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Abstract	  

Drug	   addiction	   and	   some	   eating	   disorders	   present	   striking	   similarities	   in	  

their	   behavioural	   symptoms.	   It	   has	   been	   postulated	   that	   excessive	  

consumption	   of	   drugs	   of	   abuse	   and	   palatable	   food	   could	   lead	   to	   the	  

development	  of	  similar	  neuronal	  alterations	  in	  the	  brain	  reward	  circuit	  that	  

may	  account	  for	  the	  resemblance	  of	  these	  pathologies.	  In	  the	  present	  thesis,	  

we	   demonstrate	   that	   repeated	   operant	   training	   with	   palatable	   food	  

promotes	   behavioural	   alterations	   and	   structural	   plasticity	   changes	   in	   the	  

mesocorticolimbic	   circuit	   that	   are	   reminiscent	   to	   those	   observed	   with	  

drugs	  of	   abuse.	  Furthermore,	  we	   identify	   the	   cannabinoid	   receptor	  1	  as	  a	  

common	  neurobiological	  substrate	  underlying	  these	  alterations.	  Finally,	  we	  

uncover	  several	  synaptic	  proteins	  commonly	  implicated	  in	  the	  retrieval	  of	  

drug	   and	   palatable	   food	   rewarding	  memories	   that	  may	   represent	   part	   of	  

the	   common	   neurobiological	   basis	   underlying	   drug	   and	   palatable	   food	  

craving.	  

	  

Resumen	  

La	  adicción	  a	   las	  drogas	  de	  abuso	  y	  determinados	   trastornos	  alimentarios	  

comparten	   varios	   síntomas	   comportamentales.	   Algunos	   estudios	   han	  

sugerido	  que	  el	  consumo	  excesivo	  de	  drogas	  y	  de	  comida	  palatable	  podrían	  

producir	   alteraciones	   neuronales	   similares	   en	   el	   circuito	   cerebral	   de	  

recompensa.	  En	  esta	  tesis,	  hemos	  demostrado	  que	  un	  aprendizaje	  operante	  

prolongado	   con	   comida	   palatable	   provoca	   la	   aparición	   de	   alteraciones	  

comportamentales	   y	   cambios	   de	   plasticidad	   estructurales	   en	   el	   circuito	  

mesocorticolimbico	   que	   son	   reminiscentes	   de	   los	   observados	   con	   las	  

drogas	  de	  abuso.	  	  Así	  mismo,	  hemos	  identificamos	  al	  receptor	  cannabinoide	  



	  

	  viii	  

1	  como	  un	  sustrato	  neurobiológico	  común	  a	  estas	  alteraciones.	  Finalmente,	  

hemos	   caracterizado	   varias	   proteínas	   sinápticas	   implicadas	   en	   la	  

reactivacion	  de	  la	  memoria	  asociada	  a	  los	  efectos	  placenteros	  de	  las	  drogas	  

y	   la	   comida	   palatable.	   Nuestras	   observaciones	   contribuyen	   a	   definir	   las	  

bases	  neuronales	  subyacentes	  a	  la	  necesidad	  de	  consumir	  drogas	  y	  comida	  

palatable.	  
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1. DRUG ADDICTION 

1.1. Overview 

Drug	   addiction,	   also	   known	   as	   substance	   dependence,	   represents	   an	  

abnormal	   behavioural	   state,	   in	   which	   individuals	   develop	   a	   chronic	   and	  

uncontrolled	  consumption	  toward	  a	  natural	  or	  synthetic	  compound,	  named	  

drug	  of	  abuse.	  Although	  considered	   in	   the	  past	  as	   lack	  of	  will	  power,	  or	  a	  

way	   of	   self-‐destruction,	   it	   is	   now	   clear	   that	   drug	   addiction	   is	   a	  

neuropsychiatric	   disease	   (O'Brien,	   2003).	   Indeed,	   growing	   evidences	  

acknowledge	   that	   drug	   addiction	   results	   from	   different	   cognitive	   and	  

psychological	   dysfunctions,	   due	   to	   the	   repeated	   pharmacological	   insult	  

exerted	   by	   drugs	   of	   abuse	   on	   the	   brain	   (Kalivas	   and	   Volkow,	   2005).	  

Clinically,	  this	  brain	  disease	  can	  be	  diagnosed	  thanks	  to	  several	  psychiatric	  

manuals,	  such	  as	  the	  Diagnostic	  and	  Statistical	  Manual	  of	  Mental	  Disorders	  

(DSM)	  of	  the	  American	  Psychiatric	  Association	  (DSM-‐IV;	  APA,	  1994).	  Thus,	  

according	   to	   its	   last	   version,	   the	   DSM	   IV,	   drug	   consumption	   is	   clinically	  

considered	   pathologic	   if	   drug	   users	   manifest	   at	   least	   three	   different	  

symptomatic	  criteria,	  among	  all	  described,	  in	  a	  same	  12-‐month	  period	  (see	  

box	   1).	   Nevertheless,	   in	   an	   attempt	   to	   summarize,	   neuroscientists	  

commonly	  agreed	  to	  defined	  drug	  addiction	  as	  a	  chronically	  relapsing	  brain	  

disease	  characterized	  by	  three	  main	  criteria:	  (1)	  loss	  of	  control	   in	  limiting	  

or	  stopping	  drug	  intake,	  (2)	  compulsion	  to	  seek	  and	  take	  the	  drug	  despite	  

harmful	   consequences,	   and	   (3)	   emergence	   of	   a	   negative	   emotional	   state	  

when	  access	  to	  the	  drug	  is	  prevented	  (Koob	  and	  Volkow,	  2010).	  
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	  	  	  	  	  Box	  1.	  Symptomatic	  criteria	  that	  are	  required	  by	  the	  DSM	  IV	  (three	  or	  more	  in	  the	  
same	  12	  month	  period)	   to	  define	  a	  maladaptive	  pattern	  of	  substance	  use	  as	  drug	  
addiction	  
	  

In	  the	  last	  decades,	  drug	  availability	  and	  purity	  have	  importantly	  increased	  

with	   the	   improvement	  of	  drug	  processing,	  and	   in	  parallel	   the	  rate	  of	  drug	  

use.	   In	   fact,	   it	   is	   estimated	   that	  230	  millions,	  or	  5	  %	  of	   the	  entire	  world’s	  

adult	  population	  (i.e.	  people	  aged	  15-‐64),	  have	  used	  an	  illicit	  drug	  at	   least	  

once	  in	  2010.	  Moreover,	  the	  legal	  use	  of	  tobacco	  and	  alcohol	  is	  even	  more	  

concerning,	   with	   an	   annual	   prevalence	   of	   use	   of	   25%	   and	   42%	   in	   the	  

world’s	   adult	   population,	   respectively.	   These	   high	   rates	   of	   drug	   use	   are	  

therefore	   a	   critical	   threat	   for	   public	   health,	   as	   chronic	   drug	   uses	   have	  

catastrophic	   health	   and	   social	   consequences.	   In	   fact,	   drug	   consumption,	  

including	   licit	  and	   illicit	  drugs,	   represents,	  nowadays,	   the	   leading	  cause	  of	  

worldwide	  preventable	  death	  (UNODC,	  World	  Drug	  Report	  2012).	  	  

In	  this	  context,	  few	  therapeutic	  options	  are	  available	  and	  the	  best	  strategies	  

still	  rely	  on	  medical	  prevention	  and	  reinforcement	  of	  drug	  control	  policies.	  

At	   a	   clinical	   level,	   addiction	   can	   be	   treated	   by	   behavioural	   therapies	   that	  

provide	   a	   psychological	   support	   to	   help	   to	   quit	   the	   drug,	   combined	  with	  
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pharmaco-‐substitution	   to	   alleviate	   withdrawal	   syndrome	   (National	  

institute	  of	  drug	  of	  abuse,	  1999).	  Nevertheless,	  actual	  addiction	  treatments	  

remain	   largely	   unsuccessful.	   Thus,	   once	   become	   addicted,	   it	   is	   observed	  

that	   most	   of	   individuals	   (i.e.	   80	   to	   90%)	   seeking	   for	   treatment,	   actually	  

relapse	  at	  least	  once	  in	  their	  life,	  if	  not	  constantly	  (Hendershot	  et	  al,	  2011).	  

Therefore,	   this	   high	   rate	   of	   relapse	   to	   drug	   use	   after	   detoxification	  

represents	  a	  major	  clinical	  problem,	  and	  understanding	  the	  neurobiology	  of	  

relapse	  constitutes	  the	  primary	  challenge	  of	  drug	  addiction	  researches.	  

	  

1.2. Vulnerability to addiction  

Although	  many	  people	  experience	  with	  both	  licit	  and	  illicit	  drugs	  over	  their	  

lifetime,	  not	  all	   individuals	  become	  addict.	   Indeed,	   it	   is	  estimated	   that	   the	  

percentage	   of	   consumers	   that	   develop	   addiction	   as	   a	   function	   of	   ever	  

having	  tried	  a	  drug	  varies	  from	  approximately	  9%	  for	  marijuana	  to	  31%	  for	  

tobacco	   (Anthony	   et	   al,	   1994).	   Therefore,	   a	   question	   of	   fundamental	  

relevance	   concerns	   the	   factors	   that	   explain	  who	  will	  make	   the	   transition	  

from	   initial	   use	   of	   these	   substances	   to	   the	   ultimate	   stage	   of	   chronic	  

addiction	  (Swendsen	  and	  Le	  Moal,	  2011).	  

The	  factors	  that	  can	  influence	  vulnerability	  include	  sociologic	  factors.	  Thus,	  

epidemiology	   has	   long	   shown	   that	   the	   rates	   for	   most	   substance	   use	  

disorders	  increase	  as	  a	  function	  of	  male	  sex,	  younger	  age,	  lower	  education,	  

unmarried	   status	   and	   limited	   income	   (Swendsen	   and	   Le	   Moal,	   2011).	  

Among	  these	  factors,	  the	  strongest	  and	  most	  consistent	  effects	  are	  typically	  

seen	   for	   age.	   In	   particular,	   adolescence	   represents	   the	   period	   of	   greatest	  

vulnerability	  for	  this	  disorder,	  with	  an	  increase	  of	  its	  prevalence	  of	  sixfold	  

between	   the	   age	   of	   13	   and	   18	   (Merikangas	   et	   al,	   2010).	   In	   this	   period	   of	  
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cortical	   brain	   development,	   many	   important	   cognitive	   and	   emotional	  

functions	  are	  still	  maturing,	  promoting	  high	  vulnerable	  phenotypes,	  such	  as	  

novelty	   and	   sensation	   seeking,	   risk	   taking,	   mood	   instability	   or	   poor	  

inhibitory	   control	   (Crews	   et	   al,	   2007).	   Importantly,	   adolescence	   on-‐set	  

substance	  use	  is	  a	  significant	  predictor	  of	  substance	  use	  disorders	  over	  the	  

lifespan	  (Grant	  and	  Dawson,	  2003).	  For	  instance,	  the	  age	  at	  which	  smoking	  

begins	   influences	   the	   total	   years	   of	   smoking,	   the	   number	   of	   cigarettes	  

smoked	  in	  adulthood,	  and	  the	  likelihood	  of	  quitting.	  

A	  second	  factor	  concerns	  psychiatric	  and	  psychological	   factors	  that	  reflect	  

an	  individual’s	  own	  preferences,	  experiences,	  or	  problems.	   Indeed,	  a	   large	  

body	   of	   literature	   has	   accumulated	   demonstrating	   that	   mental	   disorders	  

such	  as	  depression,	  anxiety	  or	  schizophrenia	  are	  associated	  with	  substance	  

use	   disorders,	   probably	   in	   attempt	   of	   self-‐medication	   (Swendsen	   and	   Le	  

Moal,	  2011).	  

Finally,	  a	  third	  factor	  concerns	  basic	  biological	  and	  genetic	  factors	  that	  will	  

determine	   the	   physiological	   effects	   of	   a	   given	   substance	   and	   influence	   its	  

addictive	  valence,	  such	  as	  genes	  involved	  in	  peripheral	  drug	  metabolism	  or	  

central	  brain	  drug	  targets.	  Indeed,	  twin	  and	  adoption	  studies	  demonstrated	  

that	   genetic	   factors	   could	   account	   for	   approximately	   40%	   of	   the	   total	  

variability	  of	  the	  phenotype	  (Swendsen	  and	  Le	  Moal,	  2011).	  	  

	  

1.3. Different stages of the addiction process 

The	   occasional	   but	   limited	   use	   of	   drugs	   is	   clinically	   distinct	   from	  

compulsive	   drug	   seeking	   and	   uncontrolled	   intake	   that	   characterize	  

addiction.	   In	   fact,	   among	   drug	   users,	   three	   different	   types	   of	   drug	  

consuming	   behaviour	   have	   been	   defined:	   (1)	   occasional,	   controlled	   or	  
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social	   use,	   (2)	   abuse	   or	   deleterious	   use	   and	   finally	   (3)	   compulsive	   drug	  

intake	  or	  drug	  addiction.	  These	  different	  patterns	  of	  drug	  use	  suggest	  that	  

the	   addiction	   process	   is	   not	   a	   unitary	   process;	   and	   that	   different	  

neuropsychobiological	  mechanisms	  may	  explain	  distinct	  drug	  use	  patterns.	  

Thus,	  an	  important	  question	  is	  to	  identify	  when	  drug	  use	  become	  abuse	  and	  

addiction.	   Drug	   addiction	   has	   been	   conceptualized	   as	   the	   endpoint	   of	   a	  

series	  of	   transitions:	   (1)	   initial	  drug	  use,	  when	  a	  drug	   is	  voluntarily	   taken	  

because	  of	   its	  hedonic	  effects,	   (2)	  drug	  abuse	  or	  harmful	  use,	  when	  drugs	  

are	   chronically	   consume	   to	   avoid	   abstinence’s	   negative	   emotional	   state,	  

and	   finally	   (3)	  drug	  addiction	  when	  drug	   intake	  becomes	  compulsive	  and	  

uncontrolled	  (Koob	  and	  Nestler,	  1997;	  Koob	  and	  Volkow,	  2010).	  

Initially,	   drug	   intake	   may	   create	   a	   sense	   of	   well-‐being	   and	   excitement	  

and/or	  temporarily	  relieves	  discomfort.	  Since	  these	  effects	  may	  seem	  ideal,	  

some	   individuals	   start	   repeated	   drug	   consumption	   in	   order	   to	   obtain	   the	  

positive	   reinforcement	  effects.	  Homeostatic	  adaptations	  may	  occur	  within	  

cells	   and	   circuits	   stimulated	   by	   the	   drug	   to	   counteract	   this	   chronic	  

pharmacological	   insult	   to	   the	   brain.	   Among	   these	   adaptations,	   one	   of	   the	  

most	   pervasive	   processes	   is	   certainly	   tolerance,	   or	   the	   progressive	  

decrease	  of	  initial	  drugs’	  effects	  (Koob,	  2009).	  Tolerance	  often	  develops	  to	  

the	  pleasurable	  effects	  of	  drugs,	  leading	  individuals	  to	  constantly	  increasing	  

dosage	  to	  maintain	  a	  stable	  effect.	  Indeed,	  drug	  addicts	  often	  describe	  their	  

continuing	  drug	  use	  as	  an	  attempt	  to	  re-‐experience	  the	  initial	  remembered	  

“high”	   or	   “rush”	   without	   success	   (Hyman	   et	   al,	   2006).	   Unfortunately,	   the	  

consequent	   repeated	   and	   increasing	   pattern	   of	   drug	   intake	   will	   in	   turn	  

exacerbate	  these	  previous	  molecular	  changes	  and	  lead	  to	  the	  development	  

of	   a	  more	   severe	   homeostatic	   adaptation,	   called	   drug	   dependence.	  When	  

unmasked	  by	  drug	  cessation,	  this	  adapted	  state	  can	  result	  in	  the	  production	  
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of	  a	  strong	  negative	  emotional	  state	  that	   includes	  dysphoria,	  anxiety	  and/	  

or	  irritability,	  or	  even	  “physical”	  withdrawal	  symptoms	  for	  some	  drugs	  like	  

opiates,	  alcohol	  and	  nicotine	  (Hyman	  et	  al,	  2006;	  Kosten	  and	  George,	  2002).	  

Thus,	  subjects	  describe	  withdrawal	  changes	  as	  a	  “hunger”	  or	  primary	  need,	  

and	  the	  effects	  of	  the	  drug	  on	  such	  a	  state	  as	  “satiation”	  or	  gratification	  of	  

the	   primary	   need.	   This	   additional	   source	   of	   gratification	   results	   in	   the	  

development	  of	  a	  new	  pattern	  in	  which	  the	  drug	  must	  be	  obtained	  to	  avoid	  

the	  aversive	  consequences	  of	  drug	  abstinence	  (i.e.	  negative	  reinforcement)	  

(Koob	  and	  Le	  Moal,	  2008b;	  Koob,	  2009).	  Thus,	  drugs	  become	  overvalued	  in	  

comparison	  to	  any	  other	  goals,	  and	  the	  drug	  users’	  life	  becomes	  profoundly	  

narrowed	   to	   a	   focus	   on	   obtaining	   and	   using	   drugs	   by almost	   any	  means,	  

such	   as	   smoking	   through	   a	   tracheotomy	   tube	   after	   a	   laryngectomy	   for	  

cancer.	  	  

Drug-‐induced	  pleasure	  or	  the	  desire	  to	  avoid	  withdrawal	  symptoms	  do	  not	  

explain	  compulsive	  use.	  Indeed,	  the	  hedonic	  effects	  of	  drugs	  often	  habituate	  

“rapidely”,	  whereas	  compulsion	  to	  take	  drug	  can	  be	  very	  persistent	  (Hyman	  

and	  Malenka,	  2001).	  Similarly,	  if	  the	  discomfort	  associated	  with	  withdrawal	  

would	   be	   the	   major	   obstacle	   to	   recovery,	   close	   supervision	   of	   addicted	  

individuals	   for	   several	   weeks	   until	   withdrawal	   symptoms	   diminished	  

would	   yield	   a	   cure	   —	   even	   for	   drugs	   such	   as	   alcohol,	   barbiturates	   and	  

opiates,	  which	  produce	  the	  most	  serious	  withdrawal	  syndromes	  (O'Brien	  et	  

al,	  1998;	  Hyman	  and	  Malenka,	  2001).	  In	  fact,	  relapse	  to	  drug	  use	  has	  been	  

observed	  even	  years	  or	  decades	  after	  drug	  abstinence,	   and	   long	  after	  any	  

withdrawal	   symptoms	   subsisted.	  Moreover,	   for	   psychostimulants	   such	   as	  

cocaine	  and	  amphetamines,	  physical	  withdrawal	  symptoms	  are	  absent,	  and	  

emotional	  withdrawal	  symptoms	  are	  variable.	  Finally,	   it	   is	  worth	  recalling	  
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that	   withdrawal	   symptoms	   from	   non-‐addictive	   compounds	   can	   also	   be	  

severe	  at	  times	  (Hyman	  and	  Malenka,	  2001).	  	  

In	  summary,	  pleasure,	  tolerance,	  dependence	  and	  withdrawal	  are	  clinically	  

significant,	  but	  do	  not	  explain	  the	  transition	  from	  voluntary	  to	  uncontrolled	  

and	   compulsive	   drug	   taking	   nor	   the	   persistent	   cravings	   and	   high	   risk	   of	  

relapse	   to	   drug	   use	   observed	   in	   “ex-‐addicts”.	   Thus,	   although	  much	   of	   the	  

initial	   study	   of	   the	   neurobiology	   of	   drug	   addiction	   focused	   on	   the	   acute	  

impact	   of	   drugs	   of	   abuse	   on	   the	   brain,	   the	   focus	   now	   is	   shifting	   to	  

understand	   the	   long-‐term	   neuroadaptive	   changes	   underlying	   these	  

persistent	  changes	  in	  behaviour	  that	  characterize	  addiction.	  

	  

1.4. Animal models to evaluate drug addiction 

Much	   of	   the	   recent	   progress	   in	   understanding	   the	   mechanisms	   of	   the	  

neurobiology	   of	   addiction	   has	   derived	   from	   a	   variety	   of	   increasingly	  

sophisticated	  animal	  models.	  Although	  no	  animal	  model	  of	  addiction	  totally	  

emulates	   the	   human	   condition,	   especially	   in	   its	   psychological	   complexity,	  

critical	   features	  of	   the	  process	  of	  drug	  addiction	  can	  be	  reliably	  measured	  

in	  animal	  studies.	  In	  particular,	  the	  use	  of	  such	  approaches	  have	  permitted	  

to	   characterize	   the	   neurobiological	   substrates	   underlying	   the	   rewarding	  

effects	  of	  drugs	  of	  abuse,	  the	  aversive	  aspects	  of	  drug	  withdrawal,	  as	  well	  as	  

some	   long-‐lasting	   behavioural	   alterations	   associated	   to	   repeated	   drug	  

exposure.	   Examples	   of	   models	   able	   to	   measure	   these	   specific	   features	  

include	   the	   intracranial	   electric	   self-‐stimulation	   techniques,	   drug	  

discrimination	   tasks,	   place	   conditioning	   methods,	   self-‐administration	  

paradigm	  and	  the	   locomotor	  sensitization	  model,	  among	  others	   	   (Sanchís-‐	  

Segura	  and	  Spanagel,	  2006).	  
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1.4.1.	  Intracranial	  self-stimulation	  

Early	   work	   using	   the	   intracranial	   electric	   self-‐stimulation	   paradigm	   was	  

fundamental	   for	   the	   identification	  of	   the	  brain	   reward	  circuitry	   (Olds	  and	  

Milner,	  1954).	  Although	  reward	  self-‐stimulation	  involves	  widespread	  brain	  

circuits,	   the	   most	   sensitive	   sites	   involve	   the	   trajectory	   of	   the	   medial	  

forebrain	   bundle	   that	   connects	   the	   ventral	   tegmental	   area	   to	   the	   basal	  

forebrain	   (Olds	   and	   Milner,	   1954).	   In	   the	   intracranial	   electric	   self-‐

stimulation	   model,	   animals	   previously	   implanted	   with	   intracranial	  

electrodes	   into	   reward-‐related	   brain	   areas	   are	   trained	   to	   maintain	   an	  

operant	   behavior	   to	   obtain	   an	   electric	   pulse	   through	   these	   electrodes	  

(Figure	   1).	   During	   these	   sessions,	   the	   threshold	   of	   the	   minimal	   current	  

needed	   to	   promote	   intracranial	   self-‐stimulation	   is	   estimated.	   Typically,	  

rewarding	   stimuli	   such	   as	   drugs	   of	   abuse	   decrease	   the	   self-‐stimulation	  

threshold,	   whereas	   aversive	   drugs	   or	   stimuli,	   such	   as	   drug	   withdrawal,	  

elevate	   the	   threshold	   for	   self-‐stimulation	   (Markou	   et	   al,	   1993).	   Thus,	  

intracranial	  electric	  self-‐stimulation	  methods	  are	  useful	  to	  investigate	  drug	  

reward	  and	  withdrawal.	  

	  	  	  	  	  	  	  	   	  	  
Figure	  1.	  Intracranial	  self-stimulation	  paradigm	  (adapted	  from	  Sanchís-‐Segura	  
and	  Spanagel,	  2006).	  
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1.4.2.	  Drug	  discrimination	  

The	  drug	  discrimination	   is	  a	  behavioral	  procedure	   in	  which	  animals	  must	  

recognize	  a	  particular	  drug	  state	  and	  choose	  a	  correct	  response	  to	  receive	  a	  

reinforcer.	  The	  standard	  protocol	  generally	  consists	  on	  daily	  short	  training	  

sessions	  during	  10	  to	  15	  minutes	  over	  weeks,	  in	  which	  animals	  are	  placed	  

in	  an	  operant	  two-‐lever	  chamber	  after	  receiving	  at	  alternative	  days	  a	  drug	  

or	  vehicle	  injection.	  Thus,	  animals	  are	  taught	  to	  respond	  on	  one	  lever	  (e.g.,	  

right-‐side	   lever)	   when	   a	   dose	   of	   training	   drug	   is	   administered	   before	   a	  

training	   session	   and	   on	   the	   alternative	   lever	   (e.g.,	   left-‐side	   lever)	   when	  

vehicle	   is	   given;	   thereby	   correct	   responses	   are	   reinforced	   by	   delivery	   of	  

food	  pellet	   (Figure	  2).	  Therefore,	   interoceptive	   cue	   state	  produced	  by	   the	  

drug	  controls	  the	  behavior	  as	  a	  discriminative	  stimulus	  or	  cue	  that	  informs	  

the	   animal	   to	   make	   the	   appropriate	   response	   in	   order	   to	   gain	  

reinforcement.	   Many	   different	   psychoactive	   drugs	   have	   been	   shown	   to	  

serve	  as	  discriminative	  stimuli	  in	  this	  paradigm	  (Young,	  2009).	  

Finally,	  once	  trained,	  animals	  perform	  several	   test	  sessions,	   in	  which	  they	  

receive	   the	   injection	  of	  a	  novel	  drug,	   they	  are	  subsequently	  replace	   in	   the	  

operant	  chamber,	  and	   they	  must	   then	  choose	  between	   the	   two	  reinforced	  

levers.	   Hence,	   lever	   choice	   during	   test	   sessions	   can	   then	   be	   used	   as	   an	  

indication	  of	  whether	  the	  novel	  drug	  has	  interoceptive	  effects	  similar	  to	  the	  

training	   drug,	   or	   whether	   a	   potential	   therapeutic,	   such	   as	   receptor	  

antagonist,	  alters	  the	  discriminative	  effects	  of	  the	  training	  drug.	  Thus,	  drug	  

discrimination	   procedures	   have	   been	   mainly	   used	   to	   classify	   and	  

characterize	   the	   pharmacological	   effects	   of	   drugs	   of	   abuse,	   and	   have	  

permitted	   to	   elucidate	   some	   neurochemical	   mechanisms	   involved	   in	   the	  

discriminative	  stimulus	  properties	  of	  a	  drug	  (Solinas	  et	  al,	  2006a).	  
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Additionally,	  although	  many	  discriminative	  effects	  of	  drugs	  are	  not	  related	  

directly	   to	   their	   addictive’s	   abilities,	   it	   is	   important	   to	   note	   that	   certain	  

interoceptive	   effects	   of	   drugs	   of	   abuse	   might	   play	   major	   roles	   in	   the	  

development	   and	   maintenance	   of	   drug	   abuse,	   and	   contribute	   to	   drug	  

craving	   in	   humans	   (Solinas	   et	   al,	   2006a;	   Gray	   and	   Critchley,	   2007).	  

Therefore,	   the	   study	   of	   the	   neurobiological	   substrates	   underlying	   drug	  

discrimination	  might	  also	  be	  useful	  to	  investigate	  the	  neurobiology	  of	  drug	  

addiction.	  

	  

Figure	  2.	  Drug	  discrimination	  (Solinas	  et	  al,	  2006a).	  

	  

1.4.3.	  Conditioned	  place	  preference	  	  

In	  the	  conditioned	  place	  preference	  (CPP)	  model,	  animals	  are	  exposed	  to	  an	  

apparatus	   generally	   consisting	   of	   two	   initially	   neutral	   environments	   that	  

can	   differ	   in	   terms	   of	   a	   number	   of	   stimulus	  modalities,	   including	   colour,	  

texture,	   odour	   and	   lighting.	   Animals	   are	   exposed	   to	   one	   environment	  

following	   drug	   pre-‐treatment,	   whereas	   the	   other	   environment	   is	   paired	  

with	   vehicle	   pre-‐treatment.	   After	   a	   number	   of	   conditioning	   sessions,	   the	  

animals,	   in	  a	  drug-‐free	  state,	  are	  allowed	  free	  access	  to	  the	  apparatus	  and	  
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the	   preference/avoidance	   for	   one	   of	   the	   two	   environments	   is	   assessed	  

(Figure	   3).	   Results	   are	   usually	   expressed	   with	   a	   score	   calculated	   as	   the	  

difference	   of	   the	   time	   spent	   in	   the	   drug-‐paired	   compartment	   during	   the	  

post-‐conditioning	   and	   the	   pre-‐conditioning	   phase	   (Bardo	   and	   Bevins,	  

2000).	  	  

According	   to	   the	   principles	   of	   classical	   conditioning,	   if	   a	   drug	   has	  

reinforcing	  properties,	  the	  animal	  should	  prefer	  the	  previously	  drug-‐paired	  

environment. Consistent	   with	   this	   hypothesis,	   various	   drugs	   of	   abuse,	  

including	  opiates,	  nicotine	  and	  cocaine,	  typically	  induce	  CPP.	  Although	  drug	  

consumption	  in	  humans	  can	  induce	  conditioned	  approach	  to	  specific	  drug-‐

related	   stimuli,	   CPP	   is	   not	   intended	   to	   model	   any	   particular	   feature	   of	  

human	  behaviour.	  This	  paradigm	  mainly	  represents	  an	  indirect	  measure	  of	  

the	   rewarding	   effects	   of	   a	   drug	   by	   evaluating	   the	   response	   of	   the	   animal	  

towards	  the	  conditioned	  stimulus	  (Sanchís-‐Segura	  and	  Spanagel,	  2006).	  	  

Two	   variables	  with	   different	   implications	   are	   usually	   analyzed	   using	   this	  

paradigm:	  the	  acquisition	  and	  the	  expression	  of	  CPP.	  The	  acquisition	  phase	  

has	   been	   proposed	   to	   be	   mainly	   related	   to	   learning	   and	   memory	  

mechanisms,	   whereas	   the	   expression	   phase	   would	   be	   more	   linked	   to	  

incentive	  motivation,	  memory	   recall	   or	   sign	   tracking.	   The	   CPP	   procedure	  

has	  proven	  to	  be	  a	  useful	  and	   inexpensive	  means	   for	  assessing	  rewarding	  

properties	   in	   a	   fairly	   quick	   manner,	   since	   animals	   require	   no	   surgery,	  

minimal	  training	  and	  can	  be	  tested	  in	  a	  drug-‐free	  state	  (Tzschentke,	  2007).	  	  

Finally,	  during	   the	  past	  decade,	  drug	  reinstatement	  procedures	  have	  been	  

developed	  using	   the	  CPP	  model,	   suggesting	   that	   this	  paradigm	  might	   also	  

serve	   in	   some	   particular	   circumstances	   for	   modelling	   relapse	   in	   human	  

addicts.	   Indeed,	   CPP	   apparatus	   comprise	   very	   discriminative	   contextual	  
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cues	  that	  can	  promote	  potent	  conditioned	  association.	  Thus,	  re-‐exposure	  to	  

this	  paradigm	  after	  prevented	  its	  access	  for	  certain	  amount	  of	  time	  could	  in	  

some	   way	   model	   human	   drug	   craving	   situation,	   often	   triggered	   by	   re-‐

exposure	   to	  drug	  associated-‐cues,	   that	   represent	  a	  major	  cause	  of	   relapse	  

(Aguilar	  et	  al,	  2009).	  

	  

Figure	  3.	  Conditioned	  place	  preference	  paradigm	  (adapted	  from	  Sanchís-‐
Segura	  and	  Spanagel,	  2006).	  

	  

1.4.4.	  Self-administration	  paradigm	  

The	   self-‐administration	  paradigm	   is	   a	  more	   “motivational”	   approach	   than	  

the	  CPP	  paradigm,	  since	  animals	  have	  to	  work	  to	  obtain	  the	  drug.	  Drug	  self-‐

administration	  has	  both	   reliability	  and	  predictive	  validity	   for	   the	   study	  of	  
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addiction.	   Consequently,	   this	   technique	   is	   widely	   used	   in	   preclinical	  

research	   to	   directly	   evaluate	   the	   primary	   reinforcing	   effects	   of	   drugs	   of	  

abuse.	  Most	  drugs	  of	   abuse	  are	   readily	   self-‐administered	  by	  experimental	  

animals,	   although,	   there	  are	  a	   few	  exceptions	   (e.g.	  LSD).	   In	  general,	  drugs	  

that	   are	   self-‐administered	   are	   those	   that	   have	   high	   abuse	   potential.	  

Additionally,	   the	   neural	   chemistry	   and	   the	   anatomical	   substrates	  

underlying	   drug	   self-‐administration	   are	   assumed	   to	   be	   similar	   in	   these	  

animal	  models	  and	  in	  human	  addicts.	  Therefore,	  these	  procedures	  seem	  to	  

be	  adequate	  models	  to	  identify	  common	  neural	  mechanisms	  and	  search	  for	  

useful	   strategies	   for	   the	   treatment	   of	   drug	   addiction	   (Sanchís-‐Segura	   and	  

Spanagel,	  2006).	  

	  

In	  drug	  self-‐administration	  procedures,	   the	  reinforcer	  can	  be	  delivered	  by	  

different	   routes	   of	   administration.	   Accordingly,	   intravenous,	  

intraventricular,	   intracranial,	   intragastric	   delivery	   of	   drugs	   and	   also	   oral	  

(alcohol	   or	   food)	   sustain	   operant	   behaviour.	   Typically,	   the	   operant	  

chamber	  consists	  of	  2	  manipulandi	  that	  transmit	  the	  operant	  response,	  and	  

devices	  that	  deliver	  the	  reinforcer.	  The	  manipulandi	  are	  defined	  as	  “active”	  

or	  “inactive”	  and	  typically	  consist	  of	  levers	  or	  nose-‐pokes.	  The	  response	  in	  

the	  active	  manipulandum	   is	  associated	  with	   the	  delivery	  of	   the	   reinforcer	  

whereas	  activation	  of	  the	  “inactive”	  manipulandum	  lacks	  any	  programmed	  

consequences.	   Additionally,	   the	   active	  manipulandum	   can	   be	   paired	  with	  

other	   stimuli	   (e.g.	   light	   or	   tone),	  which	   improves	   learning	   of	   the	   operant	  

behaviour	   (Figure	  4).	  The	  most	  common	  schedules	  of	   reinforcement	  used	  

in	   these	   studies	   are	   the	   fixed-‐ratio	   and	   the	   progressive-‐ratio	   programs.	  

Under	  a	  fixed-‐	  ratio	  schedule,	  the	  drug	  is	  delivered	  each	  time	  a	  preselected	  

number	  of	  responses	  are	  completed.	  After	  each	  reinforcer	  delivery,	  a	  time-‐

out	  period	  (usually	   from	  10	  to	  30	  sec)	  occurs	   in	  which	  operant	  responses	  
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are	  not	  rewarded,	  neither	  in	  active	  nor	  in	  the	  inactive	  manipulandum.	  This	  

specific	   period	   aimed	   to	   avoid	   any	  potential	   drug	  overdoses	   and	   can	   also	  

serve	   to	   evaluate	   impulsive-‐like	   behaviours	   (Diergaarde	   et	   al,	   2009).	   In	  

contrast,	   under	   a	  progressive-‐ratio	   schedule,	   the	   required	   ratio	   to	  deliver	  

the	  reinforcer	  increases	  following	  an	  arithmetic	  progression,	  usually	  from	  1	  

up	   to	   5000.	  When	  using	   the	   latter	   schedule,	   the	   “breaking-‐point”	   value	   is	  

commonly	   measured,	   which	   refers	   to	   the	   highest	   response	   rate	  

accomplished	   to	   obtain	   a	   single	   reinforcer.	   Thus,	   the	   “breaking-‐point”	   is	  

considered	   to	  be	   a	  measure	  of	   the	  motivation	  of	   the	   animal	   to	  obtain	   the	  

reward.	  The	  analysis	  of	   the	  patterns	  of	   self-‐administration	  using	  both	   the	  

fixed-‐ratio	   and	   the	   progressive-‐ratio	   (PR)	   schedules	   of	   reinforcement	  

provide	   valuable	   information	   about	   the	   different	   factors	   that	   determine	  

reinforcer	  consumption	  (Collins	  et	  al,	  1984).	  	  
	  

	  

Figure	   4.	   Intravenous	   drug	   self-administration	   (adapted	   from	   Sanchís-‐Segura	  
and	  Spanagel,	  2006).	  

	  

1.4.5.	  Locomotor	  sensitization	  	  

In	   drug	   addiction,	   the	   term	   sensitization	   refers	   to	   the	   increase	   of	   drug	  

initial	   effects	   in	   response	   to	   repeated	   consumption	   of	   the	   drug.	   This	  

phenomenon	  is	  thought	  to	  be	  an	  opposite	  process	  of	  drug	  tolerance,	  and	  a	  
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reliable	   mechanism	   underling	   the	   increasing	   motivation	   of	   addicts	   to	  

consume	   drug,	   despite	   the	   development	   of	   a	   progressive	   indulgence	   to	  

their	  pleasurable	  effects	  (Robinson	  and	  Berridge,	  2000).	  This	  phenomenon	  

is	   mainly	   assessed	   with	   respect	   to	   locomotor	   activity	   in	   experimental	  

animals.	  Thus,	  the	  ability	  of	  addictive	  drugs	  to	  increase	  locomotion	  after	  an	  

acute	   administration	   is	   progressively	   enhanced,	   when	   drug	   exposure	   is	  

repeated	   (Figure	   4).	   This	   so-‐called	   psychomotor	   sensitization	   is	   a	   very	  

robust	   phenomenon	   that	   has	   been	   observed	   across	   several	   species,	   and	  

elicited	  by	  almost	  all	  prototypical	  drugs	  abused	  by	  humans	  (Robinson	  and	  

Berridge,	  2000).	  

From	  a	  procedural	  perspective,	  psychomotor	  sensitization	  generally	  relies	  

on	  a	  repeated	  drug	  intermittent	  treatment	  and	  route	  of	  administration	  with	  

a	   fast	   onset	   of	   drug	   effect	   (e.g.	   intraperitoneal,	   intravenous	   and	  

subcutaneous	   injections).	   Moreover,	   sensitization	   is	   stronger,	   when	   the	  

dose	  is	  higher	  or	  when	  escalating	  doses	  are	  administered.	  Some	  drugs	  such	  

as	  psychostimulants,	  and	  morphine	  can	  even	  trigger	  a	  sensitized	  response	  

after	   a	   single	   pre-‐exposure	   if	   the	   dose	   used	   was	   high	   enough.	   Finally,	  

although	  sensitization	  is	  in	  essence	  a	  non-‐associative	  learning	  process,	  the	  

context	  plays	  a	  major	  role	  in	  the	  development	  and	  expression	  of	  locomotor	  

sensitization.	   Thus,	   a	   higher	   degree	   of	   sensitization	   is	   usually	   observed	  

when	  drug	   injections	   are	   administered	   in	   a	   context	  different	   from	   that	   of	  

the	  home	  cage	  (Sanchís-‐Segura	  and	  Spanagel,	  2006;	  Phillips	  et	  al,	  2011).	  	  	  

Different	  parameters	  can	  be	  evaluated	  in	  this	  model:	  the	  initial	  drug	  effect	  

with	  the	  first	  injection	  of	  the	  drug,	  the	  induction	  of	  sensitization	  during	  the	  

chronic	   treatment	   and	   the	   expression	   of	   sensitization,	   usually	   measured	  

after	   a	   period	   of	   drug	   withdrawal,	   by	   the	   injection	   of	   a	   challenge	   dose.	  
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Typically,	   animals	   display	   a	   progressive	   slight	   enhancement	   of	   drug	  

locomotor	   effects	   during	   the	   induction	   phase,	   and	   a	   disproportionate	  

hyperlocomotion	  with	  the	  challenge	  dose	  (Leith	  and	  Kuczenski,	  1982).	  	  

Although	  drug	  sensitization	  in	  humans	  remains	  controversial,	  psychomotor	  

sensitization	   in	   animals	   is	   considered	   an	   attractive	  model	   of	   human	  drug	  

craving	  and	  relapse,	  since	  it	  relies	  on	  the	  major	  events	  that	  establish	  their	  

appearance	   including	   chronic	   drug	   intoxication,	   drug	   free	   period	   and	   re-‐

exposure	   to	   the	   drug	   or	   its	   associated	   context.	   In	   addition,	   sensitized	  

locomotor	   responses	   can	   persist	   for	   at	   least	   several	   months.	   Therefore,	  

psychomotor	   sensitization	   is	   hypothesized	   to	   provide	   a	   behavioural	  

measure	   that	   reflects	   underlying	   neural	   adaptations	   to	   repeated	   drug	  

exposure	   and	   “incubation”	   period	   during	   abstinence	   (Robinson	   and	  

Berridge,	  2000;	  Sax	  and	  Strakowski,	  2001).	  

Sensitized	   animals	   exhibit	   facilitated	   acquisition	   of	   drug	   self-‐

administration,	   CPP,	   an	   enhanced	  motivation	   to	   obtain	   drug	   (i.e.	   increase	  

breaking	   point	   on	   PR),	   as	   well	   as	   enhanced	   drug-‐seeking	   behaviour	   in	  

priming-‐induced	   reinstatement	   (Vezina	   2004;	   Shaham	   and	   Hope,	   2005).	  

Thus,	  psychomotor	  sensitization	  has	  been	  proposed	  as	  a	  possible	  model	  to	  

mimic	   the	   transition	   from	   a	   regular	   pattern	   of	   voluntary	   drug	   intake	   to	  

compulsive	   drug-‐seeking	   and	   -‐taking	   behaviour;	   thereby	   an	   appealing	  

paradigm	   to	   study	   the	   long-‐lasting	   neuronal	   alterations	   that	   mediate	  

persistent	   behavioural	   abnormalities	   that	   characterized	   addiction	  

(Robinson	  and	  Berridge,	  2000).	  
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Figure	  5.	  Locomotor	  sensitization	   (adapted	   from	  Sanchís-‐Segura	  and	  Spanagel,	  
2006).	  

	  

1.5. Neurobiological substrates of addiction 

Many	  different	  drugs,	  with	  distinct	  pharmacological	  properties,	  are	  known	  

to	   potentially	   lead	   to	   addiction.	   However,	   despite	   distinct	   primary	   brain	  

target	  and	   initial	  physiological	  effects,	   all	  drugs	  of	  abuse	  have	   in	  common	  

the	   capability	   to	   activate	   a	   same	   neuronal	   circuit	   called	   the	  

mesocorticolimbic	  	  system	  (Camí	  and	  Farré	  M	  2003).	  	  

This	   circuit	   is	   based	   on	   neuronal	   dopaminergic	   pathways,	   that	   originate	  

principally	   from	   the	   ventral	   tegmental	   area	   (VTA)	   in	   the	   mid-‐brain,	   and	  
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project	  most	  notably	  to	  several	  limbic	  structures,	  such	  as	  the	  amygdala,	  the	  

hippocampus	   (HPC),	   the	   nucleus	   accumbens	   (NAc),	   but	   also	   to	   cortical	  

areas	   in	   the	   forebrain,	   in	  particular	   the	  prefrontal	  cortex	  (PFC)	  (Figure	  6)	  

(Morales	  and	  Pickel,	  2012).	  The	  mesocorticolimbic	  circuit	  is	  often	  refereed	  

as	  the	  brain	  reward	  system.	  Indeed,	   initial	  work	  have	  shown	  that	  rats	  can	  

spend	   92%	   of	   their	   time	   pressing	   a	   lever	   to	   electrically	   stimulating	  

different	   parts	   of	   this	   circuit,	   ignoring	   even	   thirst	   and	   hunger	   (Olds	   and	  

Milner,	   1954).	   This	   effect	   was	   initially	   attributed	   to	   the	   activation	   of	   the	  

medial	   forebrain	   bundle,	   through	   which	   dopamine	   (DA)	   neurons	   course	  

from	   cell	   bodies	   in	   the	   midbrain	   to	   limbic	   and	   cortical	   targets.	   Thus,	   as	  

pharmalogical	   activation	   or	   blockade	   of	   DA	   transmission,	   respectively	  

enhances	   or	   attenuates	   the	   rewarding	   effects	   of	   medial	   forebrain	   bundle	  

stimulation,	   the	   dopaminergic	   system	   has	   been	   considered	   a	   major	  

neurobiological	   substrate	   for	   reward	   processing	   (Wise,	   2008).	  

Consequently,	  the	  common	  ability	  of	  drugs	  of	  abuse	  to	  enhace	  DA	  release	  in	  

the	  mesocorticolimbic	  circuit	  (see	  section	  1.5.1.1)	  has	  been	  proposed	  as	  an	  

underlying	  mechanism	  mediating	  drugs	   reinforcing	  effects	   (Di	  Chiara	  and	  

Bassareo,	  2007).	  However,	  DA	  transmission	  does	  not	   fully	  account	   for	   the	  

reinforcing	   effects	   of	   all	   drugs	   of	   abuse.	   Other	   neurotransmitter/	  

neuromodulator	   systems	   such	   as	   opioid	   peptides,	   glutamate	   and	  

endocannabinoids	  (see	  chapter	  4),	  among	  others,	  play	  also	  key	  roles	  in	  the	  

rewarding	   effects	   of	   addictive	   drugs	   (Koob	   and	   Le	   Moal,	   2008b).	   Drug-‐

induced	  alterations	  in	  these	  neurotransmitter	  system	  disrupt	  the	  neuronal	  

functions	   of	   the	   brain	   structures	   that	   composed	   the	   mesocorticolimbic	  

system,	  and	  ultimately	  produce	  cognitive	  and	  emotional	  dysfunctions	  that	  

characterize	  the	  addictive	  disorder	  (Koob	  and	  Volkow,	  2010).	  	  
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Figure	  6.	  Mesocorticolimbic	  circuit.	  Simplified	  schema	  of	  the	  mesocorticolimbic	  
system	  circuitry	   in	   rodent	  brain	  highlighting	   the	  major	  dopaminergic	  projections	  
(blue	   lines)	  arising	   from	  VTA	  and	   innervating	   the	  principal	   limbic	  (NAc,	  HPC	  and	  
amygdala)	   and	   cortical	   (medial	   prefrontal	   cortex	   (mPFC))	   components	   of	   this	  
circuit.	   The	   red	   lines	   represent	   excitatory	   glutamatergic	   afferents	   to	   NAc	   from	  
mPFC,	   amygdala	   and	   hippocampus,	   and	   glutamatergic	   innervation	   of	   VTA	   by	  
amygdala.	   GABAergic	   afferents	   (purple)	   are	   inhibitory	   circuits	   and	   include	  
connections	  from	  NAc	  to	  VTA	  (adapted	  from	  Russo	  et	  al,	  2012).	  

	  

In	   the	   present	   section,	   some	   of	   the	  major	   neurotransmitter	   systems	   that	  

mediate	  the	  addictive	  properties	  of	  drugs	  of	  abuse	  are	  described,	  as	  well	  as	  

the	  main	   functional	   alterations	   triggered	  by	   chronic	   drug	   consumption	   in	  

some	   components	   of	   the	  mesocorticolimbic	   system,	   such	   as	   the	   NAc,	   the	  

mPFC	  and	  the	  HPC.	  

	  

	  

	  



Introduction	  

	  22	  

1.5.1.	   Main	   neurotransmitter	   systems	   involved	   in	   the	   addictive	  

properties	  of	  drugs	  of	  abuse	  

1.5.1.1.	  The	  dopaminergic	  system	  

DA	  neurons	  in	  the	  brain	  are	  localized	  in	  nine	  distinctive	  cell	  groups,	  but	  the	  

major	  part	  resides	  in	  the	  ventral	  part	  of	  the	  mid-‐brain,	  in	  particular	  in	  the	  

substancia	   negra	   pars	   compacta	   and	   VTA.	   From	   this	   latter,	   emerge	   the	  

mesolimbic	   and	   mesocortical	   dopaminergic	   pathways	   that	   together	   form	  

the	  basis	  of	  the	  brain	  reward	  circuit	  (Björklund	  and	  Dunnett,	  2007;	  Arias-‐

Carrión	  et	  al,	  2010).	  	  

DA’s	  action	  is	  mediated	  by	  two	  subfamily	  of	  DA	  receptors:	  the	  D1-‐like	  (D1	  

and	  D5)	  and	   the	  D2-‐like	   (D2,	  D3	  and	  D4)	   receptors.	  DA	  acting	  on	  D1-‐like	  

and	   D2-‐like	   receptors	   can	   have	   either	   an	   excitatory	   or	   inhibitory	  

modulatory	  effect	  on	  neurotransmission	  (Tritsch	  and	  Sabatini,	  2012).	  

One	  function	  attributed	  to	  the	  DA	  system	  in	  the	  mesocorticolimbic	  circuit	  is	  

to	   promote	   reward-‐related	   learning.	   This	   proposal	   is	   supported	   by	  

evidences	   showing	   that	   DA	   neurons	   activity	   correlates	   with	   the	  

achievement	   of	   rewarding	   stimuli,	   and	  DA	   release	   in	   this	   circuit	   (i.e.	   NAc	  

shell)	  can	  vary	  in	  response	  to	  the	  incentive	  value	  of	  the	  received	  stimulus.	  

Thus,	  DA	  release	  in	  NAc	  shell	   is	  stimulated	  by	  unfamiliar	  appetitive	  tastes	  

and	  unaffected	  or	  even	  decreased	  by	  aversive	  ones	  (Bassareo	  et	  al,	  2002).	  

In	  addition,	  repetead	  experiences	  to	  a	  given	  stimulus	  lead	  that	  DA	  neurons	  

activation	  is	  shifted	  from	  the	  presentation	  of	  the	  reward	  to	  environmental	  

cues	  that	  predict	  its	  appearance.	  Therefore,	  it	  has	  been	  postulated	  that	  DA	  

activity	   provides	   a	   predictor-‐error	   signal	   for	   the	   learning	   of	   stimulus–

reward	   associations.	   Thus,	   phasic	   DA	   release	   is	   enhanced	   when	  

conditioned	   cues	   lead	   to	   the	  achievement	  of	   rewards	   that	   are	  better	   than	  
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expected,	  whereas	  tonic	  DA	  release	  is	  paused	  if	  reward	  is	  withheld	  after	  the	  

presentation	   of	   its	   predictive	   associated	   stimuli	   (Schultz,	   2002).	  

Importantly,	  blockade	  of	  DA	  D1	  and/or	  D2-‐R	  activity	  in	  specific	  locations	  of	  

the	   mesocorticolimbic	   circuit,	   such	   as	   the	   NAc	   shell	   and	   core,	   prevents	  

acquisition	  of	   conditioned	   learning	   tasks	   (Fenu	  et	  al,	  2001;	  Di	  Ciano	  et	  al,	  

2001).	  Thus,	  DA	  seems	  to	  serve	  mainly	  two	  physiological	   functions:	  (1)	  to	  

facilitate	   initial	   learning	   of	   adaptive	   responding	   to	   important	   stimuli,	   and	  

(2)	   to	  cue	   the	  retrieval	  of	   the	   information	  needed	   to	  execute	   the	  adaptive	  

behavioural	   response	   when	   environmental	   circumstances	   predict	   that	  

reward	  is	  imminent	  (Di	  Chiara	  and	  Bassareo,	  2007;	  Glimcher,	  2011).	  	  

From	  a	  psychological	  perspective,	   it	   is	   thought	  that	   the	  mesocorticolimbic	  

dopaminergic	  system	  may	  serve	  to	  assign	  motivational	  value	  to	  biologically	  

relevant	   stimuli,	   and	   thus	   to	   direct	   the	   behaviour	   toward	   goals	   that	   are	  

normally	   beneficial	   and	   that	   promote	   survival	   of	   the	   individual	   (e.g.	   food	  

and	   water	   intake)	   or	   the	   species	   (e.g.	   reproductive	   behaviour).	   Such	  

survival-‐relevant	  natural	  goals	  act	  as	  “rewards,”	  i.e.,	  they	  are	  pursued	  with	  

the	   anticipation	   that	   their	   consumption	   will	   produce	   desired	   outcomes.	  

Thus,	   behaviours	   with	   rewarding	   goals	   tend	   to	   persist	   strongly	   to	   a	  

conclusion	  and	  increase	  over	  time	  (Kelley	  and	  Berridge,	  2002).	  	  

Although	  addictive	  drugs	  have	  no	  intrinsic	  ability	  to	  serve	  a	  biological	  need	  

and	  do	  not	  represent	  a	  beneficial	  goal,	  they	  all	  share	  the	  common	  feature	  to	  

“artificially”	   enhance	   DA	   activity	   and	   release	   in	   the	   mesocorticolimbic	  

circuit.	   Thus,	   addictive	   drugs	   can	   strongly	   shape	   behaviour	   by	  mimicking	  

the	  effects	  of	  natural	  rewards. This	  process	  may	  be	  dependent	  on	  the	  drug	  

itself,	   and	   addictive	   drugs	   can	   be	   distinguished	   into	   three	   main	   groups	  

according	   to	   the	   way	   that	   they	   activate	   DA	   neurons	   in	   the	  

mesocorticolimbic	  system	  (Figure	  7)	  (Lüscher	  and	  Ungless,	  2006).	  
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Class	  I:	  Drugs	  that	  bind	  to	  G	  protein–coupled	  receptors.	  This	  group	  includes	  

the	   opioids	   (e.g.	   morphine,	   heroin,	   through	   mu	   opioid	   receptors),	  

cannabinoids	   (e.g.	   Δ9-‐tetrahydrocannabinol	   (THC),	   through	   cannabinoid	  

receptor	   1	   (CB1-‐R)),	   and	   gamma-‐hydroxy	   butyrate	   (GHB,	   through	   GABAB	  

receptors).	  These	  drugs,	  acting	  on	  G	  protein–coupled	  receptors	  that	  are	  of	  

the	   Gi/o	   family,	   inhibit	   principally	   gamma-‐aminobutyric	   acid	   (GABA)	  

neurons	  in	  the	  VTA.	  As	  GABA	  neurons	  act	  as	   local	   inhibitory	  interneurons	  

in	   the	  VTA,	   their	   inhibition	   leads	  to	  a	  net	  disinhibition	  of	  DA	  neurons	  and	  

increase	  DA	  release.	  

	  

Class	  II:	  Drugs	  that	  interact	  with	  ionotropic	  receptors	  or	  ion	  channels.	  This	  

group	   includes	   nicotine	   (acetylcholine	   receptors),	   alcohol	   (GABAA	   and	  

others	   receptors),	   and	   benzodiazepines	   (GABAA	   receptors).	   These	   drugs	  

have	  a	  complex	  mechanism	  of	  action	  that	  has	  not	  been	  entirely	  elucidated,	  

but	   in	   general	   have	   a	   combined	   effect:	   inhibit	   GABA	   neurons	   and	   also	  

directly	   modulate	   DA	   neurons	   activity	   in	   the	   VTA	   leading	   to	   enhanced	  

release	  of	  DA.	  

	  

Class	  III:	  Drugs	  that	  target	  monoamine	  transporters.	  This	  group	  comprises	  

cocaine,	   amphetamines,	   and	   methylenedioxymetamphetamine	   (MDMA,	  

ecstasy).	  Whereas	  all	  other	  drugs	  directly	  act	  on	  VTA	  neurons,	  these	  drugs	  

block	  the	  re-‐uptake	  of	  DA,	  or	  stimulate	  non-‐vesicular	  release	  of	  DA	  in	  their	  

projecting	   axons,	   causing	   an	   accumulation	   of	   extracellular	   DA	   in	   target	  

structures	  such	  as	  the	  NAc.	  
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Figure	  7.	  The	  dominant	  targets	  involved	  in	  increasing	  DA	  for	  the	  major	  types	  
of	   addictive	   drugs:	   G:	   Gi/o-‐coupled	   receptors;	   i:	   ionotropic	   receptors/ion	  
channels;	  T:	  monoamine	  transporters	  (Lüscher	  and	  Ungless,	  2006).	  

	  

Given	   the	   likelihood	   that	   addictive	   drugs	   exceed	   natural	   stimuli	   in	   the	  

reliability,	   quantity,	   and	   persistence	   of	   increased	   synaptic	   DA	   levels,	   a	  

predicted	  consequence	  of	  the	  DA	  function	  hypotheses	  would	  be	  that	  brain	  

repeatedly	  get	  the	  signal	  that	  drugs	  are	  “better	  than	  expected”,	  leading	  to	  a	  

profound	  overlearning	  of	  the	  motivational	  significance	  of	  cues	  that	  predict	  

its	  delivery	  (Hyman,	  2005).	  

Indeed,	  the	  main	  prototypical	  drugs	  consumed	  by	  humans	  such	  as	  alcohol,	  

nicotine,	   opioids,	   cannabinoids	   and	   psychostimulants,	   all	   produce	   and	  

maintain	   operant	   self-‐administration	   behaviours	   in	   experimental	   animals	  

(Panlilio	   and	   Goldberg,	   2007).	   Moreover,	   some	   drugs	   (e.g.	  

psychostimulants)	   also	   promote	   the	   acquisition	   of	   even	   more	   complex	  
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behaviour,	  such	  as	  drug	  seeking	  under	  second	  order	  schedule	  or	  Pavlovian	  

instrumental	   transfer	   that	   required	   potent	   association	   between	  

conditioning	   stimuli	   and	   the	   reward	   (Everitt	   and	  Robbins,	   2005).	   Finally,	  

conditional	   stimuli	   associated	  with	  consumption	  of	  all	  drugs	  of	  abuse	  can	  

be	  so	  powerful	  that	  they	  can	  reinstate	  drug-‐seeking	  behaviours	  even	  after	  

active	   behavioural	   extinction	   or	   prolonged	   protracted	   abstinence	   during	  

several	  months	  (Marchant	  and	  Shaham,	  2013).	  

There	   is	   considerable	   evidence	   for	   a	   dysregulation	   of	   the	  DAergic	   system	  

following	   repeated	  drug	   intake,	   and	   the	   changes	  observed	  persist	   at	   least	  

during	   the	   early	   phases	   of	   abstinence	   (Volkow	   et	   al,	   2009).	   Thus,	   human	  

imaging	  studies	  have	  demonstrated	  a	  reduction	  in	  the	  availability	  of	  DA	  D2-‐

R	  and	  alterations	  of	  the	  DA	  transporter	  (DAT)	  density	  in	  subjects	  addicted	  

to	  different	  drugs	  including	  cocaine,	  alcohol,	  methamphetamine,	  heroin	  and	  

nicotine	  (Volkow	  et	  al,	  2009).	  	  

