking	
   stimulus-­‐outcome	
   contingencies	
   with	
   spatial	
   features	
   in	
   the	
  

more	
  cognitively	
  engaging	
  context	
  of	
  the	
  operant	
  task.	
  These	
  findings	
  are	
  important	
  

because	
   they	
   indicate	
   that	
   the	
   lack	
  of	
   systematic	
   relationship	
  between	
  spatial	
   and	
  

value	
  selectivity	
  seen	
  in	
  previous	
  experiments	
  (Chapter	
  2)	
  are	
  due	
  to	
  task	
  demands.	
  

The	
  findings	
  in	
  this	
  chapter	
  of	
  a	
  relationship	
  in	
  which	
  positive	
  value-­‐coding	
  neurons	
  

more	
   strongly	
   encode	
   rewarded	
   stimuli	
   and	
   vice	
   versa	
   accord	
  with	
   findings	
   from	
  

recent	
   studies	
   (Peck	
   et	
   al.,	
   2013)	
   and	
   indicate	
   that	
   this	
   area	
   of	
   study	
   should	
   be	
  

explored	
   in	
  order	
  to	
  assess	
  the	
  role	
  of	
   the	
  amygdala	
   in	
  spatial	
  attention	
   in	
  greater	
  

detail.	
  

Methods	
  Overview	
  
	
  

Experiments	
  were	
  performed	
  using	
  two	
  male	
  primates	
  of	
  the	
  species	
  Macaca	
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mulatta	
   (Rhesus	
  macaques).	
   During	
   experiments,	
  monkeys’	
   heads	
  were	
   fixed	
   and	
  

animals	
  were	
  comfortably	
  seated	
  in	
  and	
  otherwise	
  allowed	
  to	
  move	
  freely	
  within	
  a	
  

Plexiglas	
  primate	
  chair	
  (Christ	
  Instruments).	
  Animals	
  were	
  monitored	
  in	
  the	
  booths	
  

using	
  an	
   infrared	
  video	
  camera,	
  and	
  eye	
  position	
  was	
  monitored	
  using	
  an	
   infrared	
  

eye	
  tracking	
  system	
  (ASL/Eyelink).	
  Experimental	
  tasks	
  were	
  run	
  on	
  EXPO	
  software,	
  

and	
   the	
   Blackrock	
   system	
   was	
   used	
   for	
   data	
   collection.	
   Licking	
   behavior	
   was	
  

measured	
   to	
   assess	
   learning.	
   Surgeries	
   and	
   MRI-­‐guided	
   chamber	
   placement	
   with	
  

targeting	
  of	
  the	
  amygdala	
  were	
  described	
  previously.	
  All	
  animal	
  procedures	
  were	
  in	
  

accordance	
  with	
  NIH	
  guidelines	
  and	
  were	
  approved	
  by	
  the	
  Institutional	
  Animal	
  Care	
  

and	
   Use	
   Committee	
   (IACUC)	
   at	
   New	
   York	
   State	
   Psychiatric	
   Institute	
   (NYSPI)	
   and	
  

Columbia	
  University.	
  

Behavioral	
  training:	
  Operant	
  task	
  
	
  

The	
   operant	
   task	
   began	
   in	
   much	
   the	
   same	
   way	
   as	
   the	
   trace-­‐conditioning	
  

tasks	
  described	
   in	
  Chapter	
  2	
  –	
  specifically,	
  with	
   the	
  appearance	
  of	
  a	
   fixation	
  point	
  

(0.25°,	
   variable	
   fixation	
  period,	
  blue	
  square	
   to	
   indicate	
  different	
  context)	
   followed	
  

by	
  a	
  visual	
  stimulus	
  (7°	
  eccentricity,	
  300	
  ms).	
  The	
  visual	
  stimulus	
  was	
  presented	
  for	
  

300	
  ms	
  instead	
  of	
  the	
  350	
  ms	
  timing	
  in	
  the	
  trace-­‐conditioning	
  task;	
  this	
  timing	
  was	
  

chosen	
   to	
  match	
   that	
   in	
   Peck	
   et	
   al.	
   (2013).	
   After	
   the	
   visual	
   stimulus	
   disappeared	
  

from	
  the	
  screen,	
   there	
  was	
  a	
  variable	
  delay	
  of	
  between	
  1000	
  and	
  2000	
  ms,	
  during	
  

which	
  only	
  the	
  fixation	
  point	
  remained	
  on	
  the	
  screen.	
  The	
  delay	
  period	
  was	
  followed	
  

by	
  the	
  appearance	
  of	
  a	
  gabor	
  grating	
  patch	
  (50	
  ms),	
  which	
  served	
  as	
  the	
  target	
  as	
  

well	
  as	
  the	
  “go”	
  signal,	
  at	
  the	
  location	
  where	
  the	
  cue	
  had	
  previously	
  appeared.	
  After	
  

the	
  appearance	
  of	
  this	
  target,	
  monkeys	
  were	
  required	
  to	
  perform	
  a	
  memory-­‐guided	
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saccade	
  to	
  the	
  location	
  where	
  the	
  grating	
  had	
  appeared	
  within	
  a	
  window	
  of	
  100-­‐600	
  

ms	
  after	
  target	
  onset.	
  	
  

If	
   monkeys	
   maintained	
   fixation	
   throughout	
   the	
   fixation,	
   cue,	
   and	
   delay	
  

periods	
  and	
  then	
  performed	
  a	
  correct	
  saccade,	
  the	
  outcome	
  predicted	
  by	
  the	
  cue	
  –	
  

reward	
  or	
  no	
  reward	
  –	
  was	
  delivered	
  with	
  100%	
  probability.	
   If	
   the	
  saccade	
  to	
  the	
  

target	
   was	
   not	
   performed	
   within	
   the	
   window	
   of	
   100-­‐600	
   ms	
   after	
   the	
   target	
  

appeared	
  or	
  was	
  performed	
   incorrectly,	
   the	
  saccade	
  was	
  considered	
   incorrect	
  and	
  

no	
   reward	
  was	
  delivered.	
   If	
   fixation	
  was	
  broken	
  during	
   the	
   fixation,	
   cue,	
   or	
   delay	
  

periods,	
   the	
   trial	
  was	
   repeated	
   to	
   ensure	
   that	
  monkeys	
   did	
   not	
   break	
   fixation	
   on	
  

selective	
  trials,	
  such	
  as	
  non-­‐rewarded	
  trials.	
  Anticipatory	
  licking	
  was	
  again	
  used	
  to	
  

determine	
   that	
   monkeys	
   had	
   learned	
   stimulus-­‐outcome	
   associations,	
   and	
  

contingencies	
  were	
  reversed	
  after	
  learning	
  was	
  established.	
  

Neural	
  data	
  collection	
  	
  
	
  

The	
   operant	
   task	
   was	
   implemented	
   in	
   October	
   2012.	
   For	
   monkey	
   O,	
   108	
  

neurons	
  were	
  recorded	
  in	
  the	
  right	
  hemisphere	
  during	
  the	
  36	
  sessions	
  in	
  which	
  the	
  

monkey	
   performed	
   both	
   trace	
   and	
   operant	
   tasks.	
   Of	
   those	
   neurons,	
   132	
   were	
  

recorded	
   for	
   both	
   tasks.	
   For	
   monkey	
   MT,	
   recordings	
   were	
   also	
   conducted	
   in	
   the	
  

right	
   hemisphere.	
   Six	
   of	
   these	
   recording	
   sessions	
   were	
   performed	
   using	
   single	
  

electrodes,	
  yielding	
  32	
  neurons,	
  and	
  25	
  recording	
  sessions	
  were	
  completed	
  using	
  a	
  

24-­‐contact	
   U-­‐Probe	
   (Plexon);	
   during	
   these	
   sessions,	
   a	
   total	
   of	
   403	
   neurons	
   were	
  

recorded.	
  	