All	   together,	   these	   findings	   strongly	   suggest	   that	   DA	   plays	   an	   important	  

role	   in	   the	  reinforcing	  effects	  of	  drugs	  of	  abuse,	  which	  has	   lead	   to	   the	  DA	  

hypothesis	  of	  addiction,	  and	  to	  the	  proposal	   that	  alterations	  of	  DA	  system	  

triggered	  by	  abuse	  consumption	  of	  drugs	  could	  be	  one	  of	  the	  main	  factors	  

leading	  to	  the	  emergence	  addictive	  behaviours	  (Diana,	  2011).	  

	  

1.5.1.2.	  The	  endogenous	  opioid	  system	  

The	   endogenous	   opioid	   system	   is	   composed	   by	   three	   major	   subtypes	   of	  

seven-‐transmembrane,	  G	  protein-‐coupled	  opioid	   receptors,	  mu,	  delta,	   and	  

kappa	   which	   are	   stimulated	   by	   three	   different	   families	   of	   endogenous	  

opioid	   peptides:	   derivates	   of	   pre-‐pro-‐opiomelanocortin,	   pre-‐enkephalin,	  

and	  pre-‐dynorphin;	  or	  by	  exogenous	  opiates,	  such	  as	  morphine	  and	  heroin.	  
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The	   endogenous	   opioid	   system	   is	   largely	   distributed	   through	   the	   central	  

nervous	  system	  (CNS)	  and	  peripheral	  tissues,	  which	  confer	  to	  this	  system	  a	  

key	   role	   in	   the	   control	   of	   several	   physiological	   responses	   including	  

nociception,	  emotional	  behaviour,	   learning	  and	  memory	  and	  regulation	  of	  

reward	  circuits,	  among	  others	  (Benarroch,	  2012).	  	  

The	   different	   components	   of	   the	   endogenous	   opioid	   system	   are	   highly	  

expressed	  in	  brain	  areas	  of	  the	  mesocorticolimbic	  circuit,	  such	  as	  the	  VTA,	  

NAc,	  PFC,	   and	  extended	  amygdala	   (Le	  Merrer	   et	   al,	   2009).	  One	   important	  

function	  of	   the	  endogenous	  opioid	  system	  inside	  this	  circuit	   is	   the	  control	  

of	  hedonic	  processes.	   In	   this	  view,	  microinjection	  of	  mu	  receptor	  agonists	  

in	  the	  NAc	  amplifies	  positive	  affective	  orofacial	  reactions	  to	  natural	  reward,	  

such	  as	  sucrose,	  and	   increase	   food	  consumption	   in	  rodents	  (Peciña,	  2008;	  

Kelley	   et	   al,	   2002).	   In	   contrast,	   injection	   of	   a	   kappa	   receptor	   agonist	   into	  

the	   NAc	   decreased	   the	   consumption	   of	   pre-‐fed	   palatable	   foods	   (Peciña,	  

2008;	   Woolley	   et	   al,	   2007).	   Thus,	   opioid	   peptides	   released	   in	   the	   NAc	  

during	   consumption	   of	   palatable	   foods	   can	   produce	   opposite	   effects	   on	  

flavor	   preference	   depending	   on	   the	   opioid	   receptors	   activated.	   The	  

endogenous	  opioid	  system	  in	  the	  mesocorticolimbic	  circuit	  may	  contribute	  

to	  assign	  an	  emotional	  valence	  to	  an	  aimed	  or	  goal.	  In	  general,	  systemic	  mu	  

and,	   to	   a	   lesser	   extent,	   delta	   agonists	   produce	   positive	   reinforcement,	  

whereas	  kappa	  agonists	  induce	  aversive	  effects	  (Le	  Merrer	  et	  al,	  2009). 

The	  endogenous	  opioid	  system	  has	  been	  considered	  a	  key	  substrate	  for	  the	  

development	   of	   addictive	   behaviours	   (Trigo	   et	   al,	   2010).	   The	   first	  

compelling	   evidence	   is	   that	   drugs	   that	   directly	   target	   the	   endogenous	  

opioid	   system,	   such	   as	   heroin	   or	   morphine,	   are	   extremely	   addictive.	  

Moreover,	   exposure	   to	   many	   different	   drugs,	   including	   alcohol,	   nicotine,	  

psychostimulants	   and	   cannabinoids,	   modifies	   the	   activity	   of	   the	  
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endogenous	   opioid	   system	   in	   the	   mesocorticolimbic	   system.	   In	   addition,	  

pharmalogical	   or	   genetic	   blockade	   of	   mu	   and	   delta	   opioid	   receptors	  

decreased	  the	  reinforcing	  properties	  of	  these	  drugs	  in	  different	  behavioural	  

paradigms	   (self-‐administration	  and	  CPP)	   (Trigo	  et	  al,	  2010).	  On	   the	  other	  

hand,	   the	   endogenous	   opioid	   system	   through	   kappa	   signalling	   mediates	  

aversive	  effects	  of	  drugs	  such	  as	  anxiety	  and	  dysphoria,	  and	  even	  regulates	  

several	   manifestations	   of	   the	   withdrawal	   syndrome	   (Trigo	   et	   al,	   2010).	  

Finally,	   repeated	   exposure	   to	   all	   prototypical	   drugs	   produces	   long-‐term	  

adaptive	  changes	  in	  the	  endogenous	  opioid	  system,	  particularly	  an	  increase	  

in	   dynorphin/kappa	   receptor	   signalling	   in	   different	   brain	   areas	   of	   the	  

mesocorticolimbic	  system,	  which	  participates	  in	  the	  aversive	  component	  of	  

the	  withdrawal	  syndrome	  (Mathieu-‐Kia	  and	  Besson,	  1998;	  Di	  Benedetto	  et	  

al.,	  2006).	  

In	   summary,	   while	   DA	   system	   appears	   to	   be	   preferentially	   involved	   in	  

motivational	   and/or	   learning	   aspects	   of	   drug	   reinforcement,	   the	  

endogenous	   opioid	   system	   seems	   to	   mediate	   the	   emotional	  

hedonic/aversive	  response	  to	  drugs	  of	  abuse.	  Importantly,	  the	  endogenous	  

opioid	   system	   participates	   in	   many	   aspects	   of	   the	   addictive	   process,	  

including	  the	  hedonic	  effects	  that	  drive	  initial	  drug	  use	  and	  the	  subsequent	  

negative	  reinforcement	  associated	  with	  drug	  abuse.	  

	  
1.5.1.3.	  The	  glutamatergic	  system	  

Glutamate,	   together	   with	   GABA,	   represent	   the	   major	   neurotransmitter	  

systems	   in	   the	   CNS.	   Glutamate	   is	   the	   main	   excitatory	   neurotransmitter,	  

while	   GABA	   is	   the	   principal	   inhibitory	   one.	   The	   glutamatergic	   system	   is	  

ubiquitously	   present	   throughout	   the	   brain,	   and	  many	   cortical	   and	   limbic	  
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structures	  of	  the	  mesocorticolimbic	  system	  spread	  out	  their	  neural	  activity	  

through	  glutamatergic	  efferents	  (Tzschentke	  and	  Schmidt,	  2003).	  

Several	  evidences	  demonstrate	  the	  crucial	  role	  played	  by	  the	  glutamatergic	  

system	   in	   drug	   addiction	   (Kalivas,	   2009).	   In	   particular,	   glutamatergic	  

signalling	  in	  the	  mesocorticolimbic	  system,	  via	  its	  ionotropic	  (AMPA,	  NMDA	  

and	   kainate	   receptors)	   and	   metabotropic	   (mGluR1-‐8)	   receptors,	   has	   been	  

considered	   an	   essential	   substrate	   for	   neuronal	   plasticity,	   learning	   and	  

memory	  mechanisms	  involved	  in	  different	  aspects	  of	  the	  addictive	  process,	  

such	   as	   reinforcement	   learning,	   drug	   sensitization	   and	   craving/relapse	  

(Tzschentke	  and	  Schmidt,	  2003).	  

The	   involvement	   of	   glutamate	   transmission	   in	   reinforcement	   learning	   is	  

crucial,	   and	  glutamate	  blockade	   in	  different	  part	  of	   the	  mesocorticolimbic	  

system	   prevents	   the	   acquisition	   of	   operant	   self-‐administration	   behaviour	  

and/or	  of	  Pavlovian	  conditioning	  (CPP)	  of	  both	  natural	  rewards	  and	  drugs	  

of	   abuse	   (Schenk	   et	   al.,	   1993;	   Del	   Pozo	   et	   al.,	   1996;	   Kelley	   et	   al.,	   1997;	  

Kotlińska	   and	   Biała,	   2000).	   These	   effects	   may	   rely	   on	   the	   capacity	   of	  

glutamatergic	   transmission	   to	   activate	   dopaminergic	   cells	   in	   the	  VTA	  and	  

DA	   release	   in	   the	   NAc	   (Karreman	   et	   al.,	   1996).	   Thus,	   co-‐infusion	   of	   low	  

doses	   of	   the	   DA	   D1-‐R	   and	   glutamate	   receptor	   antagonist	   in	   the	   NAc	  

strongly	   potentiates	   the	   impairment	   in	   the	   acquisition	   of	   instrumental	  

learning	  that	  each	  drug	  produced	  when	  administered	  alone,	  suggesting	  that	  

a	   glutamate–DA	   interaction	   is	   a	   key	   mechanism	   in	   the	   acquisition	   of	  

appetitive	  instrumental	  learning	  (Smith-‐Roe	  and	  Kelley,	  2000).	  	  

The	   requirement	   of	   glutamatergic	   transmission	   in	   drug	   sensitization	  

highlights	   its	   involvement	   in	   driving	   contextual	   information	   and	  

neuroplastic	   mechanisms	   (Vanderschuren	   and	   Kalivas,	   2000).	   Thus,	  
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pharmalogical	  blockade	  of	  glutamate	  transmission	  in	  the	  VTA	  and	  NAc	  can	  

prevent	   the	   induction	   and	   expression,	   respectively,	   of	   context-‐dependent	  

behavioural	  sensitization	  to	  differents	  drugs	  of	  abuse	  (Vanderschuren	  and	  

Kalivas,	  2000).	   Interestingly,	   injection	  of	  an	  AMPA-‐R	  agonist	   in	  the	  NAc	  of	  

animals	  re-‐exposed	  to	  the	  context	  where	  they	  received	  chronic	  injection	  of	  

cocaine	  is	  sufficient	  to	  induce	  psychomotor	  sensitization,	  without	  injecting	  

a	   challenge	   cocaine	   dose	   (Bell	   and	   Kalivas,	   1996).	   As	   this	   behavioural	  

model	   is	   thought	   to	   emulate	   some	   long-‐lasting	   addicts’	   behavioural	  

abnormalities,	   the	   glutamatergic	   system	   has	   been	   considered	   a	   key	  

substrate	   for	   the	   development	   of	   long-‐term	   neuronal	   adaptations	   that	  

promote	   the	   occurrence	   of	   addiction	   (Robinson	   and	   Berridge,	   2000;	  

Kalivas,	  2009)	  

The	   glutamatergic	   system	   is	   also	   a	   key	   substrate	   for	   drug	   relapse	  

(Knackstedt	   and	   Kalivas,	   2009).	   Relapse	   in	   human	   addicts	   is	   mainly	  

induced	  by	  three	  different	  factors:	  	  a	  punctual	  and	  even	  low	  consumption	  of	  

the	   drug,	   a	   stressful	   situation,	   or	   the	   re-‐exposure	   to	   environmental	   cues	  

previously	  associated	  with	  drug	  intake	  such	  as	  places	  or	  people	  with	  whom	  

addicts	   used	   to	   take	   drugs.	   Such	   stimuli	   activate	   an	   “addiction	   memory”	  

that	  has	  developed	  during	  the	  period	  of	  active	  drug-‐taking	  and	  that	  is	  very	  

stable,	   perhaps	   permanent	   (Stewart,	   2008).	   Imaging	   studies	   in	   human	  

addicts	  have	  shown	  that	  the	  presentation	  of	  drug-‐related	  cues	  that	  typically	  

promote	   drug	   relapse	   were	   associated	   with	   increased	   activity	   of	   several	  

glutamatergic	   structures,	   such	   as	   the	   amygdala	   and	   the	   PFC.	   Moreover,	  

pharmalogical	  inactivation	  of	  AMPA-‐Rs	  in	  these	  same	  structures	  in	  rodents	  

prevents	   cocaine	   reinstatement	   induced	   by	   both	   drug-‐priming	   or	   cues	  

(Tzschentke	   and	   Schmidt,	   2003).	   This	   predominant	   role	   of	   glutamate	   in	  

cocaine	  relapse	  is	  further	  confirmed	  by	  the	  fact	  that	  AMPA	  infusions	  in	  the	  
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NAc,	  alone,	   reinstates	  previous	  extinguished	  cocaine-‐seeking	  behaviour	   in	  

rodents	   (Cornish	   and	   Kalivas,	   2000).	   Thus,	   the	   glutamatergic	   system	  

represents	  an	  interesting	  neurobiological	  target	  to	  prevent	  relapse.	  

In	   summary,	   behavioural	   dysfunctions	   in	   addictive	   disorders	   have	   been	  

mainly	  related	  to	  drug-‐induced	  altertations	  in	  the	  dopaminergic,	  opioid	  and	  

glutamatergic	   system	   in	   the	   mesocorticolimbic	   circuit.	   However,	   other	  

neurochemical	   systems,	   such	   as	   the	   endogenous	   cannabinoid	   system	   (see	  

chapter	   4),	   also	   play	   an	   important	   role	   in	   the	   addictive	   process.	   A	  

remaining	   critical	   issue	   not	   yet	   fully	   clarified	   is	   to	   understand	   how	   these	  

alterations	   lead	   to	  persistently	   compromise	   the	  physiological	   functions	  of	  

the	   different	   cerebral	   areas	   of	   the	   brain	   reward	   circuit,	   and	   ultimately	   to	  

the	  development	  of	  addiction.	  	  

	  

1.5.2.	  Main	  brain	  structures	  involved	  in	  the	  development	  of	  addictive-

like	  behaviours	  

The	   different	   brain	   structures	   that	   composed	   the	   brain	   reward	   circuit	  

receive	   important	   dopaminergic	   innervations	   that	   are	   modulated	   by	   the	  

endogenous	  opioid	  and	  cannabinoid	   system,	  and	  most	  of	   these	   structures	  

spread	  out	  their	  neural	  activity	  through	  glutamatergic	  efferents	  (Koob	  and	  

Volkow,	   2010).	   This	   section	   describes	   some	   components	   of	   the	  

mesocorticolimbic	   circuit	   in	   which	   alterations	   of	   these	   neurotransmitter	  

systems	  promoted	  by	   the	  different	  drugs	  of	  abuse	   lead	   to	   the	   long-‐lasting	  

cognitive	  and	  psychological	  impairments	  that	  characterize	  addiction.	  
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1.5.2.1.	  The	  nucleus	  accumbens	  

The	   NAc	   is	   a	   subcortical	   forebrain	   structure	   located	   in	   the	   septal	   region	  

that	   forms,	   together	   with	   the	   olfactory	   tubercule,	   the	   ventral	   part	   of	   the	  

striatum	  complex.	  The	  NAc	  is	  considered	  an	  essential	  integrative	  brain	  area	  

where	  neural	  activity	  from	  the	  limbic	  system	  and	  the	  basal	  ganglia/motor	  

system	   can	   interact,	   providing	   the	   interface	   between	   emotion	   and	   action	  

(Day	  and	  Carelli,	  2007).	  	  

The	  vast	  majority	  (90–95%)	  of	  neurons	  in	  the	  striatum	  complex,	  including	  

the	   NAc,	   are	   GABA-‐containing	   medium	   spiny	   neurons	   that	   have	   been	  

divided	  in	  two	  subpopulations:	  those	  that	  co-‐express	  DA	  D1-‐like	  receptors	  

and	   the	   endogenous	   opioid	   peptide	   dynorphin,	   and	   those	   that	   co-‐express	  

DA	   D2-‐	   like	   receptors	   and	   the	   endogenous	   opioid	   peptide	   enkephalin	  

(Meredith,	  1999).	  

The	  NAc	  receives	  extensive	  excitatory	  afferents	  from	  the	  thalamus,	  cerebral	  

cortex	  including	  the	  mPFC,	  and	  multiple	  limbic	  associated	  areas	  such	  as	  the	  

HPC	   and	   amygdala.	   These	   excitatory	   inputs	   often	   synapse	   onto	   the	  

dendritic	  spines	  of	  medium	  spiny	  neurons	  that	  also	  receive	  synapses	  from	  

DA	   afferents	   from	   the	   VTA.	   The	   so-‐called	   triad	   of	   elements:	   spine,	  

glutamate	   synapse,	   and	   DA	   synapse,	   creates	   the	   potential	   for	   DA	   to	  

modulate	  discretely	  specific	  sources	  of	  glutamate	  transmission	  in	  the	  NAc,	  

thus	   gating	   the	   activation	   of	   medium	   spiny	   neurons	   (Sesack	   and	   Grace,	  

2010).	  It	  has	  been	  shown	  that	  DA	  D1	  and	  D2-‐R	  oppositely	  modulate	  these	  

excitatory	   inputs.	   Thus,	   DA	   D1-‐R	   stimulation	   potentiates	   glutamatergic	  

drive,	   while	   DA	   acting	   on	   D2-‐R	   potently	   inhibits	   medium	   spiny	   neurons,	  

preventing	   the	   glutamate	   stimulation	   (West	   and	   Grace,	   2002).	   As	   DA	  

neurons	   in	   the	   VTA	   respond	   to	   both	   rewarding	   and	   aversive	   stimuli	  

(Lammel	  et	  al.,	  2011),	  the	  integration	  of	  these	  excitatory	  (glutamate,	  DA	  on	  
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D1-‐R)	  and	  modulatory-‐inhibitory	  (DA	  on	  D2-‐R)	  inputs	  in	  the	  medium	  spiny	  

neurons	  provides	  to	  the	  NAc	  the	  ability	  to	  regulate	  motor	  actions	  in	  a	  most	  

adaptive	   manner	   (Horvitz	   et	   al.,	   2002).	   Thus,	   cortical	   activation	   of	   D1-‐

expressing	   medium	   spiny	   neurons	   in	   the	   NAc	   would	   lead	   ultimately	   to	  

disinhibition	  of	  appropriate	  action	  plans	  that	  facilitate	  reward	  acquisition;	  

while	   cortical	   activation	   of	   the	   D2-‐expressing	   medium	   spiny	   neurons	  

related	  circuit	   is	   likely	   to	   inhibit	  motor	  plans	   that	  are	  maladaptive,	   either	  

for	  obtaining	  reward	  or	  for	  avoiding	  punishment	  (Sesack	  and	  Grace,	  2010).	  

The	  functional	  activity	  of	  the	  NAc	  can	  be	  segregated	  anatomically	  into	  two	  

subregions:	   the	  NAc	   shell	   and	   the	  NAc	   core.	  The	  NAc	   core	   represents	   the	  

central	  portion	  directly	  beneath	  and	  continuous	  with	  the	  dorsal	  part	  of	  the	  

striatum	  and	  surrounding	  the	  anterior	  commissure,	  whereas,	  the	  NAc	  shell	  

occupies	   the	  most	   ventral	   and	  medial	   portions	   of	   the	   NAc.	   The	   NAc	   core	  

and	   shell	   differ	   in	   their	   precise	   cellular	   morphology,	   neurochemistry,	  

projection	  patterns,	  and	  functions	  (Meredith	  et	  al.,	  2008).	  The	  NAc	  shell	  is	  

considered	  a	  transitional	  zone	  between	  the	  striatum	  and	  emotional	   limbic	  

structures	   included	   in	   the	   extended	   amygdala,	   and	  may	   be	   preferentially	  

involved	  in	  mediating	  the	  assignment	  of	  hedonic	  and	  motivational	  value	  to	  

environmental	   stimuli	   (Meredith	   et	   al.,	   2008).	   Indeed,	   the	  modulation	   by	  

DA	  of	  responses	  to	  novel	  rewarding	  stimuli	  occurs	  within	  the	  shell	  region.	  

Hence,	   the	   unconditioned	   DA	   release	   to	   new	   rewarding	   stimuli	   is	  

significantly	   greater	   in	   the	   shell	   than	   in	   the	   core	   (Di	   Chiara	   et	   al.,	   2004;	  

Aragona	  et	  al.,	  2008).	  Moreover,	  opioid	  signalling	  mediates	  principally	  the	  

pleasurable	   effects	   of	   rewarding	   stimuli	   in	   the	   shell,	   into	   specific	   regions	  

named	  “hedonic	  hotspot”	  (Peciña	  et	  al.,	  2005).	  Finally,	  inhibition	  of	  the	  NAc	  

shell,	   but	   not	   the	   NAc	   core,	   enhances	   feeding	   responses	   (Maldonado-‐

Irizarry	  et	  al.,	  1995;	  Stratford	  and	  Kelley,	  1997).	  In	  contrast,	  the	  NAc	  core	  is	  
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considered	   a	   functional	   extension	   of	   the	   dorsal	   striatum	   and	   may	   be	  

particularly	  important	  to	  regulate	  goal-‐directed	  exploratory	  activity	  and	  to	  

promote	   association	   of	   rewarding	   stimuli	   with	   contextual	   cues	   and	  

behavioural	  actions	  (Meredith	  et	  al.,	  2008).	  Indeed,	  infusions	  of	  an	  NMDA-‐R	  

antagonist	   in	  the	  core	  produces	  decrements	  in	  locomotor	  activity,	  rearing,	  

and	   novel	   object	   exploration	   that	   were	   much	   more	   pronounced	   than	  

similar	   infusions	   into	   the	   shell	   (Maldonado-‐Irizarry	   and	   Kelley,	   1994).	   In	  

addition,	   conditioned	   stimuli	   that	   trigger	   motivated	   behaviours,	   such	   as	  

cue-‐light	   promoted	   lever-‐pressing,	   specifically	   enhance	   DA	   release	   in	   the	  

NAc	  core,	  but	  not	  in	  the	  shell	  (Ito	  et	  al.,	  2000);	  and	  lesion	  of	  the	  NAc	  core,	  

but	   not	   of	   the	   shell,	   prevents	   the	   motivational	   consequences	   of	   outcome	  

devaluation,	  which	   tests	   an	   animal's	   ability	   to	   respond	  appropriately	   to	   a	  

recent	   change	   in	   the	  motivational	   significance	   of	   a	   stimulus	   (Corbit	   et	   al.	  

2001).	  

The	   NAc	   also	   mediates	   the	   rewarding	   properties	   of	   drugs	   of	   abuse,	   in	  

agreement	   with	   its	   crucial	   role	   in	   coordinating	   behavioural	   responses	  

towards	   natural	   reward	   achievement.	   Indeed,	   operant	   responses	   are	  

maintained	   in	   rodents	   by	   self-‐administration	   into	   the	   NAc	   of	   different	  

drugs	  of	   abuse,	   such	   as	   amphetamine,	   cocaine	   and	  morphine.	   Conversely,	  

lesions	   of	   the	   NAc	   reduce	   self-‐administration	   of	   psychostimulants	   and	  

opiates	  (Feltenstein	  and	  See,	  2008).	  

In	  addition,	  chronic	  consumption	  of	  drugs	  of	  abuse	  profoundly	  alters	  NAc’s	  

functionality.	   Indeed,	   several	   studies	   showed	   that	  neurons	   in	   the	  NAc	  are	  

still	   highly	   activated	   by	   drug	   associated	   stimuli	   even	   1	   month	   after	  

repeated	  cocaine	  self-‐administration,	  an	  effect	  that	  was	  not	  observed	  with	  

natural	   rewards	   (Ghitza	   et	   al.,	   2003;	   Jones	   et	   al.,	   2008).	   Importantly,	   this	  

activation	  was	  significantly	  greater	   following	  one	  month	  compared	  to	  one	  
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day	   of	   abstinence,	   correlating	   with	   the	   progressive	   enhancement	   of	  

cocaine-‐seeking	   behaviour	   observed	   during	   the	   same	   period	   of	   time,	   a	  

phenomenon	  referred	  as	  “drug	  craving	  incubation”	  (Hollander	  and	  Carelli,	  

2007).	  Finally,	  human	  addicts	  with	  prolonged	  history	  of	  drug	  use	  present	  

functional	  alterations	  in	  the	  NAc,	  such	  as	  reduced	  DA	  D2-‐R	  binding,	  which	  

has	   been	   viewed	   as	   a	   reward-‐deficiency	   state	   that	   leads	   drug	   users	   to	  

increase	   drug-‐taking	   in	   an	   attempt	   to	   achieve	   the	   same	   level	   of	   reward	  

(Volkow	  et	  al.,	  2009).	  
	  

1.5.2.2.	  The	  hippocampus	  

The	  HPC	   is	   an	   important	   component	  of	   the	   limbic	   system	   localized	   in	   the	  

temporal	   lobe	   that	   plays	   a	   crucial	   role	   in	   the	   control	   of	   emotion	   and	  

memory.	   In	  particular,	   the	  hippocampal	   formation	  plays	  a	  prominent	   role	  

in	   the	   storage,	   consolidation	   and	   retrieval	   of	   a	   specific	   form	   of	   memory,	  

named	  declarative	  memory.	  Declarative	  memory	  processes	  are	  involved	  in	  

defining	  our	  idendity	  and	  anchor	  us	  to	  past	  events,	  places,	  and	  experiences.	  

Thus,	  the	  HPC	  is	  essential	  to	  form	  spatial	  and	  contextual	  memory,	  to	  move	  

in	   space	   or	   to	   associate	   specific	   places	   with	   emotional	   events	   (i.e.	  

contextual	  conditioning)	  (Tulving	  and	  Markowitsch,	  1998).	  In	  addition,	  the	  

HPC	   is	   also	   a	   target	   structure	   of	   the	   mesocorticolimbic	   dopaminergic	  

pathways	   that	   integrate	   the	   brain	   reward	   circuit.	   Thus,	   hippocampal	  

functions	   seem	  determinant	   to	   remember	   the	   location	  of	  natural	   rewards	  

or	   to	   associate	   a	   place,	   or	   specific	   stimulus	   with	   the	   occurrence	   of	  

rewarding	  or	  aversive	  outcomes.	  

DA	   signalling	  plays	   an	   important	  modulatory	   role	   in	   the	  HPC	  on	  memory	  

consolidation.	  Indeed,	  injection	  of	  D1-‐R	  agonists	  or	  antagonists	  in	  rodents,	  

respectively,	  enhances	  or	  decreases	  retention	  of	  memory	  (Bernabeu	  et	  al.,	  
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1997;	  Morris	  et	  al.,	  2003),	   and	  polymorphism	  of	  COMT	  gene,	  which	  codes	  

the	   enzyme	   that	   metabolizes	   DA,	   is	   associated	   with	   improved	   episodic	  

memory	   in	   humans	   (de	   Frias	   et	   al.,	   2004).	   Importantly,	   this	   functional	  

interaction	  is	  reciprocal,	  and	  the	  HPC,	  through	  the	  ventral	  subiculum,	  also	  

modulates	   the	   activity	   of	   DA	   neurons	   in	   the	   VTA.	   Indeed,	   the	   ventral	  

subiculum	   send	   many	   excitatory	   projections	   to	   the	   NAc,	   and	   specific	  

stimulation	  of	  these	  neural	  inputs	  is	  sufficient	  to	  produce	  an	  increase	  in	  DA	  

release	  in	  the	  mesocorticolimbic	  system	  (Taepavarapruk	  et	  al.,	  2000).	  	  

The	   hippocampal	   influence	   on	   the	   NAc/VTA	   neurons	   is	   thought	   to	   serve	  

two	  important	  functions	  implicated	  in	  reward-‐directed	  behaviours	  (Lisman	  

and	  Grace,	  2005).	  First,	  excitatory	  afferents	   from	  the	  ventral	  subiculum	  of	  

HPC	   signal	   to	   the	   NAc	   the	   novelty	   aspects	   of	   a	   stimulus,	   and	   promote	  

approach	   behaviour	   toward	   the	   salient	   stimuli	   leading	   to	   the	   potential	  

achievement	  of	  new	  source	  of	  reward.	  Second,	  the	  subsequent	  activation	  of	  

VTA	  DA	  neurons	  triggered	  by	  these	  excitatory	   inputs	  will	   in	  turn	   increase	  

DA	  release	   in	  target	  structures	  of	   the	  mesocorticolimbic	  system,	   including	  

the	  HPC,	  which	   enhances	   the	   entry	   of	   behaviourally	   relevant	   information	  

into	   long-‐term	  memory.	  This	  will	  be	  essential	   to	   shape	   in	  a	  most	  efficient	  

manner	  future	  goal-‐directed	  behaviours.	  

It	   has	   been	   shown	   that	   the	  HPC	   represents	   an	   important	   neurobiological	  

substrate	  for	  the	  acquisition,	  consolidation	  and	  expression	  of	  drug-‐related	  

memories.	   Thus,	   lesions	   or	   functional	   alterations	   of	   specific	   parts	   of	   the	  

HPC	  prevent	  cocaine-‐induced	  CPP,	  disrupt consolidation	  of	  an	  established	  

morphine-‐induced-‐CPP	   and	   reduce	   alcohol-‐maintained	   responding	   in	   an	  

operant	  task	  (Meyers	  et	  al.,	  2003;	  Milekic	  et	  al.,	  2006;	  June	  et	  al.,	  2001).	  
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Moreover,	   chronic	   drug	   consumption	   has	   deleterious	   effects	   on	  

hippocampal	   functions,	   leading	   to	   strong	   maladaptive	   contextual	  

associations.	  Indeed,	  DA	  signalling	  in	  the	  HPC	  promotes	  rewarding	  relevant	  

information	  to	  come	  into	  long-‐term	  memory,	  and	  drug-‐induced	  “abnormal”	  

DA	   release	   can	   potentially	   consolidates	   drugs-‐related	   memories	   for	   a	  

lifetime.	   Thus,	   drug-‐associated	   stimuli	   that	   evoke	   memories	   of	   the	   drug	  

induce	   potent	   craving	   or	   desire	   of	   drug	   consumption,	   an	   effect	   that	   can	  

persist	   for	   years	   or	   decades	   after	   abstinence	   (Weiss,	   2005).	   Both,	  

presentation	   of	   drug	   associated	   stimuli	   or	   drug	   craving	   evoked	   by	  

autobiographical	   scripts	   in	  addicts	   strongly	  enhance	  neural	  activity	   in	   the	  

HPC	   (Kilts	   et	   al.,	   2001;	   Hermann	   et	   al.,	   2006).	   Similarly,	   natural	   reward-‐

predictive	   cues	   can	   guide	   efficiently	   goal	   directed-‐behaviours,	   whereas	  

drugs-‐related	   cues	   can	  dominate	   the	  behaviour.	   Indeed,	   exposure	   to	  drug	  

associated	   stimuli	   is	   a	  major	   cause	   of	   relapse	   in	   humans	   addicts,	   and	   the	  

HPC	  seems	  a	  crucial	  structure	  mediating	   this	  process.	  Thus,	   lesions	  of	   the	  

HPC	  prevent	   reinstatement	  of	   drug	   seeking	  behaviour	  by	  drug-‐associated	  

context	  (Fuchs	  et	  al.,	  2005),	  while	   its	  stimulation	  can	  cause	  reinstatement	  

of	   drug	   taking	   behaviour	   (Vorel	   et	   al.,	   2001).	   Finally,	   conditioned	  

associations	   disappear	   in	   “normal”	   individuals	   when	   environmental	   cues	  

no	   longer	   predict	   reward	   achievement,	  while	   in	   addicts	   drug	   conditioned	  

associations	  tend	  to	  subsist.	  Indeed,	  human	  addicts	  often	  relapse	  when	  re-‐

exposed	   to	  drug-‐associated	  cues,	  despite	  being	   “tolerant”	   to	  drug	  hedonic	  

effects	  and	  had	  suffered	  harmful	  outcomes	  due	  to	  drug	  consumption,	  such	  

as	   cancers	   derived	   of	   smoking	   or	   alcoholic	   cirrhoses.	   This	   unflexible	  

learning-‐reponse	  has	  been	  hypothezised	  to	  reflect,	  in	  part,	  a	  dysfunction	  of	  

hippocampal	  declarative	  memory	  processes	  and	  pathological	   involvement	  

of	   striatal	   procedural	   memories	   processes	   that	   form	   “aberrant”	   habit	  

learning	  (Kalivas	  and	  O'Brien,	  2008;	  Everitt	  et	  al.,	  2008).	  
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1.5.2.3.	  The	  prefrontal	  cortex	  

The	  PFC	  represents	  the	  anterior	  part	  of	  the	  frontal	  lobes	  of	  brain	  that	  lyes	  

in	   front	   of	   the	   motor	   and	   premotor	   areas.	   This	   brain	   region	   has	   been	  

implicated	   in	   a	   variety	   of	   cognitive	   and	   executive	   functions,	   such	   as	  

attention,	   working	   memory,	   inhibitory	   responses	   control	   and	   decision-‐

making.	   In	   particular,	   these	   functions	   allow	   to	   differentiate	   among	  

conflicting	  thoughts,	  such	  as	  determining	  good	  and	  bad,	  to	  predict	  action’s	  

outcomes,	   or	   to	   suppress	   urges.	   The	  PFC	   serves	   to	   represent	   information	  

that	   is	   not	   currently	   in	   the	   environment	   to	   intelligently	   guide	   thought,	  

action,	  and	  emotion	  in	  accordance	  with	  internal	  goals	  (Miller	  et	  al.,	  2002).	  	  

The	   PFC	   is	   highly	   interconnected	   with	   multiple	   brain	   areas,	   including	  

extensive	   connections	  with	  other	   cortical	   areas	   that	   include	   the	  HPC,	   and	  

subcortical	  regions,	  such	  as	  the	  NAc	  and	  VTA.	  The	  main	  output	  of	  the	  PFC	  is	  

composed	   of	   excitatory	   glutamatergic	   pyramidal	   neurons	   that	   can	   either	  

directly	   activate	   its	   target	   structures,	   or	   inhibiting	   them	   via	   activation	   of	  

local	   inhibitory	   GABAergic	   interneurons.	   Reciprocally,	   these	   structures	  

influence	  neural	  activity	  in	  the	  PFC,	  and	  DA	  afferents	  from	  the	  mesocortical	  

pathway	  emerging	  in	  the	  VTA	  greatly	  contribute	  to	  regulate	  PFC’s	  functions	  

(Tzschentke,	  2000).	  Phasic	  DA	  signalling	  in	  the	  PFC	  provides	  a	  gating	  signal	  

that	   “synchronises”	  PFC	  neural	   activity	   in	  processing	   information	   relative	  

to	   a	   salient	   stimulus.	   Thereby,	   the	   PFC	   permits	   to	   elaborate	   behavioural	  

plans,	  to	  limit	  impulsive	  actions,	  and	  to	  evaluate	  benefit/cost	  ratio	  to	  select	  

the	  most	  appropriate	  behavioural	   strategies	   to	  obtain	   the	  desired	  stimuli.	  

(Seamans	  and	  Yang,	  2004;	  Dalley	  et	  al.,	  2004)	  

A	   significant	   aspect	   of	   addiction	   is	   the	   pathological	   narrowing	   of	   goal	  

selection	  to	  those	  that	  are	  drug	  related.	  Indeed,	  phasic	  DA	  release	  provides	  
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a	  gating	  signal	  in	  the	  PFC	  and	  addictive	  drugs	  produce	  a	  potent	  and	  highly	  

distorted	   signal	   that	   disrupts	   normal	  DA-‐related	   learning	   in	   the	   PFC.	   The	  

upshot	  of	   such	  a	   scenario	  would	  be	   a	  biased	   representation	  of	   the	  world,	  

powerfully	   overweighted	   toward	   drug-‐related	   cues	   and	   away	   from	   other	  

choices,	   thus	   contributing	   to	   the	   loss	   of	   control	   over	   drug	   use	   that	  

characterizes	  addiction	  (Hyman,	  2005).	  

In	   this	   line,	   accumulating	   evidences	   show	   the	   contribution	   of	   the	   PFC,	  

especially	   its	   medial	   part,	   in	   the	   pathological	   rewarding	   and	   reinforcing	  

effects	   of	   drugs	   of	   abuse	   (Tzschentke,	   2000).	   Thus,	   administration	   of	  

differents	   drugs	   of	   abuse,	   such	   as	   cocaine	   and	   heroin,	   enhances	   mPFC	  

neural	  activity	   (Breiter	  et	  al.,	  1997;	  Chang	  et	  al.,	  1998),	  and	   lesions	  of	   the	  

mPFC	  facilitate	  cocaine	  self-‐administration	  (Weissenborn	  et	  al.,	  1997).	  This	  

latter	  effect	  has	  been	  considered	  to	  reflect	  a	   loss	  of	  behavioural	   inhibition	  

that	  enhances	  new	  and	  potentially	  risky	  behaviour.	  In	  agreement,	  lesions	  of	  

the	  mPFC	  in	  rodents	  increase	  impulsive-‐like	  responses	  (Pezze	  et	  al.,	  2009),	  

which	   facilitate	   drug	   self-‐administration	   acquisition	   (Dalley	   et	   al.,	   2007).	  

Conversely,	  human	  abstinent	  drugs	  addicts	  present	  hypo-‐activity	  of	  several	  

regions	   of	   PFC,	   which	   has	   been	   related	   to	   impaired	   impulse	   control	   and	  

decision	  making	  (Volkow	  et	  al.,	  1992;	   Jentsch	  and	  Taylor,	  1999;	  Rogers	  et	  

al.,	   1999).	   Thus,	   compulsive	   drug	   taking	   has	   been	   interpreted	   as	   an	  

aberrant	  behaviour	   resulting	   from	  poorly	  modulated	  decisions	  due	   to	   the	  

inability	  to	  learn	  from	  the	  negative	  consequences	  of	  drug	  use	  (George	  and	  

Koob,	  2010).	  

Moreover,	   dysfunction	   of	   the	   PFC	   has	   been	   related	   to	   drug	   craving	   and	  

relapse.	   Indeed,	   imaging	   studies	   show	   that	   drug	   abusers	   present	   a	  

hyperactivation	  of	  some	  parts	  of	  the	  PFC	  in	  response	  to	  drug	  related	  stimuli	  

when	   compared	   compared	  with	   non-‐abusers	   ones,	  which	   correlates	  with	  
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subjective	   feelings	   of	   drug	   craving	   (Goldstein	   and	   Volkow,	   2002).	   In	  

addition,	   reinstatement	   to	   drug-‐seeking	   is	   accompanied	   by	   increased	  

neuronal	  activation	  in	  the	  dorsal	  mPFC	  in	  rodents	  (Koya	  et	  al.,	  2006;	  Zavala	  

et	   al.,	   2008),	   and	  mPFC	   inactivation	   reduces	   reinstament	   of	   both	   cocaine	  

and	  heroin	  seeking	  behaviour	  (McFarland	  and	  Kalivas,	  2001;	  Rogers	  et	  al.,	  

2008).	   Interestingly,	   the	   PFC	   seems	   to	   play	   a	   bidirectional	   role	   in	   drug	  

relapse.	   Indeed,	   inactivation	   of	   the	   prelimbic	   part	   of	   the	   mPFC	   decrease	  

cue-‐,	   context-‐	   and	   stress-‐induced	   reinstatement	   of	   cocaine-‐seeking	  

(Capriles	  et	  al.,	  2003;	  McLaughlin	  and	  See,	  2003),	  while	  inactivation	  of	  the	  

infralimbic	  part	  enhances	  spontaneous	  recovery	  of	  cocaine-‐seeking	  (Peters	  

et	  al.,	  2008).	  These	  results	  suggest	  that	  the	  prelimbic	  circuitry	  excites	  drug-‐

seeking	   in	   the	   presence	   of	   reinstating	   cues,	   whereas	   the	   infralimbic	  

circuitry	   has	   an	   inhibitory	   influence	   on	   spontaneous	   recovery	   of	   drug-‐	  

seeking.	  

In	  summary,	  converging	  evidence	  suggests	  that	  chronic	  substance	  abuse	  is	  

associated	   with	   frontal	   and	   executive	   impairments.	   These	   dysfunctions	  

seem	  to	  contribute	  to	  the	  enhanced	  drive	  to	  take	  drug	  and	  the	  emergence	  

of	   drug	   craving	   and	   relapse	   observed	   in	   drug	   addicts.	   A	   better	  

understanding	  of	  these	  dysregulation	  in	  the	  mPFC	  may	  provide	  insight	  into	  

the	  mechanisms	  underlying	  the	  development	  of	  drug	  addiction.	  

 

1.6. Theories of addiction 

Animal’s	   studies	   have	   permitted	   to	   reveal	   several	   crucial	   neurobiological	  

mechanisms	   that	   participate	   in	   the	   development	   of	   drug	   addiction	   in	  

vulnerable	  individuals.	  However,	  the	  whole	  picture	  of	  the	  physiopathology	  

of	   this	  disease	   is	  still	   far	   from	  being	  achieved.	  Thus,	  many	  neuroscientists	  
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have	  postulated	  several	  models	  of	  addiction	  to	  blend	  the	  multidimensional	  

aspects	   of	   the	   pathology	   that	   results	   from	   complex	   interactions	   of	  

biological,	   psychological	   and	   social-‐environmental	   processes.	   Among	   the	  

most	  influential	  theories,	  we	  can	  highlight	  the	  allostatic	  model	  of	  addiction,	  

the	   habit	   learning	   theory	   and	   the	   incentive	   sensitization	   hypothesis.	   All	  

these	  theories	  emphasise	  the	  critical	  role	  that	  DA	  plays	  in	  the	  development	  

of	   addiction	   and	   propose	   distinct	   neurobiological	   mechanisms	   to	   explain	  

the	   appearance	   of	   compulsive	   behaviours,	   one	   of	   the	   main	   features	   of	  

addictive	  disorders.	  	  	  

	  

1.6.1.The	  allostatic	  model	  of	  addiction	  (Koob	  and	  Le	  Moal,	  2008a)	  

In	  this	  theory,	  addiction	  is	  considered	  as	  the	  combined	  desregulation	  of	  the	  

brain	   reward	   system	  and	   its	   opponent,	   the	   “anti-‐reward”	   circuit	   or	   stress	  

system.	   This	   theory	   proposes	   that	   the	   development	   of	   compulsive	  

behaviour	  would	   result	   from	   two	   successive	   brain	   homeostatic	   processes	  

generated	   in	   these	   two	   neuronal	   systems	   to	   counteract	   chronic	   brain	  

insults	  by	  drugs:	  the	  opponent	  and	  the	  allostasis	  process.	  
	  

The	   opponent	   process	   represents	   a	   negative	   feedback	   mechanism	   or	  
opponent	   loop	   to	   countervail	   excessive	   hedonic	   stimulation	   by	   chronic	  

exposure	   to	   drugs.	   Indeed,	   affective	   and	   emotional	   states	   are	   control	   by	  

two	  opposing	  mechanisms:	  the	  “a-‐process”	  that	  tends	  to	  up-‐regulate	  mood	  

in	   aversive	   situations,	   and	   the	   “b-‐process”	   that	   down-‐regulates	   mood	   in	  

excessive	   euphoric	   states,	   both	   to	   maintain	   brain	   reward	   homeostasis.	  

Thus,	   acute	   drug	   consumption	   strongly	   activates	   an	   artificial	   “a-‐process”,	  

which	   constitutes	   the	   initial	   rewarding	   effect	   of	   the	   drug,	   and	   will	  

consequently	   trigger	   the	  delayed	  appearance	  of	   the	   “b-‐process”	   to	   reduce	  

all	  departures	   from	  hedonic	  neutrality.	  At	   initial	   stage	  of	   addiction,	   the	  a-‐
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process	   is	   always	   greater	   than	   b-‐process,	   leading	   to	   the	   positive	  

reinforcement.	  In	  contrast,	  chronic	  drug	  use	  is	  associated	  with	  tolerance	  to	  

a-‐process	  while	   b-‐process	   gets	   larger	  with	   repeated	   exposure	   (Figure	   8).	  

This	  results	  in	  small	  pleasurable	  effects	  when	  drug	  is	  taking	  after	  repeated	  

exposure	  and	  important	  negative	  emotional	  state	  when	  access	  to	  the	  drug	  

is	   prevented.	   Therefore,	   drug	   is	   then	   taking	   mainly	   to	   avoid	   or	   alleviate	  

dysphoric	   effect	   (Solomon	  and	  Corbit,	   1974).	  This	  mechanism	  referred	  as	  

the	   “dark	   side”	   of	   addiction	   has	   been	   proposed	   to	   explain	   tolerance,	  

withdrawal,	   and	   the	   aversive	   craving	   state	   observed	   during	   abstinence.	  

However,	   this	   simple	   break	   in	   reward	   homeostasis	   cannot	   account	   for	  

other	  key	  characteristics	  of	  addiction,	  such	  as	  the	  persistent	  compulsion	  to	  

take	   drug	   even	   after	   years	   of	   abstinence.	   Thus,	   this	   theory	   proposes	   the	  

involvement	  of	  a	  second	  subsequent	  mechanism,	  the	  allostasis	  process.	  

	  

	  

	  

	  

	  

	  

	  

	  
	  

	  

Figure	   8.	   Opponent	   process	   theory	   of	   affective	   dynamics	   relevant	   to	  
addiction.	  (a)	  The	  standard	  pattern	  of	  affective	  dynamics	  produced	  by	  a	  relatively	  
novel	  unconditioned	  stimulus	  (first	  few	  stimulations).	  (b)	  The	  standard	  pattern	  of	  
affective	   dynamics	   produced	   by	   a	   familiar,	   frequently	   repeated	   unconditioned	  
stimulus	  (after	  many	  stimulations)	  (Koob	  and	  Le	  Moal,	  2008).	  
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The	   allostasis	   (“stability	   through	   change”)	   process:	   this	   concept	   proposes	  

that	  chronic	  drug	  exposure	  produces	  an	  alteration	  of	  the	  whole	  regulatory	  

system	   rather	   than	   temporary	   variation	   in	   a-‐	   and	   b-‐	   process.	   Thus,	   the	  

continuous	   over-‐activation	   of	   the	   reward	   circuit	   and	   the	   consequent	  

continuous	   increase	   in	   b-‐process	   result	   in	   a	   chronic	   deviation	   of	   the	  

regulatory	   system	   from	   its	   normal	   operating	   level.	   The	   system	   fails	   to	  

return	  within	  the	  normal	  homeostatic	  range,	  which	  leads	  to	  a	  readjustment	  

of	   all	   parameters	   towards	   a	   new	   abnormal	   homeostatic	   set	   point. If	   the	  

threats	   to	   the	   system	   continue	   to	   produce	   disequilibrium,	   the	   process	   of	  

allostasis	   continues	   to	   down-‐regulate	   the	   homeostatic	   set	   point,	   and	   the	  

organism	  must	  mobilize	  enormous	  amounts	  of	  energy	  to	  maintain	  apparent	  

stability	  at	  a	  now	  pathological	  set	  point	  (Figure	  9).	  	  

	  

	  

	  

	  

	  
Figure	   9.	   Allostatic	   process	   in	   drug	   addiction.	   Diagram	   illustrating	   the	  
progressive	   dysregulation	   of	   the	   brain	   reward	   homeostatic	   set	   point	   due	   to	  
repeated	  frequent	  drug	  use.	  Note	  that	  the	  apparent	  b-‐process	  never	  returns	  to	  the	  
original	  homeostatic	   level	  before	  drug-‐taking	  begins	  again,	   thus	  does	  not	  balance	  
the	   activational	   process	   (a-‐process)	   but	   instead	   “down-‐regulated”	   the	   mood	  
regulatory	   system	   over	   the	   time.	   Consequently,	   drug	   takings	   do	   not	   anymore	  
elevate	  mood	  but	  allieviate	  a	  depressed	  state,	  and	  abstinence	  periods	  unmasked	  a	  
basal	  aversive	  affective	  state	  (adapted	  from,	  Koob	  and	  Le	  Moal.,	  2001).	  
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The	  system	  is	  at	  the	  limit	  of	  its	  capability,	  and	  a	  small	  challenge	  can	  lead	  to	  

breakdown.	   When	   the	   organism	   has	   reached	   a	   state	   of	   dysregulation	   so	  

severe	  that	  it	  cannot	  recover	  by	  mobilizing	  its	  own	  resources,	  allostasis	  has	  

reached	   the	   point	   tha	   is	   considered	   illness.	   This	   is	   the	   beginning	   of	  

spiralling	   distress	   and	   the	   addiction	   cycle,	   in	   which	   addicts	   are	   trapped,	  

constantly	   repeating	   and	   passing	   through	   three	   different	   period:	  

preoccupation-‐anticipation,	   binge-‐intoxication,	   and	   withdrawal-‐negative	  

affect	  (Figure	  10)	  (Koob	  and	  Le	  Moal,	  2008b).	  

In	   summary,	   this	   theory	   states	   that	   after	   repeated	   periods	   of	   drugs	  

binge/intoxification,	   a	   transition	   is	   made	   from	   positive	   reinforcement	  

driving	   the	   motivated	   behaviour	   to	   negative	   reinforcement	   and	  

automaticity	  driving	  the	  motivated	  behaviour.	  Consequently,	  drug	  seeking	  

and	   taking	   behaviours	   are	   initially	   produced	   by	   impulsive	   acts	   that	   are	  

characterized	   by	   a	   sense	   of	   tension	   or	   arousal	   before	   executing	   the	  

behaviour,	   and	   pleasure,	   gratification,	   or	   relief	   at	   the	   time	   of	   committing	  

the	  act.	  At	   later	  stages,	  drug	  seeking	  is	  a	  consequence	  of	  a	  compulsive	  act,	  

which	   is	   reflected	  by	   anxiety	   and	   stress	  before	   committing	   the	  behaviour	  

and	   relief	   from	   the	   stress	   by	   performing	   the	   compulsive	   act.	   Therefore,	  

these	   behavioural	   alterations	  will	   lead	   to	   intense	   states	   of	   preoccupation	  

(drug	  craving)	  if	  the	  compulsive	  act	  is	  not	  performed,	  such	  as	  during	  drug	  

abstinence,	  which	  anticipates	  inevitable	  relapses	  to	  drug	  consumption.	  This	  

model	  has	  leaded	  researches	  in	  understanding	  the	  long-‐term	  alterations	  in	  

the	   “anti-‐reward”	   system	   in	   addiction,	   to	   explain	   the	   compulsion	   to	   seek	  

and	  take	  drugs	  despite	  harmful	  consequences.	  
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Figure	   10.	   Diagram	   describing	   the	   addiction	   cycle:	   preoccupation/anticipation	  
(“craving”),	  binge/intoxication	  and	  withdrawal/negative	  affect;	  with	   the	  different	  
criteria	   for	   substance	   dependence	   incorporated	   from	   the	   DSM-‐IV	   (Koob	   and	   Le	  
Moal,	  2008).	  
	  
	  

	  
1.6.2.	  The	  habit	  learning	  theory	  of	  addiction	  (Everitt	  et	  al.,	  2008)	  

In	   this	   theory,	   addiction	   is	   considered	   as	   a	   pathology	   of	   learning	   and	  

memory	   processes	   in	   the	   brain.	   In	   particular,	   the	   development	   of	  

compulsive	  behaviours	  is	  viewed	  as	  a	  progressive	  alteration	  in	  one	  specific	  

memory	   system	   that	   underline	   procedural	   learning	   resulting	   in	   inflexible	  

drug	   seeking	   habits.	   Therefore,	   the	   autors	   states	   that	   the	   abundant	   DA	  

release	  induced	  by	  drugs	  would	  produce	  abnormal	  neuroadaptations	  in	  the	  

striato-‐nigro-‐striatal	   circuitry,	   accelerating	   and	   more	   effectively	  

consolidating	   drug	   seeking	   as	   a	   habitual,	   well-‐learned	   behaviour	   (Figure	  

11).	  	  
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This	   theory	   is	   based	   on	   several	   experimental	   evidences.	   First,	   DA	   release	  

shift	   from	   the	   ventral	   to	   dorsal	   part	   of	   the	   striatum	   during	   adaptive	  

procedural	  learning.	  Similarly,	  drug-‐induced	  DA	  release	  is	  more	  important	  

in	  the	  NAc	  shell	  during	  initial	  drug	  exposures,	  then	  more	  in	  the	  core	  when	  

drug	  conditioned	  stimuli	  “consciously”	  drive	  seeking	  behaviour,	  and	  finally	  

predominant	   in	   the	   dorsal	   striatum	   after	   prolonged	   history	   of	   drug	  

consumption	   when	   drug	   seeking	   become	   habitual	   and	   inflexible.	  

Importantly,	  this	  process	  is	  faster	  with	  drugs	  than	  natural	  reward	  (Ito	  et	  al.,	  

2000	   and	   2002;	   Dickinson	   et	   al.,	   2002).	   In	   addition,	   ventral/dorsal	  

disconnection	  of	   the	  striatal	   loop	  specifically	  decreases	  cocaine	  seeking	  at	  

later	   stage	  when	   it	   had	   become	   automatic,	   but	   not	   at	   early	   stage	  when	   it	  

still	  respond	  to	  response-‐outcome	  mechanisms	  (Belin	  and	  Everitt,	  2008).	  In	  

a	   similar	   way,	   chronic	   cocaine	   self-‐administration	   provokes	   neuro-‐

adaptations	   in	  D2/3	  DA	   receptors	   in	   the	   dorsal	   striatum,	  while	   at	   earlier	  

stages	  of	   training	   these	   adaptations	  were	   largely	   restricted	   to	   the	   ventral	  

NAc	   region	   (Porrino	   et	   al.,	   2004).	   Finally,	   the	   dorsal	   striatum	   plays	   an	  

important	  role	  in	  drug	  relapse	  at	   late	  stages	  of	  the	  human	  addiction	  cycle.	  

Indeed,	   presentation	  of	   drug	   cues	   to	  human	   cocaine	   addicts	   induces	  both	  

drug	   craving	   and	   dorsal	   striatum	   activation	   (Garavan	   et	   al.,	   2000),	   and	  

specific	  pharmacological	  inhibition	  of	  dorsal	  striatum,	  but	  not	  NAc	  shell	  or	  

core,	   prevents	   in	   rodents	   the	   reinstatement	   of	   cocaine	   seeking	   after	  

protracted	  withdrawal	  (See	  et	  al.,	  2007).	  
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Figure	  11.	   Striato-nigro-striatal	   circuitry	   involved	   in	   the	   formation	  of	  drug-
seeking	  habit.	  DA	  neurons	  of	  the	  medial	  VTA	  project	  to	  the	  NAc	  shell.	  GABAergic	  
neurons	   from	   the	   NAc	   shell	   then	   back-‐project	   onto	   an	   interneuron	   in	   the	   VTA,	  
which	   in	   turn	   connects	   to	   DA	   neurons	   of	   the	   lateral	   VTA.	   These	   cells	   then	   send	  
their	  axons	  to	   the	  NAc	  core,	   from	  which	  cells	  project	   to	   the	  substantia	  nigra	  pars	  
compacta.	   The	   nigra	   cells	   finally	   innervate	   the	   dorsal	   striatum.	   Drugs	   gradually	  
activate	   this	   spiraling	   connection	  and	  animals	  develop	  a	  drug	   seeking	  habit	   once	  
the	  dorsal	  striatum	  is	  recruited	  (adapted	  from	  Lüscher	  and	  Bellone,	  2008).	  

	  

Taken	  together,	   these	  results	   indicate	  the	  progressive	  evolution	  of	  control	  

over	   drug	   seeking	   from	   ventral	   to	   dorsal	   striatum	   supporting	   the	   habit	  

theory	  of	  addition.	  However,	   this	  process	  occurs	   in	  all	  animals	  exposed	  to	  

drugs	   and	   may	   not	   account,	   by	   itself,	   for	   the	   development	   of	   addiction.	  

Indeed,	   it	   is	   well	   known	   that	   not	   all	   individuals	   that	   take	   drug	   become	  

addict.	  Therefore,	  this	  theory	  proposes	  that	  this	  neurobiological	  alterations	  

lead	   to	   compulsive	   drug	   taking	   behaviour	   only	   in	   high	   impulsive	  

individuals.	  Indeed,	  impulsivity	  is	  associated	  with	  enhanced	  habit	  learning	  

formation,	   determines	   the	   predisposition	   to	   escalate	   cocaine	   self-‐
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administration,	   increases	   propensity	   to	   relapse	   to	   drug	   seeking	   after	  

abstinence,	  and promotes the	  switch	  from	  controlled	  to	  compulsive	  cocaine	  

taking	  (Dalley	  et	  al.,	  2007;	  Belin	  et	  al.,	  2008;	  Broos	  et	  al.,	  2012;	  Hogarth	  et	  

al.,	  2012).	  Interestingly,	  impulsive	  animals	  showed	  intrinsically	  a	  markedly	  

reduction	   in	   D2/3	   dopamine	   receptor	   availability	   in	   the	   ventral	   striatum	  

that	   might	   explain	   their	   greater	   and/or	   faster	   engagement	   in	   these	  

addictive-‐like	  behaviour	  (Dalley	  et	  al.,	  2007).	  

This	   theory	   conceptualized	   addictive	   disorders	   as	   a	   transition	   from	  

declarative	   to	   automatic	   behaviours.	   	   Thus,	   initial	   social	   drug	   use	   is	  

compared	  with	  the	  acquisition	  of	  new	  memories	  or	  learning	  new	  “adaptive”	  

behavioural	  responses	  to	  “important”	  stimuli.	  At	  this	  stage,	  relapse	  to	  drug	  

use	   is	   considered	   as	   a	   regulated	   response	   resulting	   from	   a	   conscious	  

decision	   process,	   such	   as	   the	   retrieval	   of	   declaratives	   memories.	   On	   the	  

contrary,	   drug	   abuse	   and	   addiction	   are	   considered	   equivalent	   to	   habit	  

learning,	   and	   compulsive	   and	   late	   relapses	   as	   the	   retrieval	   of	   procedural	  

memories,	   not	   verbalized	   and	   guiding	   unconsciously	   the	   execution	   of	  

behavioural	   responses.	   This	   process	   can	   be	   adaptive	   and	   positive	   in	  

physiological	   conditions,	   permitting	   well-‐learned	   behaviours	   to	   proceed	  

most	   efficiently	   without	   ongoing	   decision-‐making,	   such	   as	   riding	   a	   bike.	  

However,	  these	  well	  learning	  behaviours	  become	  in	  addicts	  their	  sword	  of	  

Damocles	   since	   additional	   executive	   function	   alterations	   in	   these	  

individuals	  disrupt	  their	  capacity	  to	  stop	  automatic	  behaviours.	  	  

This	   theory	   has	   greatly	   contributed	   to	   investigate	   the	   alterations	   in	   the	  

neurobiological	  mechanisms	  of	   learning	   and	  memory	  during	   addiction.	   In	  

particular,	   this	   theory	   have	   leaded	   researches	   on	   determining	   the	  

underpinnings	  of	  drug-‐induced	  altered	   forms	  of	   synaptic	  plasticity	   in	   this	  
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striato-‐nigro-‐striatal	   circuitry	   that	   may	   account	   for	   drug’s	   ability	   to	  

promote	  abberant	  habit	   learning	  and	  compulsive	  drug	  seeking	  and	   taking	  

in	  vulnerable	  individuals.	  

	  

1.6.3.	  The	  incentive	  sensitization	  hypothesis	  (Robinson	  and	  Berridge,	  

2008)	  

This	   theory	   postulates	   that	   compulsive	   drug	   use	   do	   not	   result	   from	   a	  

pathologic	   negative	   reinforcement	   nor	   from	   aberrant	   habit	   learnings,	   but	  

rather	   from	   the	   senstization	   of	   the	   motivational	   processes	   of	   incentive	  

salience	   (“wanting”).	   Indeed,	   negative	   withdrawal	   states	   may	   well	  

contribute	   to	   drug	   abuse,	   but	   only	   while	   they	   last,	   for	   a	   relative	   short	  

period	   of	   time.	   Instead,	   addiction	   typically	   persists	   long	   after	  withdrawal	  

syndrome	   dissipates.	   On	   the	   contrary,	   psychomotor	   sensitization	   and	  

related	  changes	  in	  the	  brain	  can	  persist	  during	  very	  long	  period	  after	  drug	  

use	   (Robinson	  and	  Berridge,	  2008),	  providing	  a	  more	  valid	  mechanism	  to	  

explain	   why	   addicts	   continue	   to	   want	   drugs	   and	   relapse	   even	   after	   long	  

periods	  of	  abstinence.	  In	  addition,	  habits	  learning	  alterations	  would	  be	  only	  

a	  partial	  part	  of	  the	  addictive	  process.	  Indeed,	  tying	  shoes	  or	  brushing	  teeth	  

are	   strong	   habits	   that	   do	   not	   lead	   to	   compulsive	   behaviours,	   even	   after	  

being	   performed	   more	   than	   10.000	   times.	   Conversely,	   compulsive	   drug-‐

seeking	  displayed	  by	  drug	  addicts	  can	  be	  quite	  “flexible”	  since	  addicts	  can	  

be	  engaged	  in	  actions	  and	  routes	  that	  they	  have	  never	  performed	  before,	  if	  

required	   to	   get	   the	   drug.	   Thus,	   additional	   alterations	   in	   motivational	  

processes	   may	   explain	   the	   development	   of	   compulsive	   drug	   seeking	   and	  

taking.	  This	  theory	  proposes	  that	  “liking”,	  defined	  as	  hedonic	  feelings,	  and	  

“wanting”,	  defined	  as	  motivation,	  are	  dissociated	  processes	  inside	  the	  brain	  

reward	   circuit.	   Repeated	   drug	   use	   sensitizes	   only	   motivational	   neural	  
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systems	  that	  assign	   incentive	  salience	   to	  drugs	  and	  drug-‐related	  cues,	  but	  

not	  neural	  hedonic	  systems	  that	  mediate	  pleasurable	  effects	  of	  drugs.	  	  This	  

process	  may	  account	  for	  the	  continious	  enhancement	  of	  motivation	  to	  take	  

the	  drug	  in	  addicts,	  despite	  that	  they	  progressively	  develop	  tolerance	  to	  the	  

drug’s	   hedonic	   effects.	   With	   further	   drug	   consumption,	   this	   dissociation	  

between	  “wanting”	  and	  “liking”	  progressively	  increases,	  producing	  a	  bias	  of	  

attentional	   processing	   towards	   drug-‐associated	   stimuli	   and	   pathological	  

motivation	   for	   drugs.	   Incentive	   sensitization	   culminates	   in	   the	   core	  

symptoms	   of	   addiction	   when	   combined	   with	   impaired	   executive	   control	  

over	  behaviour.	  

The	   importance	   of	   sensitization-‐related	   changes	   in	   the	   development	   of	  

drug	   addiction	   is	   supported	   by	   evidences	   showing	   that	   sensitizing	   drug	  

treatments	  facilitate	  the	  emergence	  of	  addiction-‐like	  behaviours	  in	  animals.	  

Thus,	   an	   amphetamine	   treatment	   regimen	   that	   produces	   psychomotor	  

sensitization	  accelerates	  the	  subsequent	  escalation	  of	  cocaine	  intake	  in	  self-‐

administration	  paradigms,	  and	  increases	  the	  motivation	  to	  work	  for	  drugs	  

as	  revealed	  by	  the	  enhancement	  of	  “break	  point”	  on	  a	  PR	  schedule	  (Ferrario	  

et	   al.,	   2007).	   It	   has	   been	   postulated	   that	   incentive	   sensitization	   can	   also	  

spill	   over	   in	   animals	   or	   humans	   to	   other	   targets,	   such	   as	   food,	   sex	   or	  

gambling.	  Thus,	  chronic	  treatment	  with	  dopaminergic	  medications	  in	  some	  

patient	   populations,	   such	   as	   Parkinson	   disease,	   can	   lead	   to	   a	   “DA	  

dysregulation	   syndrome”	   that	   is	  manifested	   not	   only	   by	   compulsive	   drug	  

use	   but	   also	   sometimes	   by	   pathological	   gambling,	   hypersexuality	   or	   food	  

bingeing	  (Robinson	  and	  Berridge,	  2008).	  Finally,	  another	  central	  element	  of	  

this	   theory	   is	   the	   persistent	   characteristic	   of	   these	   behavioural	   changes.	  

Indeed,	   psychomotor	   sensitization	   lasts	   for	   several	   months	   in	   animals	  

(Robinson	   and	  Berridge,	   2008),	   and	   repeated	   intermittent	   administration	  
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of	  amphetamine	  causes	  sensitization	  of	  DA	  release	  in	  humans,	  even	  when	  a	  

drug	   challenge	   is	   given	   a	   year	   later	   (Boileau	   et	   al.	   2006).	   Therefore,	   this	  

theory	  postulates	  that	  repeated	  exposure	  to	  potentially	  addictive	  drugs	  can	  

produce	   progressive	   “sensitization”	   of	   DA	   release	   in	   susceptible	  

individuals,	   leading	  under	  particular	  circumstances	   to	   the	  development	  of	  

persistent	  morphological	   changes	   in	   brain	   cells	   and	   circuits	   that	  mediate	  

motivation.	  This	  theory	  has	  permitted	  to	  open	  new	  lines	  of	  research	  in	  the	  

drug	  addiction	  field,	  such	  as	  evaluating	  the	  role	  of	  drug-‐induced	  structural	  

plasticity	  in	  the	  development	  and	  persistent	  of	  the	  behavioural	  alterations	  

that	  characterized	  addiction.	  

All	   these	   theories	   have	   greatly	   contributed	   to	   lead	   research	   toward	   the	  

discovery	   of	   common	   neurobiological	   mechanisms	   across	   the	   different	  

types	   of	   substance	   dependence	   and	   to	   explain	   how	   chronic	   abuse	   of	  

different	   drugs	   can	   lead	   to	   the	   development	   of	   a	   same	   brain	   pathology.	  

Recently,	   it	   has	   been	   proposed	   that	   the	   concept	   of	   addiction	   should	   be	  

enlarged	   to	   new	   addictive-‐like	   disorders,	   such	   as	   pathological	   gambling,	  

hypersexuality	   or	   even	   some	   eating	   disorders	   (Holden,	   2001;	  Blumenthal	  

and	  Gold,	  2010).	  This	   is	  an	   important	  debate	   to	  hold	  because	   it	   can	  bring	  

new	  therapeutic	  perspectives	   for	  either	  drug	  addiction	  or	   these	  supposed	  

behavioural	  manifestation	  of	  addictive-‐like	  disorders.	  	  
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2. FEEDING BEHAVIOUR AND EATING DISORDERS 

2.1. Overview 

Eating	   behaviour	   is	   a	   complex	   response	   mediated	   by	   a	   large	   variety	   of	  

physiological	   system.	   Indeed,	   the	   expression	   of	   appetite	   reflects	   the	  

interaction	   of	   three	   distinct	   and	   co-‐ordinated	   domains:	   (1)	   the	  

psychological	   experiences	   that	   include	   sensations	   of	   hunger	   and	   satiety,	  

cravings	   and	   hedonics	   triggering	   eating	   behaviour;	   (2)	   peripheral	  

metabolic	   events	   arising	   as	   a	   consequence	   of	   nutrient	   absorption,	  

utilisation	   and	   storage;	   (3)	   the	   central	   neural	   processes	   by	   the	   CNS	   that	  

translate	   all	   neurotransmitter	   and	   metabolic	   signals	   into	   neurochemical	  

brain	  activity	  triggering	  the	  subsequent	  act	  of	  eating	  behaviour	  (Harrold	  et	  

al.,	  2012).	  	  	  

A	   key	   issue	   when	   considering	   the	   regulation	   of	   eating	   behaviour	   is	   the	  

relationships	  between	  the	  homeostatic	  and	  hedonic	  expression	  of	  appetite	  

(Berthoud,	   2011).	   The	   homeostatic	   control	   of	   appetite	   is	   mediated	   by	   a	  

biological	  need	  to	  maintain	  the	  body’s	  energy	  stores,	  which	  is	  achieved	  by	  

increasing	  the	  motivation	  to	  eat	  following	  depletion	  of	  the	  stores.	  Negative	  

feedback	  signals	  are	  generated	  once	  this	  need	  is	  met	  to	  finish	  the	  period	  of	  

eating	  (Schwartz	  et	  al.,	  2000).	  The	  hedonic	  control	  of	  appetite	  is	  mediated	  

by	  reward.	  Reward	  pathways	  are	  activated	  by	  palatable	  food	  and	  maintain	  

a	  drive	  to	  eat	  over	  satiety,	  stimulating	  overconsumption,	  based	  on	  sensory	  

pleasure	   and	   reward	   rather	   than	   biological	   need	   (Kenny,	   2011).	   In	  

evolutionary	   terms,	   this	   hedonic	   control	   was	   advantageous	   in	  

environments	  where	  food	  sources	  were	  scarce	  and/or	  unreliable.	  Indeed,	  it	  

provides	   crucial	   information	   about	   the	   beneficial	   properties	   of	   food	   and	  

ensures	  that	  palatable	  food	  is	  eaten	  when	  available,	  enabling	  energy	  to	  be	  
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stored	   in	   the	   body	   for	   future	   use.	   However,	   this	   hedonic	   control	   has	  

become	  a	  dangerous	   liability	   in	  societies	   like	  ours,	  where	   food	   is	  plentiful	  

and	   ubiquitous.	   Indeed,	   many	   individuals	   exposed	   to	   this	   environment	  

overconsume	   palatable	   foods	   and	   many	   of	   them	   become	   obese	   (Volkow	  

and	  Wise,	  2005;	  Swinburn	  et	  al.,	  2009).	  Thus,	  it	  is	  estimated	  that	  nowadays	  

approximately	  400	  million	  adults	  are	  obese	  and	  1.6	  billion	  are	  overweight	  

worldwide	  (WHO,	  2006).	  Moreover,	  obesity-‐related	  diseases,	  such	  as	  type	  
II	  diabetes,	  hypertension,	   and	   liver	  disease,	  have	   replaced	  smoking	  as	   the	  

leading	  cause	  of	  preventable	  death	  in	  adults,	  reducing	  life	  expectancy	  by	  an	  

estimated	  6	  to	  7	  years	  (Haslam	  et	  al.,	  2005;	  Jia	  et	  al.,	  2010).	  The	  health	  and	  

science	   communities	   have	   responded	   to	   this	   epidemic	   by	   working	   to	  

discover	   the	   physiological	   and	   psychological	   underpinnings	   of	   excessive	  

food	  consumption.	  

Previous	  researches	  mainly	   focused	  on	   identifying	  the	  metabolic	   feedback	  

signals	  and	  neural	  systems	  that	  could	  be	  altered	  in	  obese	  people	  (Duca	  and	  

Covasa,	   2012).	   However,	   several	   scientists	   have	   recently	   proposed	   that	  

obesity	  should	  not	  be	  considered	  only	  as	  a	  metabolic	  disease	  and	  suggested	  

that	   some	   forms	   of	   obesity	   also	   represent	   a	   psychological	   condition,	   in	  

which	  individuals	  overconsume	  palatable	  food	  due	  to	  an	  excessive	  hedonic	  

drive,	   to	   make	   them	   feel	   better	   and/or	   relieve	   stress.	   It	   has	   been	   even	  

suggested	   that	   some	   individuals	   could	  exhibit	  an	  addiction-‐like	  behaviour	  

towards	   food,	   and	   parallels	   have	   been	   drawn	   to	   drug	   addiction	   (Volkow	  

and	  Wise,	  2005).	  

A	   better	   understanding	   of	   how	   these	   hedonic	   pathways	   interact	  with	   the	  

metabolic	  regulation	  of	  food	  intake	  and	  in	  particular	  by	  which	  mechanisms	  

they	   can	   override	   this	   homeostatic	   regulation	   is	   an	   important	   scientific	  
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issue	   to	   better	   define	   the	   physiopathology	   of	   eating	   disorders	   and	   their	  

potential	  relationships	  to	  addiction.	  

	  

2.2. Homeostatic regulation of food intake 

Consuming	  sufficient	  amount	  of	  food	  to	  maintain	  adequate	  energy	  stores	  is	  

mandatory	  for	  survival	  in	  all	  animal	  species.	  Therefore,	  food	  intake,	  energy	  

expenditure	   and	   body	   weight	   are	   highly	   regulated	   by	   an	   active	   process	  

termed	   energy	   homeostasis	   (Morton	   et	   al.,	   2006). Controlling	   energy	  

homeostasis	  demands	  extensive	  coordination	  from	  the	  CNS	  to	  adjust	  tightly	  

the	  balance	  between	  energy	  intake	  and	  expenditure.	  It	  requires	  reciprocal	  

communication	  between	  peripheral	  organs	  that	  provide	  information	  about	  

the	   nutrient	   status	   and	   energy	   stores	   of	   the	   body,	   and	   the	   brain	   that	  

informs	   about	   the	   availability	   of	   food	   in	   the	   external	   environment	  

(Berthoud,	   2007).	   One	   key	   brain	   structure	   in	   orchestrating	   these	  

informations	   is	   the	  hypothalamus.	  The	  hypothalamus	  represents	  the	  main	  

hub	   for	   sensing	   nutrients’	   availability	   and	   for	   generating	   an	   integrated	  

behavioural	   adaptive	   response	   to	   deviations	   from	   energetic	   status.	   This	  

brain	  structure	  is	  connected	  to	  the	  periphery	  via	  the	  median	  eminence	  and	  

to	   cortico-‐striatal	   areas	   involved	   in	   the	   control	   of	   motivated	   behaviour	  

(Minokoshi	   et	   al.,	   2004;	   Berthoud,	   2007).	   The	   hypothalamus	   integrates	  

hormonal	   (insulin,	   leptin,	   ghrelin	   and	  others),	   nutrient	   signals	   and	  neural	  

inputs	  from	  different	  peripheral	  organs	  (mainly	  stomach,	  liver	  and	  adipose	  

tissue)	  through	  the	  arcuate	  nucleus	  and	  its	  connection	  with	  the	  brain	  stem.	  

These	   signals	  provide	   crucial	   information	   concerning	   the	  amount	   and	   the	  

nutritional	   composition	   of	   the	   food	   consumed	   or	   the	   level	   of	   available	  

energy	   (carbohydrates,	   lipids	   and	   glycogen),	   and	   the	   hypothalamus	   will	  
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activate	  either	  an	  orexigenic/anabolic	  or	  anorexigenic/catabolic	  process	  in	  

response	  to	  these	  inputs	  (Figure	  12)	  (Schwartz	  et	  al.,	  2000). 

	  

• Orexigenic/anabolic	  pathway:	   in	  response	  to	  a	   low	  energetic	  state,	  

the	   release	   of	   orexigenic	   peripheral	   signals,	   such	   as	   ghrelin,	  

stimulates	   neuropeptide	   Y	   and	   agouti-‐related	   protein	   expressing	  

neurons	  within	  the	  arcuate	  nucleus,	  and	  the	  subsequent	  release	  of	  

orexigenic	   neurotransmitters,	   such	   as	   melanin-‐concentrating	  

hormone	   and	   hypocretins	   by	   the	   lateral	   hypothalamus.	   These	  

neuronal	   responses	   lead	   to	   the	   sensation	   of	   hunger	   and	   the	  

motivation	  to	  seek	  food	  that	  initiate	  a	  feeding	  episode.	  

	  

• Anorexigenic/catabolic	   pathway:	   secretion	   of	   anorectic	   peripheral	  

signals,	   such	   as	   insulin	   and	   leptin,	   stimulates	   the	   activity	   of	   pro-‐

opiomelanocortin	   and	   cocaine-‐	   and	   amphetamine-‐regulated	  

transcript	   expressing	   neurons	   within	   the	   arcuate	   nucleus.	   This	  

activation	  promotes	  the	  release	  of	  anorexigenic	  neurotransmitters,	  

such	   as	   corticotropin-‐releasing	   hormone,	   thyrotropin-‐releasing	  

hormone	   and	   oxytocin,	   leading	   to	   increase	   metabolic	   rate	   and	  

promote	  satiety,	  which	  finish	  the	  episode	  of	  eating.	  
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Figure	   12.	   Homeostatic	   control	   of	   food	   intake.	   Simplified	   scheme	   of	   the	  
interaction	   between	   peripheral	   hormonal	   signals	   and	   central	   autonomic	   circuits	  
regulating	   appetite	   and	   meal	   size.	   See	   explanation	   in	   the	   text	   (adapted	   from	  
Schwartz	  et	  al.,	  2000).	  
	  
The	   activation	   of	   one	   of	   these	   two	   pathways	   provides	   to	   the	   brain	   the	  

necessary	   homeostatic	   information	   to	   select	   the	   appropriate	   behavioural	  

actions	  related	  to	  food	  intake.	  

	  

In	  summary,	  the	  homeostatic	  system	  controls	  eating	  behaviour	  at	  virtually	  

all	   the	   different	   stages:	   physiological	   needs	   (energy	   absorption,	  

assimilation	   and	   storage),	   psychological	   drive	   (hunger	   and	   satiety),	   and	  

behaviour	   (modulates	   eating	   motor	   action).	   Alterations	   in	   specific	  

components	   of	   this	   system	   lead	   to	   severe	   metabolic	   and/or	   eating	  

disorders.	   Indeed,	   insulin,	   leptin	   and	   ghrelin	   dysfunctions	   have	   been	  
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associated	   in	   humans	   to	   type	   I	   and	   II	   diabetes,	   obesity	   and	   anorexia	  

nervosa	   (Pratley	   and	  Weyer,	   2001;	   Feng	   et	   al.,	   2012;	   Zhang	   et	   al.,	   2012).	  

Conversely,	   genetic	  deletion	  of	   leptin	   leads	   to	  hyperphagia	   and	  obesity	   in	  

rodents	   (Zhang	   et	   al.,	   1994),	   while	   ghrelin-‐receptor	   knockout	   and	   male	  

ghrelin-‐deficient	   mice	   show	   resistance	   to	   diet-‐induced	   obesity	   when	  

supplied	  with	  a	  high-‐fat	  diet	  early	  in	  life	  (Cummings,	  2006).	  

	  

The	   initial	   clinical	   strategies	   for	   the	   treatment	  of	   these	  disorders	  were	   to	  

intend	   to	   compensate	   these	   metabolic	   deficiencies	   by	   exogenous	  

administration	  of	  leptin	  or	  insulin	  (Andrews	  et	  al.,	  1984;	  Heymsfield	  et	  al.,	  

1999).	   However,	   most	   of	   obese	   individuals	   already	   present	   resistance	   to	  

both	  hormones	   in	  the	  hypothalamus	  (Williams,	  2012)	   limiting	  the	  validity	  

of	   these	   treatments.	   Thus,	   obesity	   is	   often	   associated	   with	   a	   progressive	  

increase	   in	   circulating	   leptin	   that	   do	   not	   prevent	   over-‐consumption	   of	  

palatable	   foods.	   Therefore,	   the	   homeostatic	   system,	   including	   leptin,	   has	  

not	   evolved	   as	   a	   signal	   to	  prevent	   obesity.	   In	   contrast,	   other	  mechanisms	  

should	   have	   been	   strengthened	   across	   the	   ages	   to	   actively	   dampen	   the	  

anorectic	   effects	   of	   supra-‐normal	   leptin	   level,	   as	   it	  may	   have	   conferred	   a	  

disadvantage	   in	   a	   restrictive	   environment	   (Zheng	   and	   Berthoud,	   2007).	  

Hence,	   it	  has	  been	  proposed	  that	  the	  high	  sensitivity	  of	  hedonic	  system	  to	  

food	   reward	   may	   account	   for	   the	   development	   of	   obesity	   in	   some	  

individuals.	   In	   this	   context,	   an	   emerging	   issue	   has	   been	   to	   better	  

understand	   the	   role	   of	   the	   brain	   reward	   circuit	   in	   food	   intake	   and	   eating	  

disorders	  (Davis	  et	  al.,	  2007).	  
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2.3. Hedonic control of food intake 

Apart	  from	  being	  a	  biological	  necessity,	  eating	  can	  be	  a	  source	  of	  joy	  and	  we	  

often	  eat	  when	  not	  metabolically	  hungry	  and	  in	  spite	  of	   large	  fat	  reserves.	  

Indeed,	   reward	   related	   brain	   structures	   play	   an	   important	   role	   in	   the	  

regulation	   of	   food	   intake,	   and	   certain	   types	   of	   food,	   such	   as	   high-‐energy	  

dense	  and	  sweet	  foods	  elicit	  strong	  rewarding	  effects	  and	  greatly	  influence	  

eating	   behaviour.	   Thus,	   food	   palatability	   constitutes	   a	  major	   predictor	   of	  

food	   choice	   and	   intake,	   stimulates	   appetite	   even	   in	   absence	   of	  metabolic	  

needs,	   and	   thus	   promotes	   overeating.	   Clearly	   this	   ‘‘power	   of	   food’’	   is	  

thought	   to	   undermine	   weight	   regulation	   and	   to	   contribute	   to	   the	  

development	  of	  eating	  disorders	  (Zheng	  and	  Berthoud,	  2007).	  

The	   motivation	   to	   eat	   or	   stop	   eating	   is	   clearly	   more	   complex	   than	   a	  

“simple”	  homeostatic	  system	  that	  responds	  to	  metabolic	  and	  satiety	  signals	  

from	   the	   periphery.	   Indeed,	   sensory	   perception,	   mood,	   memory	   of	   food	  

past	  experiences,	  social	  factors,	  time	  of	  day,	  convenience	  and	  cost	  are	  a	  few	  

of	   the	  multiple	  variables	   that	  are	  not	  metabolically	  determinant	  but	  affect	  

meal-‐to-‐meal	   energy	   intake	   (Schwartz	   et	   al.,	   2000).	   These	   observations	  

clearly	   suggest	   the	   participation	   of	   cognitive	   and	   emotional	   related	   brain	  

structures	  in	  the	  control	  of	  food	  intake.	  Indeed,	  the	  hypothalamus	  is	  highly	  

connected	  to	  crucial	  brain	  areas	  involved	  in	  hedonic	  pleasure,	  emotion	  and	  

memory,	  such	  as	  the	  NAc,	  amygdala	  and	  the	  HPC,	  or	  inhibitory	  control	  and	  

decision-‐taking	  such	  the	  PFC;	  and	  these	  structures	  are	  strongly	  activated	  in	  

response	  to	  the	  presentation	  of	  food	  stimuli	  (Kelley	  et	  al.,	  2005;	  Volkow	  et	  

al.,	   2012).	   Thus,	   the	   control	   of	   food	   intake	   critically	   results	   from	   a	   tight	  

intra-‐neural	   communication	   between	   the	   homeostatic	   and	   the	   hedonic	  

system,	  or	  between	  the	  hypothalamic/peripheral	  metabolic	  circuit	  and	  the	  

mesocorticolimbic	   system.	   This	   interaction	   is	  well	   illustrated	   by	   the	   facts	  
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that	   satisfying	   a	  metabolic	   need	   can	   be	   rewarding	   and	   that	   in	   absence	   of	  

homeostatic	  drive	  to	  eat,	  food	  consumption	  loses	  much	  of	  its	  allure.	  

Emerging	  evidence	  now	  supports	   the	   idea	   that	  metabolic	   signals	   can	  also	  

directly	   act	   on	   the	   brain	   reward	   circuit	   adding	   a	   potent	   emotional	   and	  

motivational	   meaning	   to	   the	   energetic	   feelings	   of	   hunger	   and	   satiety	   to	  

more	   efficiently	   ensure	   metabolic	   needs	   to	   be	   fulfilled.	   First,	   insulin	   and	  

leptin	   can	   directly	   influence	   food	   sensory	   perception	   by	   acting	   on	   taste	  

lingual	   or	   olfactory	   mucosal	   cells	   (Shigemura	   et	   al.,	   2004;	   Julliard	   et	   al.,	  

2007;	  Ketterer	  et	  al.,	  2010).	  Moreover,	  receptors	  for	  insulin,	  leptin,	  ghrelin	  

or	   orexin	   are	   all	   expressed	   in	   different	   areas	   of	   the	   mesocorticolimbic	  

system.	   It	   has	   been	   shown	   that	   anorexigenic	   peptides	   decrease	   the	  

sensitivity	   of	   the	   brain	   reward	   system	   to	   the	   hedonic	   effects	   of	   food,	  

whereas	  orexigenic	  peptides	   increase	   this	   sensitivity.	  Thus,	   leptin	   inhibits	  

firing	  of	  DA	  neurons	   in	  the	  VTA	  and	  decreases	  DA	  release	   in	  the	  NAc,	  and	  

administration	   of	   ghrelin	   enhances	   DA	   release,	   sucrose	   preference	   and	  

intake	  (Zheng	  and	  Berthoud,	  2007).	  	  

On	   the	   other	   hand,	   signals	   generated	   by	   cortico-‐limbic	   structures	  

processing	   sensory,	   cognitive,	   and	   reward	   information	   can	   influence	  

hypothalamic	  processes	  relevant	  for	  energy	  balance	  regulation,	  in	  a	  similar	  

way	  than	  hypothalamic	  energy	  regulatory	  signals	  can	  modulate	  the	  activity	  

of	  cortico-‐limbic	  structures	  (Figure	  13).	  
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Figure	  13.	   Interaction	  of	  the	  homeostatic	  and	  hedonic	  system	  in	  the	  control	  
of	   food	   intake.	   Schematic	   diagram	   showing	   neural	   systems	   and	   flow	   of	  
informations	   involved	   in	   the	   control	   of	   food	   intake	   and	   regulation	   of	   energy	  
balance.	  The	   traditional	   regulatory	  circuitry	  using	  neural	  and	  hormonal	   feedback	  
from	   the	   internal	  milieu	   acting	   on	  hypothalamus	   and	  brainstem	   is	   shown	  on	   the	  
bottom	   (dark	   grey	   boxes).	   Sensory	   and	   cortico-‐limbic	   brain	   areas	   used	   for	  
processing	   information	   from	   the	   environment	   are	   shown	   in	   the	  upper	  half	   (light	  
gray	  boxes).	  The	  broken	  lines	  with	  open	  arrows	  on	  the	  left	  indicate	  modulation	  of	  
sensory,	  cognitive,	  and	  reward	  processes	  by	  circulating	  signals	  of	  fuel	  availability,	  
such	  as	  leptin,	  ghrelin,	  and	  glucose.	  The	  full	  lines/open	  arrows	  indicate	  modulation	  
by	   nutritionally	   relevant	   neural	   signals	   such	   as	   taste	   and	   visceral	   sensory	  
information,	  as	  well	  as	  signals	  originating	  from	  the	  hypothalamus.	  Full	  lines/closed	  
arrows	  represent	  neural	   interconnections,	  and	  dotted	   lines/full	  arrows	  represent	  
conscious	  and	  subconscious	  behavioral.,	  autonomic,	  and	  endocrine	  output/effector	  
pathways.	  (adapted	  from	  Zheng	  and	  Berthoud,	  2007).	  
	  
	  

One	   important	   non-‐homeostatic	   signal	   that	   influences	   food	   intake	   is	   DA	  

transmission.	  Indeed,	  rodents	  lacking	  DA	  greatly	  loose	  motivation	  to	  work	  

for	  food	  and	  can	  even	  die	  of	  starvation	  (Szczypka	  et	  al.,	  2001).	  In	  addition,	  

the	   hunger-‐stimulating	   hormone,	   ghrelin,	   fails	   to	   enhance	   motivation	   to	  
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work	  for	  palatable	  food	  when	  DA	  D1-‐R	  activity	  is	  blocked	  (Overduin	  et	  al.,	  

2012).	   DA	   also	   controls	   opposite	   feeding	   responses,	   as	   enhanced	   DA	  

signalling	  has	  been	   associated	  with	  decrease	   food	   intake	  by	   its	   inhibitory	  

effects	  on	  the	  hypothalamus	  (Yang	  et	  al.,	  1997).	  In	  general,	  DA	  signalling	  in	  

the	   mesocorticolimbic	   system	   permits	   to	   coordinate	   many	   aspects	   of	   an	  

animal’s	   attempts	   to	   obtain	   food,	   including	   increased	   arousal,	  motivation,	  

and	  conditioned	  learning	  (Kelley	  et	  al.,	  2005).	  Thus,	  dysregulation	  of	  the	  DA	  

system	   is	   likely	   to	   promote	   altered	   motivation	   to	   eat	   food	   and	   disrupt	  

energy	  homeostasis.	  	  

The	  endogenous	  opioid	   system	   in	   the	  mesocorticolimbic	   circuit	   is	   also	  an	  

important	   brain	   neurotransmitter	   that	   mediates	   feelings	   of	   pleasure	  

derived	   from	   food	   consumption.	   Indeed,	   as	   mentioned	   before,	  

administration	  of	  mu	  opioid	  receptor	  agonists	  in	  the	  NAc	  enhances	  hedonic	  

taste	   reactions	   to	   palatable	   food	   and	   promotes	   voracious	   appetite	   in	  

rodents,	  even	  in	  satiated	  animals	  (Peciña	  and	  Berridge,	  2005).	  In	  addition,	  

the	   endogenous	   opioid	   system	   can	   directly	   affect	   the	   activity	   of	   different	  

satiety	  signals	  in	  the	  hypothalamus,	  such	  as	  oxytocin	  and	  alpha-‐melanocyte	  

stimulating	  hormone	   (Olszewski	   et	   al.,	   2004).	  Therefore,	   the	   activation	  of	  

the	   endogenous	   opioid	   system	   by	   palatable	   foods	  may	   represent	   another	  

mechanism	   by	   which	   the	   hedonic	   system	   can	   override	   the	   homeostatic	  

control	  of	  food	  intake.	  

Finally,	  other	  key	  structures	  of	  the	  mesocorticolimbic	  circuit	  different	  from	  

the	  NAc	  have	  shown	   to	   tightly	   control	  eating	  behaviour.	   In	  particular,	   the	  

prominent	  projections	   from	  PFC,	   amygdala	   and	  HPC	   to	   the	  hypothalamus	  

are	  thought	  to	  play	  an	  important	  role	  in	  cognitive	  suppression	  of	  metabolic	  

satiation	   signals	   (Berthoud,	   2002).	   Thus,	   a	   neutral	   stimulus	   paired	  

repeatedly	   with	   food	   acquires	   the	   ability	   to	   trigger	   consumption	   of	   that	  
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food	  even	  in	  sated	  animals	  by	  increasing	  the	  palatability	  of	  the	  paired	  food	  

(Weingarten,	  1983).	  This	  cue-‐potentiated	  feeding	  is	  thought	  to	  be	  a	  form	  of	  

craving	  rather	  than	  a	  non-‐specific	  increase	  in	  appetite	  and	  is	  dependent	  of	  

intact	  projections	  from	  the	  amygdala	  and	  PFC	  to	  the	  lateral	  hypothalamus	  

(Petrovich	  et	  al.,	  2002	  and	  2007).	  Moreover,	  it	  has	  been	  reported	  that	  food	  

sated	   rats	   with	   hippocampal	   lesions	   show	   increased	   appetitive	   behavior	  

relative	   to	   intact	   controls,	   and	   are	   impaired	   in	   using	   interoceptive	   cues	  

arising	   from	   short-‐	   and	   long-‐term	   food	   deprivation	   as	   discriminative	  

stimuli.	   These	   results	   suggest	   that	   the	   behavioural	   inhibition	   by	   energy	  

state	  signals	  depends	  on	  the	  HPC	  (Davidson	  et	  al.,	  2007).	  Similarly,	  patients	  

with	   fronto-‐temporal	   dementia	   demonstrate	   increased	   drive	   to	   eat	  

suggesting	  that	   loss	  of	  cortical	  control	  can	  disinhibit	  circuits	  that	  promote	  

food	   intake	   (Ikeda	   et	   al.,	   2002).	   Lastly,	   it	   has	   been	   even	   suggested	   that	  

prefrontal	   cognitive	   processes,	   such	   as	   economic	   choice	   and	   decision-‐

making,	   may	   also	   control	   ingestive	   behaviour	   in	   humans.	   Indeed	   several	  

lines	  of	  evidence	  suggest	  that	  damage	  to	  the	  right	  PFC	  can	  cause	  a	  passion	  

for	  eating	  and	  a	  specific	  preference	  for	  fine	  and	  expensive	  foods,	  which	  has	  

been	  called	  the	  “gourmand	  syndrome”	  (Regard	  and	  Landis,	  1997;	  Uher	  and	  

Treasure,	   2005).	   Conversely,	   alteration	   of	   PFC	   activity	   in	   rodents	   causes	  

hyperphagia	   and	  enhances	  preference	   for	   sweet	  palatable	   foods	   (Mena	  et	  

al.,	  2011).	  

In	  summary,	   increasing	  evidences	  underline	  the	  important	  contribution	  of	  

the	  mesocorticolimbic	  circuit	  in	  the	  control	  of	  eating	  behaviour.	  Therefore,	  

dysregulations	   of	   the	   brain	   reward	   circuit	   are	   likely	   to	   contribute	   to	   the	  

physiopathology	  of	   some	  eating	  disorders.	   In	   this	   sense,	   several	   scientists	  

postulate	  that	  the	  pattern	  of	  food	  intake	  observed	  in	  some	  obese	  people	  is	  

reminiscent	  of	   the	   compulsive	  drug	   taking	   seen	   in	  addicts,	   and	  claim	   that	  
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some	   types	  of	  obesity	   should	  be	   considered	  as	   a	   form	  of	   “food	  addiction”	  

(Volkow	  and	  Wise,	  2005;	  Blumenthal	  and	  Gold,	  2010).	  This	  is	  an	  important	  

debate	   to	  hold	  and	   resolve	  because	  of	   the	  potential	   role	  of	   this	  addictive-‐

like	  behaviour	  in	  the	  obesity	  epidemic.	  	  

	  

2.4. The concept of food addiction 

The	   relationships	   between	   eating	   disorders	   and	   drug	   addiction	   are	  

controversial.	   Indeed,	   while	   some	   scientists	   prone	   that	   both	   pathologies	  

present	   strinking	   similarities	   (Volkow	   and	   Wise,	   2005;	   Blumenthal	   and	  

Gold,	   2010),	   others	   point	   out	   the	   lack	   of	   convicing	   evidences	   for	   “food	  

addiction”	   in	   humans,	  mainly	   based	   in	   the	   absence	   of	   clinical	   symptomps	  

such	   food	   dependence	   or	  withdrawal	   (Ziauddeen	   and	   Fletcher,	   2013).	   To	  

date,	   addiction	   is	   exclusively	   diagnosed	   in	   individuals	   that	   present	   a	  

pathological	  consumption	  of	  drugs	  of	  abuse	  (DSM-‐IV;	  APA,	  1994).	  However,	  

the	   forthcoming	   DSM	   V	   suggests	   replacing	   the	   previous	   category	  

“Substance-‐Related	   Disorders”	   with	   “Addiction	   and	   Related	   Disorders”,	  

thus	   for	   the	   first	   time	   allowing	   the	   diagnosis	   of	   behavioural	   addictions	  

(Holden,	   2001;	   draft	   DSM	   V,	   APA).	   At	   the	   present	   moment,	   this	   new	  

category	   pretends	   to	   include	   only	   a	   single	   entity:	   gambling	   addiction.	  

Nevertheless,	   this	   theoretical	   advance	   will	   permit	   to	   promote	   new	  

researches	   on	   determining	   whether	   other	   excessive	   engagements	   in	  

adaptative	   behaviours,	   such	   as	   hypersexuality	   and	   overating,	   can	   present	  

addictive-‐like	  features.	  	  	   
	  

The	   controversy	   of	   considering	   some	   eating	   disorders	   as	   addictive-‐like	  

behaviours	   is	   exemplified	   by	   the	   lack	   of	   an	   accepted	   definition	   of	   food	  

addiction.	   In	   response	   to	   this	   issue,	   it	   has	   been	   recently	   created	   the	   Yale	  
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food	   addiction	   scale	   that	   translates	   the	   substance	   dependence	   diagnostic	  

criteria	  outlined	  in	  the	  DSM	  IV	  to	  eating	  behaviour	  (Gearhardt	  et	  al.,	  2009).	  

Thus,	  according	  to	  the	  Yale	  food	  addiction	  scale,	  the	  excessive	  consumption	  

of	  food	  in	  obese	  and	  the	  pathological	  drug	  intake	  in	  addicts	  present	  striking	  

similarities.	   Indeed,	   obese	   individuals	   often	   eat	  more	   than	   they	   intended	  

and	  make	   frequent	  unsuccessful	   efforts	   to	   control	  overeating.	   In	  addition,	  

obesity	   can	   reduce	   an	   individual’s	   ability	   to	   participate	   in	   a	   full	   range	   of	  

social,	   occupational,	   and	   recreational	   activities.	   Finally,	   many	   individuals	  

continue	  to	  overeat	  despite	  knowledge	  that	  overeating	  causes	  obesity	  and	  

may	   contribute	   to,	   or	   complicate	   serious	   health	   problems.	   Not	   all	  

overweight	   or	   obese	   persons	   would	   meet	   these	   clinical	   criteria	   for	   food	  

addiction,	   just	   as	   not	   all	   drug	   abusers	   are	   considered	   addicts.	   Therefore,	  

interindividual	   differences	   in	   reactions	   to	   food	   and	   vulnerability	  

phenotypes	   may	   certainly	   account	   for	   the	   transition	   from	   excessive	   to	  

compulsive	  food	  intake,	  similarly	  to	  those	  that	  facilitate	  the	  shift	  from	  drug	  

abuse	   to	   addiction.	   Indeed,	   several	   common	  behavioural	   traits	   have	   been	  

described	   between	   overeating	   and	   substances	   disorders.	   First,	   obese	  

persons	  have	  more	  likely	  high	  novelty	  seeking	  and	  lower	  self-‐directedness	  

scores	   in	   specific	   psychological	   tests	   than	   normal	   weight	   individuals.	  

Interestingly,	   a	   negative	   correlation	   is	   observed	   between	   high	   novelty	  

scores	   and	   the	   successfulness	   at	   losing	   weight	   (Sullivan	   et	   al.,	   2007).	  

Similar	   behavioural	   traits	   have	   been	   associated	   to	   drug	   addiction,	   and	  

addicts	  with	  high	  novelty	  scores	  are	  more	  likely	  to	  be	  dependent	  on	  two	  or	  

more	   substances	   (Le	   Bon	   et	   al.,	   2004;	   Conway	   et	   al.,	   2003).	   In	   addition,	  

overweight	  and	  obese	   individuals	  often	  have	  high	  scores	  on	  a	  personality	  

measure	   of	   impulsivity,	   and	   positive	   correlations	   are	   observed	   between	  

these	   impulsivity	   scores	   and	   the	   amount	   of	   meal	   supplement	   consumed	  

(Galanti	  et	  al.,	  2007).	  Finally,	  this	  high	  impulsivity	  in	  obese	  people	  has	  also	  
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been	   correlated	   with	   poor	   decision-‐making	   on	   the	   Iowa	   gambling	   task.	  

Indeed,	  obese	  individuals	  perform	  more	  poorly	  on	  the	  Iowa	  glambling	  task	  

than	  normal	  weight	  peers	  and	  similarly	  to	  drug	  addicts.	  In	  particular,	  obese	  

and	  drug	  addicts	  people	  show	  a	  preference	  for	  high	  and	  immediate	  reward	  

despite	  an	   increased	  chance	  of	   suffering	  higher	   future	   losses	   (Davis	  et	  al.,	  

2004;	  Bechara	  and	  Damasio	  2002).	  

	  

Similarities	   in	   neural	   substrates	   and	   neurochemical	   profile	   between	   drug	  

addicts	   and	   obese	   individuals	   have	   also	   been	   recently	   revealed.	   These	  

findings	   have	   been	   determinant	   to	   respond	   to	   many	   legitimate	   doubts	  

concerning	   resemblances	   between	   these	   two	   pathologies	   and	   further	  

support	  the	  concept	  of	  “food	  addiction”.	  One	  example	  of	  major	  discordance	  

is	  that	  food	  intake,	  unlike	  drug	  intake,	  is	  a	  physiological	  process	  that	  relies	  

on	   more	   complex	   neuronal	   circuitry,	   with	   important	   contribution	   of	   the	  

hypothalamic/metabolic	   system.	   Thus,	   many	   scientists	   claim	   that	   eating	  

disorders	  cannot	  be	  reduced	  as	  “simple”	  alterations	  of	  the	  reward	  system,	  

such	   as	   in	   the	   case	   of	   drug	   addiction.	   In	   contradiction	   to	   this	   proposal,	  

accumulative	  evidences	  demonstrate	  the	  participation	  of	  the	  hypothalamus	  

in	  drug	  addiction.	  Indeed,	  DA	  neurons	  are	  also	  present	  in	  the	  hypothalamus	  

where	   they	   represent	  one	  of	   the	   four	  major	  brain	  dopaminergic	  patways:	  

the	   tuberoinfundibular	   pathway. Although	   this	   pathway	   is	   not	   directly	  

involved	   in	   rewarding	   processes,	   drugs	   of	   abuse	   can	   alter	   DA	   neurons	  

activity	   in	   the	   hypothalamus,	   and	   thereby	   its	   functions	   (Gudelsky	   et	   al.,	  

1986;	   Baumann	   and	   Rothman,	   1993).	   In	   particular,	   drugs	   induce	  

alterations	   in	   the	   hypothalamic-‐pituitary-‐adrenal	   axis	   and	   responses	   to	  

stress	   have	   shown	   to	   play	   an	   important	   role	   in	   drug	   addiction	   (Armario,	  

2010;	  Goeders,	  2003).	  Moreover,	  opioid,	  GABA	  and	  acetylcholine	  receptors	  

are	   expressed	   in	   the	   hypothalamus,	   highlighting	   the	   direct	   influence	   of	  
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morphine,	  alcohol	  and	  nicotine	  on	  its	  functioning	  (Zhou	  et	  al.,	  2006;	  Volgin,	  

2008;	  Pasumarthi	  and	  Fadel,	  2010).	  Importantly,	  one	  of	  the	  highest	  rates	  of	  

intracranial	   electric	   self-‐stimulation,	   a	   reward-‐related	   behaviour,	   is	  

obtained	  in	  the	  lateral	  hypothalamus,	  and	  this	  response	  can	  be	  modulated	  

by	   opiates	   and	   several	   other	   drugs	   of	   abuse	   (Singh	   et	   al.,	   1996;	   Ornstein	  

and	   Huston,	   1977;	   Bauco	   and	   Wise,	   1997).	   In	   addition,	   mice	   can	   self-‐

administer	   some	   drugs	   of	   abuse	   such	   as	   opiates	   directly	   into	   the	   lateral	  

hypothalamus	   (Cazala	   et	   al.,	   1987).	   Finally,	   it	   has	   been	   recently	   reported	  

that	   the	   orexin	   system	  plays	   a	   crucial	   role	   in	   the	   lateral	   hypothalamus	   in	  

different	   aspects	   of	   drug	   addictive	   processes,	   including	  

reward/reinforcement,	  withdrawal	  and	  relapse	  (Plaza-‐Zabala	  et	  al.,	  2012).	  	  

Therefore,	   the	   hypothalamus	   is	   now	   well	   recognized	   to	   be	   an	   important	  

component	   of	   the	   reward	   system	   and	   thus	   a	   key	   substrate	   for	   addictive	  

disorders.	   From	   this	   perspective,	   some	   eating	   disorders	   that	   involve	  

alterations	   of	   the	   hypothalamic	   circuit	   could	   present	   some	   addictive-‐like	  

characteristics	   based	   on	   this	   physiological	   role	   of	   the	   hypothalamus.	  

Indeed,	   growing	   evidences	   show	   that	   several	   metabolic	   hormones	   or	  

peptides	  that	  are	  altered	   in	  obese	  patients,	  such	  as	  ghrelin,	   leptin,	   insulin,	  

orexins	   and	  melanocortin,	  modulate	   the	   rewarding	  properties	  of	  drugs	  of	  

abuse	  and	  modify	  DA	  activity	  (Davis	  et	  al.,	  2010;	  Dickson	  et	  al.,	  2011;	  Chung	  

et	   al.,	   2011).	   Conversely,	   alterations	   in	   energetic	   status,	   such	   as	   food	  

deprivation	  and	  obesity,	  increases	  and	  attenuates	  respectively	  responses	  to	  

drug	   reward	   (Carr,	   2002;	   Blendy	   et	   al.,	   2005).	   Importantly,	   an	   inverse	  

relationship	   has	   been	   reported	   in	   humans	   between	   body	  mass	   index	   and	  

recent	  illicit	  drug	  use	  (Blüml	  et	  al.,	  2012),	  as	  well	  as	  an	  association	  between	  

obesity	  and	  a	   lower	   risk	   for	   substance	  use	  disorders	   (Simon	  et	  al.,	   2006).	  

Taken	  together,	  these	  results	  strongly	  suggest	  the	  possibility	  that	  food	  and	  
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drugs	   may	   be	   competing	   for	   overlapping	   reward	   mechanisms	   including	  

those	  generated	  through	  the	  hypothalamus.	  

Reticent	   scientists	   often	   point	   out	   that	   food-‐induced	   DA	   release	   in	   the	  

mesocorticolimbic	  system,	   in	  particular	   in	  the	  NAc	  shell,	   is	   lower	  than	  the	  

one	  induced	  by	  drugs	  of	  abuse,	  and	  unlike	  this	  latter	  undergoes	  habituation	  

(Pothos	   et	   al.,	   1991;	   Wise	   et	   al.,	   1995;	   Bassareo	   and	   Chiara,	   1997).	  

Therefore,	   overactivation	   of	   the	   DA	   system	   by	   food	   seems	   unlikely	   to	  

explain	  the	  development	  of	  eating	  disorders.	  In	  contrast	  to	  this	  hypothesis,	  

recent	   data	   have	   demonstrated	   that	   the	   increased	   DA	   release	   in	   the	   NAc	  

shell	   triggered	   by	   palatabale	   food	   does	   not	   habituate	   and	   can	   still	   be	  

elicited	   several	   weeks	   after	   the	   first	   exposure	   in	   animals	   that	   develop	  

binge-‐like	   eating	   behaviour	   (Rada	   et	   al.,	   2005).	   Thus,	   prolonged	  

overconsumption	  of	   these	   types	  of	   food	  could	  give	   rise	   to	  dysfunctions	  of	  

the	  dopaminergic	  system	  in	  susceptible	  individuals,	  as	  it	  occurs	  with	  drugs	  

of	   abuse.	   In	   support	   to	   this	   proposal,	   it	   has	   been	   shown	   that	   obese	  

individuals	  present	  a	  decrease	  in	  striatal	  DA	  D2-‐R	  availability	  similar	  to	  the	  

one	   reported	   in	   drug	   addicts	   (Wang	   et	   al.,	   2001).	   Importantly,	   a	   negative	  

correlation	  between	  individual’s	  body	  mass	  and	  the	  availability	  of	  D2-‐R	  in	  

the	   striatum	  has	   been	   observed	   (Wang	   et	   al.,	   2001).	   Conversely,	   a	   recent	  

study	   shows	   that	   rodents	   chronically	   exposed	   to	   a	   high	   palatable	   diet	  

develop	   an	   obese	   phenotype,	   a	   decreased	   D2-‐R	   striatal	   expression	   and	  

compulsive	   palatable	   food	   intake	   (Johnson	   and	   Kenny,	   2010).	   Moreover,	  

these	   striatal	  DA	  D2-‐R	  dysfunctions	  have	  been	   associated	  with	  decreased	  

metabolic	  activity	  in	  the	  PFC	  in	  obese	  individuals,	  similarly	  to	  drug	  addicts	  

(Volkow	  and	  Fowler,	  2000).	  This	  decreased	  activity	   in	   the	  PFC	   is	   likely	   to	  

contribute	   to	  poor	  self-‐control,	   impulsivity	  and	  high	  compulsivity,	  both	   in	  

drug	   addicts	   and	   obese	   patients.	   Therefore,	   DA	   D2-‐R	   alterations	   in	   the	  
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mesocorticolimbic	   circuit	   have	   been	   considered	   a	   potential	   common	  

neuroadaptation	   among	   addictive-‐like	   behaviours	   that	   could	   represent	  

both	   a	   vulnerability	   factor	   and/or	   adverse	   consequence	   of	  

overconsumption	  of	  drugs	  or	  palatable	  food	  (Volkow	  and	  Wise,	  2005).	  

Moreover,	   the	   concept	  of	   food	  addiction	   is	  debated	  due	   to	   the	   absence	  of	  

convincing	   physiological	   markers	   of	   food	   dependence,	   such	   as	   a	  

withdrawal	  syndrome.	  However,	  it	  has	  been	  recently	  reported	  that	  rodents	  

previously	   exposed	   to	   diets	   rich	   in	   sugar	   and	   then	   withdrawn	   to	   less	  

palatable	   food	   or	   injected	   with	   naloxone	   display	   a	   withdrawal-‐like	  

syndrome	  similar	   to	  those	  observed	   in	  drug-‐dependent	  animals,	   including	  

specific	   somatic	   signs,	   anxiety,	   aggressiveness	   and	   depressive-‐like	  

behaviour	   (Colantuoni	   et	   al.,	   2002;	   Avena	   et	   al.,	   2008).	   These	   findings	  

suggest	   that	   overconsumption	   of	   palatable	   food	   can	   trigger	   alterations	   in	  

the	  endogenous	  opioid	  system,	  as	  this	  food	  withdrawal	  syndrome	  was	  also	  

precipitated	  by	  an	  opioid	  antagonist.	  In	  agreement,	  prolonged	  intermittent	  

access	   to	   sugar	   was	   associated	   with	   decrease	   gene	   expression	   of	  

preproenkephalin	  in	  the	  NAc	  and	  caudate-‐putamen	  (Spangler	  et	  al.,	  2004).	  	  

Finally,	  it	  is	  often	  doubted	  whether	  food	  can	  induce	  feelings	  of	  craving,	  and	  

if	   relapse	   to	   food	   consumption	   exist.	  However,	   it	   is	   now	  well-‐known	   that	  

the	   three	  main	   factors	   that	   induce	   craving	   and	   relapse	   in	   human	   addicts,	  

reinforcer-‐related	   cues,	   stress	   and	   re-‐exposure	   to	   the	   reinforcer,	   also	  

reinstate	   food	   seeking	   behaviour	   in	   animal	  models	   of	   relapse	   (Nair	   et	   al.,	  

2009).	   In	   addition,	   food-‐seeking	   responses	   are	   enhanced	   during	   the	   time	  

course	  of	  palatable	  food	  “abstinence”,	  a	  phenomenon	  refered	  as	  incubation	  

of	   food	   craving	   that	   is	   reminiscent	   from	   the	   one	   observed	  with	   drugs	   of	  

abuse	  (Avena	  et	  al.,	  2005	  and	  2008).	  Finally,	  imaging	  studies	  show	  that	  the	  
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expression	   and	   inhibition	   of	   food	   and	   drug	   craving	   modulate	   similar	  

subregions	  in	  the	  PFC	  in	  humans	  (Volkow	  et	  al.,	  2012).	  

In	   summary,	   whether	   or	   not	   certain	   types	   of	   eating	   disorders	   should	   be	  

defined	  as	  an	  addiction,	  accumulating	  evidences	  acknowledge	   that	  similar	  

brain	  dysfunctions	  could	  mediate	  both	  disorders.	  Therefore,	  translating	  our	  

extensive	  knowledge	  on	  the	  neurobiology	  of	  drug	  addiction	  into	  the	  study	  

of	  eating	  disorders	  might	  permit	  to	  better	  understand	  the	  physiopathology	  

that	   underlines	   abnormal	   food	   consumption.	   A	   recent	   line	   of	   research	   in	  

drug	   addiction	   is	   the	   characterisation	   of	   the	   neuronal	   plasticity	  

mechanisms	   underlying	   the	   development	   of	   the	   disease	   (Kalivas	   and	  

O'Brien,	   2008).	   Therefore,	   it	   will	   be	   interesting	   to	   know	  whether	   similar	  

neuroplastic	  alterations	  could	  be	  involved	  in	  eating	  disorders	  that	  present	  

addictive-‐like	  characteristic.	  
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3. NEURONAL PLASTICITY 

3.1. Overview 

Neuronal	  plasticity	   refers	   to	   the	   intrinsic	   ability	  of	   the	  neurons	   to	  modify	  

their	  morphology	  or	  functioning	  in	  response	  to	  external	  factors,	  resulting	  in	  

synaptic	   activity	   modifications	   or	   brain	   neural	   circuitry	   changes.	   This	  

plasticity	   is	   not	   exclusively	   restricted	   to	   the	   period	   of	   brain	   development	  

and	   it	   is	   now	   well	   recognised	   that	   the	   brain	   remains	   plastic	   even	   into	  

adulthood	  (Lillard	  and	  Erisir,	  2011).	  Indeed,	  adult	  neuroplasticity	  has	  been	  

described	  to	  contribute	  to	  the	  recovery	  process	  that	  follows	  brain	  injuries	  

(Johansson,	   2000).	   Moreover,	   it	   is	   thought	   that	   the	   functioning	   of	   some	  

cognitive	   processes,	   such	   as	   learning	   and	   memory,	   could	   rely	   on	  

neuroplasticity	  mechanisms	  (Martin	  et	  al.,	  2000a;	  Lamprecht	  and	  LeDoux,	  

2004).	   Thus,	   the	   concept	   of	   adult	   neuronal	   plasticity	   has	   replaced	   the	  

formerly-‐held	  position	  that	  the	  brain	   is	  a	  physiologically	  static	  organ	  with	  

amitotic	   cells,	   uncapacity	   of	   self-‐renewal	   and	   hard-‐wired	   circuitry,	   and	  

provides	   a	   reliable	   explanation	   for	   the	   brain’s	   ability	   to	   improve	   motor	  

function	  and	  learning	  despite	  a	  limited	  cerebral	  space.	  

One	   important	   feature	   of	   adult	   neuronal	   plasticity	   is	   to	   adapt	   neuronal	  

activity	  and	  brain	  functioning	  in	  response	  to	  constant	  variations	  in	  internal	  

physiology	   and	   external	   environment,	   a	   phenomenon	   called	   activity-‐

dependent	   plasticity	   (Malenka	   and	   Bear,	   2004;	   Holtmaat	   and	   Svoboda,	  

2009).	   Thus,	   adult	   neuroplasticity	   is	   considered	   a	   crucial	   process	   for	  

individuals	   to	   adjust	   their	   own	  behaviour	   in	   response	   to	   experience.	  This	  

neuronal	   process	   can	   also	   have	   negative	   physiological	   consequences	   in	  

some	   particular	   circumstances,	   such	   as	   in	   the	   phenomenon	   of	   phantom	  

limbs	   (Ramachandran	   et	   al.,	   1998).	   Drug	   addiction	   and	   addictive-‐like	  
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disorders	   have	   been	   suggested	   to	   also	   represent	   deemed	   examples	   of	  

"negative	   plasticity",	   in	   which	   neuronal	   adaptations	   result	   in	   highly	  

maladaptive	   behaviours	   (Kauer	   and	   Malenka,	   2007).	   This	   maladaptive	  

neuronal	  plasticity	  in	  addiction	  includes	  homeostatic	  adaptations	  triggered	  

by	   repeated	   exposure	   to	   drugs,	   such	   as	   drug	   tolerance	   and	   dependence.	  

Indeed,	  these	  adaptations	  aimed	  to	  counteract	  chronic	  brain	  insult	  induced	  

by	  repeated	  drugs	  use,	  but	  their	  undesirable	  counterpart	  is	  the	  subsequent	  

increase	   of	   drug	   consumption.	   (Hyman	   and	  Malenka,	   2001;	  Hyman	   et	   al.,	  

2006).	  Morevoer,	  drug	  addiction	  is	  associated	  with	  the	  emergence	  of	  other	  

forms	   of	   maladaptive	   neuronal	   plasticity	   that	   are	   more	   long-‐lasting	   than	  

drug	   tolerance	   and	   dependence	   and	   may	   underline	   the	   development	   of	  

persistent	  behavioural	  alterations	  that	  characterize	  the	  pathology,	  such	  as	  

drug	  craving	  and	  relapse	  (Hyman	  and	  Malenka,	  2001;	  Hyman	  et	  al.,	  2006).	  