  

A	
   motorized	
   multi-­‐electrode	
   drive	
   (NAN)	
   was	
   used	
   to	
   advance	
   electrodes,	
  

after	
  which	
   the	
  brain	
  was	
  allowed	
  to	
  settle	
  while	
  monkeys	
  sat	
   in	
   the	
  dark,	
  sound-­‐
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attenuated	
  booth.	
  The	
  Blackrock	
  system	
  was	
  used	
  for	
  signal	
  amplification,	
  filtering,	
  

and	
   digitizing	
   of	
   spike	
   waveforms,	
   and	
   offline	
   spike	
   sorting	
   was	
   performed	
   after	
  

recording	
  sessions	
  had	
  concluded.	
  

Data	
  analysis	
  
	
  

Choice	
   of	
   time	
   windows	
   for	
   analysis.	
  We	
   analyzed	
   data	
   in	
   the	
   three	
   time	
  

epochs	
   described	
   in	
   Chapter	
   2:	
   100-­‐400	
   ms	
   after	
   cue	
   onset	
   (the	
   visual	
   stimulus	
  

epoch),	
  400-­‐850	
  ms	
  (the	
  early	
  delay	
  period),	
  and	
  850-­‐1300	
  ms	
  after	
  cue	
  onset	
  (the	
  

late	
  delay	
  period).	
  The	
  cue	
  epoch	
  was	
  chosen	
  to	
  incorporate	
  the	
  last	
  250	
  ms	
  of	
  the	
  

cue	
  period	
  and	
  50	
  ms	
  afterward	
  (trace-­‐conditioning	
  tasks)	
  or	
  last	
  200	
  ms	
  of	
  the	
  cue	
  

period	
   and	
   100	
   ms	
   afterward	
   (operant	
   task);	
   this	
   discrepancy	
   was	
   due	
   to	
   the	
  

different	
  cue	
  durations	
  (350	
  ms	
  for	
  the	
  trace-­‐conditioning	
  tasks	
  versus	
  300	
  for	
  the	
  

operant	
   task,	
   the	
   latter	
   chosen	
   to	
   correspond	
   to	
   the	
   timing	
   used	
   in	
   Peck	
   et	
   al.	
  

(2013)).	
   The	
   late	
   delay	
   epoch	
   lasted	
   until	
   just	
   before	
   the	
   first	
   possible	
   time	
   the	
  

target	
   could	
   appear	
   (1300	
   ms)	
   to	
   eliminate	
   the	
   possibility	
   of	
   any	
   target-­‐related	
  

visual	
  activity.	
  

Calculation	
  and	
  comparison	
  of	
  spatial	
  and	
  value	
  selectivity	
  indices.	
  Calculation	
  

of	
   spatial	
   and	
   value	
   selectivity	
   indices	
   and	
   determination	
   of	
   the	
   relationship	
  

between	
   the	
   two	
   are	
   as	
   described	
   in	
   Chapter	
   2.	
   To	
   compare	
   regression	
   slopes	
  

directly	
  across	
  tasks,	
  we	
  used	
  an	
  ANCOVA	
  (p	
  <	
  0.05)	
  to	
  assess	
  whether	
  there	
  was	
  a	
  

significant	
  difference.	
  

Correlation	
   between	
   firing	
   rate,	
   reaction	
   time,	
   and	
   spatial	
   selectivity.	
  When	
  

examining	
   the	
   correlation	
   between	
   firing	
   rate	
   and	
   reaction	
   time,	
   we	
   looked	
   at	
  

saccade	
   direction	
   and	
   reward	
   contingency	
   separately	
   (4	
   conditions;	
   2	
   spatial	
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locations	
  x	
  2	
  reward	
  conditions).	
  For	
  individual	
  neurons,	
  and	
  within	
  each	
  condition,	
  

we	
  first	
  z-­‐scored	
  the	
  firing	
  rate	
  and	
  reaction	
  times	
  for	
  the	
  data	
  before	
  and	
  after	
  the	
  

reversal;	
   this	
   was	
   done	
   to	
   ensure	
   that	
   any	
   differences	
   in	
   either	
   metric	
   did	
   not	
  

contributed	
  to	
  the	
  measured	
  strength	
  of	
  correlations.	
  After	
  z-­‐scoring,	
  we	
  combined	
  

the	
   pre-­‐	
   and	
   post-­‐reversal	
   data,	
   computed	
   the	
   correlation	
   coefficient,	
   and	
   applied	
  

the	
   Fisher	
   Z-­‐transformation.	
   We	
   then	
   used	
   a	
   linear	
   regression	
   to	
   determine	
   the	
  

relationship	
   between	
   spatial	
   selectivity	
   (ROC)	
   and	
   the	
   trial-­‐by-­‐trial	
   relationship	
  

correlation	
   between	
   firing	
   rate	
   and	
   reaction	
   times	
   (Fisher-­‐Z	
   transformed	
  

correlation	
   coefficient);	
   only	
   cells	
   for	
   which	
   the	
   correlation	
   coefficient	
   was	
  

computed	
  for	
  at	
  least	
  15	
  trials	
  were	
  included	
  in	
  this	
  analysis.	
  	
  

Latency	
  analyses.	
  For	
  all	
  instances	
  where	
  we	
  computed	
  the	
  latency	
  of	
  spatial	
  

and	
  value	
  selectivity,	
  we	
  defined	
  the	
  latency	
  as	
  the	
  first	
  of	
  50	
  (population	
  latencies)	
  

or	
  15	
  (individual	
  neurons	
  latencies)	
  consecutive	
  bins	
  (30	
  ms	
  bins	
  slid	
  by	
  1	
  ms)	
  for	
  

which	
  the	
  comparison	
  of	
  interest	
  was	
  significant	
  (P	
  <	
  0.05).	
  	
  

For	
   population	
   value	
   latencies,	
   we	
   first	
   computed	
   the	
   differences	
   in	
   firing	
  

rates	
  in	
  response	
  to	
  (1)	
  cues	
  associated	
  with	
  reward	
  versus	
  cues	
  associated	
  with	
  no	
  

reward,	
  and	
  (2)	
  cues	
  appearing	
  contralaterally	
  versus	
  cues	
  appearing	
   ipsilaterally.	
  

We	
  limited	
  this	
  analysis	
  to	
  the	
  set	
  of	
  neurons	
  for	
  which	
  value	
  and	
  spatial	
  selectivity	
  

were	
  significant	
  (p	
  <	
  0.05,	
  Wilcoxon)	
  in	
  the	
  earliest	
  time	
  window	
  (100-­‐400	
  ms)	
  for	
  

the	
  trace-­‐conditioning	
  and	
  operant	
  tasks;	
  this	
  yielded	
  a	
  total	
  of	
  39	
  neurons	
  for	
  the	
  

latency	
  of	
  spatial	
   information	
  and	
  45	
  neurons	
  for	
  the	
  latency	
  of	
  value	
  information.	
  