To	  better	  understand	  addiction,	  it	  would	  be	  thus	  essential	  to	  know	  how	  the	  

effects	   of	   a	   drug	   during	   an	   initial	   exposure	   lead	   progressively	   to	   stable	  

molecular	   and	   cellular	   changes	   after	   repeated	   exposure.	   This	   will	   be	  

determinant	   in	  order	   to	  explain:	   (1)	  how	  repeated	  episodes	  of	  DA	  release	  

consolidate	   drug-‐taking	   behaviour	   into	   compulsive	   use,	   (2)	   how	   drug-‐

related	  cues	  become	  dominant	  in	  the	  control	  of	  behaviour,	  (3)	  how	  risk	  of	  

relapse	  from	  a	  drug-‐free	  state	  can	  persist	  for	  years.	  

Substantial	   progress	   has	   been	  made	   in	   understanding	   the	  molecular	   and	  

cellular	  mechanisms	   of	   tolerance,	   dependence	   and	  withdrawal.	   However,	  

less	   it	   is	   known	   about	   the	   neurobiological	   substrates	   of	   these	   long-‐lived	  

behavioural	   abnormalities.	   It	   is	   postulated	   that	   drugs	   of	   abuse	   “hijack”	  

plasticity	   mechanisms	   involved	   in	   learning	   and	   memory	   processes	   in	  

circuits	   responsible	   for	   reinforcement	   and	   reward.	   In	   this	   way,	   addiction	  

has	  been	  concieved	  as	  powerful	  pathological	  form	  of	  learning	  and	  memory	  
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(Hyman	  et	  al.,	  2006).	  Thus,	  the	  transient	  neuroplasticity	  triggered	  by	  initial	  

social	   drugs	   use	   has	   been	   compared	   to	   the	   necessary	   changes	   that	   are	  

antecedent	   to	   acquiring	   a	   new	   motivated-‐behaviour,	   whereas	   the	   stable	  

neuroplasticity	   that	   mediates	   compulsive	   drug	   use	   is	   thought	   to	  

correspond	   to	   the	   stable	   information	   that	   is	   retrieved	   to	   guide	   the	  

execution	   of	   well-‐learned	   automatic	   behaviour	   (Everitt	   et	   al.,	   2008).	  

Evolution	  from	  transient	  to	  stable	  neuroplasticity	  is	  thought	  to	  mediate	  the	  

shift	   from	   regulated	   to	   compulsive	   relapse:	   the	   transition	   from	   the	  

conscious	   decision	   to	   take	   drugs	   to	   automatic	   and	   inconscious	   relapsing	  

behaviours	   triggered	   by	   drug	   conditioned	   cues	   and	   stressors	   (Figure	   14)	  

(Kalivas	  and	  O'Brien,	  2008).	  

 

 

 

 

 

	  

	  

Figure	  14.	  Neuroplasticity	  changes	  through	  the	  addiction	  process.	  Illustration	  
of	   the	   relationship	   between	   neuroplasticity,	   motivated	   learning,	   brain	   circuitry,	  
and	   the	  stages	  of	  addiction.	   (a)	  The	  phases	  of	  addiction	   from	  the	  development	  of	  
addiction	   (social	   use)	   to	   vulnerability	   to	   relapse	   (transitioning	   from	   regulated	   to	  
compulsive).	   (b)	  Mapping	   normal	  motivated	   learning	   processes	   and	   the	   relevant	  
dopaminergic	  and	  glutamatergic	  circuitry	  onto	  the	  stages	  of	  addiction.	  (Kalivas	  and	  
O'Brien,	  2008).	  
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These	   neuroplastic	   changes	   are	   thought	   to	   alter	   transitorily	   DA	   synaptic	  

transmission	  in	  key	  areas	  of	  the	  mesocorticolimbic	  system	  such	  as	  the	  VTA,	  

the	  NAc	  and	  PFC	  at	  initial	  drugs	  use,	  and	  thereby	  strongly	  reinforcing	  drug-‐

taking	  behaviours.	   In	   later	  stages,	  the	  neuroplastic	  changes	  are	  thought	  to	  

be	   more	   drastic,	   leading	   to	   long-‐lasting	   impairments	   of	   synaptic	  

transmission	  and	  a	  stable	  reorganization	  of	  the	  mesocorticolimbic	  synaptic	  

connectivity.	   Indeed,	   accumulative	   evidences	   have	   shown	   that	   chronic	  

exposure	   to	   many	   drugs	   abused	   by	   humans	   lead	   to	   the	   emergence	   of	  

enduring	   forms	   of	   synaptic	   and	   structural	   plasticity	   in	   the	   brain	   reward	  

circuit	  (Lüscher	  and	  Malenka,	  2011;	  Robinson	  and	  Kolb,	  2004).	  	  

	  

3.2. Synaptic plasticity 

Synaptic	  plasticity	  describes	  the	  ability	  of	  individual	  synapses	  to	  alter	  their	  

strength	  of	  transmission	  over	  the	  time	  in	  response	  to	  either	  use	  or	  disuse	  of	  

transmission	   over	   synaptic	   pathways	   (Feldman,	   2009).	   Synaptic	  

transmission	   relies	   on	   several	   elements	   that	   include	   the	   pre-‐synaptic	  

release	  of	  neurotransmitters,	  post-‐synaptic	  receptors	  and	  transporters	  and	  

enzymes	   that	   terminate	   the	   transmission.	   Thus,	   synapses	   can	   be	  

considered	  as	  filters	  with	  distinctive	  properties,	  and	  synaptic	  transmission	  

appears	   to	  vary	   importanly	  depending	  on	   the	   recent	  history	  of	   activity	  of	  

the	   synapse.	   Activity-‐dependent	   changes	   in	   synaptic	   transmission	   arise	  

from	  a	  large	  number	  of	  mechanisms,	  and	  synaptic	  plasticity	  can	  be	  divided	  

into	   three	   broad	   categories:	   (1)	   short-‐term	   plasticity,	   that	   occurs	   over	  

milliseconds	   to	   minutes,	   allows	   a	   rapid	   and	   reversible	   modulation	   of	  

synaptic	  transmission	  strengh	  and	  has	  been	  viewed	  as	  a	  dynamic	  filter	  that	  

optimizes	   information	   processing	   (Zucker	   and	   Regehr,	   2002;	   Deng	   and	  

Klyachko,	   2011)	   (2)	   long-‐term	   plasticity,	   involving	   changes	   that	   last	   for	  
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hours	  or	  longer,	  is	  thought	  to	  underpin	  learning	  and	  memory	  (Martin	  et	  al.,	  

2000a)	  (3)	  and	  homeostatic	  plasticity	  of	  both	  synapses	  and	  neurons	  allows	  

neural	   circuits	   to	   maintain	   appropriate	   levels	   of	   excitability	   and	  

connectivity	   despite	   continuous	   occurrence	   of	   short-‐	   and	   long-‐term	  

plasticity.	  This	  metaplasticity	  represents	  an	  essential	  negative	  feedback	  to	  

maintain	   proper	   neuronal	   network	   function	   over	   the	   time	   (Pérez-‐Otaño	  

and	  Ehlers,	  2005).	  	  

Long-‐term	  form	  of	  synaptic	  plasticity	  is	  probably	  the	  most	  studied	  type	  of	  

neuronal	   plasticity,	   and	   alterations	   of	   synaptic	   plasticity	   processes	   have	  

been	   linked	   to	   several	  pathologies,	   including	  drug	  addiction	   (Lüscher	  and	  

Isaac,	   2009;	   Kauer	   and	   Malenka,	   2007).	   Long-‐term	   synaptic	   plasticity	  

encompasses	   both	   a	   long-‐lasting	   strengthen	   or	   weaken	   in	   the	   efficacy	   of	  

synaptic	   transmission,	   respectively	   referred	   as	   long-‐term	   potentiation	  

(LTP)	   and	   long-‐term	   depression	   (LTD).	   This	   form	   of	   neuronal	   plasticity	  

usually	   depends	   on	   the	   pattern	   of	   pre	   and	   postsynaptic	   firing.	   Thereby,	  

most	   forms	   of	   long-‐term	   synaptic	   plasticity	   appear	   to	   be	   an	   associative	  

form	  of	  plasticity,	  reflecting	  the	  Hebbian	  theory:	  “any	  two	  cells	  or	  systems	  

of	   cells	   that	   are	   repeatedly	   active	   at	   the	   same	   time	   will	   tend	   to	   become	  

“associated”,	   so	   that	   activity	   in	   one	   facilitates	   activity	   in	   the	   other".	   The	  

theory	   is	   often	   summarized	   as	   "Cells	   that	   fire	   together,	   wire	   together”	  

(Hebb,	   1961).	   Thus,	   long-‐term	   changes	   in	   the	   transmission	   properties	   of	  

synapses	   are	   thought	   to	   provide	   a	   physiological	   substrate	   for	   associative	  

learning.	  

LTP	  and	  LTD	  have	  been	   found	   to	  occur	   in	  different	   types	  of	  neurons	   that	  

release	   various	   neurotransmitters.	   However,	   the	   most	   common	  

neurotransmitter	   involved	   in	   long-‐term	   forms	   of	   synaptic	   plasticity	   is	  

glutamate.	   Long-‐term	   plasticity	   at	   glutamatergic	   synapses	   is	  mediated	   by	  
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different	   neuronal	   mechanisms,	   and	   one	   of	   the	   most	   studied	   required	  

NMDA-‐R	   activity	   (Figure	   15).	   Thus,	   depending	   on	   the	   nature	   of	   pre-‐

synaptic	   signals,	   activation	   of	   NMDA-‐R	   leads	   to	   opposite	   mechanisms	  

(Malenka	  and	  Bear,	  2004):	  

• High	   frequency	   pre-‐synaptic	   stimuli	   lead	   typically	   to	   strong	   post-‐

synaptic	   depolarization,	   complete	   displacing	   of	   the	   magnesium	   ions	  

that	   block	   NMDA	   ions	   channels	   and	   a	   large	   entry	   of	   calcium	   in	   post-‐

synaptic	  neurons.	  This	  important	  raise	  in	  intracellular	  calcium	  leads	  to	  

the	   activation	   of	   specific	   protein	   kinases	   that	   will	   phosphorylate	  

synaptic	   AMPA-‐Rs,	   improving	   their	   cation	   conduction,	   and	   will	   also	  

promote	   insertion	   of	   new	   AMPA-‐Rs	   in	   the	   synapse,	   thereby	  

potentiating	  the	  synapse	  and	  inducing	  LTP.	  

	  

• At	  the	  contrary,	   low	  frequency	  pre-‐synaptic	  stimuli	   lead	  to	  weaker	  

depolarization,	  only	  partially	  displace	  the	  magnesium	  ions,	  resulting	  in	  

less	  calcium	  entering	  the	  post-‐synaptic	  neuron.	  This	  lower	  intracellular	  

calcium	   concentration	   will	   instead	   activate	   particular	   protein	  

phosphatases	  leading	  to	  AMPA-‐Rs	  dephosphorylation,	  decreasing	  their	  

conductance	   and	   promoting	   their	   removal	   from	   the	   post	   synaptic	  

membrane,	   thus	   resulting	   in	   weaken	   synaptic	   transmission	   and	   LTD	  

induction.	  
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Figure	   15.	   NMDA-R	   dependent	   long-term	   forms	   of	   synaptic	   plasticity.	  
Schematic	   diagrams	   of	   the	   induction	   and	   expression	   of	   NMDA-‐R	   dependent	   LTP	  
and	  LTD	  observed	  in	  the	  rodent	  brain	  (see	  description	  in	  the	  text)	  (adapted	  from	  
Kauer	  and	  Malenka,	  2007).	  
	  
	  
The	  induction	  of	  these	  strengthening	  and	  weakening	  synaptic	  mechanisms	  

can	   modulate	   synaptic	   transmission	   up	   to	   one	   hour	   (Malenka	   and	   Bear,	  

2004).	   However,	   the	   activation	   of	   additional	   synaptic	   mechanisms	   that	  

required	   the	   synthesis	   of	   new	   protein	   and/or	   gene	   expression	   leads	   to	  

stabilize	   these	   initial	   synaptic	   changes,	   and	   allows	   LTP	   and	   LTD	   to	   last	  

hours,	  days,	  or	  even	  weeks	  (Malenka	  and	  Bear,	  2004).	  Therefore,	  long-‐term	  

synaptic	  plasticity	  has	  been	  hypothesized	  as	  neurobiological	   substrate	   for	  

long-‐lasting	  memory	  storage	  (Martin	  et	  al.,	  2000a).	  

	  

LTP	   and	   LTD	   are	   expressed	   at	   excitatory	   synapses	   throughout	   the	   brain	  

and	   have	   both	   been	   described	   at	   corticostriatal	   connections,	   where	   they	  
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might	   underline	   motor-‐skill	   learning,	   cognitive	   performance	   and	   reward	  

mechanisms	   (Calabresi	   et	   al.,	   2007).	   Importantly,	   both	   forms	   of	   synaptic	  

plasticity	  in	  the	  striatum	  strongly	  depend	  on	  the	  activation	  of	  DA	  receptors.	  

Indeed,	   striatal	   LTP	   and	   LTD	   are	   impaired	   after	   pharmacological	  

manipulation	  or	  genetic	  disruption	  of	   the	  dopaminergic	  system	  (Centonze	  

et	  al.,	  2001).	  Thus,	  the	  role	  of	  the	  dopaminergic	  system	  in	  gating	  long-‐term	  

synaptic	   plasticity	  may	   account	   for	   the	   ability	   of	   DA	   to	   promote	  memory	  

consolidation	   (Wittmann	   et	   al.,	   2005).	   Hence,	   a	   simple	   model	   to	   link	  

learning	  and	  addiction	  predicts	  that	  addictive	  drugs	  might	  induce	  abnormal	  

long-‐term	   synaptic	   plasticity	   in	   the	   reward	   system	   by	   excessively	  

enhancing	  DA	  release	  in	  this	  circuit,	  which	  would	  result	  in	  the	  formation	  of	  

persistent	   drug-‐related	   memories.	   In	   support	   to	   this	   proposal,	  

accumulative	   evidences	   have	   demonstrated	   that	  most	   of	   addictive	   drugs,	  

such	   as	   cocaine,	   morphine,	   nicotine,	   ethanol	   and	   amphetamines,	   induce	  

long-‐term	  synaptic	  plasticity	  in	  neurons	  of	  the	  brain’s	  reward	  system	  (Saal	  

et	   al.,	   2003,	  Lüscher	  and	  Malenka,	  2011).	   Such	  drug-‐evoked	  plasticity	  has	  

been	  reported	  in	  the	  VTA,	  NAc	  and	  PFC,	  and	  seems	  to	  contribute	  to	  all	  the	  

different	  phases	  of	  the	  addiction	  process	  (Figure	  16)	  (Lüscher	  and	  Malenka,	  

2011).	  

Drug-‐induced	   synaptic	   plasticity	   may	   participate	   in	   the	   intital	   effects	   of	  

drugs	  of	  abuse.	  Indeed,	  a	  single	  exposure	  to	  several	  drugs	  of	  abuse,	  but	  not	  

non-‐addictive	   compounds,	   triggers	   LTP	   of	   AMPA	   receptor-‐mediated	  

currents	  at	  excitatory	  synapses	  onto	  DA	  neurons	  in	  the	  VTA	  (Ungless	  et	  al.,	  

2001;	   Saal	   et	   al.,	   2003;	   Niehaus	   et	   al.,	   2010).	   In	   addition,	   the	   initial	  

rewarding	  and	  reinforcing	  properties	  of	  many	  drugs	  of	  abuse	  evaluated	  in	  

the	   CPP	   and	   self-‐administration	   paradigms	   are	   impaired	   by	   NMDA-‐R	  

blockade,	   a	   treatment	   that	   prevents	   LTP	   and	   LTD	   in	  many	   brain	   regions	  
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(Mameli	   and	  Lüscher,	   2011;	  Malenka	   and	  Bear,	   2004).	   Futhermore,	   drug-‐

induced	  synaptic	  plasticity	  mediates	  the	  long-‐lasting	  changes	  promoted	  by	  

chronic	   consumption	   of	   drugs	   of	   abuse.	   Thus,	   chronic	   administration	   of	  

cocaine	   provokes	   synaptic	   plasticity	   changes	   in	  many	   components	   of	   the	  

brain	  reward	  circuit	   (Borgland	  et	  al.,	  2004;	  Thomas	  et	  al.,	  2001;	  Huang	  et	  

al.,	  2007),	  and	  some	  of	  these	  alterations	  can	  persist	  up	  to	  several	  weeks	  or	  

months	   after	   prolonged	   cocaine	   self-‐administration	   (Martin	   et	   al.,	   2006;	  

Chen	   et	   al.,	   2008).	   In	   addition,	   reversal	   of	   cocaine-‐evoked	   synaptic	  

plasticity	  in	  the	  NAc	  has	  shown	  to	  abolish	  cocaine	  locomotor	  sensitization,	  

a	   model	   of	   drug-‐induced	   long-‐lasting	   behavioural	   changes	   (Pascoli	   et	   al,	  

2011).	  Finally,	  synaptic	  plasticity	  changes	  triggered	  during	  drug	  abstinence	  

have	   been	   proposed	   to	   be	   a	   neurobiological	   substrate	   for	   drug	   craving.	  

Indeed,	   incubation	   of	   cocaine	   craving	   correlates	   with	   a	   progressive	  

increase	  in	  GluA2-‐lacking	  AMPARs	  in	  the	  NAc,	  which	  has	  been	  interpreted	  

as	   a	   transition	   from	   LTD-‐like	   state	   at	   early	   withdrawal	   stage	   to	   LTP-‐like	  

state	  with	  prolonged	  abstinence	  (Conrad	  et	  al.,	  2008).	  In	  addition,	  selective	  

inhibition	   of	   the	   GluA2-‐lacking	   AMPARs	   in	   the	   NAc	   reduces	   cue-‐induced	  

cocaine	  seeking	  in	  mice,	  which	  is	  generally	  accepted	  as	  a	  model	  for	  relapse	  

in	  humans	  (Conrad	  et	  al.,	  2008).	  	  
	  

	  



Introduction	  
	  

	  
	   79	  

	  

	  
Figure	   16.	   Drug-evoked	   synaptic	   plastic	   changes	   in	   the	   mesocorticolimbic	  
circuit.	  Schematic	  diagrams	  illustrating	  the	  alterations	  of	  synaptic	  transmission	  in	  
the	   VTA	   and	  NAc	   induced	   by	   single	   or	   repeated	   injections	   of	   cocaine,	   as	  well	   as	  
those	  observed	  during	  cocaine	  withdrawal.	   In	  naïve	  animals,	  synapses	  in	  the	  VTA	  
and	  NAc	   contain	  NMDARs,	   and	  AMPARs	   that	   all	   contain	   the	  GluA2	   subunit.	  After	  
one	   dose	   of	   cocaine,	   synaptic	   plastic	   changes	   occur	   in	   the	   VTA,	   in	   particular	  
AMPARs	   are	   exchanged	   for	   GluA2-‐lacking	   ones	   through	   mechanisms	   involving	  
endo-‐	   and	   exocytosis,	   leading	   to	   potentiate	   synaptic	   transmission.	   In	   the	   NAc,	  
synaptic	  plastic	  changes	  are	  observed	  after	  repeated	  injection	  of	  cocaine	  and	  some	  
AMPARs	   are	   endocytosed	   leading	   to	   synapse	   depression.	   Finally,	   during	   cocaine	  
withdrawal,	  potentiated	  synaptic	   transmission	   in	  the	  VTA	  persist	  up	  to	  one	  week	  
or	  several	  months	  depending	  on	  the	  nature	  of	  the	  past	  cocaine	  treatment	  (passive	  
injection	  vs.	  self	  administration)	  before	  returning	  to	  a	  basal	  level	  through	  de	  novo	  
synthesis	   of	   GluA2	   containning	   AMPARs.	   In	   the	   NAc,	   a	   progressive	   increase	   in	  
synaptic	  GluA2-‐lacking	  AMPARs	  is	  observed	  during	  cocaine	  abstinence,	  leading	  to	  
potentiation	  of	  synapses	  (adapted	  from	  Lüscher	  and	  Malenka,	  2011).	  
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From	   these	   findings,	   drug-‐induced	   synaptic	   plasticity	   in	   the	  

mesocorticolimbic	   system	   has	   been	   considered	   an	   important	  

neurobiological	   substrate	   for	   the	   development	   of	   different	   classes	   of	  

addictive	   disorders.	   Nevertheless,	   it	   is	   also	   clear	   that	   these	   synaptic	  

adaptations	  do	  not	  predict	  that	  addiction	  will	  follow.	  Indeed,	  a	  recent	  study	  

shows	   that	  while	   all	   animals	   develop	   impaired	   LTD	   in	   the	   NAc	   following	  

prolonged	   cocaine	   self-‐administration,	   only	   a	   modest	   proportion	   of	   rats	  

develop	   behaviours	   analogous	   to	   human	   addicts.	   Interestingly,	   after	   2	  

weeks	  of	  drug	  withdrawal	  the	  ability	  to	  generate	  LTD	  slowly	  recovered	  in	  

‘‘non-‐addicted’’	   animals,	   while	   ‘‘addicted’’	   animals	   expressed	   persistently	  

impaired	   LTD	   (Kasanetz	   et	   al.,	   2010).	   Therefore,	   additional	   neuronal	  

plasticity	  changes	  certainly	  occur	  in	  some	  drug	  users	  that	  contribute	  to	  the	  

persistence	   of	   synaptic	   plasticity	   alterations	   and	   the	   development	   of	  

addictive-‐like	  behaviours.	  In	  this	  perspective,	  it	  has	  been	  recently	  proposed	  

that	  the	  ability	  of	  drugs	  of	  abuse	  to	  induce	  structural	  plasticity	  changes	  in	  

the	  brain	  reward	  circuit	  may	  represent	  one	  of	  these	  additional	  mechanisms	  

by	   which	   drugs	   of	   abuse	   alter	   neuronal	   physiology	   and	   drug	   users	  

behaviour	  in	  a	  long-‐lasting	  manner	  (Robinson	  and	  Kolb,	  2004).	  

	  

3.3. Structural plasticity 

Structural	   plasticity	   represents	   a	   physical	   reorganization	   of	   synaptic	  

connectivity	   and	   neuronal	   circuitry.	   This	   morphological	   adaptation	  

includes	  changes	  in	  the	  size	  of	  cell	  bodies,	  dendritic	  three	  arborizations	  or	  

spine	  number	  and	  shape.	  Therefore,	  unlike	  synaptic	  plasticity,	  which	  alters	  

locally	  the	  activity	  of	  specific	  pre-‐exiting	  synapses,	  structural	  plasticity	  can	  

potentially	  affect	  a	  neuronal	  network	   in	   its	  entirety,	   removing	  or	  creating	  

new	   connectivity	   pattern	   between	   neurons,	   thus	   substantially	   impacting	  
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cerebral	   functions	   (Chklovskii	   et	   al.,	   2004).	   Like	   synaptic	   plasticity,	  

morphological	   plastic	   changes	   can	   be	   triggered	   by	   activity-‐dependent	  

mechanisms	   and	   represent	   a	   neuronal	   substrate	   underlying	   experience-‐

induced	   behavioural	   changes	   (Butz	   et	   al.,	   2009).	   In	   fact,	   both	   forms	   of	  

neuronal	  plasticity	  seem	  strinkingly	  associated.	  Thus,	  stimulation	  protocols	  

that	   induce	  LTD	  have	  shown	  to	  also	  promote	  spines	  shrinkage	  or	  synapse	  

elimination	  (Zhou	  et	  al.,	  2004;	  Bastrikova	  et	  al.,	  2008),	  whereas	   induction	  

of	   LTP	   have	   been	   associated	   with	   enlargement	   of	   pre-‐existing	   spines	   or	  

even	  with	   the	   formation	  of	   new	  ones	   (Figure	  17)	   (Matsuzaki	   et	   al.,	   2004;	  

Engert	  and	  Bonhoeffer,	  1999).	  	  

At	   a	  molecular	   level,	   it	   is	   believed	   that	   the	  maintenance	   of	   LTP	   and	   LTD	  

processes	  can	  initiate	  changes	  in	  signalling	  pathways,	  and	  in	  the	  synthesis	  

of	  proteins	  that	  modulate	  the	  organization	  of	  cytoskeletal	  proteins,	  such	  as	  

actin,	   and	   transynaptic	   adhesion	   molecules	   including	   cadherins,	   thus	  

altering	   synaptic	   spine	   structure	  and	  stability	   (Kasai	   et	   al.,	   2003).	   Indeed,	  

induction	   of	   LTP	   has	   been	   associated	  with	   an	   increased	   concentration	   of	  

actin	   filaments	   (F-‐actin)	   at	   the	   synapse	   through	   the	   polymerization	   of	  

globular	   actin	   monomer	   (G-‐actin),	   which	   lead	   to	   the	   enlargement	   of	  

dendritic	   spines;	   while	   induction	   of	   LTD	   provokes	   convertion	   of	   F-‐actin	  

into	  G-‐action	  and	  the	  destabilization	  of	  the	  cytoskeleton	  of	  dendritic	  spines	  

(Segal,	   2005).	   Upon	   stabilization,	   imaging	   studies	   show	   that	   the	   spine	  

lifespan	  can	  strongly	  increase,	  and	  a	  new	  created	  spine	  can	  even	  “survive”	  

for	   months	   (Trachtenberg	   et	   al.,	   2002).	   Therefore,	   it	   is	   believed	   that	  

stabilization	  of	  a	  “transient”	  form	  of	  activity-‐dependent	  neuronal	  plasticity	  

could	  occur	   through	  morphological	   changes,	   in	  particular	   at	   the	  dendritic	  

spines	  level.	  
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Figure	  17.	  Long-term	  synaptic	  plasticity	  promotes	  structural	  plastic	  changes.	  
Schematic	  depiction	  of	  changes	  in	  dendritic	  spine	  morphology	  associated	  with	  LTP	  
and	   LTD.	   (1-‐3)	   Stimulation	   patterns	   that	   induce	   LTP	   lead	   to	   increase	  
neuroransmitter	   release,	   intracellular	   calcium	   (Ca2+);	   cause	   spine	   enlargement,	  
which	  involves	  an	  influx	  of	  glutamate	  receptors	  (GluR)	  and	  an	  accumulation	  of	  F-‐
actin.	  Finally	  new	  spines	  can	  be	  formed	  on	  the	  conversion	  to	  the	  late	  phase	  of	  LTP	  
(L-‐LTP).	   (4-‐6)	   By	   contrast,	   when	   the	   stimulus	   pattern	   leads	   to	   LTD	   there	   is	   a	  
decrease	   of	   neurotransmitter	   release,	   conversion	   of	   F-‐actin	   into	   G-‐actin,	   spine	  
shrinkage	   and	   eventually	   spine	   pruning.	   E-‐LTP,	   early-‐phase	   LTP.	   (adapted	   from	  
Segal,	  2005).	  

	  

3.3.1.	  Dendritic	  spines	  

Spines	  are	  tiny	  specialized	  membranous	  protrusions,	  generally	  arising	  from	  

the	   dendritic	   arm,	   that	   represent	   the	   main	   structural	   element	   by	   which	  

many	   neurons	   establish	   synaptic	   connections	   with	   surrounding	   axons	  

(Shepherd,	  1996).	  Potentially,	  a	  higher	  number	  of	  dendritic	  spines	  reflects	  

a	   greater	   possibility	   of	   making	   synaptic	   contacts.	   Indeed,	   pyramidal	   cell	  

spines	  are	  virtually	  never	  seen	  without	  a	  presynaptic	  element	  (Mates	  and	  

Lund,	   1983).	   Therefore,	   structural	   plasticity	   and	   dendritic	   spines	   density	  

changes	   are	   more	   likely	   than	   synaptic	   plasticity	   to	   impact	   neuronal	  
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physiology	   and	   network	   functions	   since	   activation	   of	   neurons	   cannot	   be	  

triggered	  only	  by	  the	  activity	  on	  one	  individual	  synapse,	  but	  rather	  the	  sum	  

of	  all	  their	  synaptic	  inputs.	  

Dendritic	   spines	   are	   composed	   by	   two	   distinct	   structural	   elements:	   a	  

bulbous	  head	  connected	  typically	   to	   the	  dendritic	  shaft	  by	  a	  narrow	  neck.	  

The	  geometric	   constriction	  of	   the	   spine	  neck	  permits	   to	   isolate	  physically	  

and	  functionally	  the	  synaptic	  elements	  from	  the	  rest	  of	  the	  neuronal	  cell.	  In	  

particular,	   the	   spine	   neck	   is	   thought	   to	   function	   as	   resistive	   barriers	  

limiting	   synaptic	   currents	   and	   signaling	   molecules	   exchanges	   between	  

spine	   head	   and	   parent	   dendrite.	   Upon	   synaptic	   activation,	   this	  

compartmentalization	  allows	  membrane	  potential,	  second	  messengers	  and	  

activated	  enzymes	  to	  activate	  synapse-‐specific	  regulatory	  mechanisms	  on	  a	  

reduced	  time	  scale,	  thus	  providing	  to	  the	  synapse	  the	  ability	  of	  fast	  plastic	  

responses	   (Nimchinsky	   et	   al.,	   2005).	   The	   spine	   head	   contains	   all	   the	  

essential	   elements	   that	   permit	   proper	   synaptic	   functions:	   (1)	   the	   post-‐

synaptic	  density	  that	  includes	  neurotransmitter	  receptors,	  cytoskeletal	  and	  

adaptor	  proteins,	  mediates	  reception	  and	  transition	  of	  synaptic	  inputs,	  (2)	  

polyribosmoses	  that	  might	  provide	  to	  the	  synapse	  the	  intrinsic	  capacity	  of	  

protein	   synthesis,	   thus	   giving	   rise	   to	   a	   localized	   and	   rapid	   protein	  

production	   that	   could	  be	   critical	   for	   activity-‐dependent	  plasticity,	   (3)	   and	  

the	   smooth	  endoplasmic	   reticulum	  and/or	   the	   spine	  apparatus	   that	  allow	  

post-‐translational	   protein	   processing,	   receptor	   spatial	   delivery	   and	  

regulation	   of	   intracellular	   calcium	   levels	   (Figure	   18)	   (Nimchinsky	   et	   al.,	  

2005).	  

One	   of	   the	   most	   striking	   characteristics	   of	   dendritic	   spines	   is	   their	  

morphological	  diversity.	  In	  fact,	  an	  infinite	  number	  of	  spine	  shape	  and	  size	  

can	  be	  observed,	  describing	  a	  continuum	  from	  short	  and	  squat	  to	  long	  and	  
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bulbous.	  However,	  spines	  are	  often	  classified	  into	  five	  subtypes	  (Figure	  16)	  

(Harris	   et	   al.,	   1989).	   This	   morphological	   heterogeneity	   underlines	  

important	   anatomic	   and	   functional	   differences	   between	   spines.	   Thus,	   the	  

different	   spines	   subtypes	   have	   been	   further	   classified	   into	   two	   anatomo-‐

functional	   categories:	   the	   small	   and	   immature	   spines,	   and	   the	   large	   and	  

mature	  ones	  (Kasai	  et	  al.,	  2003).	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

	  

	  

	  

	  

	  

Figure	   18.	   Structure	   and	  morphology	   of	   dendritic	   spines.	   Illustration	   of	   the	  
principal	   components	   (left	   panel)	   and	   morphological	   shapes	   (right	   panel)	   of	  
dendritic	   spines.	   SER:	   smooth	   endoplasmic	   reticulum	   (adapted	   from	   Hering	   and	  
Sheng,	  2001).	  
	  

Small	  spines	  are	  less	  likely	  than	  larger	  ones	  to	  contain	  smooth	  endoplasmic	  

reticulum	   and	   spine	   apparatus,	   have	   few	   or	   no	   polyribosomes.	   In	  

comparison,	  most	  of	   larger	  spines	  contain	  smooth	  endoplasmic	  reticulum,	  

spines	   apparatus,	   polyribosomes	   and	   have	   larger	   post-‐synaptic	   densities	  

than	   small	   ones	   (Nimchinsky	   et	   al.,	   2005).	   As	   the	   size	   of	   post-‐synaptic	  

density	  correlates	  with	  the	  number	  of	  post-‐synaptic	  receptor,	  larger	  spines	  

have	   shown	   to	   contain	   more	   AMPA-‐R	   and	   thus	   to	   be	   more	   sensitive	   to	  
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glutamate	  stimulation	  than	  small	  spines	  (Takumi	  et	  al.,	  1999).	  In	  addition,	  

larger	   post-‐synaptic	   densities	   have	   been	   also	   associated	   with	   increased	  

number	  of	  presynaptic	  vesicles,	  and	  thus	  greater	  neurotransmitter	  release	  

(Schikorski	   and	   Stevens,	   1997).	   Taking	   together,	   these	   evidences	   suggest	  

that	   larger	   spines	  are	  preferential	   sites	   for	   strong	   synaptic	   transmissions.	  

In	  fact,	  the	  likelihood	  of	  large	  spine	  to	  have	  smooth	  endoplasmic	  reticulum	  

and	   spine	   apparatus	   also	   supports	   an	   increased	   synaptic	   strength,	   as	  

calcium	  concentration	  is	  a	  crucial	  event	  to	  amplify	  synaptic	  signals.	  At	  the	  

contrary,	   small	   spines	   contain	   few	   AMPA-‐R	   but,	   unlike	   larger	   ones,	   do	  

express	  NMDA-‐R.	  	  Therefore,	  small	  spines	  have	  been	  considered	  as	  “silent”	  

spines,	   less	  sensitive	   to	  glutamate,	  and	  preferential	  sites	   for	   the	   induction	  

of	   NMDA-‐R	   dependent	   synaptic	   plasticity	   (Isaac	   et	   al.,	   1995).	   The	  

propensity	   of	   small	   spines	   to	  undergo	   synaptic	   plasticity	   confers	   to	   these	  

types	  of	  spines	  a	  high	  motility	  and	  a	  low	  stability.	  Indeed,	  small	  spines	  can	  

“easily”	  be	  subjected	  to	  synaptic	  plasticity	  induced	  morphological	  changes,	  

but	   can	   also	   be	   readily	   eliminated	   (Kasai	   et	   al.,	   2003).	   By	   contrast,	   large	  

spines	   lack	   NMDA-‐R	   and	   have	   greater	   F-‐actin/G-‐actin	   ratio,	   render	   them	  

less	   subject	   to	   activity-‐induced	   calcuim	   influx	   and,	   at	   the	   same	   time,	   less	  

structurally	   sensitive	   to	   this	   types	   of	   environmental	   changes.	   In	   addition,	  

large	   spines	   possess	   more	   adhesion	   molecules,	   such	   N-‐cadherin,	   which	  

promotes	   their	   physical	   anchoring	   to	   the	   pre-‐synaptic	   compartment.	  

Therefore,	  large	  spines	  hold	  a	  decreased	  motility	  and	  consequently	  display	  

an	  impressive	  structural	  and	  functional	  stability	  (Kasai	  et	  al.,	  2003).	  In	  this	  

view,	   large	   spines	   are	   ascribed	   to	   mature	   spines	   that	   are	   unlikely	   to	  

experience	  synaptic	  plasticity,	  but	  ensure	  a	  high	  synaptic	  transmission	  and	  

can	   survive	   for	  more	   than	   a	  month	  or	   even	   for	   a	   year	   (Nimchinsky	   et	   al.,	  

2005;	  Trachtenberg,	  et	  al.,	  2002;	  Grutzendler	  et	  al.,	  2002).	  The	  differences	  

in	   function	   and	   stability	   between	   types	   of	   spines	   have	   further	   suggested	  
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that	  small	  and	  large	  spines	  may	  play	  distinct	  roles	  in	  learning	  and	  memory.	  

Indeed,	   large	   spines	   are	   stable	   and	   maintain	   preexisting	   strong	  

connections,	   and	   thus	   are	   considered	   a	   structural	   basis	   for	   long-‐term	  

memory.	   At	   the	   contrary,	   small	   spines	   are	   highly	   plastic	   and	   can	   be	  

generated	  during	  activity-‐dependent	  processes,	  providing	  an	  inexhaustible	  

source	  of	  new	  synapses	  and	  memory	  (Kasai	  et	  al.,	  2003).	  

	  

3.3.2.	  Drug-induced	  structural	  plasticity	  	  

Accumulative	  evidences	  acknowledge	   that	   chronic	   administration	  of	  most	  

drug	   of	   abuse,	   including	   amphetamine,	   cocaine,	   nicotine	   and	   morphine	  

induces	  structural	  plasticity	  changes	  in	  differents	  areas	  of	  the	  brain	  reward	  

circuit	   (Robinson	   and	   Kolb,	   2004;	   Russo	   et	   al.,	   2010).	   Thus,	   repeated	  

exposure	  to	  psychostimulants	  and	  nicotine	  consistently	  increases	  dendritic	  

spine	  density	  in	  the	  NAc,	  VTA	  and	  mPFC	  	  (Figure	  19)	  (Robinson	  and	  Kolb,	  

2004).	  In	  sharp	  contrast,	  chronic	  exposure	  to	  opiates	  decreases	  the	  number	  

of	  dendritic	  spines	  in	  the	  NAc,	  mPFC	  and	  HPC,	  and	  also	  decreases	  the	  soma	  

size	  of	  VTA	  dopaminergic	  neurons	  (Sklair-‐Tavron	  et	  al,	  1996;	  Robinson	  et	  

al.,	  2002).	  These	  differences	  between	  drugs	  on	  structural	  plasticity	  are	  not	  

understood,	   and	   highlight	   that	   drug-‐induced	   structural	   plasticity	   could	  

depend	   on	   different	   brain	   primary	   pharmacologic	   effects	   of	   each	   drug.	  

Nevertheless,	   it	   is	   possible	   that	   structural	   plasticity	   changes	   that	   are	  

different	  in	  nature	  could	  lead	  to	  similar	  alterations	  of	  brain	  functioning	  and	  

behaviour,	   since	   the	   impact	   of	   drug-‐induced	   structural	   plasticity	   on	  

neuronal	   network	   activity	   is	   still	   largely	   unknown.	   In	   addition	   to	   the	  

density,	  drugs	  also	  alter	  the	  morphological	  shapes	  of	  dendritic	  spines.	  For	  

instance,	  amphetamine	  or	  cocaine	  approximately	  doubles	  the	  proportion	  of	  

spines	  with	  multiple	  heads	   (branched	  spines)	   (Robinson	  and	  Kolb,	  2004).	  
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Although	   little	   is	   known	   about	   branched	   spines,	   it	   is	   hypothessized	   that	  

branched	  spines	  are	   formed	  by	   ‘‘splitting’’	   an	  existing	  presynaptic	  bouton	  

to	   form	   two	   new	   synapses,	   and	   may	   represent	   a	   radical	   alteration	   in	  

synaptic	  organization	  (Sorra	  et	  al.,	  1998).	  	  

	  

	  

	  

Figure	  19.	  Ilustration	  of	  cocaine-induced	  increase	  in	  dendritic	  spine	  density.	  
Digital	  images	  of	  Golgi-‐stained	  medium	  spiny	  neuron	  terminal	  tips	  in	  the	  NAc	  core	  
from	  a	  drug	  naïve	   rat	   (up	  panel)	   and	  one	   that	   self-‐administered	   cocaine	   (bottow	  
panel)	  	  (Ferrario	  et	  al.,	  2005).	  

	  

Drug-‐induced	   structural	   plasticity	   in	   different	   part	   of	   the	  

mesocorticolimbic	   circuit	  has	  been	   found	  as	   little	  as	  1	  or	  3	  days	  after	   the	  

last	  daily	   injections	   (Sarti	   et	   al.,	   2007;	  Kolb	   et	   al.,	   2003),	   but	   importantly,	  

these	   alterations	   can	   still	   be	   observed	   several	   months	   after	   the	  

discontinuation	   of	   drug	   treatment.	   These	   findings	   suggest	   that	   drugs	   of	  

abuse	   can	   produce	   a	   persistent	   reorganization	   of	   patterns	   of	   synaptic	  

connectivity	  in	  the	  mesocorticolimbic	  system	  (Robinson	  and	  Kolb,	  2004).	  	  
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Correlative	  evidences	  suggest	  that	  certain	  morphological	  changes	  triggered	  

by	   drugs	   of	   abuse	   could	   be	   important	  mediators	   of	   addictive	   behaviours.	  

Thus,	   morphine	   alters	   dendritic	   spines	   density	   in	   different	   parts	   of	   the	  

brain	   reward	   circuit	   to	   a	   greater	   extent	   in	   animals	   self-‐administering	   the	  

drug	  than	  in	  those	  receiving	  passively	  the	  drug,	  suggesting	  that	  volition	  can	  

be	   important	   for	   key	   aspects	   of	   this	   plasticity	   (Robinson	   et	   al.,	   2002).	  

Moreover,	  some	  drug	  related	  structural	  changes,	  such	  as	  cocaine	  increases	  

spine	   density	   in	   the	   NAc	   core,	   appear	   to	   be	   tightly	   correlated	   with	   the	  

induction	   of	   behavioural	   sensitization	   (Li	   et	   al.,	   2004a).	   Conversely,	  

exposure	   to	   high	   doses	   of	   amphetamine	   that	   are	   well	   known	   to	   induce	  

stronger	   behavioural	   sensitization	   induces	   greater	   increase	   in	   spine	  

density	  in	  the	  NAc	  core	  than	  small	  doses	  (Kolb	  et	  al.,	  2003).	  Interestingly,	  a	  

cocaine	   treatment	   regimen	   that	   produces	   only	   relatively	   transient	  

behavioural	  sensitization	  also	  produces	  an	  increase	  in	  spine	  density	  in	  the	  

NAc	   core	   that	   is	   similarly	   transient	   (Robinson	   and	   Kolb,	   2004).	   These	  

evidences	   suggest	   that	   drug-‐induced	  behavioural	   and	   structural	   plasticity	  

are	   tight	   interrelated	   events	   that	   appear	   and	   disappear	   concomitantly.	  

Consequently,	   these	   evidences	   highlight	   that	   drug-‐induced	   spines	   density	  

changes	   may	   be	   a	   reversible	   phenomenon	   depending	   on	   the	   treatment	  

regimen.	   Finally,	   it	   has	   been	   reported	   that	   rats	   given	   long-‐access	   to	  

intravenous	   cocaine	   over	   weeks,	   dramatically	   escalate	   their	   drug	   intake	  

and	   show	   a	   significant	   greater	   increase	   in	   spine	   density	   in	   the	   NAc	   core	  

than	   animals	   presenting	   a	   stable	   pattern	   of	   intake	   with	   short	   access	  

(Ferrario	  et	  al.,	  2005).	  It	  seems	  that	  the	  extend	  of	  drug-‐induced	  structural	  

changes	   could	   correlate	  with	   the	  magnitude	   of	   the	   “addictive	   state”	   since	  

animals	   that	   escalate	   their	   drug	   intake	   also	   present	   higher	  motivation	   to	  

seek	  for	  the	  drug	  and	  greater	  propensity	  to	  “relapse”	  than	  animals	  that	  do	  
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not	   escalate	   their	  drug	   consumption	   (Paterson	  and	  Markou	  2003;	  Ahmed	  

and	  Cador,	  2006),	  	  

In	   summary,	   most	   of	   the	   prototypical	   drugs	   abused	   by	   humans	   induces	  

structural	   plasticity	   changes	   in	   the	   brain	   reward	   circuit.	   These	  

morphological	   changes	   vary	   in	   parallel	   to	   drug-‐induced	   behavioural	  

changes	   and	   their	   extent	   seem	   to	   correlate	   with	   the	   magnitude	   of	   the	  

“addictive	   state”.	   	   Certain	   morphological	   changes	   appear	   to	   be	   very	  

persistent	   and	  participate	   in	  drug-‐induced	   enduring	  behavioural	   changes,	  

such	  as	  locomotor	  sensitization.	  Thus,	  drug-‐induced	  structural	  plasticity	  in	  

the	  mesocorticolimbic	   system	   seems	   to	   be	   a	   common	  neuronal	   alteration	  

underlying	   the	   development	   and	   the	   persistence	   of	   the	   behavioural	  

abnormalities	   associated	   to	   differents	   types	   of	   addiction.	   A	   better	  

knowledge	   of	   its	   underlying	   cellular	   mechanisms	   may	   be	   important	   to	  

improve	   our	   understanding	   of	   addiction	   and	   to	   develop	   new	  

pharmacotherapies	   for	   drug	   addiction	   and	   related	   addictive	   behaviours,	  

such	   as	   compulsive	   overeating.	   One	   endogenous	   system	   that	   may	   be	  

potentially	   involved	   in	   the	   structural	   changes	   induced	   by	   drugs	   of	   abuse	  

and	  other	  rewarding	  stimuli,	  such	  as	   food,	   is	   the	  endogenous	  cannabinoid	  

system.	  
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4. THE ENDOGENOUS CANNABINOID SYSTEM 

4.1. Overview 

The	  endogenous	  cannabinoid	  system	  is	  a	  ubiquitous	   lipid	  signalling	  found	  

in	  most	  mammalian	  organs	  and	  tissues,	  with	  an	  especially	  high	  expression	  

in	   the	   CNS.	   The	   endogenous	   cannabinoid	   system	   is	   composed	   of	   the	  

cannabinoid	   receptors,	   their	   endogenous	   ligands	   (i.e.	   endocannabinoids)	  

that	   include	   anandamide	   and	   2-‐arachidonoylglycerol	   (2-‐AG),	   and	   the	  

enzymes	   involved	   in	   the	   synthesis	   and	   degradation	   of	   these	  

endocannabinoids	   (Pazos	   et	   al.,	   2005;	   Mechoulam	   and	   Parker,	   2013).	   To	  

date,	  two	  subtypes	  of	  cannabinoid	  receptors	  have	  been	  well	  characterized	  

and	  cloned:	  CB1	  and	  CB2.	  Both	  receptors	  are	  G-‐protein-‐coupled	  receptors	  

with	   seven-‐transmembrane	   domains.	   There	   are	   considerable	   differences	  

regarding	   their	   body	   distribution	   and	   function.	   CB2-‐Rs	   are	   poorly	  

expressed	   in	   the	   CNS	   and	   are	   mainly	   located	   in	   the	   cells	   of	   the	   immune	  

system.	  The	  functional	  role	  of	  CB2Rs	  in	  the	  CNS	  has	  not	  been	  yet	  clarified,	  

although	   it	   has	   been	   shown	   that	   they	   can	   modulate	   neuroinflammatory	  

responses	   upon	   microglial	   activation	   (Atwood	   and	   Mackie,	   2010).	   In	  

contrast,	  CB1-‐Rs	  are	  highly	  expressed	   in	  the	  CNS	  and	  to	  a	   lesser	  extent	   in	  

some	   peripheral	   organs	   such	   as	   the	   liver,	   smooth	   muscle	   and	  

gastrointestinal	   tract	  among	  others	   (Pertwee	  et	  al.,	  2010).	  The	  ubiquitous	  

presence	   of	   CB1-‐R	   in	   the	   brain	   (Figure	   20)	   correlates	   with	   its	   role	   as	   a	  

modulator	  of	  multiple	  physiological	  processes.	  Thus,	  the	  presence	  of	  CB1Rs	  

in	  the	  basal	  ganglia	  and	  cerebellar	  circuits	  is	  responsible	  of	  the	  modulation	  

of	  motor	   behaviour	   (Rodríguez	   de	   Fonseca	   et	   al.,	   1998).	   CB1-‐Rs	   are	   also	  

found	  in	  the	  thalamus,	  periaqueductal	  grey,	  amygdala	  and	  HPC,	  where	  they	  

play	   an	   important	   role	   in	   the	   control	   of	   pain,	   emotional	   responses	   and	  
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memory	   (Manzanares	   et	   al.,	   2006;	   Wotjak,	   2005;	   Puighermanal	   et	   al.,	  

2009).	  Important	  for	  the	  frame	  of	  this	  thesis,	  CB1-‐Rs	  are	  also	  expressed	  in	  

the	   hypothalamus	   and	   in	   several	   components	   of	   the	   mesocorticolimbic	  

circuit,	   including	   the	   NAc,	   VTA	   and	   mPFC,	   where	   they	   play	   a	   crucial	  

regulatory	   role	   in	   energy	   homeostasis,	   reward	   processes	   and	   motivated	  

behaviour	  (Osei-‐Hyiaman	  et	  al.,	  2006;	  Solinas	  et	  al.,	  2008).	  The	  orphan	  G-‐

protein	   coupled	   receptor	   GPR55	   has	   been	   recently	   classified	   as	   another	  

member	   of	   the	   cannabinoid	   family,	   potentially	   explaining	   some	   of	   the	  

physiological	   effects	   that	   are	   non-‐CB1-‐R/CB2-‐R	   mediated	   (Sharir	   and	  

Abood,	  2010).	  	  

	  

	  

Figure	   20.	   CB1-R	   localization	   in	   the	   rat	   brain.	  Autoradiographic	   images	   show	  
CB1-‐R	   localization	   in	   rat	   brain	   marked	   by	   the	   tritiated	   ligand	   CP-‐55,940.	   High	  
levels	   of	   CB1-‐R	   are	   visible	   in	   the	   globus	   pallidus	   (GP),	   entopeduncular	   nucleus	  
(Ep),	   substantia	   nigra	   pars	   reticulata	   (SNR),	   cerebellum,	   hippocampus	   (Hipp),	  
cortex,	   and	   caudate	   putamen	   (CPu).	   Low	   binding	   is	   seen	   in	   the	   brain	   stem	   and	  
thalamus	  (adapted	  from	  Freund	  et	  al.,	  2003).	  
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Dysregulation	   of	   the	   endogenous	   cannabinoid	   system	   has	   been	   linked	   to	  

both	   drug	   addiction	   and	   some	   eating	   disorders	   (Maldonado	   et	   al.,	   2006;	  

Marco	  et	   al.,	   2012).	  Therefore,	   a	  better	  understanding	  of	   the	  mechanisms	  

by	   which	   the	   endogenous	   cannabinoid	   system	   mediates	   food	   and	   drug	  

intake,	   reward	   and	   seeking	   behaviour	   may	   be	   of	   relevance	   for	   the	  

treatment	  of	  these	  two	  pathologies.	  

	  

4.2. The endogenous cannabinoid system in drug addiction 

One	   compelling	   evidence	   supporting	   the	   role	   of	   the	   endogenous	  

cannabinoid	  system	  in	  brain	  reward	  processes	  is	  the	  wide	  spread	  abuse	  of	  

drugs	   that	   directly	   act	   on	   this	   system,	   such	   as	   the	   derivates	   of	   the	   plant	  

Cannabis	  sativa	  (UNODC,	  World	  Drug	  Report	  2012).	  The	  main	  psychoactive	  

ingredient	   of	   cannabis,	   delta-‐9-‐tetrahydrocannabinol	   (THC),	   is	   an	  

exogenous	   agonist	   of	   CB1-‐R	   that	   produces	   subjective	   feelings	   of	   “high”,	  

well-‐being	  and	  euphoria	  in	  humans	  (Green	  et	  al.,	  2003).	  Despite	  the	  clinical	  

evidence	   for	   abuse	   liability	  of	   cannabis,	   rewarding	  and	   reinforcing	  effects	  

of	  THC	  or	  other	  cannabinoid	  agonists	  have	  been	  difficult	  to	  demonstrate	  in	  

animals.	   However,	   several	   recent	   findings	   have	   now	   demonstrated	   that	  

exogenous	  cannabinoid	  agonists	  (e.g.	  WIN	  55,212-‐2	  and	  THC)	  and	  even	  the	  

endogenous	   anandamine	   can	   initiate	   and	   sustain	   self-‐administration	  

behaviour	   and/or	   elicit	   CPP	   in	  monkeys	   and	   rodents	   (Tanda	   et	   al.,	   2000;	  

Fattore	  et	  al.,	  2001;	  Justinova	  et	  al.,	  2005;	  Valjent	  and	  Maldonado,	  2000).	  In	  

addition,	   rats	   can	   directly	   self-‐administer	   THC	   into	   different	   parts	   of	   the	  

mesocorticolimbic	   system,	   such	   as	   the	   VTA	   and	   NAc,	   highlighting	   the	  

particular	  importance	  of	  the	  endogenous	  cannabinoid	  system	  in	  this	  circuit	  

in	  mediating	  cannabinoid	  reinforcing	  effects	  (Zangen	  et	  al.,	  2006).	  	  
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The	   role	   of	   the	   endogenous	   cannabinoid	   system	   in	   mediating	   rewarding	  

and	   reinforcing	   processes	   is	   not	   limited	   to	   cannabinoid	   drugs,	   and	  

accumulative	   evidences	   acknowledge	   the	   involvement	   of	   this	   system	   in	  

those	  related	  to	  natural	  reward	  (Sanchis-‐Segura	  et	  al.,	  2004)	  and	  differents	  

classes	   of	   drugs	   of	   abuse	   (Maldonado	   et	   al.,	   2006).	   In	   addition,	   the	  

endogenous	   cannabinoid	   system	   is	   implicated	   in	   several	   phases	   of	   the	  

addictive	   process	   and	   thereby	   this	   system	   has	   been	   considered	   an	  

important	  common	  neuronal	  substrate	  of	  drug	  addiction	  (Maldonado	  et	  al.,	  

2006).	  Thus,	  this	  system	  is	  directly	  involved	  in	  the	  primary	  rewarding	  and	  

reinforcing	  effects	  of	  many	  drugs	  of	  abuse,	  including	  THC,	  nicotine,	  alcohol	  

and	   opioids	   (Maldonado	   et	   al.,	   2006).	   Indeed,	   genetic	   deletion	   of	   CB1-‐R	  

greatly	  impaired	  acquisition	  of	  CPP	  and	  self-‐administration	  maintained	  by	  

each	  of	  these	  drugs	  (Maldonado	  et	  al.,	  2006).	  Moreover,	  self-‐administration	  

of	   heroin	   and	   alcohol	   directly	  modify	   endocannabinoid	   levels	   in	   the	   NAc	  

shell	  (Caillé	  et	  al.,	  2007).	  The	  ability	  of	  the	  endogenous	  cannabinoid	  system	  

to	   regulate	   DA	   transmission	   in	   the	   mesocorticolimbic	   circuit	   (Gardner,	  

2005),	   and	   in	   particular	   the	   phasic	   DA	   release	   commonly	   triggered	   by	  

drugs	  of	  abuse	  (Cheer	  et	  al.,	  2007),	  may	  represent	  one	  mechanism	  by	  which	  

the	   endogenous	   cannabinoid	   system	   participates	   in	   drug	   reinforcement.	  

Thus,	   the	  endogenous	  cannabinoid	  system	  seems	  to	  be	  a	  crucial	  substrate	  

mediating	   the	  positive	   reinforcement	   that	   is	   involved	   in	   the	   initial	   step	  of	  

the	  addictive	  process.	  

The	  endogenous	  cannabinoid	  system	   is	  also	   involved	   in	   the	  motivation	   to	  

seek	   the	   drug.	   Indeed,	   genetic	   and	   pharmacological	   blockade	   of	   CB1-‐R	  

reduce	  the	  breaking	  point	  on	  a	  PR	  schedule	  task,	  a	  measure	  of	  motivation,	  

when	  rodents	  are	  trained	  to	  self-‐administer	  psychostimulants	  and	  opioids	  

and	  might	   also	   be	   the	   case	   for	   other	   drugs	   of	   abuse	   (Solinas	   et	   al.,	   2003;	  
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Soria	  et	  al.,	  2005).	  Thus,	  the	  endogenous	  cannabinoid	  system	  could	  have	  an	  

important	  role	   in	  mediating	  the	  pathological	  motivation	   for	  drug	  revealed	  

in	  addicts.	  

The	  endogenous	  cannabinoid	  system	  participates	  in	  the	  aversive	  effects	  of	  

the	  withdrawal	  syndrome	  of	  several	  drugs	  (Maldonado	  et	  al.,	  2006).	  Thus,	  

THC	   decreases	   somatic	   and	   motivational	   manifestations	   of	   nicotine	  

withdrawal	   in	  mice	   (Balerio	  et	   al.,	   2004);	  while	  genetic	  deletion	  of	  CB1-‐R	  

increases	   alcohol	   withdrawal	   (Naassila	   et	   al.,	   2004).	   Therefore,	   the	  

endogenous	   cannabinoid	   system	   may	   represent	   an	   important	   system	  

underlying	  drug	  negative	  reinforcement	  and	  drug	  dependence.	  	  

Finally,	  the	  endogenous	  cannabinoid	  system	  plays	  a	  major	  role	  in	  relapse	  to	  

drug	   consumption.	   Indeed,	   pharmacologic	   inactivation	   of	   CB1-‐R	   strongly	  

reduces	  both	  drug	  priming	  and	  cues	   induced	  reinstament	   to	  drug-‐seeking	  

behaviour	   in	  mice,	  a	  common	  effect	  observed	  with	  almost	  all	  prototypical	  

drugs	   of	   abuse	   (De	   Vries	   and	   Schoffelmeer,	   2005).	   Thus,	   the	   endogenous	  

cannabinoid	   system	   could	   represent	   a	   crucial	   neurobiological	   substrate	  

underlying	   the	   long-‐term	   behavioural	   abnormalities	   that	   characterize	  

addiction,	  such	  as	  persistent	  relapse.	  	  

According	   to	   these	   evidences,	   many	   scientists	   point	   out	   the	   endogenous	  

cannabinoid	   system	   and	   in	   particular	   CB1-‐R	   as	   a	   major	   target	   for	   the	  

development	   of	   new	   pharmacological	   agents	   for	   the	   treatment	   of	   many	  

different	   types	   of	   drug	   abuse	   and	   dependence	   (Maldonado	   et	   al.,	   2006;	  

Parolaro	   et	   al.,	   2007).	   Preclinicals	   trials	   have	   already	   shown	   promising	  

results	   for	   smoking	   cessation	   with	   the	   use	   of	   the	   CB1-‐R	   antagonist	  

rimonabant	   (Fernandez	   and	   Allison,	   2004).	   However,	   these	   clinical	   trials	  

have	   also	   revealed	   that	   rimonabant	   produces	   severe	   psychiatric	   side	  



Introduction	  
	  

	  
	   95	  

effects,	   such	   as	   anxiety	   and	   depression	   (Moreira	   and	   Crippa	   JA,	   2009).	  

Therefore,	  a	  better	  understanding	  of	  the	  cellular	  mechanisms	  by	  which	  the	  

endogenous	   cannabinoid	   system	   and	   CB1-‐R	   mediate	   drug	   induced	  

persitent	   behavioural	   alterations	   could	   help	   to	   more	   specifically	   target	  

determinant	   processes	   involved	   in	   pathological	   drug	   intake,	   without	  

altering	  other	  brain	  functions,	  and	  thus	  limiting	  the	  side	  effects.	  	  

	  
	  

4.3. The endogenous cannabinoid system in the control of eating 

behaviour  

The	  ability	  of	  Cannabis	  sativa	  to	  promote	  eating	  has	  been	  documented	  for	  

many	   centuries	   and	   drug	   users	   often	   report	   to	   experience	   voracious	  

appetites,	   a	   general	   enhanced	   enjoyment	   of	   food	   and	   cravings	   for	   sweets	  

(Foltin	   et	   al.,	   1988).	   In	   experimental	   animals,	   hyperphagia	   induced	   by	  

peripheral	   administration	   of	   THC	   is	   so	   powerful	   that	   some	   scientists	  

compare	   its	  effect	   to	   those	   induced	  by	  central	   injection	  of	  neuropeptide	  Y	  

(Harrold	   and	   Williams,	   2003).	   These	   findings	   highlight	   the	   crucial	  

physiological	  role	  of	   the	  endogenous	  cannabinoid	  system	  in	  the	  control	  of	  

appetite	   and	   the	   hedonic	   evaluation	   of	   food.	   Thus,	   one	   of	   the	   currently	  

licensed	  uses	  of	  cannabinoid	  drugs	  in	  the	  USA	  is	  the	  stimulation	  of	  appetite	  

in	  patients	  suffering	  cancer	  or	  AIDS	  (Plasse	  et	  al.,	  1991;	  Haney	  et	  al.,	  2005).	  

The	  endogenous	  cannabinoid	  system	  is	  strategically	  positioned	  to	  influence	  

virtually	   every	   key	   point	   of	   the	   regulatory	   network	   that	   controls	   eating	  

behaviour,	   either	   at	   central	   level	   regulating	   appetite	   or	   at	   the	   periphery	  

contributing	   to	   energy	   metabolism	   (Figure	   21).	   In	   the	   brain,	   the	  

endogenous	   cannabinoid	   system	   regulates	   food	   intake	   mainly	   at	   two	  

functional	  levels:	  the	  hypothalamus,	  where	  it	  participates	  in	  the	  control	  of	  
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energy	   homeostatis,	   and	   the	   mesocorticolimbic	   system,	   in	   which	   it	  

modulates	   hedonic	   responses	   to	   palatable	   food	   (Di	   Marzo	   and	   Matias,	  

2005).	  In	  the	  periphery,	  the	  endogenous	  cannabinoid	  system	  expressed	  in	  

the	   liver,	   adipose	   tissue,	   muscles	   and	   pancreas	   regulates	   fat	   metabolism	  

and	  energy	  expenditure	  (Di	  Marzo	  and	  Matias,	  2005).	  

	  

	  

Figure	   21.	   The	   endogenous	   cannabinoid	   system	   in	   food	   intake	   and	   energy	  
balance.	  	  Schematic	  diagram	  showing	  the	  location	  and	  function	  of	  the	  endogenous	  
cannabinoid	   system	   in	   different	   central	   brain	   structures	   and	   peripheral	   organs	  
involved	  in	  the	  control	  of	  food	  intake	  and	  energy	  metabolism	  (adapted	  from	  Matias	  
et	  al.,	  2008).	  
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4.3.1.The	  endogenous	  cannabinoid	  system	  in	  the	  homeostatic	  control	  

of	  food	  intake	  

CB1-‐Rs	   are	   expressed	   at	   relatively	   low	   levels	   in	   the	   hypothalamus	  

(Breivogel	   and	   Childers,	   1998),	   but	   their	   activation	   in	   this	   region	   is	  

sufficient	   to	   produce	   profound	   effects	   on	   food	   intake.	   Thus,	   infusion	   of	  

anadamide	   into	   some	   hypothalamic	   nuclei	   strongly	   promotes	   food	   intake	  

through	  CB1-‐R	  activation,	  even	  in	  satiated	  rats	  (Jamshidi	  and	  Taylor,	  2001).	  

This	  observation	  suggests	  that	  tonic	  cannabinoid	  release	  may	  be	  crucial	  to	  

the	  normal	  regulation	  of	  feeding.	  Indeed,	  hypothalamic	  2-‐AG	  levels	  increase	  

during	  acute	  fasting,	  decline	  as	  the	  animals	  are	  refed,	  and	  return	  to	  normal	  

values	   in	   satiated	   animals	   (Kirkham	   et	   al.,	   2002).	   The	   hyperphagic	  

properties	  of	  cannabinoids	  could	  be	  due	  to	  a	  direct	  regulation	  of	  orexigenic	  

peptides	   in	   the	   hypothalamus,	   as	   CB1-‐R	   is	   expressed	   in	   melanin	  

concentring	   hormone	   and	   orexins	   producing	   neurons	   in	   the	   lateral	  

hypothalamus	   (Cota	   et	   al.,	   2003).	   In	   fact,	   CB1-‐R	   activation	   strongly	  

enhances	   the	   orexin-‐A-‐stimulated	   intracellular	   pathway,	   while	   CB1-‐R	  

antagonists	  inhibit	  the	  stimulation	  of	  food	  intake	  induced	  by	  melanocortin	  

receptor	   MCR4	   antagonists	   (Hilairet	   et	   al.,	   2003;	   Verty	   et	   al.,	   2004).	   In	  

addition,	   CB1-‐R	   is	   expressed	   in	   cocaine	   and	   amphetamine	   regulated	  

transcript	   (CART)	   expressing	   neurons	   and	   corticotropin-‐releasing	  

hormone	   (CRH)	   producing	   neurons	   and	   the	   endogenous	   cannabinoid	  

system	  may	  also	  promote	  appetite	  by	  decreasing	  satiety	  signals	  (Cota	  et	  al.,	  

2003).	   Functional	   interactions	   between	   the	   endogenous	   cannabinoid	  

system	  and	  the	  satiety	  system	  is	  supported	  by	  the	  observation	  that	  defect	  

in	   leptin	   signaling	   is	   associated	   with	   elevated	   hypothalamic	   levels	   of	  

endocannabinoids	   (Di	   Marzo	   et	   al.,	   2001).	   In	   addition,	   the	   endogenous	  

cannabinoid	   system	   presented	   in	   different	   peripheral	   organs	   plays	   a	   key	  
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role	   in	   energy	   expenditure	   and	   storage.	   Thus,	   activation	   of	   CB1-‐R	   in	   the	  

adipose	   tissue	   increases	   expression	   of	   proteins	   involved	   in	   fatty	   acid	  

synthesis,	   leading	   to	   enhance	   lipid	   levels	   and	   fat	   accumulation	   (Matias	   et	  

al.,	  2008).	  In	  addition,	  CB1-‐R	  participates	  in	  adipogenesis	  and	  controls	  the	  

number	   and	   size	   of	   adipocytes	   independently	   from	   the	   amount	   of	   food	  

ingested	   (Matias	   et	   al.,	   2008).	   Conversely,	   CB1-‐R	   KO	  mice	   present	   lower	  

amounts	  of	  fat	  mass	  (Cota	  et	  al.,	  2003).	  In	  the	  liver,	  some	  evidences	  suggest	  

that	   activity	   of	   CB1-‐R	   enhances	   lipogenesis	   and	   CB1-‐R	   KO	   mice	   do	   not	  

develop	  hepatic	  steatosis	  (fatty	  liver)	  after	  several	  weeks	  of	  a	  high-‐fat	  diet	  

(Matias	   et	   al.,	   2008).	   Furthermore,	   the	   endogenous	   cannabinoid	   system	  

decreases	   energy	   expenditure	   in	   part	   due	   to	   its	   inhibitory	   effects	   on	  

glucose	   utilisation	   by	   the	   skeletal	   muscle	   (Matias	   et	   al.,	   2008).	   CB1-‐R	  

expressed	   in	   the	   pancreas	   regulates	   insulin	   release	   and	   subsequently	  

control	   blood	   glucose	   levels	   (Matias	   et	   al.,	   2008).	   All	   these	   metabolic	  

processes	  strongly	   influence	   the	  behavioural	  expression	  of	  appetite.	  Thus,	  

central	   and	   peripheral	   CB1-‐Rs	   act	   in	   a	   coordinated	   fashion	   to	   regulate	  

energy	  homeostasis	  and	  eating	  behaviour.	  	  

	  

4.3.2.The	   endogenous	   cannabinoid	   system	   in	   the	   hedonic	   control	   of	  

food	  intake	  

Marijuana	   increases	   appetite	   and	   especially	   enhances	   the	   desire	   to	  

consume	   palatable	   food	   (Foltin	   et	   al.,	   1988).	   Conversely,	   several	   animal	  

studies	   show	   that	   peripheral	   administration	   of	   rimonabant	   reduces	   the	  

intake	   of	   palatable	   foods	   whereas	   THC	   increases	   to	   a	   greater	   extent	   the	  

consumption	  of	  sweet	  foods	  than	  less	  palatable	  ones	  (Simiand	  et	  al.,	  1998;	  

Koch	   and	  Matthews,	   2001).	   Thus,	   an	   important	  mechanism	   by	  which	   the	  
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endogenous	  cannabinoid	  system	  regulates	  food	  intake	  seems	  to	  rely	  on	  the	  

ability	  of	  endocannabinoids	  to	  modulate	  hedonic	  responses	  to	  food.	  	  

One	  mechanism	  by	  which	   the	  endogenous	   cannabinoid	   system	  modulates	  

food	   palatability	   is	   the	   regulation	   of	   gustatory	   perception.	   In	   fact,	   CB1Rs	  

are	  present	  in	  taste	  buds,	  and	  their	  activation	  enhances	  neural	  responses	  to	  

sweet	   foods	   (Yoshida	   et	   al.,	   2010).	   In	   addition,	   CB1-‐Rs	   are	  present	   in	   the	  

parabrachial	   nucleus,	   a	   hinbrain	   area	   that	   integrates	   taste	   information,	  

where	   local	   administration	   of	   2-‐AG	   increases	   intake	   of	   palatable	   fat-‐rich	  

diet,	   but	   not	   standard	   chow,	   revealing	   the	   key	   role	   of	   the	   endogenous	  

cannabinoid	  system	  in	  gating	  neurotransmission	  inherent	  to	  fat	  and	  sweet	  

taste	  (DiPatrizio	  and	  Simansky,	  2008).	  	  	  

In	   addition,	   the	   endogenous	   cannabinoid	   system	   regulates	   the	   hedonic	  

properties	   of	   palatable	   food	   through	   its	   activity	   in	   the	  mesocorticolimbic	  

system.	  Indeed,	  endocannabinoid	  hedonic	  hotspots	  have	  been	  described	  in	  

the	  NAc	  shell,	  and	  microinfusions	  of	  anadamide	  into	  these	  regions	  increase	  

positive	   “liking”	   responses	   to	   sucrose	   and	   enhance	   the	   intake	   of	   sweet	  

solutions	   (Mahler	   et	   al.,	   2007;	   Shinohara	   et	   al.,	   2009).	   Morevover,	   the	  

endogenous	  cannabinoid	  system	  in	  the	  mesocorticolimbic	  system	  mediates	  

the	  motivation	  to	  obtain	  palatable	  food.	  Indeed,	  blockade	  of	  CB1-‐R	  activity	  

decreases	   palatable	   food	   induced	   DA	   release	   in	   the	   NAc	   shell,	   suggesting	  

that	   the	   endogenous	   cannabinoid	   system	   regulates	   the	   incentive	   value	   of	  

the	   palatable	   food	   (Melis	   et	   al.,	   2007).	   Conversely,	   inactivation	   of	   CB1-‐R	  

decreases	  operant	  responses	  in	  a	  PR	  task	  maintained	  by	  palatable	  food	  by	  

altering	   the	   activity	   of	   NAc	   neurons	   that	   mediate	   the	   generation	   of	   this	  

motivated	  behaviour	  (Hernandez	  and	  Cheer,	  2012).	  
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In	   summary,	   the	   endogenous	   cannabinoid	   system	   participates	   in	   the	  

homeostatic,	   pleasurable	   and	   motivational	   aspects	   of	   food	   intake.	   The	  

extended	   role	   of	   the	   endogenous	   cannabinoid	   system	   in	   the	   control	   of	  

eating	   behaviour	   underscores	   that	   alterations	   of	   this	   system	  may	   lead	   to	  

the	  development	  of	  eating	  disorders.	  

	  

4.3.2.	  The	  endogenous	  cannabinoid	  system	  in	  eating	  disorders	  

Growing	   evidences	   suggest	   that	   obesity	   and	   some	   eating	   disorders	   are	  

associated	   with	   a	   pathological	   overactivation	   of	   the	   endogenous	  

cannabinoid	   system.	  Thus,	   a	   significant	   elevation	  of	   anandamide’s	  plasma	  

levels	  has	  been	  detected	  in	  anorexics,	  binge-‐eaters	  and	  some	  obese	  patients	  

(Monteleone	  et	  al.,	  2005).	  Conversely,	  genetic	  deletion	  of	  CB1-‐R	  has	  shown	  

to	   prevent	   high	   fat	   diet-‐induced	   hyperphagia	   and	   obesity	   in	   mice,	   while	  

CB1	  antagonism	  reduces	  food	  intake,	  body	  weight	  and	  improves	  metabolic	  

profiles	  in	  obese	  mice	  (Ravinet	  Trillou	  et	  al.,	  2004;	  Nogueiras	  et	  al.,	  2008).	  

In	  addition,	  prolonged	  consumption	  of	  palatable	   food,	  a	  key	  characteristic	  

of	   obesogenic	   diets,	   produces	   important	   alterations	   in	   the	   endogenous	  

cannabinoid	  system’s	  functionality	  in	  rodents,	  such	  as	  a	  downregulation	  of	  

CB1-‐R	   expression	   in	   severals	   regions	   of	   the	   mesocorticolimbic	   circuit,	  

including	   the	   NAc	   and	   the	   HPC	   (Harrold	   et	   al.,	   2002).	   Surprisingly,	   these	  

alterations	  were	  not	  observed	   in	   the	  hypothalamus	  (Harrold	  et	  al.,	  2002).	  

These	   evidences	   suggest	   that	   an	   overactivation	   of	   the	   endogenous	  

cannabinoid	   system	   in	   the	   mesocorticolimbic	   system	   could	   represent	   an	  

important	  event	   in	  mediating	  dysregulation	  of	  the	  hedonic	  control	  of	   food	  

intake,	   leading	   to	  overconsume	  palatable	   food.	  On	   the	  other	  hand,	  several	  

studies	   have	   reported	   association	   between	   genetic	   polymorphisms	   for	  

different	   components	   of	   the	   endogenous	   cannabinoid	   system	   and	   the	  
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propensity	   to	  develop	  overweight	  and	  obesity	   (Sipe	  et	  al.,	  2005;	   Jaeger	  et	  

al.,	  2008).	  

	  

In	   this	   context,	   pharmacological	   manipulation	   of	   the	   endogenous	  

cannabinoid	   system	   could	   be	   an	   appropriate	   therapeutical	   strategy	   for	  

obesity	   management.	   In	   fact,	   clinical	   trials	   with	   the	   CB1	   antagonists	  

rimonabant	   and	   taranabant	   have	   already	   demonstrating	   efficacy	   at	  

reducing	  food	  intake	  as	  well	  as	  obesity	  and	  metabolic	  alterations	  (Van	  Gaal,	  

2005;	   Hagmann,	   2008).	   Consequently,	   rimonabant	   has	   even	   been	  

prescribed	   to	   treat	   obesity	   in	   more	   than	   40	   countries	   around	   the	   world	  

from	   2006	   to	   2008.	   However,	   the	   European	   Medicines	   Agency	  

recommended	   the	   suspension	   of	   the	   marketing	   authorization	   for	  

rimonabant	   in	   2008	  due	   to	   the	  presence	   of	   undesired	   central	   side-‐effects	  

including	  depression	  and	  suicidal	   ideation	  (Moreira	  and	  Crippa	   JA,	  2009).	  	  

Therefore,	   it	   will	   be	   interesting	   to	   uncover	   the	   specific	   neurobiological	  

mechanisms	   through	   which	   the	   endogenous	   cannabinoid	   system	  

contributes	   to	   the	   development	   of	   eating	   disorders	   to	   develop	   new	  

pharmacotherapies	   that	   entail	   less	   side	   effects.	   One	   appealing	  

neurophysiological	   process	   regulated	   by	   the	   endogenous	   cannabinoid	  

system	  in	  the	  brain	  that	  may	  account	  for	  the	  involvement	  of	  this	  system	  in	  

drug	   addiction	   and	   presumably	   in	   some	   eating	   disorders	   is	   neuronal	  

plasticity	  (Sidhpura	  and	  Parsons,	  2011).	  

 

4.4. The endogenous cannabinoid system in neuronal plasticity. 

The	  relevance	  of	  the	  endogenous	  cannabinoid	  system	  in	  neuronal	  plasticity	  

is	   highlighted	   by	   the	   crucial	   role	   of	   CB1-‐R	   and	   endocannabinoids	   in	  

regulating	   neurogenesis,	   axonal	   navigation	   and	   synapse	   formation	   during	  
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brain	  development	  (Fernández-‐Ruiz	  et	  al.,	  2000;	  Diaz-‐Alonso	  et	  al.,	  2012).	  

Importantly,	   the	   endogenous	   cannabinoid	   system	   remains	   a	   crucial	  

substrate	  of	  neuronal	  plasticity	  above	  this	  period,	  and	  it	  is	  even	  considered	  

as	   a	   major	   modulator	   of	   synaptic	   function	   and	   plasticity	   throughout	   the	  

adult	  brain	  (Castillo	  et	  al.,	  2012).	  

In	   the	   CNS,	   the	   endogenous	   cannabinoid	   system	   behaves	   as	   a	  

neuromodulator,	   and	   thereby	   modulates	   the	   release	   of	   many	   different	  

excitatory	  and	  inhibitory	  neurotransmitters	  (Wilson	  and	  Nicoll,	  2002).	  This	  

particular	  synaptic	  function	  of	  the	  endogenous	  cannabinoid	  system	  results	  

from	   the	   atypical	   cellular	   organization	   of	   its	   components.	   Indeed,	   CB1Rs	  

are	   mainly	   confined	   at	   the	   presynaptic	   terminals	   in	   the	   CNS,	   while	  

endocannabinoids	   are	   synthetized	   and	   released	   from	   the	   post-‐synaptic	  

compartement.	   Therefore,	   following	   postsynaptic	   neuronal	   activation,	  

endocannabinoids	   synthetized	   “on	   demand”	   from	   cleavage	   of	   membrane	  

lipids,	   travel	   retrogradely	   across	   the	   synapse	   to	   bind	   presynaptic	   CB1Rs,	  

thereby	  suppressing	   the	  release	  of	   the	  neurotransmitter	   that	  caused	   their	  

activation	   (Wilson	   and	   Nicoll,	   2002).	   This	   neuromodularoty	   activity	  

provides	  to	  the	  endogenous	  cannabinoid	  system	  the	  ability	  to	  guarantee	  a	  

fine	   adjustment	   of	   information	   processed	   in	   the	   brain,	   a	   function	  

reminiscent	  with	  synaptic	  plasticity.	   In	   fact,	   it	   is	  now	  well	  known	  that	   the	  

endogenous	  cannabinoid	  system	  participates	  in	  different	  forms	  of	  synaptic	  

plasticity	   at	   both	   excitatory	   and	   inhibitory	   synapses	   and in	   a	   short-‐	   and	  

long-‐term	  manner	  (Castillo	  et	  al.,	  2012).	  

Retrograde	   signalling	   is	   the	   principal	   mode	   by	   which	   endocannabinoids	  

mediate	   synaptic	   plasticity.	   At	   short-‐term,	   endocannabinnoids	   promote	  

mainly	  two	  different	  forms	  of	  plasticity	  that	  typically	  persist	  for	  a	  minute	  or	  

less:	   (1)	   depolarization-‐induced	   suppression	   of	   inhibition	   (DSI)	   that	  
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dampens	   presynaptic	   GABA	   release,	   and	   (2)	   depolarization-‐induced	  

suppression	   of	   excitation	   (DSE)	   that	   dampens	   presynaptic	   glutamate	  

release.	   In	   addition, endocannabinnoids	   are	   also	   involved	   in	   more	  

persistent	   forms	   of	   synaptic	   plasticity,	   including	   LTP	   and	   LTD.	  

Interestingly,	   endocannabinnoid-‐mediated	   LTD	   can	   target	   the	   original	  

afferents	   responsible	   for	   its	   appearance	   (homosynaptic	   plasticity)	   or	  

afferents	   in	   close	   proximity	   (heterosynaptic	   plasticity)	   (Chevaleyre	   et	   al.,	  

2006).	   In	   the	   same	   target	   cell,	   the	  difference	  between	  endocannabinnoid-‐

mediated	   LTD	   and	   endocannabinnoid-‐mediated	   DSI/DSE	   relies	   on	   the	  

duration	   of	   CB1R	   activity,	   which	   engages	   distinct	   signaling	   events	   in	   the	  

neuron	  leading	  to	  a	  short	  or	   long	  suppression	  of	  neurotransmitter	  release	  

(Figure	  22).	  

	  

Figure	  22.	  CB1-R	   in	  synaptic	   transmission	  and	  plasticity.	  Schematic	  diagrams	  
illustrating	   the	   synaptic	   retrograde	   endocannabinoid	   signaling	   that	   lead	   to	  
decrease	  neurotransmitter	   release	   (a),	   endocannabinoid	  mediated	  short-‐term	  (b)	  
and	   long-‐term	   (c)	   synaptic	   depression.	   (b)	   Postsynaptic	   activity	   triggers	   calcium	  
(Ca2+)	   influx	   via	   voltage-‐gated	   Ca2+	   channels	   (VGCCs).	   Ca2+	   promotes	  
diacylglycerol	   lipase	   (DGL	   alpha)-‐mediated	   endocannabinoid	   (2-‐AG)	   production.	  
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Presynaptic	  activity	  can	  also	   lead	  to	  endocannabinnoid	  mobilization	  by	  activating	  
postsynaptic	  group	   I	  metabotropic	  glutamate	   receptors	   (I	  mGluRs).	   	  2-‐AG	   travels	  
retrogradely	   and	   targets	   presynaptic	   CB1Rs,	   and	   the	   beta	   gamma	   subunits	  
probably	   couple	   to	   presynaptic	   VGCCs	   to	   reduce	   neurotransmitter	   release.	   (c)	  
Glutamate	   (Glu)	   release	   triggered	   by	   presynaptic	   stimulation	   activates	  
postsynaptic	   mGluRs	   and	   promotes	   the	   production	   of	   2-‐AG,	   through	  
phospholipase-‐C	   beta	   (PLCb)	   and	   DGL	   alpha	   dependent	   mechanism.	   2-‐AG	  
homosynaptically	   targets	   CB1Rs	   localized	   to	   excitatory	   terminals	   and	  
heterosynaptically	   engages	   CB1Rs	   at	   inhibitory	   terminals.	   A	   protein	  G	   alpha	   i/o-‐
dependent	  reduction	  in	  adenylyl	  cyclase	  (AC)	  and	  protein	  kinase	  A	  (PKA)	  activity	  
durably	  suppresses	  neurotransmitter	  release	  (adapted	  from	  Castillo	  et	  al.,	  2012).	  

	  

Importanlty,	   both	   endocannabinoid-‐mediated	   short-‐term	   and	   long-‐term	  

plasticity	  has	  been	  observed	  in	  several	  brain	  areas	  relevant	  to	  drug	  reward	  

and	   addiction	   including	   the	   VTA,	   NAc,	   PFC,	   amygdala	   and	   HPC;	   and	  

different	   drugs	   of	   abuse	   alter	   endocannabinoid-‐mediated	   neuronal	  

plasticity	   (Sidhpura	   and	   Parsons,	   2011).	   Thus,	   sub-‐chronic	   (7	   days)	  

administration	   and	   even	   a	   single	   exposure	   to	   THC	   can	   abolish	  

endocannabinoid-‐mediated	  LTD	  at	  excitatory	  and/or	  inhibitory	  synapse	  in	  

the	  NAc	  (Hoffman	  et	  al.,	  2003;	  Mato	  et	  al.,	  2004).	  Importantly,	  alterations	  of	  

endocannabinoid-‐mediated	  synaptic	  plasticity	  is	  not	  restricted	  to	  THC	  and	  

has	   been	   also	   observed	   with	   other	   drugs	   of	   abuse,	   such	   as	   cocaine	   and	  

alcohol,	   following	   acute	   or	   chronic	   exposure,	   and	   occurring	   in	   NAc,	   VTA,	  

HPC	   and	  dorsal	   striatum	   (Fourgeaud	   et	   al.,	   2004;	   Pan	   et	   al.,	   2008;	   Clarke	  

and	   Adermark,	   2010).	   Drug-‐induced	   disruption	   of	   endocannabinoid-‐

mediated	  synaptic	  plasticity	  has	  been	  proposed	  to	  heightened	  behavioural	  

and	   neurochemical	   responses	   to	   drug	   exposure,	   decreased	   extinction	   of	  

drug-‐related	   memories	   and	   increased	   cue-‐induced	   drug	   craving,	   among	  

others	  (Sidhpura	  and	  Parsons,	  2011).	  Accordingly,	  therapeutic	  approaches	  

aimed	   at	   restoring	   normal	   endocannabinoid	   signaling	   may	   have	   clinical	  

benefit	  for	  the	  treatment	  of	  addiction.	  
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On	   the	   other	   hand,	   recent	   evidences	   suggest	   that	   unhealthy	   eating	   habits	  

can	   alter	   endocannabinoid-‐mediated	   synaptic	   plasticity	   in	   the	  

mesocorticolimbic	   circuit.	   Thus,	   deficiency	   in	   n-‐3	   polyunsaturated	   fatty	  

acids	  can	  impair	  endocannabinoid-‐mediated	  LTD	  in	  both	  the	  PFC	  and	  NAc,	  

which	   is	   associated	   with	   defects	   in	   mood	   and	   emotional	   behaviour	  

(Lafourcade	  et	  al.,	  2011).	  Of	  importance,	  obesigenic	  diets	  often	  contain	  low	  

levels	   of	   this	   essential	   fatty	   acid	   (Simopoulos,	   2009),	   suggesting	   that	  

alterations	   of	   endocannabinoid-‐mediated	   LTD	   may	   possibly	   occurs	   in	  

individuals	   overconsuming	   such	   unheathly	   diet.	   Moreover,	   diet-‐induced	  

obesity	   in	   mice	   increases	   endocannabinoid-‐mediated	   DSI	   and	   LTD	   at	  

inhibitory	   synapses	   in	   the	   HPC	   (Massa	   et	   al.,	   2010).	   Together,	   these	  

evidences	   suggest	   that	   alterations	   of	   endocannabinoid-‐mediated	   synaptic	  

plasticity	  in	  particular	  areas	  of	  the	  brain	  reward	  circuit	  could	  participate	  in	  

the	  genesis	  of	  eating	  disorders.	  

In	   general,	   a	   better	   understanding	   of	   intracellular	   mechanisms	   by	   which	  

the	   endogenous	   cannabinoid	   system	   mediates	   the	   altered	   neuronal	  

plasticity	   in	   the	   mesocorticolimbic	   system	   triggered	   by	   excessive	  

consumption	   of	   drug	   and	   palatable	   food	   may	   be	   useful	   to	   develop	   new	  

pharmacological	   tools	   for	   the	   treatment	   of	   drug	   addiction	   and	   eating	  

disorders.	  
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Objective	  1	  
	  
To	  assess	  whether	  long-‐term	  exposure	  to	  palatable	  food	  in	  an	  operant	  task	  

can	   trigger	   the	   emergence	   of	   structural	   plasticity	   changes	   in	   the	  

mesocorticolimbic	   circuit.	   Additionally,	   we	   were	   interested	   to	   define	   the	  

cellular	   mechanisms	   underlying	   these	   neuroadaptations	   by	   studying	   the	  

specific	  role	  of	  CB1-‐R	  and	  the	  ERK	  signaling	  pathway.	  
	  

Article	  #1	  

Operant	  behaviour	  to	  obtain	  palatable	  food	  modifies	  neuronal	  plasticity	  in	  

the	  brain	  reward	  circuit	  
	  

Thomas	  Guegan,	  Laura	  Cutando,	  Eduard	  Ayuso,	  Emanuela	  Santini,	  Gilberto	  

Fisone,	   Fatima	   Bosch,	   Albert	   Martinez,	   Emmanuel	   Valjent,	   Rafael	  

Maldonado*,	  Miquel	  Martin*	  

European	  Neuropsychopharmacology	  (2013)	  

*	  Co-‐corresponding	  authors	  

	  

Article	  #2	  

Operant	   behavior	   to	   obtain	   palatable	   food	   modifies	   ERK	   activity	   in	   the	  

brain	  reward	  circuit	  

Thomas	   Guegan,	   Laura	   Cutando,	   Giuseppe	   Gangarossa,	   Emanuela	   Santini,	  

Gilberto	   Fisone,	   Fatima	  Bosch,	   Albert	  Martinez,	   Emmanuel	   Valjent,	   Rafael	  

Maldonado*,	  Miquel	  Martin*	  

European	  Neuropsychopharmacology	  (2013).	  

*	  Co-‐corresponding	  authors.	  
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Objective	  2	  
	  

To	   evaluate	   the	   participation	   of	   the	   endogenous	   cannabinoid	   system	   in	  

drug-‐induced	   structural	   plasticity	   in	   the	   mesocorticolimbic	   circuit.	   In	  

particular,	   to	   determine	   whether	   the	   dendritic	   spines	   rearragement	  

associated	   to	   the	   development	   of	   behavioural	   sensitization	   to	   morphine	  

was	  dependent	  of	  CB1-‐R	  activity.	  
	  

	  
Title:	   Studying	   the	   role	   of	   CB1-‐R	   in	   morphine-‐induced	   behavioural	   and	  

structural	  plasticity.	  

Thomas	   Guegan,	   Joan	   Pau	   Cerbià	   Costa,	   Rafael	   Maldonado	   and	   Miquel	  

Martin.	  

	  

Objective	  3	  
	  
To	  uncover	   the	  common	  synaptic	   signaling	  events	  mediating	   the	  retrieval	  

of	   drug	   of	   abuse	   and	   palatable	   food	   related	   rewarding	   memories;	   as	   an	  

approach	   to	   study	   the	   neurobiological	   substrates	   of	   drug	   and	   palatable	  

food	  craving.	  

	  

Title:	   Characterization	   of	   the	   common	   synaptic	   signalling	   events	   that	  

mediate	  drug	  of	  abuse	  and	  palatable	  food	  reward	  memories	  

Thomas	   Guegan,	   Joan	   Pau	   Cerbià	   Costa,	   Rafael	   Maldonado	   and	   Miquel	  

Martin	  
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OBJECTIVE	  1	  

	  

Identification	  of	  the	  neuroplastic	  mechanisms	  underlying	  food	  

reward	  and	  seeking	  behaviour	  	  
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Supplementary methods 

	  

Ballistic	  Labeling	  with	  the	  Fluorescent	  Dye	  DiI	  

Immediately	  after	  the	  last	  training	  session,	  mice	  were	  deeply	  anesthetized	  

by	   intraperitoneal	   injection	   (0.2	   ml/10	   g	   body	   weight)	   of	   a	   mixture	   of	  

ketamine	  (100	  mg/kg)	  and	  xylazine	  (20	  mg/kg)	  prior	  to	  rapid	  intracardiac	  

perfusion,	   delivered	  with	   a	   peristaltic	   pump	   at	   20	  ml/min,	  with	   10	  ml	   of	  

Na2HPO4/NaH2PO4/NaCl	   buffer	   (PBS)	   0.1	   m,	   pH	   7.5,	   and	   followed	   by	  

perfusion	  with	  40	  ml	  of	  4	  %	  paraformaldehyde	  (PFA)	  in	  PBS	  0.1	  M,	  pH	  7.5.	  

Brains	  were	  quickly	  removed	  from	  the	  skull	  and	  postfixed	   in	  4	  %	  PFA	  for	  

10	  min.	  Brain	  coronal	  sections	  (100	  µm)	  containing	  the	  NAc	  (Paxinos	  and	  

Franklin,	  2001)	  (from	  bregma	  1.54	  mm	  to	  bregma	  1.10	  mm)	  or	  the	  medial	  

prefrontal	  cortex	  (mPFC)	  (from	  bregma	  1.98	  mm	  to	  bregma	  1.70	  mm)	  were	  

obtained	  by	  using	  a	  vibratome	  (Leica	  VT	  1000	  S,	  Nussloch,	  Germany)	  and	  

kept	  in	  PBS	  0.1	  M	  until	  they	  were	  processed	  for	  fluorescent	  labeling.	  	  Brain	  

slices	  were	   labeled	   by	   ballistic	   delivery	   of	   fluorescent	   dye	  DiI	   (Molecular	  

Probes,	   Eugene,	   OR,	   USA)	   using	   a	   gene	   gun	   apparatus	   (Helios	   Gene	   Gun	  

System,	   Bio-‐Rad,	   Deutschland)	   as	   described	   previously	   (Grutzendel	   et	   al.,	  

2003)	  and	  postfixed	  with	  PFA	  for	  4	  hours	  at	  room	  temperature	  to	  further	  

preserve	  structures	  and	  to	  allow	  the	  diffusion	  of	  the	  dye	  DiI.	  Sections	  were	  

placed	   on	   microscope	   gelatine-‐coated	   slides	   and	   coverslipped	   with	  

mounting	   medium	   (Mowiol).	   Then,	   images	   were	   acquired	   with	   confocal	  

microscope	  (Zeiss	  LSM	  510,	  Germany)	  with	  an	  oil	  immersion	  lens	  (40x)	  to	  

analyze	  dendritic	  spine	  density	  and	  structure.	  
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Acute	  bilateral	  intraNAc	  microinjection	  of	  rimonabant	  

CB1+/+	  were	   trained	   to	   lever-‐press	   for	   standard,	   highly	   caloric	   or	   highly	  

palatable	   isocaloric	   pellets	   as	   described	   above.	   After	   reaching	   a	   stable	  

response	  and	  pellet	  consumption	  on	  FR5	  for	  a	  minimum	  of	  8	  days	  (10	  +/-‐	  2	  

days),	  mice	  underwent	  stereotaxic	  surgery	  and	  guide	  cannuli	  (11	  mm	  long,	  

26	  gauge)	  were	  bilaterally	  implanted	  into	  the	  NAc.	  For	  surgery,	  mice	  were	  

first	  anaesthetized	  with	  a	  ketamine/xylazine	  mixture	  (100	  mg/kg	  ketamine	  

and	  20	  mg/kg	  xylazine	  on	  0.2	  ml/10	  g	  of	  body	  weight)	   and	   subsequently	  

mounted	  in	  a	  stereotaxic	  frame	  (Kopf	  Instruments,	  Tujunga,	  CA,	  USA).	  The	  

coordinates	   (AP:	   +1.35	   mm;	   ML:	   +/-‐	   0.95mm	   ;	   DV:	   -‐4.4mm)	   were	   taken	  

from	   bregma	   and	   the	   skull	   surface	   according	   to	   the	   stereotaxic	   atlas	  

(Paxinos	  and	  Franklin,	  2001).	  After	  implantation,	  cannuli	  were	  fixed	  to	  the	  

skull	  with	  dental	  cement.	  Mice	  were	  left	  undisturbed	  for	  recovering	  during	  

3	  days	  after	  surgery	  and	  were	  then	  trained	  again	  in	  the	  operant	  boxes	  for	  

each	  type	  of	  food	  on	  FR5.	  After	  reaching	  a	  stable	  response	  for	  a	  minimum	  of	  

4	  days,	  the	  effects	  of	  a	  bilateral	  microinjection	  into	  the	  NAc	  of	  the	  selective	  

CB1-R	   antagonist	   rimonabant	   (1,	   2	   and	   4	   µg/site)	   (gently	   provided	   by	  

Sanofi,	   France)	   or	   vehicle	   (saline	   20%	  /DMSO	  80%)	  on	   operant	   behavior	  

were	  tested.	  Rimonabant	  and	  vehicle	  were	  administered	  in	  a	  volume	  of	  0.5	  

µl	  per	  side,	  delivered	  at	  a	  rate	  of	  0.1	  µl/10	  sec	  and	  kept	  undisturbed	  in	  the	  

cannula	   for	  an	  extra	  60	  sec	   to	  prevent	  backflow.	  Each	  animal	   received	  all	  

different	   treatments	  by	  using	  a	  Latin	  square	  design.	  After	  each	   treatment,	  

mice	   underwent	   training	   on	   the	   operant	   boxes	   to	   recover	   basal	   lever-‐

pressing	   responding	   on	   FR5	   before	   receiving	   a	   new	   dose	   of	   the	   tested	  

compound	   or	   vehicle	   (currently	   after	   2-‐3	   days).	   At	   the	   end	   of	   the	  

experiment,	  mice	  were	  sacrificed	  and	  their	  brain	  removed	  to	  verify	  the	  final	  
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site	  of	   the	   injection.	  Only	  data	   from	  mice	  with	  both	   final	   sites	  of	   injection	  

correctly	  placed	  into	  the	  NAc	  were	  considered.	  

	  

Design	  and	  Construction	  of	  AAV	  Vectors	  and	  Viral	  production	  and	  

purification	  

To	   generate	   shRNA	   expressing	   vectors,	   the	   U6	   promoter,	   the	   hairpin	  

sequence	   of	   interest	   and	   terminator	   sequences	   were	   subcloned	   into	   the	  

multicloning	   site	   of	   pAAV9-‐MCS	   (stratagene).	   An	   AAV9	   expressing	   a	  

scrambled	   shRNA	   sequence	   was	   used	   as	   control	   for	   the	   knock-‐down	  

studies.	   To	   knock-‐down	   murine	   CB1-‐R	   expression,	   we	   selected	   two	  

different	   hairpin	   sequences	   (TRCN0000027886	   and	   TRCN0000027943)	  

from	  the	  RNAi	  consortium	  database	  (www.broadinstitute.org/rnai/public)	  

targeting	   murine	   Cnr1	   gene	   (CB1).	   -‐shRNACB1a	   (hairpin	   sequence	   from	  

TRCN0000027886):	   5'-‐CCGG-‐CACCGCAAAGATAGTCCCAAT-‐CTCGAG-‐

ATTGGGACTATCTTTGCGGTG-‐TTTTT-‐3'	   -‐shRNACB1b	   (hairpin	   sequence	  

from	   TRCN0000027943):	   5'-‐CCGG-‐TCAGACATCTTCCCACTCATT-‐CTCGAG-‐

AATGAGTGGGAAGATGTCTGA-‐TTTT-‐3'.	  

Vectors	  were	  generated	  by	  triple	  transfection	  of	  HEK293	  cells	  according	  to	  

standard	  methods.	   Cells	  were	   cultured	   in	   10	   roller	   bottles	   (850	   cm2,	   flat	  

from	  Corning,	  New	  York,	  NY,	  USA)	   in	  DMEM	  10%	  FBS	   to	  80%	  confluence	  

and	  co-‐transfected	  by	  calcium	  phosphate	  method	  with	  a	  plasmid	  carrying	  

the	  expression	  cassette	  flanked	  by	  the	  AAV2	  viral	  ITRs	  (described	  above),	  a	  

helper	  plasmid	  carrying	  the	  AAV	  rep2	  and	  cap	  gene	  from	  serotype	  9,	  and	  a	  

plasmid	   carrying	   the	   adenovirus	   helper	   functions	   (all	   plasmids	   kindly	  

provided	   by	   K.A.	   High,	   Children’s	   Hospital	   of	   Philadelphia).	   We	   selected	  
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adeno-‐associated	  virus	  serotype	  9	  (AAV9)	  to	  infect	  into	  the	  NAc	  to	  ensure	  a	  

good	   transduction	   efficiency	   and	   larger	   distribution	   of	   the	   vector	   upon	  

stereotaxic	   injection,	   as	   previously	   reported	   (Cearley	   et	   al.,	   2008).	   AAV9	  

directly	  injected	  by	  stereotaxic	  delivery	  in	  the	  brain	  tissue	  only	  transduces	  

neurons,	   as	   previously	   reported	   (Cearley	   et	   al.,	   2008).	   This	   selective	  

transduction	   on	   neurons,	   but	   not	   on	   glial	   cells,	   was	   also	   revealed	   in	   this	  

study	  after	  AAV9	  locally	  microinjection	  in	  restricted	  brain	  areas,	  as	  shown	  

in	   Fig.	   6.	   AAVs	  were	   purified	  with	   an	   optimized	  method	   based	   on	   a	   PEG	  

precipitation	   step	   and	   two	   consecutives	   cesium	   chloride	   (CsCl)	   gradients	  

(Ayuso	   et	   al.,	   2010).	   This	   second	   generation	   CsCl-‐based	   protocol	  

dramatically	   reduce	   empty	   AAV	   capsids	   and	   DNA	   and	   protein	   impurities	  

from	   the	   viral	   stock	   thus	   increasing	   AAV	   purity	   that	   ultimately	   results	   in	  

higher	   transduction	   in	   vivo.	   Purified	   AAV	   vectors	   were	   dialyzed	   against	  

PBS,	  filtered	  and	  stored	  at	  -‐80ºC.	  Titers	  of	  viral	  genomes	  were	  determined	  

by	   quantitative	   PCR	   assay	   following	   the	   protocol	   described	   for	   the	   AAV2	  

Reference	   Standard	   Material	   using	   linearized	   plasmid	   DNA	   as	   standard	  

curve.	  

Bilateral	  intraNAc	  administration	  of	  AAV-scrambled	  or	  AAV-shCB1	  	  

CB1+/+	   underwent	   stereotaxic	   surgery	   and	   received	   a	   bilateral	  

administration	   of	   AAV9-‐scrambled	   (7.4	   x	   1012	   vector	   genomes/ml)	   or	  

AAV9-‐sh	  to	  knock-‐down	  the	  CB1-‐R	  (AAV9-‐shCB1).	  For	  knocking	  down	  CB1-‐

R,	   we	   produced	   two	   AAV9	   vectors	   carrying	   different	   shRNA	   sequences	  

against	  CB1-‐R	  and	  a	  1:1	  mixture	  of	  the	  two	  vectors	  was	  injected	  bilaterally	  

(AAV9-‐shRNACB1-‐a:	  1.3	  x	  1013	  vector	  genomes/ml	  and	  AAV9-‐shRNACB1-‐b:	  

6.5	  x	  1012	  vector	  genomes/ml)	   into	  the	  NAc.	  The	  use	  of	  a	  combination	  of	  

two	  AAV	  vectors	   ensures	   the	   achievement	   of	   an	   appropriate	   reduction	  of	  
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CB1-‐R	  expression	  since	  the	  AAV	  vectors	  are	  able	  to	  enter	  the	  cells	  at	  a	  high	  

multiplicity	   of	   infection,	   as	   previously	   reported	   in	   other	   studies	  

successfully	   using	   the	   combination	   of	   two	   AAV	   vectors	   (Mas	   et	   al.,	   2006;	  

Tafuro	   et	   al.,	   2009).	   For	   surgery,	   mice	   were	   first	   anaesthetized	   with	   a	  

ketamine/xylazine	  mixture	   (100	  mg/kg	   ketamine	   and	   20	  mg/kg	   xylazine	  

on	  0.2	  ml/10	  g	  of	  body	  weight)	  and	  mounted	  in	  a	  stereotaxic	  frame	  (Kopf	  

Instruments,	   Tujunga,	   CA,	   USA).	   AAV9	   preparations	   were	   bilaterally	  

infused	  into	  the	  NAc	  by	  using	  a	  glass	  pipette	  in	  a	  volume	  of	  0.7	  µl/site	  and	  

delivered	  at	  a	  constant	  rate	  of	  0.15	  µl/min	  using	  a	  microinfusion	  pump.	  The	  

glass	   pipette	   was	   left	   for	   an	   extra	   5-‐10	   min	   inside	   the	   NAc	   to	   prevent	  

backflow.	  Mice	  were	  then	  left	  undisturbed	  for	  15	  days.	  Then,	  animals	  were	  

trained	   to	   lever-‐press	   for	   highly	   palatable	   isocaloric	   pellets	   as	   described	  

above.	  	  

For	  tropism	  studies,	  we	  used	  an	  AAV9	  vector	  expressing	  GFP	  cDNA	  (7.7	  x	  

1012	  vector	  genomes/ml)	  under	  the	  control	  of	  the	  hybrid	  cytomegalovirus	  

enhancer/chicken	   beta-‐actin	   constitutive	   promoter	   (CAG)	   and	   also	  

contained	  the	  WPRE	  regulatory	  element.	  

Tissue	  preparation	  and	  immunofluorescence	  analysis	  

To	  verify	  the	  specificity	  of	  the	  AAV9	  infecting	  neurons	  but	  not	  glial	  cells,	  we	  

performed	   an	   immunoflurorescence	   study,	   as	   previously	   described	  

(Bertran-‐Gonzalez	  et	  al.,	  2008).	  Fifteen	  days	  after	  the	  administration	  of	  the	  

AAV9,	   mice	   were	   deeply	   anesthetized	   by	   intraperitoneal	   injection	   (0.2	  

ml/10	  g	  body	  weight)	  of	  a	  mixture	  of	  ketamine	  (100	  mg/kg)	  and	  xylazine	  

(20	  mg/kg)	  prior	  to	  rapid	  intracardiac	  perfusion	  with	  120	  ml	  of	  4	  %	  PFA	  in	  

0.1	  M	  PBS,	  pH	  7.5,	  delivered	  with	  a	  peristaltic	  pump	  at	  30	  ml/min	  for	  4	  min.	  

Brains	  were	   post-‐fixed	   overnight	   in	   the	   same	   solution	   and	   stored	   at	   4°C.	  
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Thirty	   µm-‐thick	   sections	   were	   cut	   with	   a	   vibratome	   (Leica,	   VT	   1000	   S,	  

Nussloch,	   Germany)	   and	   stored	   at	   -‐20°C	   in	   a	   solution	   containing	   30	   %	  

(vol/vol)	   ethylene	   glycol,	   30	   %	   (vol/vol)	   glycerol	   and	   0.1	   M	   sodium	  

phosphate	  buffer,	  until	  they	  were	  processed	  for	  immunofluorescence.	  Brain	  

regions	  were	   identified	   using	   a	  mouse	   brain	   atlas	   (Paxinos	   and	   Franklin,	  

2001)	  as	  described	  above,	  and	  sections	  equivalent	  to	  the	  following	  bregma	  

coordinates	   were	   taken	   (mm):	   1.32	   for	   NAc.	   Free-‐floating	   sections	   were	  

rinsed	   in	   Tris-‐buffered	   saline	   (TBS;	   0.25	  M	  Tris	   and	   0.5	  M	  NaCl,	   pH	   7.5),	  

three	  times	  for	  10	  min	  each.	  After	  20	  min	  incubation	  in	  0.2	  %	  Triton	  X-‐100	  

in	   TBS,	   sections	  were	   rinsed	   three	   times	   in	   TBS	   again.	   Finally,	   they	  were	  

incubated	   overnight	   at	   4°C	   with	   the	   different	   primary	   antibodies	   (NeuN,	  

1:1000,	   Chemicon;	   GFAP,	   1:800,	   DAKO;	   Iba-‐1,	   1:500,	   WAKO;	   for	   GFP	   no	  

antibody	  was	  used,	  we	  evaluated	  directly	   the	   intrinsic	   fluorescence	  of	   the	  

GFP).	   Following	   incubation	   with	   the	   primary	   antibodies,	   sections	   were	  

rinsed	   three	   times	   for	  10	  min	   in	  TBS	  and	   incubated	   for	  45	  min	  with	  mice	  

Cy3-‐coupled	  (for	  NeuN	  positive	  cells,	  1:400,	   Jackson	  Lab)	  or	  rabbit	  Alexa-‐

fluor	  647	  (for	  GFAP	  or	  Iba-‐1	  positive	  cells)	  secondary	  antibodies.	  Sections	  

were	  rinsed	  for	  10	  min	  twice	  in	  TBS	  and	  twice	  in	  Tris-‐buffered	  (TB,	  0.25	  M	  

Tris)	   before	   mounting	   in	   1,	   4	   –	   diazabicyclo-‐[2.	   2.	   2]-‐octane	   (DABCO,	  

Sigma).	  

For	   	   immunofluorescence	  analysis,	  double-‐labeled	   images	   from	  the	  region	  

of	   interest	   were	   obtained	   bilaterally	   using	   sequential	   laser	   scanning	  

confocal	  microscopy	  (Zeiss	  LSM	  510,	  Germany).	  Analysis	  was	  performed	  by	  

a	   blind	   observer	   by	   evaluating	   Cy3-‐	   or	   infra-‐red	   Alexa-‐fluor	   647	  

immunoreactive	  cells	  immunofluorescence	  for	  each	  marker	  analyzed.	  
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Immunoblot	  analysis	  

The	  efficiency	  of	   the	  viral	   infections	  was	  verified	  by	   immunoblot	  analysis.	  

NAc	   (positive	   control)	   and	   hippocampus	   (Hc)	   (negative	   control)	   of	   mice	  

treated	  with	  AAV-‐scrambled	  or	  AAV-‐shCB1	  were	  extracted.	  Frozen	  Hc	  and	  

NAc	   tissues	  were	   processed,	   as	   previously	   reported	   (Puighermanal	   et	   al.,	  

2009).	   For	   immunoblotting,	   antibodies	   to	   CB1-R	   (1:700)	   from	   Frontier-‐

Science	  were	   used.	   Blots	   containing	   equal	   amounts	   of	   Hc	   or	   NAc	   protein	  

samples	   to	   compare	   in	   each	   specific	   experiment	   were	   cut	   horizontally.	  

Bound	   primary	   antibodies	   were	   detected	   with	   horseradish	   peroxidase–

conjugated	   antibodies	   to	   rabbit	   or	   mouse	   antibodies	   (Pierce,	   diluted	  

1:5,000)	  and	  visualized	  by	  enhanced	  chemiluminescence	  detection	  (West-‐

Femto-‐SuperSignal,	   Pierce).	   The	   optical	   density	   of	   the	   immunoreactive	  

bands	   was	   quantified	   after	   acquisition	   on	   a	   ChemiDoc	   XRS	   System	   (Bio-‐

Rad)	   controlled	   by	   The	   Quantity	   One	   software	   v4.6.3	   (Bio-‐Rad).	  

Representative	   immunoblots	  were	  cropped	  with	  Adobe	  Photoshop	  7.0	   for	  

display.	  For	  quantitative	  purposes,	  the	  optical	  density	  values	  of	  the	  specific	  

antibodies	   were	   normalized	   to	   the	   detection	   of	   specific	   antibodies	   to	  

GAPDH	  values	  in	  the	  same	  sample	  and	  expressed	  as	  a	  percentage	  of	  control	  

treatment.	  
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Supplementary	  figures	  	  

 

	  

	  

	  

	  

	  

	  

	  

Figure	   23:	   Comparison	   of	   the	   reinforcing	   properties	   of	   standard,	   highly	  
caloric	   and	  highly	   palatable	   isocaloric	   food	   in	   CB1-/-	   and	  CB1+/+	  mice.	   (A)	  
Daily	  consumption	  of	  standard	  (white	  triangle,	  n=36),	  highly	  caloric	  (grey	  square,	  
n=29)	  and	  highly	  palatable	   isocaloric	   (black	  circle,	  n=37)	  pellets	   in	  CB1+/+	  mice.	  
(B)	   Daily	   consumption	   of	   standard	   (white	   triangle,	   n=14),	   highly	   caloric	   (grey	  
square,	  n=13)	  and	  highly	  palatable	  isocaloric	  (black	  circle,	  n=17)	  pellets	  in	  CB1-‐/-‐	  
mice. Data	  are	  expressed	  as	  mean	  ±	  s.e.m.	   P	  <	  0.05,	   P<0.01,	   P	  <	  0.001	  
(highly	  palatable	  pellets	  vs.	  standard);	  #	  P	  <	  0.05,	  ##	  P<0.01,	  ###	  P	  <	  0.001	  (high	  
caloric	  pellets	  vs.	  standard).	  
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Figure	  24:	  Repeated	  operant	  training	  with	  highly	  palatable	  isocaloric	  pellets	  
promotes	   progressive	   escalation	   of	   food	   intake	   and	   the	   development	   of	   a	  
binge-like	  eating	  behaviour,	  through	  a	  CB1-R	  dependent	  mechanism.	  (A)	  and	  
(B)	   amount	   of	   standard,	   highly	   caloric	   and	   highly	   palatable	   isocaloric	   pellets	  
consumed	  during	  the	  first	  (i.e.	  day	  16)	  and	  last	  (i.e.	  day	  40)	  day	  of	  operant	  training	  
in	  FR5	  in	  CB1+/+	  (n=29–37	  mice	  per	  group)	  and	  CB1-‐/-‐	  (n=13–17	  mice	  per	  group)	  
mice.	   This	   graph	   illustrates	   that	   CB1+/+,	   but	   not	   CB1-‐/-‐	   mice,	   working	   for	  
palatable	  pellets,	  but	  not	   for	  other	  types	  of	   food,	  display	  a	  significant	  progressive	  
increase	   of	   their	   pellets	   intake	   across	   the	   operant	   sessions.	   (C)	   and	   (D)	   Time	  
course	  (15	  min	  intervals)	  of	  the	  variation	  of	  reinforced	  responses	  between	  the	  first	  
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(i.e.	  day	  16)	  and	  last	  (i.e.	  day	  40)	  day	  of	  operant	  training	  in	  FR5	  in	  CB1+/+	  (n=29–
37	  mice	  per	   group)	   and	  CB1-‐/-‐	   (n=13–17	  mice	  per	   group)	  mice	   trained	   for	   each	  
kind	   of	   food.	   The	   vertical	   axes	   represent	   the	   difference	   between	   active-‐lever	  
pressing	  recorded	  during	  “active	  periods”	   (i.e.	  not	   included	   lever-‐pressing	  during	  
time-‐out	  periods)	  at	  day	  16	  and	  those	  recorded	  at	  day	  40.	  These	  graph	  show	  that	  
the	  increased	  pellets	  intake	  observed	  in	  CB1+/+	  mice	  trained	  with	  highly	  palatable	  
pellets	  at	  day	  40	  is	  due	  to	  an	  enhancement	  of	  their	  reinforced	  responses	  during	  the	  
first	  15	  min	  of	  the	  last	  FR5	  session.	  No	  significant	  variation	  of	  reinforced	  responses	  
were	  detected	  in	  the	  rest	  of	  the	  last	  session	  (i.e.	  from	  15	  to	  60min)	  in	  these	  mice.	  
Increased	   responses	   at	   the	   initiation	   of	   the	   last	   session	   are	   also	   observed	   in	  
CB1+/+	  and	  CB1-‐/-‐	  mice	  that	  worked	  for	  highly	  caloric	  and	  highly	  palatable	  food,	  
respectively.	  However,	   in	   contrast	   to	   CB1+/+	  mice	   trained	   highly	   palatable	   food,	  
these	   increased	   responses	  are	  not	   significantly	  different	   from	   those	  displayed	  by	  
standard-‐trained	   mice	   at	   the	   same	   time	   interval.	   Data	   are	   expressed	   as	   mean	   ±	  
s.e.m.	   	   P	   <	   0.05,	   	   P	   <	   0.001	   	   (day	   16	   vs.	   day	   40);	   	   P	   <	   0.001	  
(comparison	  vs.	  standard).	  
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Role	  of	  CB1-R	  in	  morphine-induced	  locomotor	  sensitization	  

Drug	  addiction	  is	  marked	  by	  long-‐lasting	  behavioural	  changes	  that	  can	  even	  

persist	  for	  a	  lifetime	  in	  certain	  patients.	  Therefore,	  understanding	  by	  which	  

mechanisms	  chronic	  exposure	  to	  drugs	  of	  abuse	  can	  lead	  to	  the	  emergence	  

of	  stable	  neuroadaptations	   is	  a	  primary	  challenge	  for	  the	  treatment	  of	   the	  

disease.	   Drugs	   of	   abuse	   cause	   alterations	   in	   the	   synaptic	   plasticity	  

mechanisms	   underlying	   learning	   and	   memory	   processes	   in	   the	   brain	  

reward	   circuit,	   leading	   to	   maladaptive	   behavioural	   learning	   such	   as	  

compulsive	   drug-‐intake,	   and	   ingrained	   drug	   memories	   revealed	   by	  

recurrent	   drug	   craving	   (Hyman	   and	  Malenka,	   2001;	   Kalivas	   and	   O’Brien,	  

2008;	   Lüscher	   and	  Malenka,	   2011).	   The	   persistence	   of	   these	   behavioural	  

alterations	   in	   addicts	   is	   thought	   to	   be,	   in	   part,	   the	   consequence	   of	   drug-‐

induced	   structural	   plasticity	   changes	   in	   the	   mesocorticolimbic	   system	  

(Robinson	   and	   Kolb,	   2004).	   Indeed,	   synaptic	   morphological	   changes	   can	  

enhance	   the	   stability	  of	   synaptic	   connexions,	   and	  promote	   the	  emergence	  

of	  enduring	   forms	  of	  synaptic	  plasticity	   (Grutzendler	  et	  al.,	  2002;	  Kasai	  et	  

al.,	   2003;	   O’Donnell	   et	   al.,	   2011;	   Robert	   et	   al.,	   2010).	   In	   addition,	   drug-‐

induced	   structural	   plasticity	   in	   the	   mesocorticolimbic	   system	   can	   persist	  

for	   at	   least	   several	   months	   after	   cessation	   of	   drug	   treatment	   in	   rodents	  

(Robinson	   and	  Kolb,	   2004).	   Although	   these	   structural	   changes	   have	   been	  

well	   documented,	   little	   is	   known	   regarding	   the	   underlying	   molecular	  

mechanisms	  and	  whether	  structural	  plasticity	  drive	  addictive	  behaviors	  or	  

whether	  they	  reflect	  homeostatic	  compensations	  to	  the	  drug	  (Russo	  et	  al.,	  

2010).	  