We	
   used	
   the	
   stricter	
   criterion	
   to	
   analyze	
   population	
   data	
   to	
   ensure	
   that	
   any	
  

differences	
  in	
  latencies	
  were	
  not	
  due	
  to	
  the	
  use	
  of	
  only	
  partially	
  overlapping	
  neural	
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populations.	
  A	
  bootstrap	
  analysis	
  (where	
  the	
  set	
  of	
  cells	
  was	
  chosen	
  randomly	
  with	
  

replacement)	
  was	
  used	
  to	
  test	
  the	
  significance	
  of	
  latency	
  differences.	
  	
  

Firing	
  rate	
  differences	
  were	
  combined	
  across	
  neurons	
  with	
  opposite	
  signs	
  of	
  

selectivity	
  by	
  (1)	
  subtracting	
  any	
  baseline	
  firing	
  rate	
  differences	
  (200	
  ms	
  before	
  cue	
  

onset),	
   (2)	
   dividing	
   by	
   the	
   (absolute)	
   peak	
   deviation	
   from	
   zero	
   during	
   the	
   signal	
  

period,	
   and	
   (3)	
   multiplying	
   by	
   the	
   sign	
   of	
   value/spatial	
   selectivity.	
   Neural	
  

discrimination	
   in	
   each	
   post-­‐cue	
   time	
   bin	
   was	
   tested	
   against	
   zero	
   (Wilcoxon,	
   p	
   <	
  

0.05).	
  	
  

For	
   the	
   selectivity	
   latencies	
   of	
   individual	
   neurons,	
  we	
   compared	
   firing	
   rate	
  

distributions	
   across	
   reward	
   and	
   spatial	
   conditions,	
   as	
   in	
   the	
   population	
   analysis.	
  

The	
   analysis	
   of	
   selectivity	
   latencies	
   was	
   limited	
   to	
   the	
   set	
   of	
   neurons	
   that	
  

demonstrated	
   significant	
   value	
   and	
   spatial	
   selectivity	
   in	
   the	
   100-­‐400	
   ms	
   time	
  

window	
   in	
   a	
   given	
   task.	
   We	
   used	
   a	
   fairly	
   stringent	
   criterion	
   to	
   ensure	
   that	
   the	
  

measured	
   latencies	
   were	
   accurate;	
   as	
   a	
   result,	
   value	
   latencies	
   and	
   visual	
   onset	
  

latencies	
  could	
  only	
  be	
  computed	
  for	
  a	
  subset	
  of	
  neurons	
  in	
  the	
  trace	
  tasks	
  (n	
  =	
  56)	
  

or	
  operant	
  task	
  (n	
  =	
  33).	
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Chapter	
  4:	
  Conclusions,	
  translational	
  research,	
  and	
  future	
  
directions	
  
	
  

Conclusions	
  	
  

Summary	
  of	
  results	
  
	
  

In	
   this	
  work,	
  we	
  sought	
   to	
  address	
  what	
   role	
   the	
  amygdala	
  plays	
   in	
   spatial	
  

attention	
   and	
   how	
   task	
   demands	
   affect	
   how	
   this	
   brain	
   area	
   jointly	
   encodes	
   cue-­‐

related	
  spatial	
  and	
  value	
   factors.	
  To	
  do	
  this,	
  we	
  required	
  monkeys	
  to	
  perform	
  two	
  

different	
   types	
  of	
   tasks.	
   In	
   the	
   trace-­‐conditioning	
   tasks,	
  no	
  action	
  was	
  required	
  on	
  

the	
   monkey’s	
   part.	
   The	
   other	
   type	
   of	
   task	
   was	
   an	
   operant	
   task,	
   in	
   which	
   spatial	
  

location	
  was	
  irrelevant	
  for	
  predicting	
  reward,	
  and	
  monkeys	
  were	
  required	
  to	
  make	
  

a	
   saccade	
   to	
   the	
   cues’	
   former	
   spatial	
   locations.	
   This	
   latter	
   task	
   necessitated	
   that	
  

monkeys	
  pay	
  attention	
  to	
  a	
  particular	
  spatial	
   location,	
  whereas	
   in	
  the	
  former	
  task,	
  

space	
  could	
  be	
  ignored	
  once	
  value	
  had	
  been	
  computed.	
  	
  

To	
   explore	
   how	
   spatial	
   representations	
   that	
   are	
   not	
   necessary	
   for	
   guiding	
  

attention	
  are	
  used	
  to	
  compute	
  value,	
  we	
  used	
  two	
  versions	
  of	
  the	
  trace-­‐conditioning	
  

tasks,	
  one	
   in	
  which	
  cues’	
   spatial	
   location	
  was	
  not	
  predictive	
  of	
   reward	
  and	
  one	
   in	
  

which	
  it	
  was.	
  Given	
  previous	
  findings	
  of	
  coordinated	
  spatial-­‐	
  and	
  value-­‐coding	
  in	
  the	
  

amygdala	
   (Peck	
  et	
   al.,	
   2013),	
  we	
  expected	
   that	
  positive	
  and	
  negative	
  value-­‐coding	
  

neurons	
  would	
   show	
  preferential	
   encoding	
  of	
   contralateral	
   and	
   ipsilateral	
   stimuli,	
  

respectively.	
   However,	
   we	
   found	
   that	
   there	
   was	
   no	
   evidence	
   of	
   a	
   systematic	
  

relationship	
   between	
   spatial	
   and	
   value	
   selectivity	
   during	
   trace	
   conditioning.	
  

Because	
  our	
   tasks	
  differed	
   from	
  previous	
  ones	
   in	
   their	
  demands	
  on	
   cognitive	
   and	
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memory	
  systems	
  –	
  previous	
  tasks	
  represented	
  a	
  highly-­‐demanding	
  operant	
  context	
  

that	
  required	
  behavioral	
  actions	
  to	
  successfully	
  complete	
  trials	
  (Peck	
  et	
  al.,	
  2013)	
  –	
  	
  

the	
   fact	
   that	
   our	
   results	
   differ	
   suggests	
   that	
   the	
   relationship	
   between	
   spatial	
   and	
  

value	
   selectivity	
   is	
   task-­‐dependent	
   and	
   may	
   fluctuate	
   with	
   attention	
   or	
   other	
  

cognitive	
   processes	
   such	
   as	
   working	
   memory.	
   Although	
   a	
   systematic	
  

correspondence	
   between	
   spatial	
   and	
   value	
   selectivity	
   was	
   not	
   seen	
   in	
   the	
   trace-­‐

conditioning	
  tasks,	
  we	
  did	
  see	
  that	
  neurons	
  encoded	
  spatial	
  as	
  well	
  as	
  value	
  features	
  

in	
  these	
  tasks,	
  and	
  that	
  they	
  do	
  so	
  similarly	
  whether	
  space	
  is	
  or	
  is	
  not	
  relevant	
  for	
  

predicting	
  outcomes.	
  The	
  proportion	
  of	
  value-­‐selective	
  neurons	
  remained	
  relatively	
  

constant,	
  whereas	
  the	
  number	
  of	
  spatially-­‐selective	
  cells	
  decreased	
  over	
  the	
  course	
  

of	
  a	
  given	
  trial.	
  