Our	   previous	   results	   demonstrate	   that	   CB1-‐R	   mediates	   the	   structural	  

plasticity	   changes	   that	   underline	   food	   reward	   and	   seeking-‐behaviour	  
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alterations	   (Guegan	   et	   al.,	   2013).	   On	   the	   other	   hand,	   the	   endogenous	  

cannabinoid	   system	   through	   CB1-‐R	   is	   an	   important	   mediator	   of	   drug	  

reward	   and	   drug-‐induced	   long-‐lasting	   effects	   (Maldonado	   et	   al.,	   2006).	  

Interestingly,	   one	   study	   has	   shown	   that	   CB1-‐R	   is	   involved	   in	   cocaine-‐

induced	   structural	   plasticity	   in	   the	  motor	   cortex	   (Ballesteros-‐Yáñez	   et	   al.,	  

2007a).	   Therefore,	   we	   sought	   that	   CB1-‐R	   could	   represent	   a	   common	  

neurobiological	   substrate	   for	   the	   development	   of	   distinct	   pathologic	  

consummatory	   behaviour	   by	   contributing	   to	   the	   emergence	   of	  

morphological	  synaptic	  alterations	  in	  the	  brain	  reward	  circuit.	  

We	   have	   used	   the	   locomotor	   sensitization	   paradigm	   that	   has	   been	  

considered	   a	   reliable	   animal	   model	   of	   drug-‐induced	   long-‐lasting	  

behavioural	  changes	  (Robinson	  and	  Berridge,	  2008)	  to	  evaluate	  the	  role	  of	  

CB1-‐R	   in	   drug-‐induced	   structural	   plasticity.	   Indeed,	   sensitization	  

treatments	   lead	   to	   an	   hypersentivity	   to	   drug	   stimulating	   effects	   that	   can	  

last	   for	   several	   months	   (Robinson	   and	   Berridge,	   2008).	   Moreover,	  

sensitized	  animals	  rapidly	  escalate	  their	  drug	  intake	  in	  self-‐administration	  

paradigms,	   display	   enhanced	   motivation	   to	   work	   for	   drug	   and	   high	  

propensity	   to	   reinstate	   drug	   seeking	   after	   priming	   injection	   in	   the	   NAc	  

(Ferrario	   et	   al.,	   2007;	   Suto	   et	   al.,	   2004).	   Interestingly,	   chronic	   drug	  

treatments	   that	   induce	   locomotor	   sensitization	   also	   promote	   the	  

development	   of	   morphological	   synaptic	   changes	   in	   different	   parts	   of	   the	  

mesocorticolimbic	  system	  (Robinson	  and	  Kolb,	  2004).	  In	  addition,	  some	  of	  

these	  structural	  changes	  tightly	  correlate	  with	  the	  expression	  of	  locomotor	  

sensitization	   (Li	   et	   al.,	   2004a).	   Thus,	   this	   paradigm	   may	   represent	   a	  

valuable	   animal	   model	   to	   investigate	   the	   neurobiological	   basis	   of	   drug-‐

induced	   structural	   plasticity	   changes	   and	   their	   implication	   in	   the	   long	  

lasting	  behavioural	  alterations	  that	  characterize	  addiction.	  
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In	   this	   study,	   we	   evaluated	   the	   involvement	   of	   CB1-‐R	   in	   the	   structural	  

plasticity	   changes	   associated	   with	   morphine	   sensitization.	   Opioid	   drugs	  

have	   extremely	   high	   abuse	   potential	   in	   humans	   and	   opiate	   addiction	   is	  

associated	  with	   elevated	   rates	   of	   relapse	   after	   abstinence	   (Veilleux	   et	   al.,	  

2010).	   Previous	   studies	   have	   demonstrated	   the	   important	   role	   played	   by	  

the	  endogenous	  cannabinoid	  system	  in	  the	  rewarding	  effects	  and	  long-‐term	  

alterations	  triggered	  by	  opioids	  drugs	  (Robledo	  et	  al.,	  2005).	  Interestingly,	  

CB1-‐R	   is	   an	   important	   mediator	   of	   morphine	   induced	   locomotor	  

sensitization	   (Martin	   et	   al.,	   2000b).	   	   Therefore,	  we	   hypothesized	   that	   the	  

endogenous	  cannabinoid	  system,	  via	  CB1-‐R,	  could	  mediate	  the	  long-‐lasting	  

behavioural	  changes	  induced	  by	  morphine,	  such	  as	  locomotor	  sensitization,	  

by	   contributing	   to	   the	   development	   structural	   plasticity	   changes	   in	   the	  

mesocorticolimbic	  system.	  

	  

Methods	  
	  

Animals	  

This	   experiment	  was	   carried	   out	   in	  male	   CB1-‐R	   knockout	  mice	   and	  wild-‐

type	   littermates	   with	   a	   C57BL6/J	   genetic	   background.	   The	   generation	   of	  

mice	  lacking	  CB1	  receptors	  was	  described	  previously	  (Zimmer	  et	  al.,	  1999).	  

The	  mice	  were	  aged	  of	  8	   to	  12	  weeks	  at	   the	  beginning	  of	   the	  experiment,	  

and	  were	  housed	  4/5	  per	   cage	   in	   a	   temperature-‐controlled	   room	   (21	  ±	  1	  

°C)	  with	  a	  12	  h	  light:	  dark	  cycle	  (light	  on	  between	  8:00	  and	  20:00h).	  Food	  

and	  water	  were	  available	  ad	  libitum.	  Mice	  were	  acclimated	  to	  handling	  and	  

received	  subcutaneous	  saline	   injection	   for	  one	  week	  before	   the	  beginning	  
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of	  experiments.	  All	  animal	  procedures	  met	  the	  guidelines	  of	   the	  European	  

Communities	   directive	   86/609/EEC	   regulating	   animal	   research	   and	  were	  

approved	  by	  the	  Local	  Ethical	  Committee.	  

	  

Drugs	  

Morphine	  was	  provided	  by	   the	  Ministerio	  de	  Sanidad	  y	  Consumo	   (Spain),	  

and	  dissolved	  in	  saline	  (0.9%).	  Morphine	  was	  administered	  subcutaneously	  

at	  the	  dose	  of	  15	  mg/kg	  in	  the	  locomotor	  sensitization	  study.	  

	  

Locomotor	  sensitization	  

The	  sensitization	  to	  the	  locomotor	  responses	  induced	  by	  chronic	  morphine	  

treatment	  was	   evaluated	  using	   locomotor	   activity	  boxes	   (9	   x	  20	   x	  11	   cm;	  

Imetronic,	  France).	  The	  boxes	  contained	  a	  line	  of	  photocells	  2	  cm	  above	  the	  

floor	   to	   measure	   horizontal	   movements,	   and	   another	   line	   located	   6	   cm	  

above	   the	   floor	   to	   measure	   vertical	   activity	   (i.e.	   rearing).	   Mice	   were	  

individually	   placed	   in	   the	   boxes	   and	   their	   general	   locomotor	   activity	  was	  

recorded	  during	  15	  min	  in	  a	  low	  luminosity	  environment	  (20	  ±	  25lux).	  All	  

the	   locomotor	  activity	   tests	  were	  performed	  between	  09.30	  and	  10.30.	   In	  

order	   to	   habituate	   the	   animals	   to	   the	   test	   environment	   and	   to	   obtain	   a	  

stable	   baseline,	   basal	   locomotor	   activity	   was	   measured	   10	   min	   after	   a	  

subcutaneous	  (s.c.)	  injection	  of	  saline	  on	  days	  1,	  2	  and	  3.	  On	  day	  4,	  chronic	  

treatment	  with	  morphine	   (15	  mg/kg,	   s.c.)	   began	   for	   a	   period	   of	   15	   days.	  

The	  animals	  received	  two	  injections	  of	  the	  drug	  or	  saline	  per	  day.	  Morning	  

injections	   were	   performed	   between	   9	   and	   10	   h,	   and	   evening	   injections	  

between	   18	   and	   19	   h.	   The	   acute	   locomotor	   effects	   of	   morphine	   were	  

evaluated	  10	  min	  after	  morphine	  (15	  mg/kg,	  s.c.)	  or	  saline	  injection	  on	  day	  
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4.	   During	   chronic	   drug	   treatment,	   the	   locomotion	   was	   recorded	   10	   min	  

after	  the	  morning	  injection	  every	  3	  days	  (days	  7,	  10,	  13,	  16	  and	  19).	  After	  

finishing	   chronic	   drug	   administration	   on	   day	   19,	   the	   animals	   did	   not	  

receive	  any	  treatment	  from	  day	  20	  to	  day	  25.	  On	  day	  26,	  animals	  received	  a	  

challenge	   injection	   of	  morphine	   (15	  mg/kg,	   s.c.)	   or	   saline,	   and	   locomotor	  

activity	   was	   measured	   again,	   to	   evaluate	   the	   maintenance	   of	   morphine	  

induced	   locomotor	   sensitization	   (Figure	   25).	   Mice	   were	   divided	   in	   4	  

different	  experimental	  conditions	  for	  each	  genotype	  at	  this	  time	  point	  (i.e.	  

day	   26),	   to	   better	   assess	   the	   impact	   of	   different	   morphine	   treatment	   on	  

structural	  plastic	  changes:	  
	  

1. Sal/sal	  group:	  mice	  chronically	  treated	  with	  saline	  and	  challenged	  at	  

day	  26	  with	  saline	  injection	  that	  represent	  the	  control	  group.	  

	  

2. Sal/mor	  group:	  mice	  chronically	  treated	  with	  saline	  and	  challenged	  at	  

day	  26	  with	  morphine	  injection,	  which	  allows	  to	  evaluate	  the	  effects	  

of	  an	  acute	  morphine	  injection	  on	  structural	  plasticity.	  

	  

3. Mor/sal	   group:	   mice	   chronically	   treated	   with	   morphine	   and	  

challenged	  at	  day	  26	  with	   saline	   injection,	   that	  permit	   to	  assess	   the	  

long-‐term	   morphological	   changes	   associated	   with	   a	   morphine	  

chronic	  treatment.	  

	  

4. Mor/mor	   group:	   mice	   chronically	   treated	   with	   morphine	   and	  

challenged	   at	   day	   26	   with	   morphine	   injection,	   which	   allows	   to	  

determine	   specifically	   the	   structural	   plasticity	   changes	   involved	   in	  

the	  late	  expression	  or	  maintenance	  of	  morphine	  induced	  behavioural	  

sensitization.	  
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Figure	   25:	   Schematic	   representation	   of	   the	   protocol	   used	   to	   evaluate	   the	  

sensitization	  to	  locomotor	  effects	  of	  morphine.	  

	  

Structural	  plasticity	  analysis	  

At	  day	  26,	  thirty	  minutes	  after	  the	  challenge	  injection	  of	  morphine	  or	  saline	  

(10	  min	  post	  treatment	  injection,	  15	  min	  locomotor	  activity	  recording,	  and	  

5	   additional	   min	   in	   activity	   boxes),	   mice	   were	   deeply	   anesthetized	   by	  

intraperitoneal	   injection	   (0.2	   ml/10	   g	   body	   weight)	   of	   a	   mixture	   of	  

ketamine	  (100	  mg/kg)	  and	  xylazine	  (20	  mg/kg)	  prior	  to	  rapid	  intracardiac	  

perfusion,	   delivered	  with	   a	   peristaltic	   pump	   at	   20	  ml/min,	  with	   10	  ml	   of	  

Na2HPO4/NaH2PO4/NaCl	   buffer	   (PBS)	   0.1	   M,	   pH	   7.5,	   and	   followed	   by	  

perfusion	  with	  40	  ml	  of	  4	  %	  paraformaldehyde	  (PFA)	  in	  PBS	  0.1	  M,	  pH	  7.5.	  

Brains	  were	  quickly	  removed	  from	  the	  skull	  and	  postfixed	   in	  4	  %	  PFA	  for	  

10	  min.	  Brain	  coronal	  sections	  (100	  µm)	  containing	  the	  NAc	  (Paxinos	  and	  

Franklin,	  2001)	  (from	  bregma	  1.54	  mm	  to	  bregma	  1.10	  mm)	  or	  the	  medial	  

prefrontal	  cortex	  (mPFC)	  (from	  bregma	  1.98	  mm	  to	  bregma	  1.70	  mm)	  were	  

obtained	  by	  using	  a	  vibratome	  (Leica	  VT	  1000	  S,	  Nussloch,	  Germany)	  and	  

kept	  in	  PBS	  0.1	  M	  until	  they	  were	  processed	  for	  fluorescent	  labeling.	  	  Brain	  

!
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slices	  were	   labeled	   by	   ballistic	   delivery	   of	   fluorescent	   dye	  DiI	   (Molecular	  

Probes,	   Eugene,	   OR,	   USA)	   using	   a	   gene	   gun	   apparatus	   (Helios	   Gene	   Gun	  

System,	   Bio-‐Rad,	   Deutschland)	   as	   described	   previously	   (Grutzendel	   et	   al.,	  

2003)	   and	   postfixed	   with	   PFA	   for	   4	   h	   at	   room	   temperature	   to	   further	  

preserve	  structures	  and	  to	  allow	  the	  diffusion	  of	  the	  dye	  DiI.	  Sections	  were	  

placed	   on	   microscope	   gelatine-‐coated	   slides	   and	   coverslipped	   with	  

mounting	   medium	   (Mowiol).	   Then,	   images	   were	   acquired	   with	   confocal	  

microscope	   (Leica	   TCS	   SP5	   II	   CW-‐STED,	   Germany)	   with	   a	   glycerol	  

immersion	   lens	   (63x),	   and	   an	   additional	   3x	   objective	   zoom,	   to	   analyze	  

dendritic	  spine	  density	  and	  structure.	  Individual	  medium	  spiny	  neurons	  in	  

the	   NAc	   and	   pyramidal	   neurons	   from	   the	   mPFC	   were	   chosen	   for	   spine	  

analysis	   based	   on	   several	   criteria,	   as	   described	   previously	   (Lee	   et	   al.,	  

2006):	   (i)	   there	   was	   minimal	   or	   no	   overlap	   with	   other	   labelled	   cells	   to	  

ensure	   that	   processes	   from	   different	   cells	   would	   not	   be	   confused,	   (ii)	   at	  

least	   three	  primary	  dendrites	  needed	   to	  be	  visible	   for	  cells	   to	  be	  used	   for	  

analysis	   and	   (iii)	   distal	   dendrites	   (from	   secondary	   dendrites	   to	   terminal	  

dendrites)	  were	   examined.	   Dendrites	   from	  medium	   spiny	   neurons	   in	   the	  

core	  and	   shell	  of	   the	  NAc	   (from	  bregma	  1.54	   to	  bregma	  1.10)	  and	  basilar	  

dendrites	   of	   pyramidal	   neurons	   taken	   predominantly	   from	   the	   prelimbic	  

and	  infralimbic	  areas	  of	  the	  mPFC	  (from	  bregma	  1.98	  to	  bregma	  1.70)	  were	  

analyzed.	   To	   calculate	   spine	   density,	   a	   length	   of	   dendrite	   (at	   least	   20	  µm	  

long)	   was	   traced	   by	   using	   a	   confocal	   microscope	   (Leica	   TCS	   SP5	   II	   CW-‐

STED,	  Germany)	  with	  a	  glycerol	  immersion	  lens	  (63x),	  and	  an	  additional	  3x	  

objective	   zoom.	   All	   images	   of	   dendrites	   were	   taken	   at	   different	   z	   levels	  

(0.25	  μm	  depth	   intervals)	   to	  examine	   the	  morphology	  of	  dendritic	   spines.	  

All	  measurements	  were	  made	  using	  IMAGE	  J	  analysis	  software.	  Protrusions	  

from	  dendrites	  were	  classified	   into	   five	   types	  based	  on	   their	  morphology:	  
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class	  1	  protrusions,	  also	  called	  stubby	  protuberances	  were	  0.5	  μm	  in	  length,	  

lacked	   a	   large	   spine	   head,	   and	   did	   not	   appear	   to	   have	   a	   neck;	   class	   2,	   or	  

mushroom-‐shaped	   spines	   were	   between	   0.5	   and	   1.25	   μm	   in	   length	   and	  

were	   characterized	   by	   a	   short	   neck	   and	   large	   spine	   head;	   class	   3,	   or	   thin	  

spines	   ranged	   between	   1.25	   and	   3.0	   μm	   and	   had	   elongated	   spine	   necks	  

with	  small	  heads;	  class	  4,	  or	  wide	  spine	  were	  between	  0.5	  and	  1.25	  μm	  in	  

length	  and	  were	  characterized	  by	  a	  large	  neck	  and	  a	  large	  spine	  head;	  and	  

class	   5	   or	   branched	   spine	   ranged	   between	   1.25	   and	   3.0	   μm	   and	   had	  

elongated	   spine	   necks	   with	   two	   or	   more	   spine	   heads.	   Quantification	   of	  

dendritic	  spine	  densities	  was	  performed	  in	  blind	  conditions.	  

	  

Statistical	  analysis	  

Behavioural	  data	  were	  analysed	  by	  using	  a	   three-‐way	  or	   two-‐way	  ANOVA	  	  

with	   genotype	   (between	   subjects)	   and/or	   treatment	   (between	   subjects)	  

and	   day	   (within	   subjects)	   as	   factors	   of	   variations	   (Table	   2).	   Post	   hoc	  

comparisons	  were	  performed	  by	  using	  the	  Fischer	  F-‐test	  when	  appropriate.	  

Morphological	   data	   were	   analysed	   by	   using	   a	   two-‐way	   ANOVA	   with	  

genotype	   and	   treatment	   as	   factors	   of	   variation	   (between	   subjects)	   (Table	  

3).	  Post	  hoc	  comparisons	  were	  performed	  by	  using	  the	  Fischer	  F-‐test	  when	  

appropriate.	   Student’s	   t-‐tests	   were	   achieved	   when	   assessing	   two-‐group	  

comparisons.	   Statistical	   tests	   were	   performed	   with	   Statistica©	   (StatSoft,	  

Tulsa,	  OK,	  USA).	  
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Results	  

Genetic	   deletion	   of	   CB1-R	   alters	   basal	   locomotor	   activity	   and	   acute	  

locomotor	  effects	  of	  morphine	  

CB1-‐R	  KO	  mice	  presented	  a	   lower	  basal	   locomotor	  activity	   than	  WT	  mice	  

during	  the	  habituation	  phase	  since	  the	  first	  day	  (Figure	  26	  A).	  This	  result	  is	  

in	  accordance	  with	  previous	  studies	  showing	  that	  genetic	  deletion	  of	  CB1-‐R	  

in	   C57BL6/J	   mice	   promotes	   a	   hypolocomotor	   phenotype	   (Zimmer	   et	   al.,	  

1999).	  Our	   experimental	  measures	  not	  only	   reveal	   a	   general	   alteration	  of	  

motor	  behaviour	   in	  CB1-‐R	  KO	  mice,	  but	   also	  highlight	   the	   involvement	  of	  

CB1-‐R	  in	  the	  process	  of	  habituation.	  Indeed,	  after	  three	  days	  of	  exposure	  to	  

the	   activity	   boxes,	   CB1-‐R	   KO	   mice	   displayed	   a	   decrease	   of	   their	   basal	  

locomotor	   activity	   of	   about	   63%,	  while	   this	   decrease	  was	   only	   of	   27%	   in	  

WT	   mice,	   suggesting	   that	   the	   lack	   of	   CB1-‐R	   accelerates	   the	   habituation	  

(Figure	   26	   A	   and	   C).	   Although	   of	   scientific	   interest,	   these	   behavioural	  

characteristics	   represent	   for	   our	   experimental	   measures	   a	   potential	   bias	  

that	   must	   be	   taken	   into	   consideration	   to	   accurately	   interpret	   the	  

experimental	  data	  of	  morphine	  induced	  hyperlocomotion.	  
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Figure	   26:	  Genetic	   deletion	   of	   CB1-R	   alters	   basal	   locomotor	   activity,	   acute	  
locomotor-stimulating	   effects	   of	   morphine	   and	   the	   development	   and	  
expression	   of	   locomotor	   sensitization	   to	   morphine.	   (A)	   Basal	   locomotor	  
activity	  of	  WT	  (black	  columns;	  n=60)	  and	  CB1-‐R	  KO	  (white	  columns;	  n=59)	  mice	  
during	   the	   three	   days	   of	   habituation.	   (B)	   Locomotor-‐stimulating	   effects	   of	  
morphine	   (15mg/kg,	   s.c.)	   in	  WT	  and	  CB1-‐R	  KO	  mice.	  Day	  4	   represents	   the	   acute	  
effect	   of	   morphine,	   day	   19	   represents	   the	   sensitization	   effect	   at	   the	   end	   of	   the	  
chronic	   treatment	   (induction	   phase),	   and	   the	   maintenance	   or	   late	   expression	   of	  
sensitization	   is	  shown	  on	  day	  26.	   	  From	  day	  4	  to	  19,	  mice	  of	  each	  genotype	  were	  
treated,	   twice	   daily,	   with	  morphine	   (black	   columns;	  WT,	   n=31;	   CB1-‐R,	   n=28)	   or	  
saline	   (white	   columns;	  WT,	  n=29;	  CB1-‐R,	  n=31).	  At	  day	  26,	   after	  1	  week	  without	  
treatment,	   mice	   chronically	   treated	   with	   saline	   received	   either	   an	   injection	   of	  
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saline	   (white	   columns;	   WT,	   n=16;	   CB1-‐R	   KO,	   n=17),	   or	   morphine	   (light	   grey	  
columns;	   WT,	   n=13;	   CB1-‐R	   KO,	   n=14);	   similarly,	   mice	   chronically	   treated	   with	  
morphine	   received	   either	   an	   injection	   of	   saline	   (dark	   grey	   columns;	   WT,	   n=12;	  
CB1-‐R	   KO,	   n=12)	   or	  morphine	   (black	   columns;	  WT,	   n=19;	   CB1-‐R	   KO,	   n=16).	   (C)	  
Table	  showing	  the	  percentage	  of	  increase	  or	  decrease	  of	  locomotor	  activity	  in	  WT	  
and	  CB1-‐R	  mice,	  triggered	  by	  the	  habituation	  procedure	  (HAB:	  comparision	  day	  3	  
vs.	  day	  1),	  an	  acute	  injection	  of	  morphine	  (ACUTE:	  comparison	  day	  4	  vs.	  day	  3),	  a	  
morphine	   injection	   after	   chronic	   treatment	   (INDUCTION:	   comparison	   day	   19	   vs.	  
day	  4),	  and	  challenge	  injection	  of	  morphine	  (EXPRESSION:	  comparision	  day	  26	  vs.	  
day	  4).	  Data	  are	  expressed	  as	  mean	  of	   the	   total	  number	  photocells	  beam	  crossed	  
during	  the	  15	  min	  session,	  ±	  s.e.m.	   	  P<	  0.05,	   	  P<0.01,	   	  P	  <	  0.001	  	  (WT	  
vs.	  CB1-‐R	  KO,	  Fisher	  F-‐test);	  ###	  P	  <	  0.001	  (comparison	  vs.	  day	  1,	  Fisher	  F-‐test);	  
	  P<0.05,	   	  P<0.01,	   	  P	  <	  0.001	  	  	  (morphine-‐	  treated	  vs.	  saline-‐treated	  

mice,	  Fisher	  F-‐test);	  @	  P	  <	  0.05,	  @@	  P<0.01,	  @@@	  P	  <	  0.001	  (comparison	  vs.	  day	  
4,	  Fisher	  F-‐test).	  	  
	  

Morphine	  acute	  effects	  were	  evaluated	  at	  day	  4.	  Both	  genotypes	  displayed	  a	  

significant	  enhancement	  of	  their	  locomotor	  activity	  in	  response	  to	  this	  first	  

morphine	   injection,	   when	   compared	   to	   their	   saline	   treated	   counterparts.	  

No	   statistical	   differences	   in	   the	   absolute	   locomotor	   values	  were	  observed	  

between	  morphine-‐treated	  mice	  of	  both	  genotypes	  (Figure	  26B).	  However,	  

it	  is	  important	  to	  note	  that	  the	  increment	  of	  locomotor	  activity	  induced	  by	  

acute	   injection	   of	  morphine	  was	   5	   times	   higher	   in	   CB1-‐R	  KO	   than	   in	  WT	  

mice	   in	   proportion	   to	   their	   respective	   basal	   activity	   established	   at	   day	   3	  

(Figure	  26C).	  Therefore,	  our	  results	  suggest	  that	  CB1-‐R	  plays	  an	  important	  

modulatory	  role	  in	  the	  acute	  locomotor	  effects	  of	  morphine,	  as	  its	  absence	  

leads	   to	   a	   disproportionate	   enhancement	   of	   acute	   morphine-‐induced	  

hyperlocomotion.	  
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The	   lack	   of	   CB1-R	   prevents	   the	   induction	   locomotor	   sensitization	   to	  

morphine,	  and	  promotes	  the	  development	  of	  a	  tolerance-like	  process	  

to	  morphine-induced	  hyperlocomotion	  

Following	   repeated	   intermittent	   administration	   of	   morphine,	   WT	   mice	  	  

displayed	   sensitized	   responses	   to	   the	   locomotor	   effects	   of	   morphine.	  

Indeed,	  at	  day	  19,	  morphine	  (15mg/kg)	  produced	  a	  higher	  hyperlocomotor	  

effect	  in	  WT	  mice	  than	  initially	  (day	  4)	  (Figure	  26B).	  In	  sharp	  contrast,	  this	  

drug	  regimen	  failed	  to	  further	  increase	  the	  acute	  hyperlocomotor	  effect	  of	  

morphine	   in	   CB1-‐KO	   mice,	   and	   even	   leaded	   to	   the	   development	   of	   the	  

opposite	   behavioural	   outcome,	   i.e.,	   decrease	   of	   morphine’s	   initial	   effect	  

(Figure	  26B).	  The	  locomotor	  sensitization	  starts	  as	  soon	  as	  four	  days	  after	  

the	  initiation	  of	  morphine	  chronic	  treatment	  (day	  7),	  and	  the	  lack	  of	  CB1-‐R	  

disrupts	  the	  induction	  of	  this	  phenomenon.	  Thus,	  while	  WT	  mice	  displayed	  

an	  enhancement	  of	  55,7%	  of	  their	   initial	   locomotor	  response	  to	  morphine	  

at	  day	  7	  ,	  CB1-‐KO	  mice	  showed	  similar	  locomotor	  responses	  between	  day	  4	  

and	  day	  7	  (Figure	  27A	  and	  B).	  These	  sensitized	  responses	  remained	  stable	  

all	   over	   the	   chronic	   treatment	   in	   WT	   mice,	   whereas	   in	   CB1-‐R	   KO	   mice	  

repeated	   exposure	   to	   morphine	   produced	   a	   progressive	   decrease	   of	   the	  

acute	   hyperlocomotor	   effects	   of	   this	   drug,	   which	   reached	   statistical	  

significance	   from	   day	   10	   to	   day	   19	   (Figure	   26	   A	   and	   B).	   Therefore,	   the	  

genetic	   deletion	   of	   CB1-‐R	   prevents	   the	   development	   of	   locomotor	  

sensitization	   and	   promotes	   the	   appearance	   of	   tolerance-‐like	   process	   to	  

morphine	   hyperlocomotor	   effects	   during	   chronic	   administration.	   This	  

process	   seems	   specific	   to	   morphine	   effects	   since	   locomotor	   activity	   of	  

saline	   treated	   CB1-‐R	   KO	   mice	   remained	   stable	   during	   the	   same	   period	  

(Figure	  27B).	  	  
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Figure	  27:	  Lack	  of	  CB1-R	  prevents	  morphine	  induced	  locomotor	  sensitization	  
and	   promotes	   tolerance	   to	   morphine	   hyperlocomotor	   effects	   during	   the	  
chronic	   treatment.	   Locomotor	   activity	   of	   saline-‐treated	   (white	   columns;	   WT,	  
n=29;	   CB1-‐R,	   n=31)	   and	   morphine-‐treated	   (black	   columns;	   WT,	   n=31;	   CB1-‐R,	  
n=28)	  WT	  (A)	  and	  CB1-‐R	  KO	  (B)	  mice	  during	  the	  chronic	  treatment	  (from	  day	  4	  to	  
19).	   Data	   are	   expressed	   as	   mean	   of	   the	   total	   number	   photocells	   beam	   crossed	  
during	  the	  15	  min	  session,	  ±	  s.e.m.	   	  	  P	  <	  0.05,	   	  P	  <	  0.01	  (comparison	  vs	  day	  4,	  
Fisher	  F-‐test).	   	  P<0.05	   	  P	  <	  0.01,	   	   	  P	  <	  0.001	  (morphine	  vs	  saline,	  
Fisher	  F-‐test).	  	  

	  

Deletion	   of	   CB1-R	   reduces	   the	   expression	   of	  morphine	   sensitization	  

after	  chronic	  treatment	  disruption	  

After	   7	   days	   of	   cessation	   of	   the	   morphine	   chronic	   treatment,	   mice	   were	  

challenged	   with	   a	   similar	   dose	   of	   morphine	   (15mg/kg)	   to	   evaluate	   the	  

maintenance	  of	  behavioural	  sensitization	  (day	  26).	   	  Our	  results	  show	  that	  

once	   established,	   sensitized	   locomotor	   responses	   to	   morphine	   can	   be	  
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maintained	   for	   at	   least	   one	   week	   in	   WT	   mice	   after	   chronic	   treatment	  

disruption	   (Figure	   26B).	   Thus,	   morphine	   sensitization	   may	   rely	   on	  

enduring	  forms	  of	  neuronal	  plasticity	  changes.	  Moreover,	  we	  also	  observed	  

that	   the	   sensitized	   locomotor	   responses	   to	   morphine	   were	   significantly	  

more	   important	   at	   this	   time	   point	   than	   during	   the	   chronic	   treatment	  

(increased	   by	   98,4%	   day	   26	   vs	   day	   19)(Figure	   26B),	   highlighting	   the	  

emergence	   of	   additional	   neuronal	   adaptations	   after	   chronic	   morphine	  

treatment	  disruption.	  	  

On	   the	   other	   hand,	   tolerance	   to	   the	   hyperlocomotor	   effects	   of	   morphine	  

was	  no	  longer	  revealed	  in	  CB1-‐R	  KO	  mice	  that	  received	  a	  challenge	  dose	  of	  

morphine	   after	   one	   week	   of	   chronic	   treatment	   cessation	   (Figure	   26B).	  

Thus,	  the	  neuronal	  adaptations	  mediating	  tolerance	  to	  the	  hyperlocomotor	  

effects	   of	   morphine	   are	   not	   as	   persistent	   than	   those	   underlying	  

sensitization.	   Interestingly,	   the	   ability	   of	  morphine	   to	   enhance	   locomotor	  

activity	   in	   CB1-‐R	   KO	  mice	   was	   not	   only	   restored	   after	   chronic	  morphine	  

treatment	  disruption,	  but	  this	  hyperlocomotion	  was	  also	  sensitized	  at	  this	  

time	  point.	  Indeed,	  we	  observed	  that	  the	  challenge	  injection	  of	  morphine	  at	  

day	  26	  produces	  significantly	  higher	  hyperlocomotion	  than	  acute	  morphine	  

injection	  at	  day	  4	  in	  CB1-‐R	  KO	  mice	  (Figure	  26B	  and	  C).	  This	  result	  suggests	  

that	   chronic	   morphine	   treatment	   may	   also	   trigger	   the	   generation	  

sensitization-‐related	  plastic	  changes	  in	  CB1-‐R	  KO	  mice	  after	  the	  disruption	  

of	   the	   chronic	   treatment.	   However,	   it	   is	   important	   to	   note	   that	   the	  

sensitized	   responses	   induced	   by	   challenge	   injection	   of	   morphine	   were	  

significantly	  smaller	  in	  CB1-‐R	  KO	  mice	  than	  in	  WT	  mice	  (Figure	  25C).	  	  

At	   day	   26,	   mice	   from	   both	   genotypes	   were	   divided	   in	   four	   experimental	  

groups	   to	   better	   assess	   the	   impact	   of	   different	   morphine	   treatments	   on	  
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structural	   plasticity	   changes.	   Thus,	   WT	   and	   CB1-‐R	   KO	   mice	   chronically	  

treated	  with	   saline	   received	   either	   a	   challenge	   injection	   of	   saline	   (sal/sal	  

group)	  or	  morphine	  (sal/mor	  group)	  at	  day	  26	  to	  evaluate	  the	  impact	  of	  an	  

acute	   exposure	   to	  morphine	   on	   structural	   plasticity.	   Similarly,	  mice	   from	  

both	   genotypes	   chronically	   treated	   with	   morphine	   received	   either	   a	  

challenge	   injection	   of	   saline	   (mor/sal	   group)	   or	   morphine	   (mor/mor	  

group)	  at	  day	  26,	  to	  distinguish	  the	  structural	  changes	  specifically	  involved	  

in	   the	   late	   expression	   of	  morphine	   sensitization	   from	   those	   associated	   to	  

the	   disruption	   of	   the	   chronic	   morphine	   treatment.	   Mice	   from	   both	  

genotypes	   receiving	   an	   acute	   injection	   of	   morphine	   at	   day	   26	   (sal/mor	  

group)	  behaved	  similarly	  than	  their	  respective	  counterparts	  receiving	  this	  

acute	   injection	   at	   day	   4.	   In	   addition,	   both	   CB1-‐R	   KO	   and	   WT	   mice	  

chronically	   treated	   with	   morphine	   that	   received	   a	   challenge	   injection	   of	  

saline	   at	   day	   26	   did	   not	   show	   any	   significant	   hyperlocomotor	   effects	   in	  

response	  to	  the	  re-‐exposure	  to	  the	  drug	  associated	  context	  (Figure	  26C).	  

	  

	  

Genetic	  deletion	  of	  CB1-R	  produces	  basal	  morphological	  impairments	  

and	   “exacerbates”	   the	   structural	  plasticity	   changes	   induced	  by	  acute	  

morphine	  in	  the	  mesocorticolimbic	  circuit	  

Thirty	  minutes	  after	  the	  administration	  of	  the	  challenge	  dose	  of	  morphine	  

or	   saline,	  mice	  were	   sacrificed	   and	  medium	   spiny	   neurons	   from	   the	   NAc	  

shell	  and	  core,	  and	  pyramidal	  neurons	  from	  the	  mPFC	  were	  stained	  with	  a	  

ballistic	   delivery	   of	   a	   DiI	   colorant	   to	   perform	   the	   structural	   analysis.	   The	  

comparison	  of	  dendritic	  spines	  density	  in	  mice	  never	  exposed	  to	  morphine	  

(sal/sal	   groups)	   reveals	   that	   the	   deletion	   of	   CB1-‐R	   alters	   basal	   neuronal	  

morphology	   in	   the	  NAc	  core.	   Indeed,	  saline/saline-‐treated	  CB1-‐R	  KO	  mice	  
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present	  a	  decreased	  total	  spine	  density	  in	  the	  NAc	  core	  when	  compared	  to	  

saline/saline-‐treated	   WT	   mice	   (Figure	   28).	   This	   basal	   morphological	  

alteration	   may	   be	   the	   consequence	   of	   an	   impairment	   of	   brain	  

developmental	  processes	  due	  to	  the	  absence	  of	  CB1-‐R.	  Indeed,	  CB1-‐R	  plays	  

an	  important	  role	  in	  neural	  progenitor	  proliferation,	  axonal	  navigation	  and	  

synapse	   formation	   during	   embryonic	   neuronal	   development	   (Fernández-‐

Ruiz	  et	  al.,	  2000;	  Diaz-‐Alonso	  et	  al.,	  2012).	  In	  addition,	  several	  studies	  also	  

reported	   alterations	   in	   neuronal	   morphology	   in	   different	   brain	   areas	   in	  

CB1-‐R	   KO	   mice	   (Ballesteros-‐Yanez	   et	   al.,	   2007a;	   Hill	   et	   al.,	   2011).	   This	  

structural	   alteration	   could	   account	   for	   basal	   behavioural	   impairments	  

observed	   in	   these	  mutant	  mice,	   such	   as	   their	   basal	   hypoactivity	   (present	  

study;	  Zimmer	  et	  al.,	  1999).	  

Furthermore,	  our	  morphological	  analysis	  reveals	  that	  an	  acute	  injection	  of	  

morphine	   do	   not	   produce	   any	   significant	   change	   in	   the	   total	   number	   of	  

dendritic	  spines	   in	  any	  of	   the	  three	  studied	  areas	   in	  WT	  mice.	   In	  contrast,	  

the	   same	   acute	   administration	   of	   morphine	   significantly	   increases	   gobal	  

dendritic	  spines	  density	  in	  the	  NAc	  shell	  and	  core	  in	  CB1-‐R	  KO	  mice	  (Figure	  

28).	  	  
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Figure	   28:	   Structural	   plasticity	   changes	   induced	   by	   morphine	   in	   the	  
mesocorticolimbic	  circuit	  are	  dependent	  on	   the	  activity	  of	  CB1-R.	   llustration	  
of	  DiI-‐labeled	  dendrites	  of	  medium	  spiny	  neurons	   in	   the	  NAc	   shell	   (A),	  NAc	   core	  
(C)	  and	  DiI-‐labeled	  basilar	  dendrites	  of	  pyramidal	  neurons	  in	  the	  mPFC	  (E)	  of	  WT	  
and	   CB1-‐R	   KO	   mice	   chronically	   treated	   with	   saline	   and	   receiving	   at	   day	   26	   an	  
injection	   of	   saline	   (S/S	   and	   Sal/Sal)	   or	  morphine	   (S/M	  and	   Sal/Mor);	   and	  of	  WT	  
and	  CB1-‐R	  KO	  mice	  chronically	  treated	  with morphine and	  receiving	  at	  day	  26	  an	  
injection	   of	   saline	   (M/S	   and	   Mor/Sal)	   or	   morphine	   (M/M	   and	   Mor/Mor).	  	  
Quantification	  of	   total	  dendritic	   spines	  density	   (number/10	  µm)	   in	  neurons	   from	  
the	  NAc	  shell	  (B),	   core	  (D)	  and	  mPFC	  (F)	   in	   the	  different	  experimental	  groups	  of	  
WT	   and	   CB1-‐R	   KO	   mice.	   Data	   represents	   the	   average	   of	   42-‐52	   dendrites	   per	  
experimental	   group;	   a	   total	   of	  6-‐8	  dendrites	  per	   animal	   (n=7-‐8	  per	   experimental	  
group)	   and	   brain	   area	   were	   analyzed;	   and	   no	   more	   than	   2	   dendrites	   were	  
evaluated	   from	  the	  same	  neuron.	  Data	  are	  expressed	  as	  mean	  ±	  s.e.m.	  &	  P	  <	  0.05	  
(comparision	   vs.	   Mor/Sal,	   Fisher	   F-‐test);	   @	   P	   <	   0.05	   (comparision	   vs.	   Sal/Sal,	  
Fisher	  F-‐test);	   	  P	  <	  0.05,	   	  P	  <	  0.01	  	  (WT	  vs.	  CB1-‐R	  KO	  mice,	  Fisher	  F-‐test);	   	  
P	   <	   0.05,	   	   P	   <	   0.01	   (comparison	   vs.	   Sal/Sal,	   Student’s	   t-‐test);	   	   P	   <	   0.05	  
(comparision	   vs.	   Mor/Sal,	   Student’s	   t-‐test);	   #	   P	   <	   0.05	   (WT	   vs.	   CB1-‐R	   KO	   mice,	  
Student’s	  t-‐test).	  
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As	   dendritic	   spines	   vary	   morphologically	   in	   length	   and	   shape	   and	  

consequently	  in	  their	  biophysical	  characteristics,	  stability	  and	  physiological	  

functions	   (see	   introduction),	   we	   evaluated	   the	   particular	   types	   of	   spines	  

(see	   methods)	   that	   result	   specifically	   involved	   in	   morphine-‐induced	  

structural	   plasticity	   changes.	   This	   analysis	   reveals	   that	   acute	   morphine	  

increases	   specifically	   the	   dendritic	   density	   of	  mushroom-‐type	   in	   the	   NAc	  

shell	   and	   stubby-‐types	   in	   the	   NAc	   core	   in	   CB1-‐R	   KO	   mice	   (Table	   1).	  

Interestingly,	  although	  	  global	  changes	  in	  dendritic	  spines	  density	  were	  not	  

revealed	   in	   WT	   mice	   after	   a	   single	   injection	   of	   morphine,	   this	   detailed	  

analysis	   shows	   that	   acute	   morphine	   administration	   increases	   the	  

proportion	  of	  stubby-‐types	  spines	  in	  the	  NAc	  shell	  and	  mushroom-‐types	  in	  

the	  NAc	  core	  (Figure	  29A	  and	  B).	  	  	  

In	   summary,	   our	   results	   show	   that	   acute	   morphine	   exposure	   produces	  

structural	  plasticity	  changes	  in	  the	  mesocorticolimbic	  circuit	  in	  WT	  mice	  by	  

modifying	  the	  morphology	  of	  pre-‐existing	  spines	  in	  the	  NAc	  core	  and	  shell.	  

In	   addition,	   our	   results	   suggest	   that	   acute	   morphine-‐induced	   structural	  

changes	  in	  the	  mesocoticolimbic	  circuit	  could	  be	  dependent	  of	  the	  activity	  

of	  the	  endogenous	  cannabinoid	  system,	  as	  the	  lack	  of	  CB1-‐R	  “exacerbates”	  

these	   neuronal	   adaptations.	   Indeed,	   acute	   morphine	   exposure	   leads	   to	  

increase	  global	  spines	  density	  in	  the	  NAc	  core	  and	  shell	  in	  CB1-‐R	  KO	  mice,	  

but	  not	  in	  WT	  mice.	  	  
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Figure	   29:	   Acute	  morphine	   induces	   spines	  morphology	   changes	   in	   the	   NAc	  
shell	  and	  core	  in	  WT	  mice	  .	  Quantification	  of	  the	  density	  (number/10	  µm)	  of	  the	  
different	   types	   of	   spines	   in	   the	   NAc	   shell	   (A)	   NAc	   core	   (B)	   in	   WT	   mice.	   Acute	  
morphine	   increases	   the	   density	   of	   stubby-‐types	   spines	   in	   the	   NAc	   shell	   (A)	   and	  
mushroom-‐types	   in	   the	   NAc	   core	   (B)	   in	   WT	   mice,	   without	   changing	   the	   global	  
spines	  density	  in	  these	  regions	  (Figure	  28B	  and	  D).	  Data	  represents	  the	  average	  of	  
42-‐52	  dendrites	  per	  experimental	  group;	  a	  total	  of	  6-‐8	  dendrites	  per	  animal	  (n=7-‐8	  
per	   experimental	   group)	   and	   brain	   area	   were	   analyzed;	   and	   no	   more	   than	   2	  
dendrites	  were	   evaluated	   from	   the	   same	   neuron.	   Data	   are	   expressed	   as	  mean	   ±	  
s.e.m.	   	   P	   <	   0.01	   (comparison	   vs.	   Sal/Sal,	   Student’s	   t-‐test);	   #	   P	   <	   0.05	  
(comparison	  vs.	  Sal/Sal,	  Fisher	  F-‐test).	  MUSH.:	  mushroom,	  BRAN.:	  branched.	  
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The	  lack	  of	  CB1-R	  differentially	  alters	  the	  structural	  plasticity	  changes	  

induced	  by	  chronic	  morphine	  treatment	  and	  morphine	  re-exposure	  in	  

the	  NAc	  and	  mPFC	  

After	  one	  week	  of	  abstinence	  from	  a	  chronic	  morphine	  treatment	  (mor/sal	  

group),	   we	   did	   not	   observe	   any	   significant	   structural	   change	   in	   the	   NAc	  

shell	  and	  core	  in	  WT	  mice,	  neither	  in	  the	  global	  dendritic	  spines	  density	  nor	  

in	  the	  density	  of	  the	  differents	  sub-‐types	  of	  spines	  (Figure	  28	  and	  Table	  1).	  

Similarly,	  no	  major	  stuctural	  plasticity	  changes	  were	  found	  in	  the	  NAc	  core	  

and	  shell	  in	  morphine/saline-‐treated	  CB1-‐R	  KO	  mice,	  altought	  an	  increased	  

proportion	   of	   stubby-‐types	   spines	  was	   revealed	   in	   the	   NAc	   core	   in	   these	  

animals	   (Figure	   28	   and	   Table	   1).	   Globally,	   these	   results	   suggest	   that	   the	  

morphological	   changes	   induced	   by	   acute	   morphine	   exposure	   in	   the	   NAc	  

core	  and	  shell	  are	  not	  persistent	  and	  disappear	  rapidly	  after	  the	  disruption	  

of	   the	   treatment.	   Nevertheless,	   a	   tendency	   to	   enhance	   global	   dendritic	  

spine	  density	  in	  the	  NAc	  shell	  was	  revealed	  in	  morphine/saline-‐treated	  WT	  

mice	   when	   compared	   with	   saline/saline-‐treated	   WT	   mice	   (P=0.097,	  

Student’s	  t-‐test)	  (Figure	  28).	  These	  results	  could	  reflect	  that	  the	  disruption	  

of	   chronic	  morphine	   treatment	  might	   be	   associated	  with	   the	   progressive	  

waning	   of	   structural	   changes	   established	   during	   the	   morphine	   chronic	  

treatment	  in	  the	  NAc	  shell.	  This	  hypothetical	  process	  may	  be	  absent	  or	  have	  

a	  shorter	  duration	  in	  CB1-‐R	  KO	  mice.	  

In	  contrast,	  we	  observed	  that	  the	  disruption	  of	  chronic	  morphine	  treatment	  

(mor/sal	   group)	   was	   associated	   with	   a	   significant	   increase	   of	   dendritic	  

spines	  density	  in	  the	  mPFC	  in	  CB1-‐R	  KO	  and	  WT	  mice	  (Figure	  28).	  In	  both	  

genotypes,	   these	   changes	   in	   the	  mPFC	  were	  mainly	   due	   to	   an	   increase	   of	  

the	  density	  of	  thin-‐types	  spines	  (Table	  1).	  These	  results	  suggest	  that	  CB1-‐R	  
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is	   not	   involved	   in	   the	   generation	   of	   these	   changes.	   However,	   dendritic	  

spines	   density	   in	   morphine/saline-‐treated	   WT	   mice	   were	   significantly	  

higher	   than	   in	   the	   equivalent	   CB1-‐R	   KO	   mice	   group	   in	   this	   brain	   area	  

(Figure	   28).	   Thus,	   CB1-‐R	   is	   certainly	   not	   necessary	   for	   the	   formation	   of	  

these	   changes,	   although	   its	   genetic	   deletion	   appears	   to	   reduce	   their	  

magnitude.	  

Finally,	   the	  morphological	  analysis	   in	  morphine/morphine-‐treated	  groups	  

revealed	  that	  the	  injection	  of	  a	  challenge	  dose	  of	  morphine	  one	  week	  after	  

the	   disruption	   of	   the	   chronic	   treatment	   significantly	   increases	   total	  

dendritic	   spines	   density	   in	   the	   NAc	   shell	   and	   core	   in	   WT	   mice,	   when	  

compared	  with	  saline/saline	  treated	  WT	  mice	  and	  morphine/saline-‐treated	  

WT	  mice,	  respectively.	  In	  the	  NAc	  core,	  these	  changes	  were	  also	  significant	  

when	  compared	  to	  the	  morphine/morphine-‐treated	  CB1-‐R	  KO	  mice	  (Figure	  

28).	   The	   structural	   changes	   observed	   in	  WT	  mice	  were	  mainly	   due	   to	   an	  

increase	   in	   stubby	   and	   branched	   types	   spines	   density	   in	   the	   NAc	   shell,	  

while	   in	   the	   NAc	   core	   these	   changes	   rely	   on	   an	   increase	   of	   thin	   spines	  

(Table	   1).	   In	   contrast,	   similar	   challenge	   injection	   did	   not	   produce	  

significant	  global	  spines	  density	  changes	   in	  CB1-‐R	  KO	   in	  both	  sub-‐regions	  

of	   the	   NAc	   (Figure	   28)	   although	   leaded	   to	   enhance	   the	   proportion	  

mushroom-‐types	  spines	   in	  the	  NAc	  shell	  and	  mushroom	  and	  stubby-‐types	  

spines	  in	  the	  NAc	  core	  (Figure	  30).	  On	  the	  other	  hand,	  our	  results	  show	  that	  

a	   challenge	   dose	   of	   morphine	   decreases	   the	   prior	   enhancement	   of	   total	  

spines	  density	   in	  mPFC	   that	  has	  been	  revealed	  after	   the	  disruption	  of	   the	  

chronic	  morphine	   treatment	   in	  both	  genotypes	   (Figure	  28).	  These	   results	  

further	   indicate	  that	  structural	  changes	   in	  the	  mPFC	  associated	  to	  chronic	  

morphine	   treatment	   and	   re-‐exposure	   are	   in	   part	   independent	   of	   CB1-‐R	  

activity.	  
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Figure	   30:	   Re-exposure	   to	   morphine	   after	   disruption	   of	   the	   chronic	  
treatment	   induces	   spines	  morphology	   changes	   in	   the	  NAc	   shell	   and	   core	   in	  
CB1-R	   KO	  mice.	  Quantification	   of	   the	   density	   (number/10	   µm)	   of	   the	   different	  
types	   of	   spines	   in	   the	   NAc	   shell	   (A)	   NAc	   core	   (B)	   	   in	   CB1-‐R	   KO	  mice.	   Challenge	  
injection	  of	  morphine	  increases	  the	  density	  of	  mushroom-‐types	  spines	  in	  the	  NAc	  
shell	  (A)	  and	  stubby-‐types	  and	  mushroom-‐types	  spines	  in	  the	  NAc	  core	  (B)	  in	  CB1-‐
R	  KO	  mice,	  without	  altering	  the	  total	  spines	  density	  in	  these	  area	  (Figure	  28B	  and	  
D).	  Data	  represents	  the	  average	  of	  42-‐52	  dendrites	  per	  experimental	  group;	  a	  total	  
of	  6-‐8	  dendrites	  per	  animal	  (n=7-‐8	  per	  experimental	  group)	  and	  brain	  area	  were	  
analyzed;	   and	   no	  more	   than	   2	   dendrites	  were	   evaluated	   from	   the	   same	   neuron.	  
Data	  are	  expressed	  as	  mean	  ±	  s.e.m.	   	  P	  <	  0.05,	  (comparison	  vs.	  Sal/Sal,	  Student’s	  
t-‐test);	   #	   P	   <	   0.05	   (comparison	   vs.	   Sal/Sal,	   Fisher	   F-‐test).	   MUSH.:	   mushroom,	  
BRAN.:	  branched.	  
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In	   summary,	   our	   study	   demonstrates	   that	   morphine-‐induced	   structural	  

plasticity	   in	   the	   NAc	   and	   mPFC	   is	   a	   dynamic	   phenomenon	   that	   evolves	  

during	  the	  time	  course	  of	  the	  sensitization	  process.	  Indeed,	  our	  data	  in	  WT	  

mice	   show	   that	   a	   single	   morphine	   administration	   triggers	   spines	  

morphology	   changes	   in	   the	   NAc	   core	   and	   shell,	   which	   can	   potentially	  

participate	   in	   the	   acute	   hyperlocomotor	   effects	   of	   morphine.	   In	   addition,	  	  

structural	  plasticity	  changes	  were	  no	  longer	  observed	  in	  the	  NAc	  core	  after	  

the	   disruption	   of	   chronic	   morphine	   treatment,	   whereas	   increased	   spines	  

density	  in	  the	  mPFC	  was	  revealed	  at	  this	  time	  point,	  which	  can	  potentially	  

support	  the	  long-‐term	  maintenance	  of	  morphine	  sensitization	  in	  WT	  mice.	  

Finally,	   re-‐exposure	   to	   morphine	   one	   week	   after	   the	   cessation	   of	   the	  

chronic	  treatment	  produces	  in	  WT	  mice	  	  further	  spines	  density	  changes	  in	  

all	   the	   three	   brain	   areas	   studied.	   This	   challenge	   dose	   of	   morphine	   after	  

chronic	   treatment	   produces	   higher	   hyperlocomotor	   effects	   and	   more	  

extended	  structural	  changes	  in	  the	  mesocorticolimbic	  system	  than	  the	  first	  

acute	  injection.	  The	  enhancement	  of	  morphine	  induced	  structural	  plasticity	  

after	   chronic	  morphine	   treatment	   could	   represent	   a	   neuronal	  mechanism	  

underlying	   morphine	   sensitization.	   Finally,	   our	   results	   highlight	   the	  

involvement	  of	  CB1-‐R	  in	  morphine-‐induced	  structural	  plasticity	  in	  the	  NAc	  

core	  and	  shell	  and	  in	  lesser	  extent	  in	  the	  mPFC,	  which	  can	  possibly	  account	  

for	   the	   altered	   acute	   hyperlocomotor	   effects	   of	   morphine	   and	   impaired	  

morphine-‐induced	  locomotor	  sensitization	  observed	  in	  CB1-‐R	  KO	  mice.	  
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Table	   1:	   Dendritic	   density	   of	   thin,	   stubby,	   mushroom,	   wide	   and	   branched	  
types	  spines	  in	  WT	  and	  CB1-R	  KO	  mice.	  Data	  are	  expressed	  as	  mean	  (±	  s.e.m)	  of	  
the	   density	   (number/10	   µm)	   of	   each	   spine	   sub-‐types	   measured	   in	   n=	   42	   to	   52	  
dendrites	  per	  experimental	  group	  (i.e.	  7	   to	  8	  animals	  per	  group,	  6	   to	  8	  dendrites	  
analyzed	   per	   animals	   and	   brain	   area,	   no	  more	   than	   2	   dendrites	   were	   evaluated	  
from	  the	  same	  neuron).	  $	  P	  <	  0.05,	  $$	  P	  <	  0.01	  (comparison	  vs.	  S/S,	  Fisher	  F-‐test);	  §	  
P	  <	  0.05,	  §§§	  P	  <	  0.001	  (WT	  vs.	  CB1-‐R	  KO,	  Fisher	  F-‐test);	  €€	  P	  <	  0.01	  (comparison	  
vs.	  M/S,	  Fisher	  F-‐test);	  ##	  P	  <	  0.01,	  ###	  P<	  0.001	  (comparison	  vs.	  S/S,	  Student’s	  t-‐
test);	  @	  P	  <	  0.05,	   	  @@	  P	  <	  0.01,	  @@@	  P<	  0.001	   (WT	  vs.	   CB1-‐R	  KO,	   Student’s	   t-‐
test);	  %	  P	  <	  0.05	  (comparison	  vs.	  M/S,	  Student’s	   t-‐test).	  S/S:	   saline/saline	  group;	  
S/M:	   saline/morphina	   group;	   M/S:	   morphine/saline	   group;	   M/M:	  
morphine/morphine	  group.	  
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Table	  2:	  Statistical	  analysis	  of	  habituation	  and	  locomotor	  effects	  of	  morphine	  
in	  WT	  and	  CB1-R	  KO	  mice.	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Table	   3:	   Statiscal	   analysis	   of	   the	   effects	   of	   morphine	   on	   dendritic	   spines	  
density	  in	  the	  NAc	  shell,	  core	  and	  mPFC	  in	  WT	  and	  CB1-R	  KO	  mice.	  	  
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Drug	  addiction	  is	  charactherized	  by	  recurrent	  episodes	  of	  drug	  relapse	  that	  

can	  even	  occur	  after	  long	  periods	  of	  drug	  abstinence	  (Stewart,	  2008).	  This	  

behavioural	   abnormality	   is	   therefore	   a	   major	   problem	   to	   obtain	   the	  

recovery	  of	  drug	  addicts,	  and	  understanding	  its	  underlying	  neurobiological	  

mechanisms	  represents	  a	  primary	  challenge	  for	  the	  treatment	  of	  addiction.	  

Relapse	   to	  drug	  consumption	   is	  often	   triggered	   in	  human	  addicts	  by	  a	  re-‐

exposition	   to	   drug-‐associated	   environmental	   stimuli,	   such	   as	   drug	  

paraphernalia	   (e.g.	   syringes,	   crack	   pipes)	   and	   place	   or	   people,	   where	   or	  

with	  whom	  they	  used	  to	  take	  drugs	  (Carter	  BL,	  Tiffany	  1999).	  	  These	  drug-‐

related	  cues	  may	  lead	  to	  “re-‐activate”	  drug’s	  memories	  and	  produce	  intense	  

feeling	   of	   drug	   craving	   in	   humans	   (Grant	   et	   al.,	   1996).	   This	   unconscious	  

drive	   to	   consume	   drugs	   is	   thought	   to	   be	   a	   determinant	   factor	   that	  

challenges	  addicts’	  own	  willpower	  in	  controlling	  their	  drug	  consumption	  or	  

the	   possible	  maintenance	   of	   abstinence.	   In	   animals,	   such	   drug	   associated	  

cues	   lead	   to	   reinstate	   drug-‐seeking	   behaviour	   even	   after	   devaluation	   of	  

their	   drug	   predictive	   value	   or	   prolonged	   protracted	   drug	   withdrawal	  

(Weiss,	  2010).	  On	  the	  other	  hand,	  growing	  evidences	  suggest	  the	  existence	  

of	   some	   form	   of	   “food	   addiction”,	   and	   obese	   humans	   often	   self-‐reported	  

feelings	  of	   food	  craving	   that	   contribute	   to	   their	   excessive	   food	   intake	  and	  

unsuccessful	  diet	  control	  (Wilson,	  2010).	  In	  animals,	  these	  food-‐associated	  

cues	   promote	   reinstatement	   of	   food-‐seeking	   behaviour,	   an	   effect	   that	   is	  

potentiated	  along	  dieting	  period	  from	  a	  previous	  extend	  access	  to	  palatable	  

food	  (Avena	  et	  al,	  2008).	  