What	
   might	
   explain	
   the	
   fact	
   that	
   amygdala	
   neurons	
   do	
   not	
   systematically	
  

encode	
  spatial	
  and	
  value	
  selectivity	
  in	
  the	
  trace-­‐conditioning	
  tasks,	
  and	
  that	
  spatial	
  

selectivity	
  attenuates	
  quickly	
  after	
  the	
  disappearance	
  of	
  the	
  visual	
  stimulus	
  in	
  these	
  

less	
  demanding	
  tasks?	
  First,	
  the	
  tasks	
  in	
  which	
  spatial	
  selectivity	
  was	
  first	
  found	
  to	
  

be	
  associated	
  with	
  value	
   selectivity	
  were	
  not	
  only	
  operant,	
  but	
  very	
  attentionally-­‐

demanding	
  as	
  well.	
   In	
   these	
  tasks,	
   it	
  was	
  advantageous	
   for	
  monkeys	
  to	
  maintain	
  a	
  

representation	
  of	
  not	
  one	
  but	
  two	
  cue	
  spatial	
   locations,	
  a	
  representation	
  that	
   later	
  

aided	
   them	
   in	
   the	
  performance	
  of	
  a	
   spatially	
  directed	
  saccade.	
  Because	
   two	
  visual	
  

stimuli	
  were	
   shown	
   simultaneously,	
  monkeys	
   did	
   not	
   know	
   in	
  which	
   location	
   the	
  

target	
   would	
   appear.	
   Conversely,	
   in	
   the	
   trace-­‐conditioning	
   tasks	
   described	
   here,	
  

monkeys	
  were	
  presented	
  with	
  only	
  one	
  visual	
  stimulus	
  at	
  a	
  time,	
  and	
  therefore	
  had	
  

to	
  attend	
   to	
  only	
  one	
  spatial	
   location.	
  Furthermore,	
   these	
   tasks	
  did	
  not	
  require	
  an	
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operant	
   action,	
   which	
   meant	
   that	
   monkeys	
   did	
   not	
   have	
   to	
   maintain	
   a	
  

representation	
  of	
  the	
  cue	
  location	
  because	
  no	
  subsequent	
  saccade	
  or	
  discrimination	
  

was	
  required.	
  	
  

We	
   found	
   that,	
   in	
   contrast	
   to	
   the	
   trace-­‐conditioning	
   task	
   results,	
   neurons	
  

systematically	
  encoded	
  space	
  and	
  value	
  in	
  the	
  operant	
  task,	
  lending	
  further	
  support	
  

to	
  the	
  idea	
  that	
  space-­‐value	
  coding	
  is	
  task-­‐dependent.	
  	
  Unlike	
  the	
  experiments	
  that	
  

motivated	
   these	
   studies	
   (Peck	
   et	
   al.,	
   2013),	
   in	
  which	
   two	
   stimuli	
   were	
   presented	
  

simultaneously	
  and	
  monkeys	
  had	
  to	
  pay	
  attention	
  to	
  both	
  locations	
  at	
  once	
  because	
  

they	
  could	
  not	
  predict	
  at	
  which	
  cue	
   location	
   the	
   target	
  would	
  appear,	
  our	
  operant	
  

task	
   involved	
   the	
  presentation	
  of	
   just	
  one	
  cue	
  at	
  a	
   time.	
  Thus,	
   the	
  coordination	
  of	
  

spatial	
   and	
   value	
   selectivity	
   was	
   not	
   dependent	
   on	
   the	
   appearance	
   of	
   multiple	
  

stimuli	
   and	
  was	
  more	
   likely	
   due	
   to	
   requirement	
   that	
  monkeys	
   pay	
   attention	
   to	
   a	
  

spatial	
  location	
  and	
  perform	
  an	
  action.	
  	
  

The	
  fact	
  that	
  systematic	
  spatial	
  and	
  value	
  coding	
  was	
  seen	
  in	
  the	
  operant	
  task	
  

implemented	
  here	
  lends	
  further	
  support	
  to	
  the	
  fact	
  that	
  task	
  demands	
  affect	
  spatial	
  

coding	
  in	
  the	
  amygdala.	
  As	
  mentioned	
  previously,	
  the	
  trace-­‐conditioning	
  tasks	
  were	
  

not	
   very	
   demanding	
   on	
   cognitive	
   resources,	
   as	
   only	
   fixation	
   was	
   required;	
   or	
   on	
  

working	
  memory,	
  because	
  no	
  representation	
  of	
  cue	
  location	
  was	
  required	
  in	
  order	
  

to	
   obtain	
   the	
   reward.	
   In	
   the	
   operant	
   task,	
   however,	
   monkeys	
   were	
   forced	
   to	
  

remember	
   the	
   cue	
   location	
   and	
   to	
   plan	
   a	
   saccade	
   to	
   the	
   target	
   location	
   so	
   as	
   to	
  

receive	
  the	
  reward.	
  	
  

In	
  the	
  operant	
  task,	
  we	
  also	
  examined	
  the	
  trial-­‐to-­‐trial	
  relationship	
  between	
  

neural	
   firing	
   rates	
   and	
   attention,	
   as	
   reflected	
   by	
   monkeys’	
   reaction	
   times	
   for	
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saccadic	
  eye	
  movements.	
  We	
  found	
  that	
  higher	
  firing	
  rates	
  fluctuated	
  with	
  reaction	
  

times	
   in	
  a	
  manner	
  consistent	
  with	
  spatial	
  attention.	
  The	
  relationship	
  we	
  observed	
  

between	
  firing	
  rates	
  and	
  trial-­‐to-­‐trial	
  fluctuations	
  in	
  reaction	
  times	
  were	
  similar	
  to	
  

those	
   laid	
   out	
   in	
   Peck	
   et	
   al.	
   (2013);	
   however,	
   Peck	
   et	
   al.	
   found	
   that	
   this	
  

correspondence	
   between	
   firing	
   rates	
   and	
   reaction	
   times	
   appeared	
   only	
   when	
  

stimuli	
  that	
  were	
  highly	
  valuable	
  based	
  on	
  their	
  association	
  with	
  reward	
  appeared	
  

in	
   the	
   contralateral	
   hemifield.	
   Fundamental	
  differences	
  between	
   the	
   tasks	
  used	
   in	
  

those	
   experiments	
   and	
   the	
   ones	
   used	
   here	
   might	
   explain	
   these	
   differences,	
  

particularly	
   the	
   use	
   of	
   simultaneously	
   presented	
   cues	
   in	
   Peck	
   et	
   al.	
   (2013)	
   as	
  

compared	
  to	
  the	
  individual	
  cues	
  presented	
  here.	
  	
  

Together,	
  these	
  results	
  indicate	
  that	
  task	
  demands	
  play	
  a	
  large	
  role	
  in	
  spatial	
  

encoding	
  in	
  the	
  amygdala.	
  As	
  discussed	
  further	
  in	
  a	
  subsequent	
  section,	
  both	
  value-­‐	
  

and	
  spatial-­‐coding	
  neurons	
  were	
  found	
  in	
  both	
  the	
  trace	
  and	
  operant	
  tasks.	
  The	
  fact	
  

that	
  a	
  systematic	
  relationship	
  between	
  spatial	
  and	
  value	
  coding	
  was	
  not	
  seen	
  in	
  the	
  

trace-­‐conditioning	
  tasks	
  suggests	
  only	
  that	
  these	
  tasks	
  were	
  not	
  challenging	
  enough	
  

on	
   cognitive	
   or	
   memory	
   systems	
   to	
   engage	
   such	
   coincident	
   coding,	
   whereas	
   the	
  

demands	
  of	
  the	
  operant	
  task	
  were	
  sufficient	
  to	
  elicit	
  this	
  relationship	
  between	
  space	
  

and	
  value.	
  Further,	
   the	
   trial-­‐to-­‐trial	
   relationship	
  between	
   firing	
   rates	
   and	
   reaction	
  

times	
   in	
   the	
  operant	
   tasks	
   is	
   suggestive	
   of	
   the	
   amygdala	
  playing	
   a	
   role	
   in	
   guiding	
  

spatial	
  attention.	
  This	
  will	
  be	
  discussed	
  in	
  greater	
  detail	
  in	
  the	
  sections	
  that	
  follow.	
  

The	
  Amygdala:	
  Value	
  and	
  Attention	
  
	
  

The	
  role	
  of	
  the	
  amygdala	
  in	
  emotional	
  processing	
  is	
  well	
  established	
  (Kluver	
  

and	
   Bucy,	
   1937;	
   LeDoux,	
   2000;	
  Weiskrantz,	
   1956),	
   and	
   this	
   area	
   is	
   known	
   to	
   be	
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involved	
   in	
   forming	
   stimulus-­‐outcome	
   associations,	
   especially	
   in	
   the	
   context	
   of	
  

aversive	
   outcomes,	
   as	
   in	
   fear	
   conditioning	
   (reviewed	
   in	
   (LeDoux,	
   1998)).	
   The	
  

amygdala	
  is	
  also	
  known	
  to	
  be	
  involved	
  in	
  the	
  encoding	
  of	
  appetitive	
  stimuli	
  (Belova	
  

et	
   al.,	
   2007;	
   Paton	
   et	
   al.,	
   2006).	
   Indeed,	
   stimuli	
   that	
   have	
   inherent	
   motivational	
  

value,	
  such	
  as	
  food,	
  provoke	
  responses	
  in	
  the	
  amygdala	
  (Nishijo	
  et	
  al.,	
  1988),	
  as	
  do	
  

facial	
   expressions	
   of	
   other	
  monkeys	
   (Gothard	
   et	
   al.,	
   2007)	
   as	
  well	
   as	
   stimuli	
   that,	
  

through	
  learning,	
  come	
  to	
  predict	
  food-­‐related	
  outcomes	
  (Sanghera	
  et	
  al.,	
  1979).	
  

The	
   amygdala	
   is	
   connected	
   with	
   other	
   brain	
   areas	
   that	
   play	
   a	
   part	
   in	
  

mediating	
   emotional	
   processes,	
   including	
   areas	
   in	
   the	
   prefrontal	
   cortex.	
   For	
  

example,	
  bidirectional	
  connections	
  between	
  the	
  amygdala	
  and	
  orbitofrontal	
  cortex	
  

(OFC)	
   (Ghashghaei	
   et	
   al.,	
   2007)	
   appear	
   to	
   be	
   important	
   in	
   establishing	
   and	
  

maintaining	
   stimulus-­‐outcome	
   associations	
   (Ramirez	
   and	
   Savage,	
   2007).	
  

Additionally,	
  neural	
  populations	
  in	
  both	
  brain	
  areas	
  encode	
  stimulus	
  value	
  (Belova	
  

et	
  al.,	
  2007;	
  Morrison	
  and	
  Salzman,	
  2009;	
  Paton	
  et	
  al.,	
  2006).	
  OFC	
  neurons	
  have	
  also	
  

been	
  shown	
  to	
  encode	
  such	
  factors	
  as	
  chosen	
  value,	
  offer	
  value,	
  and	
  stimulus	
  (juice)	
  

identity	
  (Padoa-­‐Schioppa	
  and	
  Assad,	
  2006)	
  in	
  choice	
  tasks,	
  as	
  well	
  as	
  differences	
  in	
  

reward	
  size	
  throughout	
  the	
  course	
  of	
  an	
  experimental	
  session	
  (O'Neill	
  and	
  Schultz,	
  

2010).	
   The	
   amygdala	
   and	
   OFC	
   are	
   also	
   strongly	
   connected	
   with	
   ventral	
   anterior	
  

cingulate	
   cortex	
   (vACC)	
   (Carmichael	
   and	
   Price,	
   1996;	
   Ghashghaei	
   et	
   al.,	
   2007),	
  

which	
  plays	
  a	
  role	
  in	
  encoding	
  the	
  value	
  of	
  stimulus-­‐outcome	
  associations	
  (Cai	
  and	
  

Padoa-­‐Schioppa,	
  2012).	
  

Other	
   functions	
   of	
   the	
   amygdala	
   include	
   roles	
   in	
   arousal	
   and	
   perception,	
  

(LeDoux,	
   2007).	
   Stimulation	
   of	
   the	
   amygdala	
   had	
   been	
   found	
   to	
   induce	
   neural	
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activity	
   (Kapp	
   et	
   al.,	
   1994)	
   and	
   behavioral	
   responses	
   (Ursin	
   and	
   Kaada,	
   1960)	
  

similar	
   to	
   those	
   seen	
   in	
   aroused	
   and/or	
   attentionally-­‐engaged	
   states.	
   What	
   is	
  

unclear	
  is	
  whether	
  the	
  amygdala	
  only	
  plays	
  a	
  role	
  in	
  regulating	
  arousal	
  with	
  respect	
  

to	
   emotional	
   stimuli	
   or	
   whether	
   it	
   may	
   also	
   register	
   the	
   spatial	
   location	
   of	
   the	
  

emotional	
   stimuli	
   themselves.	
   Until	
   recently,	
   spatial	
   properties	
   in	
   the	
   amygdala	
  

were	
  not	
  examined	
  in	
  much	
  detail,	
  and	
  early	
  studies	
  examining	
  the	
  visual	
  properties	
  

of	
   amygdala	
   neurons	
   directly	
   made	
   no	
   mention	
   of	
   particular	
   spatial	
   features,	
  

although	
   in	
   these	
   experiments	
   gaze	
   was	
   not	
   measured	
   and	
   fixation	
   was	
   not	
  

rigorously	
   required	
   (Sanghera	
   et	
   al.,	
   1979).	
   	
   Lending	
   further	
   support	
   to	
   the	
  

assumption	
   that	
   the	
   amygdala	
   was	
   not	
   involved	
   in	
   spatial	
   coding,	
   the	
  

interconnected	
  areas	
  mentioned	
  above	
  (OFC	
  and	
  vACC)	
  do	
  not	
  demonstrate	
  spatial	
  

selectivity	
  (Padoa-­‐Schioppa	
  and	
  Assad,	
  2006;	
  Wallis	
  and	
  Miller,	
  2003).	
  	