Recent	   research	   on	   this	   topic	   has	   identified	   several	   brain	   structures	  

implicated	   in	  drug	  and	   food	  craving	  and	   relapse	   (Weiss,	  2005;	  Nair	  et	   al.,	  

2009).	  	  Among	  them,	  the	  HPC	  and	  the	  NAc	  have	  shown	  to	  play	  a	  prominent	  
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role	  in	  these	  processes	  (Weiss,	  2005;	  Nair	  et	  al.,	  2009).	  Thus,	  presentation	  

of	   drug	   associated	   stimuli	   or	   drug	   craving	   evoked	   by	   autobiographical	  

scripts	  in	  human	  addicts	  strongly	  enhance	  neural	  activity	  in	  the	  HPC	  (Kilts	  

et	   al.,	   2001;	   Hermann	   et	   al.,	   2006).	   In	   addition,	   lesion	   of	   the	   HPC	   in	  

experimental	  animals	  prevents	  reinstatement	  of	  drug	  seeking	  behaviour	  by	  

drug-‐associated	  context	  (Fuchs	  et	  al.,	  2005),	  while	  its	  stimulation	  reinstates	  

drug-‐taking	  behaviour	  (Vorel	  et	  al.,	  2001).	  However,	  the	  role	  of	  HPC	  in	  food	  

relapse	   in	  animal	  models	  has	  not	  been	  yet	   investigated,	   although	   imaging	  

studies	  in	  humans	  show	  that	  mental	  representation	  of	  highly	  desirable	  food	  

that	   induces	   food	  craving	  also	  activates	   the	  HPC	  (Pelchat	  et	  al.,	  2004).	  On	  

the	  other,	   the	  NAc	   is	  an	   important	  brain	  structure	   in	  medating	   incubation	  

of	   drug	   craving,	   a	   process	   that	   correlates	   with	   enhancement	   of	   drug-‐

seeking	   behaviour	   (Hollander	   and	   Carelli,	   2007).	   Pharmalogical	  

modifications	   of	   NAc	   activity	   prevent	   cue-‐	   and	   priming-‐induced	  

reinstament	   of	   cocaine	   seeking	   behaviour	   (Cornish	   and	   Kalivas,	   2000;	  

Fuchs	  et	  al.,	  2004).	  Similarly,	  pharmacological	  inactivation	  of	  the	  NAc	  core	  

attenuates	  cue-‐induced	  reinstatement	  of	  food	  seeking	  behaviour	  (Floresco	  

et	   al.,	   2008)	   and	   context-‐induced	   reinstatement	   of	   sucrose	   seeking	   is	  

associated	   with	   c-‐Fos	   induction	   in	   the	   NAc	   shell	   (Hamlin	   et	   al.,	   2006).	   A	  

better	   understanding	   of	   the	   cellular	   mechanisms	   that	   mediate	   drug	   and	  

palatable	   food	   craving	   in	   the	   HPC	   and	   NAc	   can	   represent	   an	   important	  

advance	  for	  the	  development	  of	  anti-‐relapse	  pharmacotherapies.	  

Pavlovian	  learning	  mechanisms	  seem	  to	  be	  critically	  involved	  in	  both	  drug	  

of	   abuse	   and	   food	   craving.	   The	   formation	   of	   long-‐term	   memories	   and	  

stimulus-‐cued	   retrieval	   of	   memories	   are	   thought	   to	   be	   mediated	   by	  

synaptic	  plasticity	  processes	  (Berke	  and	  Hyman,	  2000).	  	  A	  recent	  study	  has	  

demonstrated	  that	  plasticity	  changes	  at	  synaptic	  level	  in	  the	  NAc	  represent	  
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an	   important	  neurobiological	   substrate	   for	   cocaine	   craving	   (Conrad	  et	   al.,	  

2008).	   It	   will	   be	   therefore	   interesting	   to	   know	   whether	   similar	   synaptic	  

plasticity	  changes	  in	  reward	  related	  brain	  areas,	  such	  as	  the	  NAc	  and	  HPC,	  

could	   mediate	   craving	   to	   different	   classes	   of	   drugs	   of	   abuse	   and	   natural	  

rewards,	   such	   as	   palatable	   food;	   which	   may	   account	   for	   the	   common	  

relapsing	   feature	   that	   characterizes	   drug	   addiction	   and	   some	   eating	  

disorders.	  

The	  CPP	  paradigm	   is	  a	  useful	  animal	  model	   to	   study	  drug	  or	   food-‐related	  

memories,	   in	  which	   few	   conditioning	   sessions	   elicit	   potent	   drug	   or	   food-‐

related	   contextual	   associations	   that	   seem	   to	   be	   long-‐lasting.	   In	   addition,	  

CPP	   behaviour	   is	   considered	   a	   motivated	   approach	   to	   a	   drug-‐	   or	   food	  

paired	   environment	   with	   the	   purpose	   to	   re-‐experience	   a	   pleasurable	  

feeling	   (Tzschentke,	   2007).	   Therefore,	   the	   CPP	   paradigm	   in	   mice	   may	  

represent	   an	   interesting	   behavioural	   model	   to	   study	   the	   molecular	  

underpinnings	  of	  drug	  and	  food	  craving.	  

In	  our	  experiments,	  we	  used	  an	  adapted	  version	  of	  the	  classic	  CPP	  model	  in	  

mice	   to	   evaluate	   the	   synaptic	  mechanisms	   that	   underline	   the	   retrieval	   of	  

drug	   and	   palatable	   food	   reward-‐related	   memories.	   For	   this	   purpose,	   we	  

performed	   a	   quantitative	   protein	   and	   phospho-‐protein	   profiling	   in	  

synaptoneurosomes	  purified	  from	  the	  HPC	  and	  NAC	  of	  mice	  re-‐exposed	  to	  

the	  drug	  or	  palatable	  food	  conditioned	  compartment.	  This	  approach	  intend	  

to	  model	  drug	  and	  palatable	  food	  craving-‐like	  situations.	  
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Methods	  

Animals	  

Male	  CD1	  mice	   aged	  of	   8	  weeks	   at	   the	   beginning	   of	   the	   experiment	  were	  

used.	   Mice	   were	   housed	   four	   per	   cage	   in	   a	   temperature-‐controlled	   room	  

(21	   ±	   1	   °C)	   with	   a	   12	   h	   light	   :	   dark	   cycle	   (light	   on	   between	   8:00	   and	  

20:00h).	   Food	   (i.e.	   regular	   chow)	   and	   water	   were	   available	   ad	   libitum,	  

excepted	   when	   indicated.	   All	   mice	   were	   acclimated	   to	   handling	   and	  

received	   subcutaneous	   and	   intraperitoneal	   saline	   injection	   for	   1	   week	  

before	   experiments.	   All	   animal	   procedures	   met	   the	   guidelines	   of	   the	  

European	   Communities	   directive	   86/609/EEC	   regulating	   animal	   research	  

and	  were	  approved	  by	  the	  Local	  Ethical	  Committee.	  

	  

Chemicals	  and	  injection	  procedure	  
	  
Morphine	   and	   cocaine	   were	   provided	   by	   the	   Ministerio	   de	   Sanidad	   y	  

Consumo	   (Spain).	  Both	  drugs	  were	  dissolved	   in	   saline	   (0.9%).	   In	   the	  CPP	  

paradigm,	  morphine	  was	  administered	  subcutaneously	  (s.c.)	  at	  the	  dose	  of	  

5	  mg/kg,	  and	  cocaine	  was	  administered	  intraperitoneally	  (i.p.)	  at	  the	  dose	  

of	  20	  mg/kg.	  	  

	  

Palatable	  food	  preparation	  

The	   palatable	   food	   used	   for	   the	   CPP	   paradigm	   was	   manufactured	   as	  

previously	  described	  (Heyne	  et	  al.	  2009).	  It	  is	  composed	  by	  a	  mix	  of	  equal	  

amounts	  of	  Bounty®,	  Snickers®,	  Mars®	  and	  Milka®	  chocolate	  prepared	  as	  

homogenous	   food	   pellets	   (65%	   energy	   from	   carbohydrates,	   6.5%	   from	  

protein	  and	  23%	  from	  fat	  with	  in	  total	  4.846	  kcal/g).	  
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Drug	  conditioned	  place	  preference	  	  

The	  rewarding	  effects	  of	  cocaine	  and	  morphine	  were	  evaluated	  by	  using	  the	  

CPP	   paradigm	   as	   previously	   reported	   (Martin	   et	   al,	   2000b;	   Valjent	   et	   al,	  

2006b).	   The	   place	   preference	   apparatus	   consisted	   of	   two	   different	  

compartments	   (15x15x15cm)	   separated	   by	   a	   central	   neutral	   area.	   The	  

place	  preference	  protocol	  was	  performed	  on	  four	  different	  phases:	  

	  

Preconditioning	   phase	   (day1):	   mice	   were	   placed	   in	   the	   middle	   of	   the	  

neutral	  area	  and	  allowed	  to	  explore	  both	  compartments.	  The	  time	  spent	  in	  

each	   compartment	   was	   measured	   during	   18	   min	   in	   order	   to	   pair	   one	  

compartment	  to	  drug	  administration	  and	  the	  other	  one	  to	  saline	  during	  the	  

conditioning	   phase.	   The	   treatments	   were	   counterbalanced	   between	  

compartments	  to	  use	  an	  unbiased	  procedure.	  

	  

Conditioning	  phase	   (days	  2	   to	  7):	   animals	  were	   treated	   for	  6	   consecutive	  

days	  with	  alternate	  injections	  of	  drug	  (morphine	  5	  mg/kg,	  s.c.	  or	  cocaine	  20	  

mg/kg,	   i.p.)	   or	   saline.	   Mice	   were	   confined	   in	   the	   corresponding	  

compartment	   immediately	   after	   injection	   by	   using	   guillotine	   doors	  

matching	  walls	   for	   20	  min.	   Drugs	  were	   administered	   on	   days	   1,	   3	   and	   5,	  

and	  vehicle	  on	  days	  2,	  4	  and	  6.	  Control	  animals	  received	  vehicle	  every	  day.	  
	  

First	  testing	  phase	  (day	  8,	  Test	  1):	  this	  phase	  was	  conducted	  exactly	  as	  the	  

preconditioning	   phase,	   i.e.	   free	   access	   to	   both	   compartments.	   The	   time	  

spent	   in	   each	   compartment	  was	  measured	   for	   18	  min.	  A	   score	   value	  was	  

calculated	  for	  each	  mouse	  as	  the	  difference	  between	  time	  spent	  in	  the	  drug-‐

paired	   compartment	   during	   the	   post-‐conditioning	   and	   pre-‐conditioning	  

phases.	  
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Second	  testing	  phase	  (day	  10,	  Test	  2):	  the	  analysis	  of	  the	  individual	  scores	  

on	   the	   first	   CPP	   test	   (Test	   1)	   revealed	   an	   important	   heterogeneity	   in	   the	  

performance	   of	   mice	   conditioned	   to	   cocaine,	   morphine	   or	   palatable	   food	  

(see	   results).	   This	   variability	   may	   interfere	   with	   our	   proteomic	   analysis.	  

Therefore,	  we	  distinguished	  in	  each	  experimental	  group	  two	  different	  sub-‐

populations	   according	   to	   a	  median	  division:	   the	   good	  performers	   and	   the	  

bad	   performers.	   The	   good	   performers	   group	   contained	   animals	  with	   CPP	  

scores	   above	   the	   median	   of	   the	   whole	   group,	   while	   the	   bad	   performers	  

contained	   all	   the	   animals	   with	   scores	   equal	   or	   below	   the	   median.	   This	  

segregation	   allows	   to	   differentiate	   mice	   that	   have	   acquired	   the	   CPP	   task	  

(good	  performers)	  from	  those	  that	  did	  not	  (bad	  performers).	  Good	  and	  bad	  

performers	  groups	  were	  divided	  in	  two	  homogenous	  sub-‐groups	  according	  

to	   the	   CPP	   score	   on	   Test	   1,	   and	   assigned	   to	   different	   experimental	  

conditions	  in	  the	  next	  step.	  Indeed,	  mice	  were	  assigned	  to	  each	  sub-‐group	  

maintaining	  a	  similar	  mean	  CPP	  score	  on	  Test	  1	   in	  both	  sub-‐groups.	  After	  

one	   day	   of	   no	   disturbance	   (day	   9),	   good	   and	   bad	   performers	   sub-‐groups	  

were	  assigned	   to	  a	   second	  CPP	   test	   (Test	  2)	  or	  a	   “re-‐exposure”	  session	  at	  

day	   10.	   “Re-‐exposure”	   sessions	   consisted	   to	   confine	   (as	   the	   conditioning	  

phase)	  mice	  to	  the	  drug-‐associated	  compartment	  during	  20	  min	  and	  were	  

used	   as	   a	   model	   of	   craving-‐like	   situations,	   while	   Test	   2	   conditions	   were	  

strictly	   similar	   to	   those	   of	   Test	   1	   and	   were	   performed	   to	   evaluate	   the	  

maintenance	   or	   not	   of	   drug	   conditioned	   responses	   at	   this	   time	   point.	  

Immediately	   after	   both	   conditions	   (“re-‐exposure”	   or	   Test	   2),	   mice	   were	  

sacrificed,	   and	   the	  HPC	  and	  NAc	  were	   extracted.	  HPC	  and	  NAc	   from	  mice	  

that	   underwent	   the	   “re-‐exposure”	   session	   were	   processed	   to	   isolate	  

synaptoneurosomes.	   HPC	   and	   NAc	   of	   mice	   evaluated	   on	   the	   CPP	   Test	   2	  
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were	  immediately	  frozen	  for	  latter	  analysis.	  
	  

Palatable	  food	  conditioned	  place	  preference	  procedure	  

The	   rewarding	   effects	   of	   palatable	   food	   were	   evaluated	   by	   using	   a	   CPP	  

protocol	   adapted	   from	  a	   previous	   study	   (Perello	   et	   al,	   2009).	   Briefly,	   one	  

week	   before	   starting	   the	   CPP	   experiment,	   mice	   were	   placed	   under	   a	  

restricted	  access	  to	  laboratory	  chow	  to	  maintain	  their	  body	  weights	  to	  90%	  

of	   the	   average	  body	  weights	   of	   the	   ad	   libitum	   fed	  mice.	   Caloric-‐restricted	  

mice	   were	   provided	   ad	   libitum	   access	   to	   laboratory	   chow	   in	   their	   home	  

cages	  between	  12:00	  PM	  and	  4:00	  PM,	   and	   extra	   laboratory	   chow	  pellets	  

were	  eventually	  given	  at	  the	  end	  of	  the	  day	  (from	  8:00	  PM)	  to	  adjust	  weight	  

loss.	   This	   food	   regimen	  was	  maintained	   until	   the	   end	   of	   the	   conditioning	  

phase.	   After	   conditioning,	   mice	   were	   given	   full	   ad	   libitum	   access	   to	  

laboratory	   chow.	  Additionally,	  during	   the	  week	   that	  preceded	   the	   start	  of	  

the	  CPP	  experiment	  mice	  were	  exposed	  in	  their	  home	  cage	  to	  the	  palatable	  

diet	   (1	   g	   per	   animals/day)	   to	   avoid	   neophobia	   during	   the	   conditioning.	  

Food	  CPP	  experiments	  were	  started	  after	   the	   initial	  adjustment	  week	  and	  

were	   performed	   just	   before	   the	   4	   h	   period	   of	   food	   availability.	   The	  

palatable	   food	   CPP	   experiment	   was	   performed	   exactly	   as	   the	   CPP	   with	  

drugs,	   expected	   during	   the	   conditioning	   phase.	   Indeed,	   mice	   were	  

conditioned	   during	   12	   days.	   On	   even	   days,	   mice	   were	   confined	   to	   one	  

conditioning	  chamber	  in	  the	  presence	  of	  2	  g	  of	  palatable	  food	  pellet	  for	  30	  

min;	   while	   on	   odd	   days,	   mice	   were	   confined	   to	   the	   other	   conditioning	  

chamber	  in	  the	  absence	  of	  food	  for	  30	  min.	  Test	  1	  was	  conducted	  at	  day	  14,	  

and	   Test	   2	   and	   re-‐exposure	   session	   (20min)	   at	   day	   16;	   all	   performed	   in	  

mice	   fed	   ad	   libitum	   since	   day	   13,	   after	   last	   the	   conditioning	   session.	  

Similarly	   to	   the	   drug	  CPP	   study,	  mice	   conditioned	   to	   palatable	   food	  were	  
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divided	   in	   good	   and	   bad	   performers	   according	   to	   a	  median	   division	   (see	  

drug	   conditioned	  place	  preference	  methods).	   Subsequently,	   good	  and	  bad	  

performers	   were	   further	   divided	   in	   two	   homogenized	   sub-‐groups	   that	  

present	   a	   similar	  mean	   of	   CPP	   scores	   on	  Test	   1.	   Sub-‐groups	   of	   each	   sub-‐

population	   were	   assigned	   either	   to	   the	   “re-‐exposure”	   session	   or	   Test	   2.	  	  

Immediately	   after	   both	   conditions	   (“re-‐exposure”	   or	   Test	   2),	   mice	   were	  

sacrificed,	   and	   the	  HPC	  and	  NAc	  were	   extracted.	  HPC	  and	  NAc	   from	  mice	  

that	   underwent	   the	   “re-‐exposure”	   session	   were	   processed	   to	   isolate	  

synaptoneurosomes.	   HPC	   and	   NAc	   of	   mice	   evaluated	   on	   the	   CPP	   Test	   2	  

were	  immediately	  frozen	  for	  latter	  analysis.	  
	  

Statistical	  analysis	  	  

CPP	  scores	  were	  analysed	  by	  using	  a	  one-‐way	  ANOVA	  test	  between	  groups	  

(cocaine,	   morphine,	   palatable	   food	   and	   control	   group).	   Post	   hoc	  

comparisons	   following	   significant	   main	   effects	   of	   treatment	   by	   one-‐way	  

ANOVA	  were	  performed	  by	  using	   the	  Fischer	  F-‐test.	   Statistical	   tests	  were	  

performed	  with	  Statistica	  6.0©	  (StatSoft,	  Tulsa,	  OK,	  USA).	  

	  

Purification	  of	  synaptoneurosomes	  

Synaptoneurosomes	   from	   the	   HPC	   and	   the	   NAc	   of	   mice	   conditioned	   to	  

cocaine,	   morphine,	   palatable	   food	   or	   saline	   and	   assigned	   to	   the	   “re-‐

exposure”	  conditions	  were	  purificated	  as	  previously	  reported	  (Villasana	  et	  

al,	   2006).	   Briefly,	   immediately	   after	   the	   re-‐exposure	   session,	   brains	  were	  

removed	  and	  HPC	  and	  NAc	  were	   isolated	  and	  homogenized,	  at	  4	  °C,	   in	  30	  

volumes	  of	   synaptoneurosome	  buffer	   (10	  mM	  HEPES,	  1	  mM	  EDTA,	  2	  mM	  

EGTA,	   0.5	   mM	   DTT,	   10	   μg/ml	   leupeptin,	   and	   50	   μg/ml	   soybean	   trypsin	  

inhibitor,	  pH	  7.0).	  From	  this	  step,	  the	  homogenates	  were	  kept	  ice-‐cold	  at	  all	  
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times	   to	   minimize	   proteolysis	   throughout	   the	   isolation	   procedure.	   The	  

homogenates	   were	   then	   further	   diluted	   with	   the	   same	   volume	   of	  

synaptoneurosome	   buffer	   and	   briefly	   and	   gently	   sonicated.	   The	   samples	  

were	  loaded	  into	  a	  60	  ml	  syringe	  and	  filtered	  twice	  through	  three	  layers	  of	  

a	   pre-‐wetted	   100	   μm	   pore	   nylon	   filter	   held	   in	   a	   13	   mm	   diameter	   filter	  

holder.	   The	   resulting	   filtrates	   were	   then	   loaded	   into	   a	   5	   ml	   syringe	   and	  

filtered	  through	  a	  pre-‐wetted	  5	  μm	  pore	  hydrophilic	  filter	  held	  in	  a	  13	  mm	  

diameter	  filter	  holder.	  The	  resulting	  filtrates	  were	  centrifuged	  at	  1000	  ×	  g	  

for	   10	  min.	   The	   pellets	   obtained	   corresponded	   to	   the	   synaptoneurosome	  

fraction.	   Isolated	   synaptoneurosomes	   were	   resuspended	   with	   the	  

synaptoneurosome	   buffer.	   Resuspended	   synaptoneurosome	   fractions	  

extracted	   from	  4	  animals	  of	   the	  same	  experimental	  group	  and	  sub-‐groups	  

(i.e.	   good	   or	   bad	   performers)	   were	   pooled	   to	   ensure	   sufficient	   protein	  

concentration	  for	  the	  proteomic	  analysis.	  

	  

Proteomic	  analysis	  

Sample	   preparation:	   Samples	   were	   resuspended	   in	   1	   ml	   of	   resuspension	  

buffer	   (4%	   SDS,	   0.1M	   DTT)	   and	   lysed	   by	   heating	   at	   95°C	   for	   3	   min	   and	  

sonication.	  Lysates	  were	  centrifuged	  (4ºC,	  10	  min,	  16.000	  g),	  supernatants	  

were	  collected,	  and	  protein	  content	  was	  determined	  using	  the	  BCA	  Protein	  

Quantification	  Kit	   (Thermo	  Fisher	   Scientific).	   Samples	  were	   reduced	  with	  

dithiothreitol	   (10	   μM,	   30min,	   56°C),	   alkylated	   in	   the	   dark	   with	  

iodoacetamide	  (5	  mM,	  30	  min,	  25	  ºC)	  and	  digested	  with	  2	  mg	  LysC	  (Wako,	  

cat	   #	   129-‐02541)	   overnight	   at	   37ºC	   and	   then	   with	   2	   mg	   of	   trypsin	  

(Promega,	   cat	   #	   V5113)	   for	   8	   h	   at	   37˚C	   following	   Wiśniewski	   fasp	  

procedure	   (Wiśniewski	   et	   al,	   2009).	  After	  digestion,	  peptides	  were	  eluted	  
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and	   cleaned	   up	   on	   a	   homemade	   Empore	   C18	   column	   (3M,	   St.	   Paul,	   MN,	  

USA)	  (Rappsilber	  et	  al,	  2007).	  	  

Samples	   were	   analyzed	   using	   a	   LTQ-‐Orbitrap	   Velos	   mass	   spectrometer	  

(Thermo	  Fisher	  Scientific,	  San	  Jose,	  CA,	  USA)	  coupled	  to	  an	  EasyLC	  (Thermo	  

Fisher	   Scientific	   (Proxeon),	   Odense,	   Denmark).	   Peptides	   were	   loaded	  

directly	  onto	  the	  analytical	  column	  at	  1.5-‐2	  μl	  /	  min	  using	  a	  wash-‐volume	  of	  

4	   to	   5	   times	   injection	   volume	   and	   were	   separated	   by	   reversed-‐phase	  

chromatography	  using	   a	  12-‐cm	  column	  with	   an	   inner	  diameter	  of	  75	  μm,	  

packed	   with	   5	   μm	   C18	   particles	   (Nikkyo	   Technos	   Co.,	   Ltd.	   Japan).	  

Chromatographic	  gradients	  started	  at	  97%	  buffer	  A	  and	  3%	  buffer	  B	  with	  a	  

flow	  rate	  of	  300	  nl/min,	  and	  gradually	   increased	  to	  93%	  buffer	  A	  and	  7%	  

buffer	  B	   in	  1	  min,	   and	   to	  65%	  buffer	  A	   /	  35%	  buffer	  B	   in	  120	  min.	  After	  

each	  analysis,	  the	  column	  was	  washed	  for	  10	  min	  with	  10%	  buffer	  A	  (0.1%	  

formic	  acid	  in	  water)	  /	  90%	  buffer	  B	  (0.1%	  formic	  acid	  in	  acetonitrile).	  	  

The	   mass	   spectrometer	   was	   operated	   in	   positive	   ionization	   mode	   with	  

nanospray	   voltage	   set	   at	   2.2	   kV	   and	   source	   temperature	   at	   250	   °C.	  

Ultramark	   1621	   for	   the	   Fourier	   transform	   mass	   analyzer	   was	   used	   for	  

external	   calibration	   prior	   the	   analyses.	   Moreover,	   an	   internal	   calibration	  

was	   also	   performed	   using	   the	   background	   polysiloxane	   ion	   signal	   at	  

445.1200	   m/z	   (mass/charge).	   The	   instrument	   was	   operated	   in	   data	  

dependent	  acquisition	  mode	  and	  full	  mass	  spectrometry	  scans	  with	  1	  micro	  

scans	   at	   resolution	   of	   60.000	   were	   used	   over	   a	   mass	   range	   of	   m/z	   250-‐

2000	   with	   detection	   in	   the	   Orbitrap.	   Auto	   gain	   control	   was	   set	   to	   1E6,	  

dynamic	   exclusion	   (60	   seconds)	   and	   charge	   state	   filtering	   disqualifying	  

singly	   charged	   peptides	   was	   activated.	   In	   each	   cycle	   of	   DDA	   analysis,	  

following	   each	   survey	   scan	   the	   top	   ten	   most	   intense	   ions	   with	   multiple	  

charged	   ions	   above	   a	   threshold	   ion	   count	   of	   5000	   were	   selected	   for	  
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fragmentation	  at	  normalized	  collision	  energy	  of	  35%.	  Fragment	  ion	  spectra	  

produced	  via	  collision-‐induced	  dissociation	  were	  acquired	  in	  the	  Ion	  Trap,	  

auto	   gain	   control	   was	   set	   to	   5e4,	   isolation	  window	   of	   2.0	  m/z,	   activation	  

time	  of	  0.1	  ms	  and	  maximum	   injection	   time	  of	  100	  ms	  was	  used.	  All	  data	  

were	  acquired	  with	  Xcalibur	  software	  v2.2.	  

	  

Data	   analysis:	   Proteome	   Discoverer	   software	   suite	   (v1.3.0.339,	   Thermo	  

Fisher	   Scientific)	   and	   the	   Mascot	   search	   engine	   (v2.3,	   Matrix	   Science	  

(Perkins	   et	   al,	   1999)	   were	   used	   for	   peptide	   identification	   and	  

quantification.	   The	   data	   were	   searched	   against	   an	   in-‐house	   generated	  

database	  containing	  all	  proteins	  corresponding	   to	  Mouse	   in	   the	  Swissprot	  

database	   plus	   the	   most	   common	   contaminants	   previously	   described	  

(Bunkenborg	  et	  al,	  2010).	  A	  precursor	   ion	  mass	  tolerance	  of	  7	  ppm	  at	   the	  

mass	   spectrometry	   1	   level	   was	   used,	   and	   up	   to	   three	   miscleavages	   for	  

trypsin	  were	  allowed.	  The	   fragment	   ion	  mass	   tolerance	  was	  set	   to	  0.5	  Da.	  

Oxidation	   of	   methionine,	   protein	   acetylation	   at	   the	   N-‐terminal,	  

phosphorilation	  at	  serine,	  threonine	  and	  tyrosine	  were	  defined	  as	  variable	  

modification;	  whereas	  carbamidomethylation	  on	  cysteines	  was	  set	  as	  a	  fix	  

modification.	   False	   discovery	   rate	   in	   peptide	   identification	  was	   evaluated	  

by	  using	  a	  decoy	  database	  and	  it	  was	  set	  to	  a	  maximum	  of	  5	  %.	  

All	  calculations	  and	  comparisons	  were	  processed	  using	  R	  v2.15	  (Gentleman	  

et	   al,	   2004).	  Median	  normalization	  between-‐	   and	  within-‐sample	  was	  used	  

at	   peptide	   level.	   The	   normalized	   areas	   were	   subsequently	   log2	  

transformed.	   An	   in-‐house	   R	   script	   was	   adopted	   in	   order	   to	   quantify	  

proteins.	  This	  script	  makes	  use	  of	  Top3	   idea	   that	  quantify	  a	  protein	  using	  

the	  three	  most	  abundant	  peptides	  of	  the	  proteins.	  A	  distribution	  of	  protein	  

abundances	  of	  each	  group	  vs	  control	  was	  then	  compared	  with	  the	  relative	  
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distribution	  of	  control	  vs	  control.	  For	  each	  protein,	  a	  Z-‐score	  was	  calculated	  

and	   a	   p-‐value	   was	   computed	   using	   a	   two-‐sided	   t-‐test	   and	   adjusted	  

(Benjamini	  and	  Hochberg,	  1995).	  A	  value	  of	  0.05	  was	  used	  as	  cutoff.	  	  

Finally,	   each	   phospho-‐peptide	   fold-‐change	   was	   compared	   with	   the	   fold-‐

change	   of	   the	   relative	   protein,	   and	   only	   those	   that	   show	   a	   change	   of	   1.5	  

times	  were	  taken	  into	  consideration	  for	  following	  analysis.	  

	  

Results	  

Interindividual	   variability	   in	   sensitivity	   to	   rewarding	   conditioned	  

stimuli	  

After	  the	  conditioning	  phase,	  all	  mice	  underwent	  a	  first	  CPP	  test	  (Test	  1)	  to	  

evaluate	   their	   preference	   for	   the	   different	   compartments	   of	   the	   CPP	  

apparatus.	   According	   to	   this	   preference,	   a	   CPP	   score	   (see	   methods)	   was	  

calculated	  for	  each	  animal,	  which	  permits	  to	  assign	  an	  affective	  value	  to	  the	  

stimuli	   experienced	   during	   conditioning	   phase.	   As	   previously	   described	  

(Martin	  et	  al,	  2000b;	  Valjent	  et	  al,	  2006b;	  Perello	  et	  al,	  2009),	  we	  observed	  

that	  mice	  conditioned	  with	  cocaine,	  morphine	  and	  palatable	  food	  expressed	  

a	   significant	   preference	   for	   the	   drug	   or	   palatable	   food	   associated	  

compartement	   during	   the	   CPP	   test,	   when	   compared	   to	   the	   saline	   group	  

(Figure	  31),	  indicating	  that	  these	  three	  stimuli	  produce	  rewarding	  effects	  in	  

mice.	  	  

Although	   the	   three	   experimental	   cohorts	   developed	   significant	   CPP	  

behaviour,	  our	  data	   indicate	   the	  existence	  of	  an	   important	   interindividual	  

variability	   in	   the	   conditioning	   responses	   to	   cocaine	   (standard	   deviation=	  

179.4),	  morphine	  (standard	  deviation=	  152.9)	  and	  palatable	  food	  (standard	  
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deviation=	  163.3)	  during	  the	  Test	  1.	  Indeed,	  the	  analysis	  of	  individual	  CPP	  

scores	  shows	  a	  high	  heterogeneity	  in	  the	  performance	  of	  mice	  on	  Test	  1	  in	  

the	  three	  experimental	  groups	  (Figure	  32).	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  31:	  CPP	  induced	  by	  cocaine,	  morphine	  and	  palatable	  food.	  Rewarding	  
effects	  of	  cocaine	  (20mg/kg,	  i.p.),	  morphine	  (5mg/kg,	  s.c.)	  and	  palatable	  food	  (2g	  of	  
palatable	   pellets)	   evaluated	   in	   the	   CPP	   paradigm	   in	   CD1	  mice,	   the	   day	   after	   the	  
conditioning	  phase	  (i.e.	  TEST1).	  The	  vertical	  axis	   represents	   the	  place	  preference	  
score,	  calculated	  as	  the	  time	  spent	  in	  the	  conditioned	  compartment	  on	  the	  testing	  
day	  minus	   the	   time	   spent	   in	   the	   same	   compartment	   on	   the	   preconditioning	   day.	  
Data	   are	   expressed	   as	   mean	   ±	   s.e.m.	   White	   columns	   represent	   saline	   control	  
animals	   (n=37),	   black	   columns	   represent	   cocaine	   treated	   animals	   (n=40),	   dark	  
grey	  columns	  represent	  morphine	  treated	  animals	  (n=36),	  and	  light	  grey	  columns	  
represent	  palatable	  food	  conditioned	  animals	  (n=27).	   	  P	  <	  0.05,	   	  P	  <	  0.001	  
(comparison	  vs.	  saline	  group,	  Fisher	  F-‐test).	  
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Figure	   32:	   Individual	   CPP	   scores	   analysis	   reveals	   an	   important	  
interindividual	  heterogeneity	  of	  performances	  on	  TEST	  1.	  Graphic	  illustrating	  
individual	   performances	   on	   CPP	   TEST	   1	   of	   mice	   conditioned	   with	   saline	   (white	  
circles),	   cocaine	   (black	   circles),	   morphine	   (dark	   grey	   circles)	   and	   palatable	   food	  
(light	   grey	   circles).	   Red	   lines	   represent	   the	  median	   value	   of	   the	   performances	   of	  
the	   cohort,	   which	   has	   been	   used	   to	   delimitate	   good	   (i.e.	   all	   animals	   which	   CPP	  
score	  was	  above	  the	  median)	  and	  bad	  (i.e.	  all	  animals	  which	  CPP	  score	  was	  equal	  
or	  inferior	  to	  the	  median)	  performers	  on	  TEST	  1	  in	  each	  experimental	  group.	  
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Therefore,	   it	  was	   important	   to	   take	   into	  consideration	  this	   interindividual	  

variability	  to	  accurately	  design	  our	  proteomic	  analysis.	  Based	  on	  their	  CPP	  

scores	  on	  Test	  1,	  we	  distinguished	  good	  and	  bad	  performer	  mice	  according	  

to	  a	  median	  division	  (see	  methods)	  (Figure	  32).	  This	  segregation	  may	  allow	  

to	   differentiate	   mice	   that	   have	   established	   strong	   rewarding	  

stimuli/conditional	   cues	   associations	   (good	   performers)	   from	   those	   that	  

were	   presumably	   less	   sensitive	   to	   the	   rewarding	   effects	   of	   cocaine,	  

morphine	   or	   palatable	   food	   and	   did	   not	   acquire	   the	   CPP	   task	   (bad	  

performers).	   	   Thus,	   good	   and	   bad	   performers	   of	   each	   experimental	  

condition	  were	  divided	  in	  two	  homogenous	  sub-‐groups	  to	  perform	  either	  a	  

“re-‐exposition”	   session	   or	   a	   second	   CPP	   test	   (Test	   2)	   at	   day	   10	   (see	  

methods).	   Subsequently,	   we	   performed	   our	   proteomic	   analysis	   in	  

synaptoneurosomes	  extracted	   from	  good	  performer	   sub-‐groups	   that	  have	  

been	  re-‐exposed	  to	  the	  drug	  or	  palatable	  food	  conditioned	  compartment	  in	  

order	   to	   accurately	   identify	   the	   synaptic	  mechanisms	  mediating	  drug	  and	  

palatable	  food	  reward	  memories.	   	  Synaptoneurosomes	  extracted	  from	  bad	  

performer	   sub-‐groups	   re-‐exposed	   to	   these	   same	   stimuli	  were	   frozen,	   and	  

will	   be	   use	   as	   negative	   control	   group	   for	   future	   validation	   of	   the	   protein	  

candidates.	  Finally,	  the	  second	  CPP	  test	  conducted	  in	  good	  performer	  sub-‐

groups	   permitted	   to	   ensure	   that	   this	   sub-‐population	   still	   displayed	  

significant	  CPP	  behaviour	  at	  this	  time	  point.	  	  

The	   analysis	   of	   our	   behavioural	   data	   dissociated	   in	   good	   and	   bad	  

performers	   revealed	   that	   only	   the	   good	   performer	   sub-‐population	  

expressed	  a	  strong	  CPP	  behaviour	  to	  cocaine,	  morphine	  and	  palatable	  food	  

during	  the	  Test	  1,	  which	  is	  maintained	  two	  days	  later	  in	  the	  Test	  2	  (Figure	  

33A	   and	   B).	   In	   contrast,	   bad	   performers	   did	   not	   develop	   any	   significant	  

preference	   to	   the	   cocaine,	   morphine	   or	   palatable	   food	   conditioned	  
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compartment	  at	  both	  time	  points	  (Figure	  33C	  and	  D).	  These	  results	  support	  

the	   hypothesis	   that	   our	   CPP	   paradigm	   conditions	   could	   permit	   to	  

distinguish	   interindividual	   variability	   in	   mice	   sensitivity	   to	   rewarding	  

stimuli	   and	   their	   propensity	   to	   elaborate	   long-‐lasting	   conditioned	  

memories.	   Finally,	   the	   maintenance	   of	   cocaine-‐,	   morphine-‐	   or	   palatable	  

food-‐induced	  CPP	  in	  good	  performers	  during	  the	  Test	  2	  demonstrates	  that	  

“re-‐exposure”	  sessions	  with	  similar	  performers	  would	  trigger	  the	  retrieval	  

of	  drug	  or	  palatable	  food	  reward	  memories,	  which	  support	  the	  use	  of	  these	  

sub-‐populations	  for	  the	  proteomic	  analysis.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



Results	  
	  

	  202	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  
	  

	  

	  

	  

	  

	  

Figure	  33:	  Cocaine,	  morphine	  and	  palatable	  food	  promote	  the	  establishment	  
of	  durable	  CPP	  behaviour	  in	  good	  performers,	  but	  not	  in	  bad	  performers.	  (A)	  
and	  (B)	  CPP	  scores	  display	  by	  good	  performers	  (GP)	  conditioned	  to	  cocaine	  (black	  
columns;	  TEST1,	  n=20;	  TEST2,	  n=12),	  morphine	  (dark	  grey	  columns;	  TEST1,	  n=18;	  
TEST2,	  n=10)	  and	  palatable	   food	  (light	  grey	  columns;	  TEST1,	  n=13;	  TEST2,	  n=9),	  
during	  the	  TEST	  1	  (A)	  and	  the	  TEST	  2	  (B).	  (C)	  and	  (D)	  CPP	  scores	  display	  by	  bad	  
performers	   (BP)	   conditioned	   to	   cocaine	   (black	   columns;	   TEST1,	   n=20;	   TEST2,	  
n=12),	  morphine	   (dark	   grey	   columns;	   TEST1,	   n=18;	   TEST2,	   n=10)	   and	   palatable	  
food	  (light	  grey	  columns;	  TEST1,	  n=14;	  TEST2,	  n=10),	  during	   the	  TEST	  1	  (C)	  and	  
the	   TEST	   2	   (D).	   Data	   are	   expressed	   as	  mean	   ±	   s.e.m.	   	   P	   <	   0.05,	   	   P	   <	   0.01,	  

	  P	  <	  0.001	  	  (comparison	  vs.	  saline	  group,	  Fisher	  F-‐test).	  
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Characterisation	   of	   the	   synaptic	  molecular	   processes	   underlying	   the	  

retrieval	  of	  drug	  and	  palatable	  food	  reward-related	  memories	  

Synaptic	   plasticity	   has	   emerged	   as	   an	   important	   mechanism	   in	   the	  

neuroadaptations	  believed	  to	  underlie	  drug	  craving	  and	  relapse	  (Kauer	  and	  

Malenka,	  2007;	  Bowers	  et	  al.,	  2010).	  Therefore,	  we	  restricted	  our	  screen	  to	  

protein	  and	  phospho-‐protein	  changes	  within	  a	  synaptoneurosome	  fraction	  

that	  contains	  both	  the	  pre-‐	  and	  post-‐synaptic	  compartments.	  	  

We	   detected	   approximately	   3.000	   different	   proteins	   throughout	   the	  

distinct	   synaptoneurosomal	   samples	   of	   both	   studied	   cerebral	   areas.	   Our	  

statistical	   analysis	   permitted	   to	   isolate	   between	   80	   and	   208	   proteins	   in	  

each	   experimental	   condition	   and	   brain	   area,	   which	   expression	   level	   was	  

significantly	  different	  from	  the	  one	  measured	  in	  the	  saline	  control	  group;	  as	  

well	  as	  30	  to	  59	  proteins	  differently	  phosphorylated	   in	  each	  experimental	  

condition	   and	   brain	   area,	   when	   compared	   to	   the	   saline	   control	   group	  

(Table	  4).	  	  

	  

	  

	  

	  

	  

	  
	  

Table	   4:	   Table	   showing	   the	   total	   number	   of	   peptides	   detected	   in	   our	  
synaptoneurosomes	   samples,	   as	   well	   as	   the	   total	   number	   of	   proteins	   that	   were	  
significantly	  more	  or	  less	  expressed	  (i.e.	  protein)	  or	  phosphorylated	  (i.e.	  phospho-‐
protein)	   in	  mice	  re-‐exposed	   to	  cocaine,	  morphine	  and	  palatable	   food	  conditioned	  
compartement	  compared	  to	  the	  saline	  control	  group.	  
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From	  the	  protein	  candidate	  list	  of	  each	  experimental	  group,	  we	  conducted	  a	  

bioinformatic	   analysis	   using	   the	   Ingenuity	   system	   software	   (Mountain	  

View,	   CA;	   http://www.ingenuity.com)	   to	   uncover	   the	   major	   biological	  

functions	   and	   signalling	   pathways	   involved	   in	   the	   retrieval	   of	   reward-‐

related	   memories	   triggered	   by	   cocaine,	   morphine	   and	   palatable	   food	  

conditioned	   cues.	   The	   biological	   functions	   and	   signalling	   pathways	   that	  

were	   commonly	   regulated	   in	   our	   three	   experimental	   conditions	   are	  

represented	  in	  tables	  5	  and	  6.	  	  Thus,	  re-‐exposure	  to	  cocaine,	  morphine	  and	  

palatable	   food	   conditioned	   contextual	   cues	   commonly	   modulate	   the	  

expression	   level	  and/or	  phosphorylation	  state	  of	  proteins	  described	  to	  be	  

involved	   in	   contextual	   conditioning,	   emotional	   behaviour,	  

neurotransmission,	   synaptic	   plasticity	   or	   neuronal	   structure	   (axonal	   and	  

dendritic	  growth,	  microtubule	  dynamics	  and	  polymerisation	  of	   filaments).	  

In	  addition,	  the	  retrieval	  of	  drug	  and	  palatable	  food	  reward	  memories	  rely	  

on	   the	   activity	   of	   well-‐known	   signalling	   pathways	   involved	   in	   reward	  

processing,	   synaptic	   plasticity	   and	   addictive	   disorders,	   such	   as	   the	   cAMP	  

response	  element-‐binding	  protein	  (CREB)	  and	   the	  protein	  kinase	  A	  (PKA)	  

signalling	  cascades	  (Beninger	  et	  al,	  1998;	  Waltereit	  et	  al,	  2003;	  Benito	  et	  al,	  

2010;	   Carlezon	   et	   al,	   2005).	   On	   the	   other	   hand,	   we	   observed	   an	  

involvement	   of	   the	   P2Y	   purigenic	   receptor	   and	   α-‐adrenergic	   signaling	  

pathways,	   both	   known	   to	   participate	   in	   the	   modulation	   of	  

neurotransmission	   in	   the	  CNS	   (Bücheler	   et	   al,	   2002;	  Burnstock,	   2006),	   as	  

well	   as	   the	   Rho	   family	   GTPases	   and	   RhoGDI	   signalling	   that	   are	   closely	  

related	   to	   the	   reorganisation	   of	   the	   actin	   cytoskeleton	   (Ingenuity	   target	  

explorer,	   http://	   www.targetexplorer.ingenuity.com).	   Finally,	   this	  

bioinformatic	   analysis	   also	   suggests	   the	   involvement	   of	   the	   semaphorin	  

signalling	   pathway	   that	   has	   been	   described	   as	   an	   important	   regulator	   of	  
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cell	   morphology,	   axon	   guidance	   and	   maturation	   of	   dendritic	   spines	  

(Pasterkamp	  et	  al,	  2009).	  

	  

	  

	  

Table	   5:	   Principal	   biological	   functions	   mediated	   by	   the	   proteins	   that	   are	  
differently	  expressed	  and/or	  phosphorylated	  in	  mice	  re-exposed	  to	  cocaine,	  
morphine	  or	  palatable	  food	  conditioned	  CPP	  compartement,	  compared	  to	  the	  
saline	   control	   group.	   Analysis	   performed	   with	   the	   total	   list	   of	   proteins	  
differentially	   expressed	   and/or	   phosphorylated	   compared	   to	   the	   saline	   control	  
group	   for	   each	   experimental	   conditions,	   through	   the	   Ingenuity	   system	   software	  
(Mountain	  View,	  CA;	  http://www.ingenuity.com).	  	  
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Table	   6:	   Principal	   signalling	   pathways	   implicating	   the	   proteins	   that	   are	  
differently	  expressed	  and/or	  phosphorylated	  in	  mice	  re-exposed	  to	  cocaine,	  
morphine	  or	  palatable	  food	  conditioned	  CPP	  compartement,	  compared	  to	  the	  
saline	   control	   group.	   Analysis	   performed	   with	   the	   total	   list	   of	   proteins	  
differentially	   expressed	   and/or	   phosphorylated	   compared	   to	   the	   saline	   control	  
group	   for	   each	   experimental	   conditions,	   through	   the	   Ingenuity	   system	   software	  
(Mountain	  View,	  CA;	  http://www.ingenuity.com).	  	  
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Close	   examination	   of	   the	   protein	   candidate	   lists	   derived	   from	   cocaine,	  

morphine	   and	   palatable	   food	   “re-‐exposed”	   groups	   revealed	   that	   few	  

changes	   in	   synaptic	   protein	   expression	   and	   phosphorylation	   detected	   in	  

our	  study	  were	  common	  to	  the	  three	  rewarding	  conditioned	  stimuli	  in	  both	  

studied	  brain	  areas	  (Figure	  34).	  	  

	  

	  

	  

	  

	  

	  

	  

	  	  

	  

	  

	  

	  

Figure	   34:	   A	   small	   proportion	   of	   synaptic	   proteins	   changes	   is	   common	   to	  
cocaine,	  morphine	  and	  palatable	   food	   re-exposure	  groups.	   (A)	   and	   (B)	  Venn	  
diagrams	   illustrating	   the	   number	   of	   common	   and	   specific	   synaptic	   proteins	  
changes	   in	   the	   HPC	   and	   NAc	   between	  mice	   re-‐exposed	   to	   cocaine,	   morphine	   or	  
palatable	   food	   conditioned	   compartement.	   	   Comparison	   of	   the	   proteins	   that	   are	  
significantly	  more	   or	   less	   expressed	   (A)	   or	   phosphorylated	   (B)	   compared	   to	   the	  
saline	  group.	  	  
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Thus,	   the	   re-‐activation	   of	   cocaine,	   morphine	   and	   palatable	   food	   reward	  

memories	   may	   mainly	   rely	   on	   the	   activity	   of	   distinct	   subset	   of	   synaptic	  

molecular	   mechanism	   defined	   by	   the	   nature	   of	   the	   unconditional	  

reinforcer.	  Nevertheless,	  we	  had	  observed	  that	  these	  synaptic	  mechanisms	  

lead	  to	  the	  activation	  of	  several	  similar	  signalling	  pathways	  and	  biological	  

processes	   (table	   5	   and	   6),	   and	   these	   few	   common	   proteomic	   changes	  

triggered	   by	   re-‐exposure	   to	   cocaine,	   morphine	   and	   palatable	   food	  

conditioned	   cues	   could	   represent	   important	   synaptic	   events	   in	   which	  

different	  mechanisms	  converge	  to	  produce	  a	  similar	  cognitive	  process,	  such	  

a	   retrieval	   of	   hedonic	   memories,	   and	   a	   common	   behavioural	   response	  

represented	  by	  a	  motivated	  approach	  to	  the	  conditonned	  place.	  

These	   proteins	   and	   phospho-‐proteins	   changes	   common	   to	   our	   three	  

experimental	  groups	  are	  represented	  in	  tables	  7,8	  and	  9.	  Proteins	  that	  were	  

differentially	   regulated	   by	   cocaine,	   morphine	   and	   palatable	   food	  

conditioned	   cues	   have	   not	   been	   included	   in	   these	   lists.	   We	   therefore	  

performed	   a	   bibliographic	   analysis	   to	   identify	   the	   major	   functions	  

attributed	  to	  these	  selected	  proteins	  (table	  12	  and	  13).	  We	  observed	  that	  a	  

majority	   of	   proteomic	   changes	   common	   to	   our	   three	   experimental	  

conditions	   in	   both	   brain	   areas	   are	   related	   to	   proteins	   involved	   in	   the	  

regulation	  of	  the	  cytoskeleton	  or	  neuronal	  morphology.	  Thus,	  we	  detected	  

changes	   in	   the	   expression	   of	   tubulin	   beta-‐2A	   and	   striatin-‐4,	   and	   in	   the	  

phosphorylation	  state	  of	  plakophilin-‐4,	  MARCKS-‐related	  protein	  in	  the	  HPC.	  

In	   the	  NAc,	   these	  changes	   include	  an	   increased	  expression	  of	   the	  spectrin	  

alpha	   chain,	   and	   changes	   in	   the	   phosphorylation	   state	   of	  

dihydropyrimidinase-‐related	   protein	   1	   and	   3,	   tubulin	   polymerization-‐

promoting	  protein	  and	  alpha-‐adducin.	  Another	  important	  type	  of	  common	  

proteomic	   change	   detected	   in	   our	   study	   concerns	   protein	   associated	   to	  
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mitochondrial	   functions,	   such	   as	   the	   6.8	   kDa	   mitochondrial	   proteolipid,	  

reticulon-‐4-‐interacting	   protein	   1,	   inorganic	   pyrophosphatase	   2,	   isoform	  2	  

of	   nitrilase	   homolog	   1,	   calcium-‐binding	   mitochondrial	   carrier	   protein	  

SCaMC-‐3	   in	   the	   HPC,	   and	   cytochrome	   b-‐c1	   complex	   subunit	   10	   and	  

mitochondrial	  import	  receptor	  subunit	  TOM22	  homolog	  in	  the	  NAc.	  Finally,	  

several	  proteins	  implicated	  in	  neurotransmission	  were	  similarly	  regulated	  

by	   re-‐exposure	   to	   drug	   of	   abuse	   and	   palatable	   food	   conditioned	   cues.	  

Hence,	   we	   observed	   a	   decreased	   expression	   of	   the	   isoform	   5	   of	   calcium-‐

dependent	   secretion	   activator	   2	   (CASP-‐2)	   in	   the	   HPC,	   and	   a	   decreased	  

expression	   of	   Rab3	   GTPase-‐activating	   protein	   non-‐catalytic	   subunit	   and	  

metabotropic	   glutamate	   receptor	   7	   (mGluR	   7)	   in	   the	   NAc,	   as	   well	   as	  

changes	  in	  the	  phosphorylation	  state	  of	  syntaxin-‐1B	  in	  this	  same	  brain	  area.	  	  

On	   the	   other	   hand,	   we	   intended	   to	   identify	   the	   protein	   kinases	   and	  

phosphatases	   that	  mediate	   the	   phosphorylation	   changes	   observed	   in	   our	  

study	   (table	   12	   and	   13).	   Few	   evidences	   have	   linked	   kinases	   or	  

phosphatases	   activity	   with	   the	   specific	   amino	   acid	   residues	   in	   which	  

phosphorylation	  changes	  were	  detected	  in	  our	  experiment.	  Nevertheless,	  it	  

has	   been	   reported	   that	   phosphorylation	   of	   MARCKS-‐related	   protein	   at	  

threonine	   148,	   detected	   in	   the	   HPC,	   is	   dependent	   on	   c-‐jun	   N-‐terminal	  

protein	   kinase	   (JNK)	   (Björkblom	   et	   al,	   2012).	   In	   addition,	   two	  

phosphorylation	   changes	   detected	   in	   the	   NAc	   occur	   at	   phosphorylation	  

sites	   that	   are	   specific	   substrates	   of	   PKA:	   serine	   112	   in	   cAMP-‐dependent	  

protein	   kinase	   type	   II-‐beta	   regulatory	   subunit	   (Budillon	   et	   al,	   1995)	   and	  

serine	  31	  in	  tubulin	  polymerization-‐promoting	  protein	  (Hlavanda	  E,	  2007).	  

In	  addition,	  changes	  in	  the	  activity	  of	  cyclin	  dependent	  kinase	  5	  (cdk5)	  and	  

caseine	   kinase	   2	   (CK2)	   is	   suggested	   in	   this	   brain	   area	   by	   changes	   in	  

phosphorylation	   state	   of	   dihydropyrimidinase-‐related	   protein	   1	   at	  
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threonine	  509	  and	  prostaglandin	  E	   synthase	  3	   at	   serine	  113,	   respectively	  

(Yamashita	  et	  al.,	  2007;	  Kobayashi	  et	  al.,	  2004).	  These	  observations	  suggest	  

that	   JNK	   in	  the	  HPC	  and	  PKA,	  cdk5	  and	  CK2	   in	   the	  NAc	  may	  contribute	  to	  

the	   retrieval/reconsolidation	   of	   drug	   and	   palatable	   food	   reward-‐related	  

memories.	  

Finally,	   our	   analysis	   also	   highlights	   several	   proteomic	   changes	   that	   were	  

specifically	  triggered	  by	  re-‐exposure	  to	  cocaine	  and	  morphine	  condtionned	  

cues,	  but	  not	  by	  palatable	  food	  related	  cues	  (tables	  10	  and	  11).	  	  In	  table	  14	  

and	   15	   are	   summarized	   the	   main	   functions	   attributed	   to	   these	   proteins.	  

These	  proteomic	   changes	   include	  modifications	  of	   the	   expression	   level	   or	  

phosphorylation	   states	   of	   proteins	   involved	   in	   the	   regulation	   of	  

cytoskeletal	   dynamics	   and	   neuronal	  morphology,	   such	   as	   formin	   2,	   beta-‐

actin-‐like	   protein	   2,	   microtuble	   associated	   protein	   2	   and	   spectrin	   beta	  

chain	  1	  in	  the	  HPC,	  as	  well	  as	  stathmin,	  microtuble	  associated	  protein	  2	  and	  

neuronal	  membrane	  glycoprotein	  M6-‐a	  in	  the	  NAc.	  In	  addition,	  re-‐exposure	  

to	   cocaine	   and	  morphine	   condtionned	   cues	   alters	   the	   expression	   level	   or	  

phosphorylation	   state	   of	   mitochondrial	   proteins	   including	   oxidation	  

resistance	   protein	   1	   in	   the	   HPC	   and	   hydroxyacyl-‐coenzyme	   A	  

dehydrogenase	  in	  the	  NAc,	  as	  well	  as	  proteins	  of	  the	  endoplasmic	  reticulum	  

involved	   in	   protein	   trafficking,	   such	   as	   the	   protein	   transport	   protein	  

Sec31A	   and	   protein	   transport	   protein	   Sec61	   subunit	   beta	   in	   the	   NAc.	  

Finally,	   our	   analysis	   indicates	   that	   the	   retrieval	   of	   cocaine	   and	  morphine	  

reward	   memories	   commonly	   rely	   on	   glutamatergic	   and	   dopaminergic	  

signaling	  in	  the	  HPC	  and	  NAc,	  respectively.	  Indeed,	  we	  detected	  a	  decreased	  

expression	  of	  the	  isoform	  Glt-‐1B	  of	  excitatory	  amino	  acid	  transporter	  2	  and	  

a	   change	   in	   the	   phosphorylation	   state	   of	   proline-‐rich	   transmembrane	  

protein	   2	   in	   the	  HPC,	  while	  we	   observed	   a	   decreased	   phosphorylation	   of	  



Results	  

	  
	   211	  

the	  dopamine-‐	  and	  cAMP-‐regulated	  neuronal	  phosphoprotein	  (DARPP-‐32)	  

at	  serine	  10	  in	  the	  NAc.	  

In	   summary,	   our	   experiment	   provides	   some	   new	   insight	   in	   the	  

characterization	   of	   a	   hypothetical	   common	   neurobiological	   mechanism	  

mediating	   the	   retrieval	   of	   drug	   and	   palatable	   food	   reward	   memories.	   In	  

addition,	   our	   results	   highlight	   several	   synaptic	   proteins	   that	   were	  

differentially	   regulated	  by	  re-‐exposure	   to	  drug	  and	  palatable	  conditonned	  

cues.	   Our	   study	   may	   help	   future	   work	   to	   define	   the	   neurobiological	  

substrates	   of	   drug	   and	   palatable	   food	   craving	   and	   to	   better	   define	   the	  

similarities	   and	   differences	   between	   drug	   addiction	   and	   some	   eating	  

disorders.	  
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Table	   12:	   Principal	   functions	   attributed	   to	   the	   proteins	   which	   expression	   or	  
phosphorylation	  state	  in	  the	  HPC	  is	  similarly	  modulated	  by	  re-‐exposure	  to	  cocaine,	  
morphine	  and	  palatable	   food	  conditioned	  CPP	  compartement,	  when	  compared	   to	  
the	  saline	  control	  group.	  

Peroxisomal	  acyl-coenzyme	  A	  oxidase	  1:	  	  

Subcellular	  location:	  peroxisome.	  

Function:	   metabolic	   function:	   lipid	   metabolism,	   peroxisomal	   fatty	   acid	   beta-‐
oxidation.	   The	   first	   enzyme	   of	   the	   fatty	   acid	   beta-‐oxidation	   pathway,	   which	  
catalyzes	   the	   desaturation	   of	   acyl-‐CoAs	   to	   2-‐trans-‐enoyl-‐CoAs.	   Acts	   on	  
prostagladin	  (Farioli-‐Vecchioli	  et	  al.,	  2001).	  

	  Isoform	  2	  of	  Protein	  FAM114A2:	  	  

Subcellular	  location:	  no	  data.	  
Function:	  no	  data.	  

6.8	  kDa	  mitochondrial	  proteolipid:	  

Subcellular	  location:	  mitochondria.	  

Function:	  component	  of	  an	  ATP	  synthase	  complex.	  

Isoform	  2	  of	  Striatin-4:	  

Subcellular	  location:	  cytoplasm	  and	  membranes,	  enriched	  in	  dendritic	  spines.	  

Function:	   binds	   calmodulin	   in	   a	   calcium	   dependent	   manner.	   May	   function	   as	  
scaffolding	  or	  signalling	  protein.	  Participates	   in	  estrogen	  receptor	  non-‐genomic	  
cellular	  signaling	  (Lu	  et	  al.,	  2004).	  Interacts	  with	  caveolin	  1,	  a	  protein	  involved	  in	  
endocytosis	  and	  nitric	  oxide	  signalling	  (Gaillard	  et	  al.,	  2001).	  Regulates	  dendritic	  
growth	  (Bartoli	  et	  al.,	  1999).	  Regulates	  protein	  phosphatases	  2A	  activity	  (Gordon	  
et	  al.,	  2011).	  Participates	  in	  actin	  organization	  (Breitman	  et	  al.,	  2008).	  