  

Despite	
  the	
  lack	
  of	
  physiological	
  evidence	
  implicating	
  the	
  amygdala	
  in	
  spatial	
  

attention	
   and/or	
   spatial	
   processing	
   in	
   general,	
   a	
   number	
   of	
   indirect	
   results	
   point	
  

towards	
   the	
   possibility	
   that	
   it	
   is	
   indeed	
   involved.	
   For	
   example,	
   unilateral	
  

inactivation	
  of	
   the	
   lateral	
  nucleus	
  of	
   the	
  amygdala	
  during	
   fear	
  conditioning	
  blocks	
  

learning	
  and	
  expression	
  of	
  conditioned	
  freezing	
  when	
  a	
   tone	
  predicts	
  an	
  electrical	
  

shock	
  to	
  the	
  eyelid	
  contralateral	
  to	
  the	
  injection,	
  but	
  not	
  when	
  it	
  was	
  paired	
  with	
  an	
  

ipsilateral	
   shock	
   (Blair	
   et	
   al.,	
   2005).	
   Anatomical	
   evidence	
   for	
   some	
   spatial	
  

specialization	
  comes	
  from	
  the	
  observation	
  that	
  direct	
  projections	
  between	
  the	
  two	
  

amygdalae	
  are	
  not	
  present	
   in	
  monkeys	
  (Demeter	
  et	
  al.,	
  1990);	
  each	
  amygdala	
  may	
  

therefore	
   be	
   specialized	
   for	
   encoding	
   the	
   value	
   of	
   the	
   stimuli	
   that	
   appear	
  

contralateral	
   to	
   it.	
  Additionally,	
  amygdala	
  projections	
  to	
  the	
  ventral	
  visual	
  cortices	
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terminate	
   primarily	
   in	
   ipsilateral	
   brain	
   areas	
   (Iwai	
   and	
   Yukie,	
   1987).	
   Consistent	
  

with	
   the	
   hemispheric	
   specificity	
   of	
   these	
   projections,	
   human	
   amygdala	
   lesions	
  

attenuate	
   the	
   preferential	
   BOLD	
   response	
   to	
   emotional	
   stimuli	
   in	
   visual	
   areas	
  

ipsilateral	
   to	
   the	
   lesion,	
   but	
   not	
   in	
   contralateral	
   visual	
   areas	
   (Vuilleumier	
   et	
   al.,	
  

2004).	
  	
  

The	
   role	
   of	
   the	
   amygdala	
   in	
   spatial	
   processing	
   was	
   directly	
   addressed	
   by	
  

recent	
   experiments	
   by	
   Peck	
   et	
   al.	
   that	
   found	
   that	
   the	
   amygdala	
   multiplexes	
  

information	
  about	
  cue	
  spatial	
  location	
  and	
  reward	
  associations.	
  It	
  does	
  so	
  in	
  such	
  a	
  

way	
   that	
   positive	
   value-­‐coding	
   neurons	
   fire	
  more	
   strongly	
   for	
   contralateral	
   cues,	
  

and	
   negative	
   value-­‐coding	
   neurons	
   more	
   strongly	
   encode	
   ipsilateral	
   cues.	
  

Furthermore,	
  trial-­‐to-­‐trial	
  fluctuations	
  in	
  firing	
  rate	
  were	
  found	
  to	
  predict	
  attention	
  

paid	
  to	
  cues.	
  It	
  is	
  important	
  to	
  note	
  that	
  these	
  results	
  were	
  found	
  in	
  the	
  context	
  of	
  

operant	
  tasks	
  that	
  necessitated	
  considerable	
  spatial	
  attention	
  because	
  they	
  showed	
  

two	
  stimuli	
  simultaneously	
  and	
  required	
  monkeys	
  to	
  attend	
  to	
  both	
  of	
  them	
  because	
  

the	
  location	
  of	
  a	
  subsequent	
  target	
  was	
  not	
  known	
  (Peck	
  et	
  al.,	
  2013).	
  	
  

Origins	
  of	
  spatial	
  selectivity	
  in	
  the	
  amygdala	
  
	
  

Despite	
  the	
  identification	
  of	
  spatial	
  signals	
  in	
  the	
  amygdala,	
  it	
  is	
  still	
  unclear	
  

where	
   these	
   spatial	
   signals	
   might	
   come	
   from.	
   The	
   amygdala	
   primarily	
   receives	
  

visual	
  from	
  the	
  terminus	
  of	
  the	
  ventral	
  visual	
  stream,	
  the	
  inferotemporal	
  (IT)	
  cortex	
  

(Freese	
   and	
   Amaral,	
   2005;	
   Webster	
   et	
   al.,	
   1991)	
   in	
   which	
   neurons	
   are	
   highly	
  

selective	
  for	
  complex	
  objects	
  (Desimone	
  et	
  al.,	
  1984)	
  but	
  have	
  typically	
  been	
  viewed	
  

as	
  being	
  relative	
  insensitive	
  to	
  their	
  spatial	
  properties	
  (DiCarlo	
  and	
  Maunsell,	
  2000).	
  

However,	
   some	
   studies	
   have	
   shown	
   that	
   IT	
   neurons	
   do	
   show	
   some	
  weak	
   spatial	
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selectivity,	
   with	
   a	
   preference	
   for	
   contralateral	
   stimuli	
   over	
   ipsilateral	
   stimuli	
  

(DiCarlo	
  and	
  Maunsell,	
  2003;	
  Op	
  De	
  Beeck	
  and	
  Vogels,	
  2000),	
  and	
  its	
  possible	
  that	
  

this	
   selectivity	
  may	
   be	
   important	
   for	
   building	
   the	
   spatial	
   signals	
   that	
  we	
   observe	
  

here	
  and	
  Peck	
  et	
  al.	
   (2013).	
  Unlike	
   the	
  projections	
   from	
  the	
  ventral	
  visual	
  stream,	
  

the	
  amygdala	
  receives	
  few	
  direct	
  projections	
  from	
  areas	
  in	
  the	
  frontal	
  and	
  parietal	
  

cortices	
  that	
  are	
  typically	
  associated	
  with	
  spatial	
  processing	
  (Freese,	
  2009).	
  

Another	
  possibility	
  is	
  that	
  the	
  amygdala	
  receives	
  visuospatial	
  information	
  via	
  

subcortical	
   pathways	
   that	
   bypass	
   the	
   visual	
   cortices.	
   A	
   superior	
   colliculus	
   to	
  

pulvinar	
   pathway	
   has	
   been	
   proposed	
   for	
   providing	
   rapid	
   visual	
   input	
   to	
   the	
  

amygdala,	
   and	
   the	
   existence	
   of	
   this	
   type	
   of	
   anatomical	
   pathway	
   has	
   been	
  

demonstrated	
  in	
  marmosets	
  (Stepniewska	
  et	
  al.,	
  2000).	
  Furthermore,	
  the	
  responses	
  

of	
  individual	
  neurons	
  in	
  the	
  pulvinar	
  are	
  spatially-­‐selective	
  and	
  modulated	
  by	
  where	
  

attention	
   is	
   allocated	
   (Berman	
   and	
  Wurtz,	
   2011).	
   However,	
   the	
   latency	
   of	
   visual	
  

responses	
  in	
  the	
  macaque	
  amygdala	
  is	
  inconsistent	
  with	
  strong	
  input	
  from	
  this	
  fast	
  

subcortical	
   pathway	
   (Pessoa	
   and	
   Adolphs,	
   2010)	
   as	
   is	
   the	
   latency	
   at	
   which	
   we	
  

observe	
  spatial	
  selectivity	
  (Figure	
  30).	
  	
  

Prefrontal	
  areas	
  might	
  also	
  be	
  responsible	
  for	
  sending	
  spatial	
  signals	
  to	
  the	
  

amygdala,	
   although	
   the	
  areas	
   that	
  do	
  show	
  spatial	
   selectivity,	
   such	
  as	
  dorsolateral	
  

and	
   ventrolateral	
   prefrontal	
   cortices	
   (DLPFC	
   and	
  VLPFC,	
   respectively)	
   (Kennerley	
  

and	
  Wallis,	
  2009),	
  are	
  not	
  as	
  strongly	
  connected	
  to	
  the	
  amygdala	
  (Ghashghaei	
  et	
  al.,	
  

2007).	
   Dorsal	
   anterior	
   cingulate	
   cortex	
   (dACC)	
   neurons	
   encode	
   spatial	
   aspects	
   of	
  

motor	
   responses	
   as	
  well	
   the	
   subjective	
   value	
   of	
   stimuli	
   (Cai	
   and	
   Padoa-­‐Schioppa,	
  

2012),	
   and	
  a	
   small	
  population	
  of	
  neurons	
   in	
  ACC	
  may	
   combine	
   information	
  about	
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the	
   spatial	
   location	
   of	
   stimuli	
   and	
   their	
   association	
   with	
   reward	
   (Kaping	
   et	
   al.,	
  

2011),	
   but	
   it	
   is	
   unclear	
   both	
  whether	
   these	
   neurons	
   project	
   to	
   the	
   amygdala	
   and	
  

whether	
  they	
  coordinate	
  spatial	
  and	
  value	
  selectivity	
  as	
  we	
  observe	
  here.	
  	
  

Despite	
  the	
  strong	
  connections	
  between	
  the	
  amygdala	
  and	
  OFC	
  that	
  may	
  be	
  

important	
  for	
  processing	
  value	
  information	
  (Baxter,	
  2002),	
   it	
  does	
  not	
  appear	
  that	
  

this	
  connectivity	
  is	
  important	
  for	
  combining	
  value	
  and	
  spatial	
  information.	
  Previous	
  

studies	
  have	
  demonstrated	
  a	
  lack	
  of	
  spatial	
  selectivity	
  for	
  visual	
  stimuli	
  in	
  neurons	
  

in	
   primate	
   OFC	
   (Padoa-­‐Schioppa	
   and	
   Assad,	
   2006;	
   Tremblay	
   and	
   Schultz,	
   2000).	
  

Rodent	
   data	
   are	
   inconsistent	
   with	
   these	
   results,	
   however,	
   with	
   some	
   studies	
  

showing	
  that	
  OFC	
  neurons	
  do	
  indeed	
  encode	
  spatial	
  variables	
  such	
  as	
  port	
  location	
  

(Feierstein	
   et	
   al.,	
   2006).	
   This	
   discrepancy	
  may	
   be	
   due	
   to	
   the	
   fact	
   that	
   rodent	
   and	
  

primate	
  OFC	
  are	
  not	
  homologous	
   (Furuyashiki	
   and	
  Gallagher,	
  2007).	
  Of	
  particular	
  

relevance	
  here	
  is	
  the	
  study	
  conducted	
  by	
  Padoa-­‐Schioppa	
  and	
  Assad	
  (2006),	
  where	
  

the	
   task	
  monkeys	
  performed	
  was	
  similar	
   to	
   that	
  used	
   in	
  Peck	
  et	
  al.	
   (2013)	
   in	
   that	
  

stimuli	
  of	
  different	
  values	
  appeared	
  simultaneously	
  and	
  were	
  spatially	
  segregated,	
  

and	
  the	
  monkey	
  had	
  to	
  saccade	
  to	
  one	
  of	
  the	
  locations.	
  In	
  contrast	
  to	
  the	
  findings	
  of	
  

Peck	
   et	
   al.	
   (2013),	
   neurons	
   recorded	
   in	
   OFC	
   during	
   the	
   task	
   exhibited	
   very	
   little	
  

spatial	
   selectivity;	
   however,	
   monkeys	
   were	
   not	
   perceptually	
   challenged	
   as	
   in	
   the	
  

tasks	
   used	
   by	
   Peck	
   et	
   al.	
   (2013),	
   and	
   the	
   limited	
   attentional	
   demands	
   in	
   Padoa-­‐

Schioppa	
   and	
   Assad	
   (2006)	
   may	
   explain	
   the	
   lack	
   of	
   spatial	
   selectivity.	
   This	
  

explanation	
   is	
   less	
   likely,	
   however,	
   since	
   even	
   in	
   the	
   relatively	
   passive	
   trace-­‐

conditioning	
   tasks	
   used	
   here,	
   the	
   prevalence	
   of	
   spatially-­‐selective	
   amygdala	
  

neurons	
  was	
  considerably	
  greater	
  than	
  that	
  of	
  OFC	
  neurons	
  in	
  Padoa-­‐Schioppa	
  and	
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Assad	
   (2006),	
  where	
   less	
   than	
   five	
   percent	
   of	
   neurons	
   encoded	
   spatial	
   factors	
   or	
  

motor	
  output.	
  	
  

The	
  amygdala’s	
  role	
  in	
  spatial	
  attention	
   	
  
	
  

While	
   our	
   results	
   suggest	
   that	
   the	
   activity	
   of	
   amygdala	
   neurons	
   fluctuates	
  

with	
  attention,	
  they	
  do	
  not	
  necessarily	
  indicate	
  that	
  the	
  firing	
  rates	
  of	
  these	
  neurons	
  

are	
   actually	
   influencing	
   attention.	
   For	
   example,	
   other	
   brain	
   areas	
   may	
   directly	
  

influence	
  attention	
  while	
  the	
  amygdala	
  simply	
  receives	
  a	
  copy	
  of	
  this	
  signal.	
  Because	
  

this	
   research	
   was	
   purely	
   correlational,	
   it	
   is	
   impossible	
   to	
   draw	
   definitive	
  

conclusions	
  about	
  the	
  brain	
  areas	
  that	
  are	
  influencing	
  attention;	
  however,	
  a	
  number	
  

of	
   results	
   appear	
   to	
   suggest	
   that	
   the	
   amygdala	
   does	
   in	
   fact	
   play	
   a	
   causal	
   role	
   in	
  

attention.	
   First,	
   previous	
   experiments	
   have	
   demonstrated	
   that	
   the	
   electrical	
  

stimulation	
  of	
  the	
  amygdala	
  can	
  induce	
  attention-­‐like	
  responses	
  (Ursin	
  and	
  Kaada,	
  

1960)	
   and	
   that	
   amygdala	
   lesions	
   can	
   result	
   in	
   attention	
   deficits	
   (Adolphs	
   et	
   al.,	
  

2005).	
   Second,	
   the	
   amygdala	
   is	
   anatomically	
   well	
   positioned	
   to	
   play	
   a	
   role	
   in	
  

influencing	
  attention.	
  It	
  not	
  only	
  projects	
  to	
  cortex	
  (Freese,	
  2009)	
  but	
  also	
  to	
  areas	
  

implicated	
   in	
   attention	
   (Holland	
   and	
   Gallagher,	
   1999).	
   Furthermore,	
   projections	
  

from	
  the	
  amygdala	
  to	
  areas	
  in	
  the	
  ventral	
  visual	
  cortices	
  (Amaral	
  and	
  Price,	
  1984)	
  

are	
  a	
  likely	
  neural	
  substrate	
  of	
  this	
  influence.	
  	
  

Our	
   results	
   differ	
   from	
   other	
   accounts	
   of	
   attention-­‐coding	
   in	
   the	
   primate	
  

brain	
   in	
   that	
   there	
  were	
  a	
  number	
  of	
  neurons	
   that	
  reflected	
  attention	
  deployment	
  

with	
   decreases	
   in	
   firing	
   rates.	
   Amongst	
   those	
   neurons	
   that	
   are	
   significantly	
  

modulated	
  by	
  attention	
  allocation	
   in	
  brain	
  areas	
  such	
  as	
  V4	
  (Mitchell	
  et	
  al.,	
  2007)	
  

and	
   the	
   lateral	
   intraparietal	
   area	
   (LIP)	
   (Peck	
   et	
   al.,	
   2009;	
   Sugrue	
   et	
   al.,	
   2004)	
   the	
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vast	
   majority	
   fire	
   more	
   when	
   attention	
   is	
   directed	
   towards	
   the	
   contralateral	
  

hemifield.	
   A	
   simple	
   explanation	
   for	
   the	
  mixed	
   sign	
   of	
   selectivity	
   in	
   the	
   amygdala	
  

could	
  be	
  that	
  neurons	
  that	
  prefer	
  contralateral	
  or	
   ipsilateral	
  stimuli	
  are	
  excitatory	
  

and	
  inhibitory,	
  respectively;	
  however,	
  there	
  is	
  no	
  evidence	
  to	
  indicate	
  that	
  the	
  sign	
  

of	
   amygdala	
   neurons’	
   value	
   selectivity	
   (which	
   is	
   itself	
   strongly	
   correlated	
   with	
  

spatial	
   selectivity)	
   is	
   predictive	
   of	
   whether	
   neurons	
   are	
   excitatory	
   or	
   inhibitory	
  

(Peck	
   et	
   al.,	
   2013).	
   This	
   distinction	
   between	
   excitation	
   and	
   inhibition	
   may	
   be	
  

irrelevant	
  anyway	
  since	
  the	
  sign	
  of	
  attention	
  modulation	
  seems	
  to	
  be	
  the	
  same	
  for	
  

putative	
  excitatory	
  and	
  inhibitory	
  neurons	
  in	
  V4	
  (Mitchell	
  et	
  al.,	
  2007).	
  Additionally,	
  

amygdala	
  projections	
  to	
  visual	
  cortices	
  terminate	
  primarily	
  in	
  ipsilateral	
  areas	
  (Iwai	
  

and	
  Yukie,	
   1987)	
   and	
  appear	
   to	
  be	
   excitatory	
   (Freese	
   and	
  Amaral,	
   2006).	
  Thus,	
   it	
  

may	
  be	
  that	
  the	
  sign	
  of	
  spatial	
  selectivity	
  is	
  predictive	
  of	
  whether	
  these	
  projections	
  

target	
  downstream	
  excitatory	
  or	
  inhibitory	
  neurons.	
  

Mapping	
  the	
  spatial	
  properties	
  of	
  amygdala	
  neurons’	
  response	
  fields	
  will	
  be	
  

an	
   important	
   step	
   in	
   gaining	
   insight	
   into	
   the	
   nature	
   of	
   the	
   projections	
   to	
   visual	
  

cortex.	
   If	
   the	
   amygdala	
   does	
   indeed	
   have	
   defined	
   receptive	
   fields,	
   projections	
   to	
  

ventral	
  visual	
  areas	
  may	
  target	
  neural	
  populations	
  that	
  represent	
  specific	
  portions	
  

of	
  the	
  visual	
  field;	
  this	
  particularly	
  relevant	
  for	
  projections	
  to	
  areas	
  like	
  V1,	
  V2,	
  and	
  

V4,	
  where	
  there	
  is	
  a	
  systematic	
  representation	
  of	
  the	
  visual	
  field.	
  On	
  the	
  other	
  hand,	
  

spatial	
   selectivity	
   in	
   the	
   amygdala	
   may	
   be	
   limited	
   to	
   the	
   distinction	
   between	
  

contralateral	
   versus	
   ipsilateral,	
   in	
   which	
   case	
   amygdala	
   projections	
   may	
  

indiscriminately	
  targets	
  neurons	
  in	
  ipsilateral	
  visual	
  areas.	
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Relation	
  to	
  translational	
  research	
  
	
  

Amygdala	
  dysfunction	
  has	
  been	
  linked	
  to	
  neuropsychiatric	
  disorders	
  such	
  as	
  

autism	
  (Adolphs	
  et	
  al.,	
  2005;	
  Baron-­‐Cohen	
  et	
  al.,	
  2000)	
  and	
  schizophrenia	
   (Hall	
  et	
  

al.,	
   2008).	
   When	
   looking	
   at	
   faces,	
   healthy	
   subjects	
   focus	
   on	
   emotionally	
   relevant	
  

features	
  such	
  as	
  the	
  eyes	
  and	
  mouth	
  in	
  order	
  to	
  interpret	
  others’	
  emotional	
  states.	
  

Patients	
  with	
  autism,	
  however,	
  do	
  not	
  show	
  the	
  same	
  patterns	
  of	
  gaze,	
  which	
  may	
  in	
  

part	
   account	
   for	
   their	
   inability	
   to	
   read	
   others’	
   emotions	
   (Pelphrey	
   et	
   al.,	
   2002).	
  

Patients	
   with	
   schizophrenia,	
   on	
   the	
   other	
   hand,	
   show	
   overactivation	
   in	
   the	
  

amygdala	
   when	
   shown	
   neutral	
   faces	
   (Hall	
   et	
   al.,	
   2008)	
   and	
   have	
   difficulty	
  

suppressing	
   gaze-­‐following	
   when	
   viewing	
   faces,	
   even	
   when	
   it	
   is	
   disadvantageous	
  

(Langdon	
  et	
  al.,	
  2006).	
  	
  

The	
   results	
   of	
   the	
   work	
   described	
   in	
   this	
   dissertation	
   might	
   help	
   us	
  

understand	
   such	
   diseases	
   as	
   autism	
   and	
   schizophrenia.	
   Since	
   it	
   is	
   believed	
   that	
  

amygdala	
  pathology	
  may	
  underlie	
  these	
  diseases	
  (Adolphs	
  et	
  al.,	
  2005;	
  Baron-­‐Cohen	
  

et	
  al.,	
  2000;	
  Hall	
  et	
  al.,	
  2008),	
  findings	
  suggesting	
  a	
  role	
  for	
  the	
  amygdala	
  in	
  spatial	
  

attention	
  may	
  help	
  explain	
  why	
  attention	
  to	
  emotionally	
  significant	
  features	
  such	
  as	
  

a	
   person’s	
   eyes	
   is	
   abnormal	
   in	
   these	
   conditions.	
   Although	
   much	
   remains	
   to	
   be	
  

learned	
   about	
   the	
   role	
   of	
   the	
   amygdala	
   in	
   spatial	
   attention,	
   this	
   work	
   provides	
  

evidence	
   for	
   a	
   role	
   in	
   spatial	
   processing,	
  which	
  may	
  pay	
   an	
   important	
   role	
   in	
   the	
  

field	
  of	
  neuropathology.	
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