	  Isoform	  2	  of	  ELKS/Rab6-interacting/CAST	  family	  member	  1:	  

Subcellular	  location:	  Presynaptic	  membrane.	  Recruited	  on	  Golgi	  membrane	  by	  
RAB6A	  in	  a	  GTP-‐dependent	  manner.	  

Function:	  regulatory	  subunit	  of	  the	  IKK	  complex,	  a	  regulator	  of	  NF-‐κB	  pathway	  
(Ducut	  Sigala	  et	  al.,	  2004).	  May	  be	  involved	  in	  the	  organization	  of	  the	  cytomatrix	  
at	   the	   nerve	   terminals	   active	   zone,	   which	   regulates	   neurotransmitter	   release	  
(Wagh	   et	   al.,	   2006).	   May	   be	   involved	   in	   Rab-‐6	   regulated	   endosomes	   to	   Golgi	  
transport	  (Wang	  et	  al.,	  2002).	  
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Isoform	  5	  of	  Calcium-dependent	  secretion	  activator	  2:	  	  

Subcellular	  location:	  vesicle	  and	  peripheral	  membrane.	  Strongly	  enriched	  in	  
synaptic	  fractions.	  	  

Function:	   calcium-‐binding	   protein	   involved	   in	   exocytosis	   of	   vesicles	   filled	   with	  
neurotransmitters	   and	   neuropeptides,	   regulates	   fast	   phasic	   transmitter	   release	  
(Jockusch	   et	   al.,	   2007).	   Regulates	   neurotrophin	   release,	   such	   as	   NT3	   and	   BDNF	  
(Sadakata	   et	   al.,	   2007).	   Interacts	   with	   the	   DA-‐D2R,	   and	   regulation	   monoamine	  
uptake	   and	   storage	   (Binda	   et	   al.,	   2005).	   Splicing	   of	   its	   gene	   is	   associated	   with	  
autism	  and	  lower	  intelligence	  quotient	  (Hattori	  et	  al.,	  2012;	  Sadakata	  et	  al.,	  2007).	  

	  Reticulon	  4-interacting	  protein	  1:	  	  

Subcellular	  location:	  mitochondria.	  

Function:	  interacts	  with	  reticulon	  4	  (NOGO),	  a	  inhibitor	  of	  neurite	  outgrowth	  (Hu	  
et	  al.,	  2002)	  

COP9	  signalosome	  complex	  subunit	  2:	  

Subcellular	  location:	  cytoplasm	  and	  nucleus.	  	  

Function:	   essential	   component	   of	   the	   COP9	   signalosome	   complex,	   which	   is	   an	  
important	  regulator	  of	  the	  ubiquitin	  proteasome	  system.	  	  

Inorganic	  pyrophosphatase	  2,	  mitochondrial:	  	  

Subcellular	  location:	  mitochondria.	  

Function:	   involved	   in	   lipid	   metabolism	   and	   calcium	   absorption.	   Hydrolyses	  
pyrophosphate,	  an	  important	  molecule	  for	  intracellular	  signalling.	  

Nucleoside	  diphosphate	  kinase	  3:	  

Subcellular	  location:	  probably	  located	  in	  mitochondria.	  

Function:	  major	  role	  in	  the	  synthesis	  of	  nucleoside	  triphosphates	  other	  than	  ATP.	  
Nucleoside	  diphosphate	  kinases	  regulate	  a	  variety	  of	  cellular	  activities,	   including	  
proliferation,	  development,	  and	  differentiation	  (Otero	  et	  al.,	  2000),	  participates	  in	  
dynamin-‐dependent	  synaptic	  vesicle	  recycling	  (Krishnan	  et	  al.,	  2001).	  
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ELAV-like	  protein	  1:	  	  

Subcellular	  location:	  cytoplasm	  and	  nucleus.	  

Function:	   Increases	  mRNA	   stability	   and/or	   rate	   of	   translation	   (e.g.	   GAP-‐43	   or	  
neuromodulin,	  a	  protein	   involved	  in	  neuronal	  growth	  cones	  and	  LTP).	   Involves	  
in	  spatial	  learning	  (Quattrone	  et	  al.,	  2001).	  In	  kidney	  cells,	  stabilize	  mRNA	  of	  Gls-‐
l,	  the	  major	  glutamate-‐synthesizing	  enzyme	  in	  neurons	  (Ibrahim	  et	  al.,	  2008).	  

	  Isoform	  2	  of	  Nitrilase	  homolog	  1:	  

Subcellular	  location:	  mitochondria.	  

Function:	  participates	  in	  metabolic	  process	  of	  nitrogen	  compound.	  Plays	  a	  role	  
in	   cell	   growth	   and	   apoptosis	   (loss	   of	   expression	   promotes	   cell	   growth).	   Has	  
apparently	  no	  omega-‐amidase	  activity	  such	  as	  nitrilase	  homolog	  2.	  

Calcium-binding	  mitochondrial	  carrier	  protein	  SCaMC-3:	  	  

Subcellular	  location:	  mitochondria.	  
Function:	   Transmembrane	   transport.	   Participates	   in	   the	   increase	   in	   oxidative	  
phosphorylation,	   accumulation	   of	   adenine	   nucleotide	   and	   increase	   calcium	  
retention	   capacity	   in	   liver	  mitochondria	   in	   response	   to	   glucagon	   (Amigo	   et	   al.,	  
2013).	  

Tubulin	  beta-2A	  chain:	  	  

Subcellular	  location:	  	  cytoplasm.	  

Function:	   tubulin	   beta	   forms	   dimers	   with	   tubulin	   alpha,	   which	   regulate	  
microtubules	  gathering	  and	  stability.	  Its	  expression	  can	  be	  modulated	  by	  17beta-‐
estradiol,	   known	   to	   improve	   spatial	   and	  non-‐spatial	  memory	   (Pechenino	  et	   al.,	  
2009).	   Increased	  expression	  of	   tubulin	  beta	   in	  chronic	  cocaine	  users	   (Tannu	  et	  
al.,	  2007).	  
Isoform	  2	  of	  Plakophilin-4:	  

Subcellular	  location:	  cytoplasm	  

Phosphorylation	  site/kinase:	  serine	  775/not	  described.	  

Function:	   plays	   a	   role	   as	   a	   regulator	   of	   Rho	   activity	   in	   cytoskeleton	  
reorganization	  during	  cytokinesis	   (Wolf	   et	  al.,	  2006).	  Plays	  a	   role	   in	   stabilizing	  
cadherin-‐mediated	  adhesion	  (Hatzfeld,	  2007).	  
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MARCKS-related	  protein:	  

Subcellular	  location:	  cytoplasm	  and	  plasma	  membrane.	  

Phosphorylation	  site/kinase:	  threonine	  148/	  c	   Jun	  N-‐terminal	  protein	  kinase	  
(Björkblom	  et	  al.,	  2012).	  

Function:	  controls	  cell	  movement	  by	  regulating	  actin	  cytoskeleton	  homeostasis.	  
Involved	   in	   coupling	   the	   protein	   kinase	   C	   and	   calmodulin	   signal	   transduction	  
systems.	   Phosphorylation	   at	   T148	   enables	   MARCKS-‐related	   protein	   to	   bundle	  
and	   stabilize	   F-‐actin,	   increase	   filopodium	   numbers	   and	   dynamics,	   and	   retard	  
migration	   in	   neurons.	   Conversely,	   when	   MARCKS-‐related	   protein	  
phosphorylation	  is	  inhibited,	  actin	  mobility	  increases	  and	  filopodium	  formation	  
is	   compromised	   whereas	   lamellipodium	   formation	   is	   enhanced,	   as	   is	   cell	  
migration	  (Björkblom	  et	  al.,	  2012).	  

Hepatocyte	  cell	  adhesion	  molecule:	  

Subcellular	  location:	  cytoplasm	  and	  plasma	  membrane.	  

Phosphorylation	  site/kinase:	  threonine	  378	  and	  serine386/	  not	  described.	  

Function:	   involved	   in	   regulating	   cell	   motility	   and	   adhesion	   via	   its	   association	  
with	  actin	  cytoskeleton	  (Moh	  et	  al.,	  2009).	  

Secretogranin-2:	  

Subcellular	  location:	  secretory	  granule	  and	  secreted	  in	  the	  extracellular	  space.	  

Phosphorylation	  site/kinase:	  serine	  270/not	  described.	  

Function:	   a	   neuroendocrine	   secretory	   granule	   protein,	   which	   may	   be	   the	  
precursor	   for	   other	   biologically	   active	   peptides.	   Involved	   in	   the	   packaging	   or	  
sorting	  of	  peptide	  hormones	  and	  neuropeptides	   into	  secretory	  vesicles	   (Entrez	  
Gene:	   SCG2).	   Participates	   in	   the	   liberation	   of	   neutrophins	   and	   interleukin	   6,	  
which	  are	  involved	  in	  synaptic	  plasticity	  (Möller	  et	  al.,	  2006).	  
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Table	   13:	   	   Principal	   functions	   attributed	   to	   the	   proteins	   which	   expression	   or	  
phosphorylation	  state	  in	  the	  NAc	  is	  similarly	  modulated	  by	  re-‐exposure	  to	  cocaine,	  
morphine	  and	  palatable	   food	  conditioned	  CPP	  compartement,	  when	  compared	   to	  
the	  saline	  control	  group.	  

	  

Rab3	  GTPase-activating	  protein	  non-catalytic	  subunit:	  

Subcellular	  location:	  cytoplasm,	  enriched	  in	  synaptic	  fractions.	  

Function:	  regulatory	  subunit	  of	  a	  GTPase	  activating	  protein	  that	  has	  specificity	  
for	   Rab3	   subfamily,	   proteins	   involved	   in	   exocytosis	   of	   neurotransmitters	   and	  
hormones.	   May	   participate	   in	   neuronal	   proliferation,	   migration	   and	  
differentiation	   before	   synapse	   formation.	   Regulates	   synaptic	   transmission	   and	  
plasticity	  through	  the	  inactivation	  of	  Rab3	  (Sakane	  et	  al.,	  2006),	  and	  participates	  
synaptic	   homeostasis	   (neurotransmitter	   receptor	   abundance,	   ion	   channel	  
density,	  and	  presynaptic	  neurotransmitter	  release)(Müller	  et	  al.,	  2011).	  

	  Metabotropic	  glutamate	  receptor	  7:	  

Subcellular	  location:	  plasma	  membrane.	  

Function:	   receptor	   for	   glutamate.	   Regulates	   NMDAR	   trafficking	   and	   function	  
through	   cofilin/actin	   signaling	   (Gu	   et	   al	   2012).	   Regulates	   the	   expression	   and	  
extinction	   of	   conditioned	   fear	   in	   mice	   (Morawska	   et,	   2012),	   reinstatement	   of	  
ethanol-‐induced	   CPP	   (Bahi	   2012a)	   and	   metamphetamine	   seeking	   behaviours	  
(Schwendt	  et	  al.,	  2012).	  

	  Protein	  C17orf37	  homolog:	  

Subcellular	  location:	  cytoplasm.	  

Function:	   plays	   a	   role	   in	   regulation	   of	   apoptosis.	   Participates	   in	   filopodia	  
formation	  in	  migrating	  cells	  (Dasgupta	  et	  al.,	  2011).	  	  

E3	  ubiquitin-protein	  ligase	  RNF181:	  

Subcellular	  location:	  not	  well-‐known.	  

Function:	   involved	   in	   protein	   ubiquitination,	   a	   post-‐translational	  modification	  
that	  regulates	  cellular	  degradation	  of	  proteins,	  protein	  trafficking	  and	  signaling	  
networks.	  Interacts	  with	  the	  ERK/MAPK	  signaling	  (Wang	  et	  al.,	  2011).	  
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Aminopeptidase	  B:	  

Subcellular	  location:	  Golgi	  apparatus,	  plasma	  membrane	  and	  secreted	  in	  the	  
extracellular	  space.	  

Function:	   Exopeptidase	   that	   selectively	   removes	   arginine	   and/or	   lysine	  
residues	   from	   the	   N-‐terminus	   of	   several	   peptide	   substrates	   including	   Leu-‐
enkephalin,	  Met-‐enkephalin	  and	  somatostatin-‐14.	  

Peroxisomal	  acyl-coenzyme	  A	  oxidase	  1:	  	  

Subcellular	  location:	  peroxisome.	  

Function:	  see	  table	  10.	  

Secretory	  carrier-associated	  membrane	  protein	  5:	  

Subcellular	   location:	   mainly	   localizes	   in	   Golgi	   apparatus	   membrane.	   Upon	  
calcium-‐triggered	   exocytosis,	   it	   translocates	   to	   the	   cell	   membrane.	   Highly	  
enriched	  in	  synaptic	  vesicles.	  

Function:	   required	   for	   the	   calcium-‐dependent	   exocytosis	   of	   signal	   peptide-‐
containing	   cytokines,	   such	   as	   CCL5.	   Probably	   acts	   in	   cooperation	   with	   the	  
SNARE	  machinery.	  High	  expression	  after	  the	  second	  postnatal	  week,	  a	  period	  of	  
intense	   synaptogenesis	   (Fernández-‐Chacón	   et	   al.,	   2000).	   Associated	   with	  
autism	  disorders	  (Castermans	  et	  al.,	  2010).	  

Spectrin	  alpha	  chain,	  brain:	  

Subcellular	  location:	  cytoplasm.	  

Function:	  protein	  of	  the	  cytoskeleton.	  It	  is	  involved	  in	  secretion,	  interacts	  with	  
calmodulin	   in	   a	   calcium-‐dependent	   manner	   and	   may	   be	   candidate	   for	   the	  
calcium-‐dependent	  movement	  of	   the	   cytoskeleton	  at	   the	  membrane.	   Involved	  
in	  axonal	  and	  neurites	  outgrowth	  (Ramser	  et	  al.,	  2010).	  Cocaine	  and	  morphine	  
exposure	  alters	   its	   integrity	  and	  expression	  (Lepsch	  et	  al.,	  2009;	  Prokai	  et	  al.,	  
2005).	  
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Mitochondrial	  import	  receptor	  subunit	  TOM22	  homolog:	  

Subcellular	  location:	  mitochondria.	  

Phosphorylation	  site/kinase:	  	  serine	  15/not	  described.	  
Function:	  Central	  receptor	  component	  of	  the	  translocase	  of	  the	  outer	  membrane	  
of	   mitochondria	   responsible	   for	   the	   recognition	   and	   translocation	   of	  
cytosolically	   synthesized	   mitochondrial	   preproteins.	   The	   N-‐terminal	   domain	  
(residues	   1-‐62)	   is	   important	   for	   binding	   to	   the	   unfolded	   mature	   imported	  
proteins.	  Caseine	  kinase	  2	  phosphorylates	  TOM	  22	  at	  several	  sites,	  and	  plays	  an	  
important	  stimulatory	  role	  in	  the	  biogenesis	  of	  the	  TOM	  complex	  (Schmidt	  et	  al.,	  
2011).	  
Dihydropyrimidinase-related	  protein	  1:	  

Subcellular	  location:	  cytoplasm.	  
Phosphorylation	   site/kinase:	   	   threonine	   509/	   cyclin-‐dependent	   kinase	   5	  
(Yamashita	  et	  al.,	  2007).	  
Function:	   Necessary	   for	   signaling	   by	   class	   3	   semaphorins	   and	   subsequent	  
remodeling	  of	   the	   cytoskeleton.	  Plays	  a	   role	   in	   axon	  guidance,	   invasive	  growth	  
and	   cell	   migration.	   This	   phosphorylation	   modulates	   the	   role	   of	  
Dihydropyrimidinase-‐related	   protein	   1	   in	   Semaphorin3A-‐induced	   spine	  
development	  (Yamashita	  et	  al.,	  2007).	  
Dihydropyrimidinase-related	  protein	  3:	  

Subcellular	  location:	  cytoplasm.	  
Phosphorylation	  site/kinase:	  threonine	  509/not	  described	  

Function:	   regulates	   dendrite	   arborization	   and	   spine	   morphology	   in	   the	  
hippocampus	  and	  is	  required	  for	  LTP	  formation	  (Quach	  et	  al.,	  2008).	  

cAMP-dependent	  protein	  kinase	  type	  II-beta	  regulatory	  subunit:	  

Subcellular	  location:	  cytoplasm.	  
Phosphorylation	   site/kinase:	   serine	   112/	   protein	   kinase	   A	  
(autophosphorylation)	  (Budillon	  et	  al.,	  1995).	  
Function:	   regulatory	   subunit	   of	   protein	   kinase	   A.	   Type	   II	   regulatory	   chains	  
mediate	  the	  association	  of	  protein	  kinase	  A	  to	  the	  plasma	  membrane	  by	  binding	  
to	   anchoring	   proteins,	   including	   the	   microtubule-‐associated	   protein	   2	   kinase.	  
Involved	   in	   conditioned	   taste	   aversion	   (Koh	   et	   al.,	   2003).	   Involved	   in	   ethanol	  
induced	  reward	  effects,	  locomotor	  activity	  and	  sensitization	  (Thiele	  et	  al.,	  2000;	  
Fee	   et	   al.,	   2006).	   Described	   as	   a	   transcription	   factor	   capable	   of	   interacting	  
physically	  and	  functionally	  with	  cAMP	  response	  element	  in	  the	  DNA	  (Srivastava	  
et	   al.,	   1998).	   Its	   deletion	   decreases	   body	   weight	   and	   increases	   energy	  
expenditure	   in	   leptin-‐deficient	   ob/ob	   mice	   (Newhall	   et	   al.,	   2005).	   Involved	   in	  
synaptic	  plasticity	  (Yang	  et	  al.,	  2009).	  
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Tubulin	  polymerization-promoting	  protein	  

Subcellular	  location:	  cytoplasm	  and	  nucleus.	  

Phosphorylation	  site/kinase:	  serine	  31/	  protein	  kinase	  A	  (Hlavanda	  E,	  2007).	  

Function:	  may	   play	   a	   role	   in	   the	   polymerization	   of	   tubulin	   into	  microtubules,	  
microtubule	   bundling	   and	   the	   stabilization	   of	   existing	   microtubules,	   thus	  
maintaining	  the	  integrity	  of	  the	  microtubule	  network.	  May	  play	  a	  role	  in	  mitotic	  
spindle	   assembly	   and	   nuclear	   envelope	   breakdown	   (uniprot,	  
http://www.uniprot.org).	  

Prostaglandin	  E	  synthase	  3	  

Subcellular	  location:	  cytoplasm	  and	  nucleus.	  

Phosphorylation	   site/kinase:	   serine	  113/	   caseine	   kinase	  2	   (Kobayashi	   et	   al.,	  
2004).	  

Function:	  protein	  chaperone,	  also	  known	  as	  p23,	  which	   is	  required	   for	  proper	  
functioning	   of	   the	   glucocorticoid	   and	   other	   steroid	   receptors	   (Lovgren	   et	   al.,	  
2007).	  Binds	  to	  the	  progesterone	  receptor	  and	  interact	  with	  heat	  shock	  protein	  
90.	  Regulates	  estrogen	  receptor	  alpha	  induced	  gene	  expression	  (Oxelmark	  et	  al.,	  
2006).	   Its	   phosphorylation	   at	   serine	   133	   is	   important	   for	   its	   activation	   and	  
association	  with	  heat	  shock	  protein	  90	  (Kobayashi	  et	  al.,	  2004).	  

Syntaxin-1B	  

Subcellular	  location:	  membranes.	  

Phosphorylation	  site/kinase:	  serine	  14/	  not	  described,	  however	  syntaxin	  1A	  
is	  phosphorylated	  at	  serine	  14	  by	  caseine	  kinase	  2	  (Gil	  et	  al.,	  2011).	  

Function:	  potentially	  involved	  in	  the	  docking	  of	  synaptic	  vesicles	  at	  presynaptic	  
active	   zones	   (Gerber	   et	   al.,	   2008).	   Involved	   in	   spatial	   learning,	   synaptic	   and	  
trans-‐synaptic	  plasticity	   (Davis	  et	   al.,	   1998	  and	  2000).	   Increased	  expression	  of	  
its	  mRNA	  in	  NAc	  shell	  in	  amphetamine	  sensitizated	  rats	  (Bhardwaj	  et	  al.,	  2006).	  
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Table	   14:	   Principal	   functions	   attributed	   to	   the	   proteins	   which	   expression	   or	  
phosphorylation	  state	  in	  the	  HPC	  is	  similarly	  modulated	  by	  re-‐exposure	  to	  cocaine	  
and	   morphine	   conditioned	   CPP	   compartement,	   when	   compared	   to	   the	   saline	  
control	  group.	  

Multifunctional	  protein	  ADE2:	  

Subcellular	  location:	  not	  well-‐described.	  

Function:	  involved	  in	  de	  novo	  purine	  biosynthesis	  pathways	  (essential	  for	  RNA	  
and	  DNA	  synthesis,	  regulate	  energy	  metabolism,	  protein	  synthesis	  and	  function,	  
enzyme	  activity,	  coenzyme	  function,	  and	  cell	  signaling)	  (Duval	  et	  al.,	  2013).	  May	  
be	   involved	   in	   cell	   proliferation	   during	   ocular	   development,	   trought	   ATP	  
signalling	  pathways	  (Ng	  et	  al.,	  2009).	  

Exportin-1:	  

Subcellular	  location:	  cytoplasm	  and	  nucleus.	  

Function:	  mediates	  the	  nuclear	  export	  of	  cellular	  proteins	  and	  of	  RNAs	  (Stade	  et	  
al.,	   1997).	   Participates	   in	   the	   cytoplasmic	   localisation	   of	   Neurogenin	   3,	   a	  
proneural	   gene,	   that	   regulates	   dendritogenesis	   and	   synaptogenesis	   in	   mouse	  
hippocampal	   neurons	   (Simon-‐Areces	   et	   al.,	   2013).	   May	   be	   involved	   in	   the	  
nuclear	  export	  of	  NUFIP1,	  a	  FMRP	  interactors	  involved	  in	  the	  regulation	  of	  local	  
protein	  synthesis	  near	  synapses	  (Bardoni	  et	  al.,	  2003).	  

Proton	  myo-inositol	  cotransporter:	  

Subcellular	  location:	  membrane.	  

Function:	   H+-‐myo-‐inositol	   cotransporter.	   May	   be	   a	   regulator	   of	  
phosphoinositide	   signalling,	   which	   is	   involved	   in	   the	   development	   of	   growth	  
cones,	  synaptic	  activity	  and	  mood	  disorders	  (Uldry	  et	  al.,	  2004;	  Di	  Daniel	  et	  al.,	  
2009).	  
Transportin-3:	  

Subcellular	  location:	  cytoplasm	  and	  nucleus.	  

Function:	  Nuclear	  import	  receptor	  for	  serine/arginine-‐rich	  proteins,	  which	  are	  
essential	  precursor-‐mRNA	  splicing	  factors.	  

Formin-2:	  

Subcellular	  location:	  cytoplasm.	  

Function:	   actin	   cytoskeleton	  organization	   (Goode	  et	   al.,	   2007).	  Formins	  play	  a	  
role	  in	  synaptic	  growth	  (Pawson	  et	  al.,	  2008).	  
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Surfeit	  locus	  protein	  4:	  

Subcellular	  location:	  membrane	  of	  endoplasmic	  reticulum	  and	  Golgi.	  

Function:	  Plays	  a	  role	  in	  the	  maintenance	  of	  the	  architecture	  of	  the	  endoplasmic	  
reticulum-‐Golgi	  (Mitrovic	  et	  al.,	  2008).	  

Protein	  FAM136A:	  

Subcellular	  location:	  mitochondria.	  

Function:	  not	  described.	  

Isoform	  Glt-1B	  of	  Excitatory	  amino	  acid	  transporter	  2:	  

Subcellular	  location:	  membrane	  .	  

Function:	   transports	   L-‐glutamate	   and	   also	   L-‐	   and	   D-‐aspartate.	   Essential	   for	  
terminating	   the	  postsynaptic	  action	  of	  glutamate	  by	  rapidly	   removing	  released	  
glutamate	  from	  the	  synaptic	  cleft.	  Up	  regulated	  by	  chronic	  stress	  (Reagan	  et	  al.,	  
2004).	  

UTP-glucose-1-phosphate	  uridylyltransferase:	  

Subcellular	  location:	  cytoplasm.	  

Function:	   UDP-‐glucose	   metabolic	   process,	   glycogenesis.	   It	   synthesizes	   UDP-‐
glucose	  from	  glucose-‐1-‐phosphate	  and	  UTP.	  UDP-‐glucose	  has	  been	  described	  as	  
a	   ligand	   for	   the	   purinergic	   receptor	   P2Y14,	   which	   promotes	   cytoskeleton	  
rearrangement	  via	  Rho/Rho	  kinase	  activation	  (Sesma	  et	  al.,	  2012).	  

Carnitine	  O-acetyltransferase:	  
Subcellular	  location:	  endoplasmic	  reticulum,	  membrane,	  mitochondria	  and	  
peroxisome.	  
Function:	  Fatty	  acid	  and	  lipid	  metabolism	  and	  transport.	  May	  be	  involved	  in	  the	  
transport	   of	   acetyl-‐CoA	   into	   mitochondria.	   Involved	   in	   carnitine	   metabolism.	  
Acetyl-‐L-‐carnitine	   ameliorates	   spatial	  memory	   deficits	   associated	   to	   alzheimer	  
disease,	   has	   anti-‐depressive	   like	   effects,	   increases	   DA	   outflow	   and	  
phosphorylation	  of	  DARPP-‐32	  (Thr34)	  in	  the	  NAc,	  and	  stimulates	  production	  of	  
nerve	  growth	  factor	  (Jiang	  et	  al.,	  2011;Di	  Cesare	  Mannelli	  et	  al.,	  2011;	  Scheggi	  et	  
al.,	  2004,	  Taglialatelae	  et	  al.,	  1994).	  

Beta-actin-like	  protein	  2:	  

Subcellular	  location:	  cytoplasm	  (cytoskeleton)	  

Function:	  cell	  motility.	  β-‐actin	  exists	  as	  a	  globular	  actin	  (G-‐actin)	  or	  filamentous	  
actin	  (F-‐actin).	  Involved	  in	  cell	  growth	  (Chang	  et	  al.,	  2011).	  
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SH3-containing	  GRB2-like	  protein	  3-interacting	  protein	  1:	  

Subcellular	  location:	  membrane.	  

Phosphorylation	  site/kinase:	  serine	  287/	  not	  described.	  

Function:	  may	  be	  implicated	  in	  clathrin-‐mediated	  endocytosis.	  Recruit	  proteins	  
essential	  to	  the	  formation	  of	  functional	  clathrin-‐coated	  pits	  (Li	  et	  al.,	  2011).	  May	  
also	  bind	   tubulin.	  May	  play	  a	  role	   in	   the	  regulation	  of	  energy	  homeostasis.	  Up-‐
regulated	  in	  the	  hypothalamus	  of	  obese	  mice	  (Trevaskis	  et	  al	  2005).	  

Tumor	  protein	  p63-regulated	  gene	  1-like	  protein:	  

Subcellular	  location:	  presynaptic	  nerve	  terminals	  (synaptic	  vesicles).	  

Phosphorylation	  site/kinase:	  threonine	  34/	  not	  described.	  

Function:	  not	  described.	  

Oxidation	  resistance	  protein	  1:	  

Subcellular	  location:	  mitochondria.	  

Phosphorylation	  site/kinase:	  serine	  346/	  not	  described.	  

Function:	   may	   be	   involved	   in	   protection	   from	   oxidative	   damage,	   such	   as	  
neurodegeneration	  (Oliver	  et	  al.,	  2011).	  

Proline-rich	  transmembrane	  protein	  2:	  

Subcellular	  location:	  membrane,	  cell	  junction	  at	  the	  synapse.	  

Phosphorylation	  site/kinase:	  serine	  244	  and	  250/	  not	  described.	  

Function:	  Component	  of	   the	  outer	  core	  of	  AMPAR	  complex,	  participates	   in	   the	  
control	  of	   the	  gating	  and	  pharmacology	  of	   the	  AMPAR	  complex	   (Schwenk	  et	  al	  
2012).	  Interacts	  with	  SNAP-‐25,	  co-‐localised	  with	  synapsin-‐1	  and	  may	  play	  a	  role	  
in	  neurotransmitter	  release;	  mutation	  of	   its	  gene	  cause	  paroxysmal	  kinesigenic	  
dyskinesia	  (Heron	  et	  al.,	  2013).	  
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Microtubule-associated	  protein	  2	  :	  

Subcellular	  location:	  cytoplasm	  (cytoskeleton)	  

Phosphorylation	  site/kinase:	  serine	  1612/	  not	  described	  

Function:	  may	  stabilize	  microtubules	  against	  depolymerization.	  Involved	  in	  the	  
localisation	   of	   type	   II	   PKA	   in	   dendritic	   shaft,	   which	   is	   important	   for	   the	  
regulation	  of	  synaptic	  strength	  and	  long-‐term	  potentiation	  (Zhong	  et	  al.,	  2009).	  
Considered	   as	   neurosteroid	   receptor,	   and	   mediates	   neurosteroid-‐enhanced	  
neurite	  outgrowth	  of	  nerve	  growth	  (Fontaine-‐Lenoir	  et	  al.,	  2006).	  

Spectrin	  beta	  chain,	  brain	  1:	  

Subcellular	  location:	  cytoplasm	  (cytoskeleton).	  

Phosphorylation	  site/kinase:	  serine	  2101/	  not	  described.	  

Function:	   involved	   in	  calcium-‐dependent	  movement	  of	   the	  cytoskeleton	  at	   the	  
membrane.	  Presynaptic	  spectrin	  (alpha	  and	  beta)	  is	  an	  essential	  scaffold	  that	  is	  
required	   to	   maintain	   synapse	   stability	   (Pielage	   et	   al.,	   2005).	   beta-‐Spectrin	   is	  
required	   for	   the	   localization	  of	   alpha-‐Spectrin	   and	   ankyrin	   to	   the	  postsynaptic	  
membrane,	   in	   the	   absence	   of	   postsynaptic	   α-‐	   or	   β-‐Spectrin,	   active	   zone	   size	   is	  
increased,	  which	  correlate	  with	  an	  increase	  in	  quantal	  size;	  spectrin	  are	  required	  
for	  the	  organization	  of	  ion	  channels	  and	  cell	  adhesion	  molecules	  and	  participates	  
in	   the	   clustering	   of	   postsynaptic	   neurotransmitter	   receptors	   (Pielage	   et	   al.,	  
2006).	  
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Table	   15:	   Principal	   functions	   attributed	   to	   the	   proteins	   which	   expression	   or	  
phosphorylation	  state	  in	  the	  NAc	  is	  similarly	  modulated	  by	  re-‐exposure	  to	  cocaine	  
and	   morphine	   conditioned	   CPP	   compartement,	   when	   compared	   to	   the	   saline	  
control	  group.	  
	  

Protein	  transport	  protein	  Sec31A:	  

Subcellular	  location:	  cystoplasm,	  cytoplasmic	  vesicles,	  endoplasmic	  reticulum	  
and	  membrane.	  

Function:	   component	   of	   the	   coat	   protein	   complex	   II	   that	   promotes	   the	  
formation	  of	  transport	  vesicles	  from	  the	  endoplasmic	  reticulum.	  

Emerin:	  

Subcellular	  location:	  nucleus	  membrane.	  

Function:	   stabilizes	   and	   promotes	   the	   formation	   of	   a	   nuclear	   actin	   cortical	  
network.	   Stimulates	   actin	   polymerization.	   Inhibits	   beta-‐catenin	   activity	   by	  
preventing	   its	   accumulation	   in	   the	  nucleus,	   through	  a	  CRM1-‐dependent	  export	  
pathway.	  Facilitates	  repressive	  chromatin	  formation	  at	  the	  nuclear	  periphery	  by	  
increasing	  the	  catalytic	  activity	  of	  HDAC3	  (Demmerle	  et	  al.,	  2012).	  

Cell	  cycle	  exit	  and	  neuronal	  differentiation	  protein	  1:	  

Subcellular	  location:	  membrane	  

Function:	   Co-‐ordinates	   cell	   cycle	   exit	   and	   differentiation	   of	   neuronal	  
progenitors	  (Politis	  et	  al.,	  2008).	  Although	  highly	  expressed	  in	  mature	  neurons,	  
its	  function	  in	  adult	  brain	  is	  unknown,	  but	  it	  might	  have	  a	  neuroprotective	  role	  
(Boutou	  et	  al.,	  2000).	  

Protein	  transport	  protein	  Sec61	  subunit	  beta:	  

Subcellular	  location:	  endoplasmic	  reticulum	  membrane.	  

Function:	   necessary	   for	   protein	   translocation	   in	   the	   endoplasmic	   reticulum.	  
Participates	   in	   the	  epidermal	  growth	   factor	   receptor	   trafficking	   to	   the	  nucleus,	  
functions	   to	   insert	   secretory	  and	   transmembrane	  proteins	   into	   the	  endoplastic	  
reticulum	  during	  protein	  synthesis	  and	  traffics	  toxins	  from	  the	  cell	  surface	  to	  the	  
endoplasmic	   reticulum	   and	   to	   the	   cytosol	   (intoxication	   process)	   (Liao	   et	   al.,	  
2007)	  
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Isoform	  2	  of	  Protein	  phosphatase	  1	  regulatory	  subunit	  1B	  	  (DARPP-32):	  

Subcellular	  location:	  cytoplasma	  and	  nucleus.	  

Phosphorylation	  site/kinase:	  serine	  10/	  not	  described.	  

Function:	   Inhibitor	   of	   protein-‐phosphatase	  1.	  DARPP-‐32	   in	   the	  brain	   is	   highly	  
enriched	  in	  DA	  neurons	  and	  is	   important	  mediator	  of	  DA	  signalling.	  Depending	  
on	   its	   phosphorylation	   state,	   it	   can	   acts	   as	   an	   amplifier	   of	   PKA-‐mediated	  
signaling	   or	   inhibitor	   PKA	   activity.	   It	   participates	   also	   in	   glutamate	   and	  
serotonin	  signalling.	  It	  plays	  an	  important	  role	  in	  the	  induction	  of	  both	  LTD	  and	  
LTP.	  It	  mediates	  the	  short-‐	  and	  some	  long-‐term	  effects	  of	  several	  drugs	  of	  abuse.	  
The	  acquisition	  of	  cocaine	  and	  ethanol	  self-‐administration	  and	  CPP	  is	  attenuated	  
in	   DARPP-‐32	   KO	   mice.	   DARPP-‐32	   KO	   mice	   show	   increased	   locomotor	  
sensitization	  to	  cocaine	  (Nairn	  et	  al.,	  2004).	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Stathmin:	  	  

Subcellular	  location:	  cytoplasm	  (cytoskeleton).	  

Phosphorylation	  site/kinase:	  serine	  38/	  Cdk5	  (Hayashi	  et	  al.,	  2006).	  

Function:	   Stathmin	   is	   a	   neuronal	   growth-‐associated	   protein	   that	   has	   been	  
implicated	   in	   neural	   development,	   plasticity,	   learning,	   degeneration	   and	   aging	  
(Mori	   and	   Morii	   2002).	   It	   is	   involved	   in	   the	   regulation	   of	   the	   microtubule	  
filament	   system	  by	   destabilizing	  microtubules.	   Involved	   in	   the	  maintenance	   of	  
synaptic	  connexions	  (Graf	  et	  al.,	  2011).	  Involved	  in	  the	  control	  of	  the	  learned	  and	  
innate	   fear	   (Shumyatsky	   et	   al.,	   2005).	   Serine	   38	   is	   predominantly	  
phosphorylated	  by	  Cdk5,	  which	  may	  causes	  weakened	  stathmin-‐tubulin	  binding,	  
and	   thus	   increases	   the	   concentration	   of	   tubulin	   available	   in	   the	   cytoplasm	   for	  
microtubule	  assembly	  (Hayashi	  et	  al.,	  2006).	  

Neuronal	  membrane	  glycoprotein	  M6-a:	  	  

Subcellular	  location:	  membrane,	  in	  particular	  of	  dendrtitic	  spines	  and	  axons.	  

Phosphorylation	   site/kinase:	   serine	   267/	   protein	   kinase	   C	   (Huang	   et	   al.,	  
2011).	  

Function:	  involved	  in	  neuronal	  differentiation.	  Plays	  a	  role	  in	  neuronal	  plasticity	  
and	   is	   involved	   in	   neurite	   and	   filopodia	   outgrowth,	   filopodia	   motility	   and	  
probably	   synapse	   formation;	   it	   is	   a	   stress-‐responsive	   gene	   in	   the	  hippocampal	  
formation	   (Alfonso	   et	   al.,	   2005).	  May	   be	   involved	   in	   regulation	   of	   endocytosis	  
and	   intracellular	   trafficking	   of	   G-‐protein-‐coupled	   receptors;	   enhances	  
internalization	   and	   recycling	   of	   mu-‐type	   opioid	   receptor	   (Liang	   et	   al.,	   2008).	  
Phosphorylation	  at	  serine	  267	  regulates	  filopodium	  motility	  (Brocco,	  2010)	  
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Heat	  shock	  protein	  HSP	  90-alpha:	  	  

Subcellular	  location:	  cytoplasm	  

Phosphorylation	  site/kinase:	  serine	  263/	  CK2	  (Lees-‐Miller	  SP	  et	  al.,	  1998)	  

Function:	   Molecular	   chaperone	   that	   promotes	   the	   maturation,	   structural	  
maintenance	   and	   proper	   regulation	   of	   specific	   target	   proteins	   involved	   for	  
instance	  in	  cell	  cycle	  control	  and	  signal	  transduction,	  such	  as	  the	  glucocorticoid	  
receptor	   or	   the	   epidermal	   growth	   factor	   receptor.	   In	   the	   endometrium,	   its	  
expression	   is	   stimulated	   by	   oestradiol	   and	   inhibited	   by	   progesterone	   (Tang	   et	  
al.,	   2005).	   Participated	   in	  nitric	   oxide	  biosynthetic	   process	   and	  protein	   import	  
into	  mitochondrial	  outer	  membrane.	  Involved	  in	  synaptic	  function	  by	  controlling	  
neurotransmitter	   release	   and,	   independently,	   by	   mediating	   the	   continuous	  
cycling	  of	  synaptic	  AMPA	  receptors	  (Gerges	  et	  al.,	  2004).	  Increased	  expression	  in	  
cocaine	  withdrawn	  rats	  (García-‐Fuster	  et	  al.,	  2012).	  

14-3-3	  protein	  zeta/delta:	  

Subcellular	  location:	  cytoplasm.	  

Phosphorylation	  site/kinase:	  serine	  207/	  not	  described.	  

Function:	   Adapter	   protein	   implicated	   in	   the	   regulation	   of	   several	   signaling	  
pathways.	  Modulation	  of	  its	  expression	  during	  the	  RISE	  phenomenon	  (repetitive	  
LTP-‐induced	   synaptic	   enhancement)	   (Kawaai,	   2010).	  May	  be	   involved	   in	  THC-‐
induced	   neuroprotection	   (Chen	   et	   al.,	   2007).	   14-‐3-‐3ζ	   deficiency	   is	   associated	  
with	   behavioural,	   cognitive	   and	   neurodevelopmental	   (altered	   glutamatergic	  
synapse	   formation)	   anomalies	   similar	   to	   those	   seen	   in	   neuropsychiatric	  
disorders	  such	  as	  schizophrenia,	  autism	  spectrum	  disorder	  and	  bipolar	  disorder	  
(Cheah	  et	  al.,	  2012).	  Involved	  in	  cAMP-‐induced	  BDNF	  transcription	  (Neasta	  et	  al.,	  
2012).	   Conditioned	   cue/context-‐mediated	   cocaine	   memory	   is	   associated	   with	  
accumbal	   14-‐3-‐3ζ	   protein	   downregulation	   (Kao	   et	   al.,	   2011).	   Involved	   in	  
escalation	   and	   inflexibility	   of	   alcohol	   intake	   (Lesscher	   et	   al.,	   2012).	   Its	  
expression	  is	  altered	  by	  morphine	  administration	  (Morón	  et	  al.,	  2007).	  

Microtubule-associated	  protein	  2:	  

Subcellular	  location:	  cytoplasm	  (cytoskeleton).	  

Phosphorylation	  site/kinase:	  threonine	  1160/	  not	  described.	  

Function:	  see	  table	  12.	  
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Hydroxyacyl-coenzyme	  A	  dehydrogenase,	  mitochondrial:	  	  

Subcellular	  location:	  mitochondria.	  

Phosphorylation	  site/kinase:	  serine	  11/	  not	  described.	  

Function:	   lipid	  metabolism.	   Plays	   an	   essential	   role	   in	   the	  mitochondrial	   beta-‐
oxidation	   of	   short	   chain	   fatty	   acids.	   In	   the	   brain,	   participates	   in	   androgen	  
metabolism:	  catalyze	  the	  oxidation	  of	  17β-‐estradiol	  and	  5α-‐androstane-‐3α,17β-‐
diol	  and	  convert	  them	  to	  dihydrotestosterone	  (He	  et	  al.,	  2000).	  

DnaJ	  homolog	  subfamily	  C	  member	  5:	  	  

Subcellular	  location:	  membrane	  and	  synaptic	  vesicles.	  

Phosphorylation	  site/kinase:	  serine	  10/	  PKA	  (Evans	  et	  al.,	  2001).	  

Function:	   may	   be	   involved	   in	   calcium-‐dependent	   neurotransmitter	   release	   at	  
nerve	   endings	   (Buchner	   et	   al.,	   1997),	   could	   be	   essential	   for	   synaptic	   function	  
maintenance	  and	  refolding	  of	  synaptic	  proteins	  (Fernández-‐Chacón	  et	  al.,	  2004;	  
Tobaben	  et	  al	  2001).	  Phosphorylation	  at	  serine	  10	  modulates	  the	  activity	  of	  the	  
exocytotic	  machinery	  (Evans	  et	  al.,	  2001).	  
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A.	  ROLE	  OF	  CB1-R	  IN	  THE	  NEUROPLASTIC	  CHANGES	  ASSOCIATED	  

TO	  PALATABLE	  FOOD	  REWARD	  AND	  SEEKING	  BEHAVIOUR	  

Growing	   evidences	   suggest	   that	   some	   eating	   disorders	   should	   be	  

considered	  as	  a	  form	  of	  “food	  addiction”.	  In	  particular,	  some	  scientists	  have	  

proposed	   that	   the	   pattern	   of	   food	   intake	   observed	   in	   certain	   obese	  

individuals	   present	   striking	   similarities	   with	   the	   uncontrolled	   and	  

compulsive	   drug	   intake	   seen	   in	   drug-‐addicts	   (Volkow	   et	   al.,	   2008).	   Like	  

drugs	   of	   abuse,	   certain	   types	   of	   food,	   particularly	   those	   enriched	   in	  

carbohydrates	   and	   lipids,	   can	   trigger	   an	   excessive	   release	   of	   DA	   in	  

mesocorticolimbic	   system	  mainly	  when	   consumed	   in	   a	  binge-‐like	  manner	  

(Avena	   et	   al.,	   2009).	   It	   is	   proposed	   that	   excessive	   consumption	   of	   these	  

types	  of	  food	  could	  progressively	  alter	  the	  functionality	  of	  the	  brain	  reward	  

circuit,	   such	  as	  drugs	  of	   abuse,	   generating	  a	  pathologic	  motivational	   state	  

towards	  hedonic	  foods	  that	  could	  facilitate	  compulsive	  eating	  	  (Avena	  et	  al.,	  

2009;	  Johnson	  and	  Kenny,	  2010).	  Some	  forms	  of	  obesity	  can	  be	  viewed	  as	  a	  

chronic	   condition	   with	   repetitive	   periods	   of	   protracted	   abstinence	  

(restriction	  of	  seductive	  foods)	  and	  periods	  of	  relapse	  (compulsive	  eating)	  

(Volkow	  and	  Wise,	  2005).	  In	  drug	  addiction,	  the	  persistence	  of	  behavioural	  

alterations	  (drug	  relapse	  after	  years	  of	  abstinence)	  may	  be	  due,	  at	   least	  in	  

part,	   to	   drug-‐induced	   structural	   changes	   in	   the	  mesocorticolimbic	   circuit	  

(Robinson	  and	  Kolb,	  2004).	  Although	  several	  studies	  have	  investigated	  the	  

underpinnings	  of	  “food	  addiction”	  (Blumenthal	  and	  Gold,	  2010),	  few	  to	  date	  

have	   studied	   the	   involvement	   of	   structural	   plasticity	   changes	   in	   food	  

reward	  and	  eating	  behaviour	  alterations	  (Crombag	  et	  al.,	  2005).	  

In	   the	   first	   part	   of	   this	   thesis,	   we	   have	   evaluated	   whether	   prolonged	  

operant	   training	   to	   obtain	   hedonic	   foods	   can	   alter	   the	   morphological	  
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structure	  of	  the	  neurons	  of	  the	  mesocorticolimbic	  circuit.	  In	  particular,	  we	  

evaluated	   the	   specific	   involvement	   of	   different	   characteristics	   of	  

obesogenic	   diets	   in	   promoting	   behavioural	   and	   neurophysiological	  

alterations:	   the	  palatability	  by	  using	   isocaloric	   chocolate-‐flavoured	  pellets	  

and	   the	   caloric	   content	   by	   using	   high	   fat	   pellets.	   Different	   studies	   have	  

demonstrated	   the	   role	   of	   the	   endogenous	   cannabinoid	   system	   in	   the	  

mesocorticolimbic	   system	   in	   controlling	   food	   hedonic	   value	   and	  

consumption	   (Harrold	   and	   Williams,	   2003).	   In	   addition,	   some	   evidences	  

have	   highlighted	   the	   implication	   of	   this	   system	   in	   promoting	   structural	  

plasticity	  changes	  involved	  in	  drug-‐seeking	  behaviour	  (Ballesteros-‐Yáñez	  et	  

al.,	  2007a).	  Thus,	  we	  sought	  that	  the	  endogenous	  cannabinoid	  system	  could	  

also	  be	  involved	  in	  the	  development	  of	  palatable	  food-‐induced	  behavioural	  

alterations	  by	  a	  mechanism	  that	  implies	  structural	  plasticity	  changes	  in	  the	  

brain	  reward	  pathways.	  

Our	   results	   show	   that	   palatability	   represents	   a	   key	   factor	   that	   influences	  

motivation	   to	   consume	   and	   seek	   food.	   Indeed,	   despite	   satiety	   and	   the	  

increased	  effort	  required	  to	  obtain	  food	  (fixed	  ratio	  5	  (FR5)),	  mice	  trained	  

with	   the	   palatable	   diet	   displayed	   high	   levels	   of	   operant	   responding,	  

consuming	   as	   much	   as	   two-‐fold	   more	   pellets	   than	   mice	   trained	   with	  

standard	  diet.	   These	  mice	   trained	  with	  palatable	   food	  were	   able	   to	   lever-‐

pressing	   at	   least	   300	   times	   to	   get	   one	   single	   pellet	   in	   the	   PR	   task.	   In	  

contrast,	   such	   strong	   reinforcing	   effects	  were	   not	   observed	  with	   high	   fat	  

pellets,	   and	  mice	   trained	  with	   this	   type	  of	   food	   importantly	   reduced	   their	  

pellets	   intake	   when	   fed	   ad	   libitum	   and	   tested	   in	   a	   FR5	   schedule	   (-‐77%	  

compared	   to	   the	   intake	   during	   the	   training	   under	   food	   deprivation).	   In	  

addition,	   these	  mice	  presented	  similar	  motivation	  to	  obtain	   the	  reinforcer	  

in	   the	   PR	   test	   than	   mice	   trained	   with	   the	   standard	   diet.	   These	   results	  
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suggest	   that	   in	   absence	   of	   pleasurable	   taste,	   fatty	   diets	   fail	   to	   produce	  

enough	  rewarding	  effects	  to	  override	  satiety	  signals	  in	  rodents.	  

In	  support	  to	  our	  results,	  a	  previous	  study	  has	  shown	  that	  palatable	  pellets	  

improve	  performance	  on	  operant	  training	  when	  compared	  with	  a	  standard	  

diet,	  a	  response	  that	  was	  not	  observed	  with	  high	  fat	  pellets	  (Barbano	  et	  al.,	  

2009).	  However,	  another	  study	  suggests	  that	  the	  low	  reinforcing	  properties	  

of	  high	  fat	  food	  in	  sated	  animals	  tested	  in	  operant	  task	  do	  not	  reflect	  their	  

lack	   of	   rewarding	   effects	   but	   rather	   their	   strong	   ability	   to	   elicit	   satiety	  

signals	  (Ward	  et	  al.,	  2007).	  Indeed,	  these	  data	  reveal	  that	  mice	  trained	  with	  

high	  fat	  food	  exhibit	  higher	  operant	  reponses	  than	  mice	  trained	  with	  sweet	  

food	   in	   operant	   tasks	   that	   do	   not	   involve	   food	   consumption,	   such	   as	  

extinction	   and	   cue	   reinstatement	   sessions	   (Ward	   et	   al.,	   2007).	   Thus,	   the	  

authors	  state	  that	  high	  fat	  foods	  could	  produce	  high	  rewarding	  effects,	  even	  

greater	  than	  sweet	  foods	  under	  these	  experimental	  conditions.	  In	  addition,	  

fat	   enriched	   foods	   promote	   CPP	   acquisition	   in	   animals	   (Imaizumi	   et	   al.,	  

2000),	  and	  fat	  foods	  are	  largely	  preferred	  than	  low-‐energy-‐density	  ones	  in	  

humans	  (Drewnowski	  and	  Almiron-‐Roig,	  2010).	  

Our	   results	   support	   the	   proposal	   that	   the	   high	   rewarding	   effects	   of	  

palatable	  food	  can	  override	  satiety	  signals,	  and	  palatability	  may	  represent	  a	  

key	   factor	   leading	   to	   excessive	   food	   intake	   (Lutter	   and	  Nestler,	   2009).	   In	  

addition,	  our	  results	  suggest	  that	  the	  ability	  of	  fat-‐enriched	  food	  to	  promote	  

overeating	  may	   be	   less	   prominent	   than	   palatable	   one,	  without	   additional	  

pleasurable	  taste	  and/or	  the	  emergence	  of	  metabolic	  alterations,	  although	  

the	   rewarding	   effects	   of	   this	   type	   of	   food	   has	   been	   well	   documented	  

(Imaizumi	  et	  al.,	  2000;	  Drewnowski	  and	  Almiron-‐Roig,	  2010).	  
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On	   the	   other	   hand,	   our	   results	   confirm	   that	   the	   endogenous	   cannabinoid	  

system	   plays	   an	   important	   role	   in	   both	   the	   homeostatic	   and	   hedonic	  

control	  of	  food	  intake	  (Harrold	  and	  Williams,	  2003).	  Indeed,	  CB1-‐R	  KO	  mice	  

consumed	   all	   kinds	   of	   diet	   in	   a	   less	   amount	   than	   WT	   mice	   when	   food-‐

deprived,	   suggesting	   a	   general	   decrease	   of	   appetite	   under	   these	  

experimental	   conditions.	  This	   effect	  was	  not	  due	   to	   learning	   impairments	  

because	   both	   WT	   and	   CB1-‐R	   KO	   mice	   similarly	   acquired	   the	   task.	   In	  

agreement,	   previous	   studies	   have	   demonstrated	   that	   administration	   of	   a	  

CB1	  antagonist	  in	  food-‐deprived	  animals	  decreases	  operant	  responses	  and	  

intake	   of	   both	   palatable	   and	   non-‐palatable	   foods	   (Freedland	   et	   al.,	   2000;	  

Pério	  et	  al.,	  2001).	  These	  results	  are	  in	  accordance	  with	  the	  well-‐described	  

role	  of	  endocannabinoids	  in	  the	  regulation	  of	  appetite	  and	  the	  modulation	  

of	  orexigenic	  signals	  (Kirkham	  et	  al.,	  2002,	  Di	  Marzo	  and	  Matias,	  2005).	  In	  

addition,	   our	   results	   show	   that	   CB1-‐R	   mediates	   the	   rewarding	   and	  

reinforcing	   effects	   of	   palatable	   food.	   Indeed,	   sated	   CB1-‐R	   KO	   mice	  

consumed	   significantly	   less	   palatable	   pellets	   than	   sated	  WT	  mice,	   and	   in	  

contrast	  to	  WT	  mice,	  exhibited	  similar	  motivation	  for	  this	  type	  of	  food	  than	  

for	   a	   standard	   diet.	   These	   effects	   were	   not	   due	   to	   compensatory	  

mechanisms	  related	  to	  the	  genetic	  deletion	  of	  CB1-‐R,	  as	  pharmalogical	  and	  

viral	   inactivation	  of	  CB1-‐R	   in	   the	  NAc	   in	  WT	  mice	  also	   leaded	  to	  decrease	  

palatable	  food	  consumption	  in	  the	  FR	  schedule,	  and	  breaking	  point	  in	  a	  PR	  

test.	   In	   agreement,	   several	   studies	  have	   shown	   that	   inactivation	  of	   CB1-‐R	  

reduces	   operant	   responses	   in	   both	   FR	   and	   PR	   schedule,	   as	   well	   as	   the	  

intake	  of	  palatable	   food	   in	  animals	   fed	  ad	   libitum,	  while	  administration	  of	  

CB1-‐R	  agonists	  produces	  opposite	  effects	  (Simiand	  et	  al.,	  1998;	  Higgs	  et	  al.,	  

2003;	   Ward	   et	   al.,	   2005).	   In	   addition,	   our	   pharmacological	   and	   viral	  

approaches	   highlight	   the	   prominent	   role	   of	   the	   endogenous	   cannabinoid	  
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system	   in	   the	   NAc	   in	   mediating	   these	   responses.	   Accordingly,	   previous	  

studies	   have	   shown	   that	   the	   endogenous	   cannabinoid	   system	   is	   a	   critical	  

regulator	   of	   accumbal	   activity	   during	   motivational	   responses	   towards	  

palatable	  food	  achievement	  (Hernandez	  et	  al.,	  2012),	  and	  infusion	  of	  a	  CB1-‐

R	  agonist	  in	  the	  NAc	  increases	  palatable	  food	  consumption	  (Shinohara	  et	  al	  

2009).	   This	   later	   effect	   has	   been	   related	   to	   the	   presence	   of	  

endocannabinoid	   hotspots	   in	   the	   NAc	   shell	   that	   would	   mediate	   food	  

sensory	  pleasure	  or	  palatability	  perception	  (Mahler	  et	  al.,	  2007).	  	  

Furthermore,	   we	   observed	   that	   sated	   CB1-‐R	   KO	   mice	   consumed	  

significantly	  more	  high	  fat	  pellets	  than	  sated	  WT	  mice,	  suggesting	  that	  CB1-‐

R	   KO	   mice	   may	   be	   less	   sensitive	   to	   the	   satiety	   effects	   derived	   from	   the	  

consumption	  of	  this	  diet	  and/or	  more	  sensitive	  to	  its	  rewarding	  properties.	  

We	   also	   observed	   that	   CB1-‐R	  KO	  mice	   seem	  more	  motivated	   to	  work	   for	  

high	  fat	  foods	  than	  WT	  mice	  in	  a	  PR	  task.	  However,	  it	  is	  important	  to	  note	  

that	  breaking	  points	   reached	  by	  CB1-‐R	  KO	  mice	   trained	  with	  high	   fat	  and	  

standard	   pellets	   were	   not	   statistically	   different.	   These	   findings	   are	  

somewhat	   surprising	   considering	   that	   several	   studies	   have	   shown	   that	  

pharmalogical	   inactivation	   of	   CB1-‐R	   decreases	   operant	   responses	   and	  

intake	   of	   fat	   foods	   	   (McLaughlin	   et	   al.,	   2003;	   Randall	   et	   al.,	   2010).	   In	  

addition,	  endocannabinoid	  signalling	   in	   the	  small	   intestine	   through	  CB1-‐R	  

serves	   as	   an	   orosensory	   positive	   feedback	   mechanism	   that	   facilitates	   fat	  

intake	   (DiPatrizio	   et	   al.,	   2011).	   Nevertheless,	   another	   study	   found	   that	  

genetic	  deletion	  of	  CB1-‐R-‐KO	  does	  not	  decrease	  operant	  responses	  for	  high	  

fat	  food	  (Ward	  et	  al.,	  2005).	  Thus,	  data	  in	  CB1-‐R	  deficient	  mice	  suggest	  that	  

the	  role	  of	  the	  endogenous	  cannabinoid	  system	  in	  fat	  intake	  could	  be	  more	  

complex	  than	  just	  modulating	  the	  rewarding	  properties	  of	  fat	  foods.	  Indeed,	  

the	   endogenous	   cannabinoid	   system	   has	   shown	   to	   be	   also	   involved	   in	  
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adipocytes	   fat	   storage	   and	   lipogenesis,	   two	   processes	   that	   can	   influence	  

appetite	  (Cota	  et	  al.,	  2003;	  Trayhurn	  et	  al.,	  2006).	  Thus,	  it	  is	  possible	  that	  a	  

constant	  alteration	  of	   these	  processes	   in	  CB1-‐R	  KO	  mice	   leads	   to	  enhance	  

incentive	   value	   and/or	   appetite	   for	   fat	   foods	   in	   these	   mice,	   in	   order	   to	  

promote	   fat	   nutrients	   supply	   and	   compensate	   their	   impaired	   storage	   as	  

well	  as	  the	  decreased	  body	  mass	  of	  these	  mutants	  mice	  (Cota	  et	  al.,	  2003).	  

Hence,	   CB1-‐R	   KO	  mice	   could	   present	   both	   a	   decreased	   sensitivity	   to	   the	  

hedonic	  effect	  of	  fat	  food	  together	  with	  an	  enhanced	  motivation	  to	  eat	  this	  

type	  of	   food	   to	   fulfil	   a	  metabolic	  necessity.	  Thus,	   such	  opposite	   responses	  

could	  lead	  to	  either	  no	  apparent	  changes	  in	  fat	  intake	  in	  CB1-‐R	  KO	  mice	  due	  

to	   the	  compensation	  of	  both	  mechanisms	   	   (Ward	  et	  al.,	  2005),	  or	  even	  an	  

increased	   in	   fat	   consumption	   and	  motivation	   (our	   results)	   depending	   on	  

the	   ratio	   of	   hedonic	   effects/caloric	   content	   of	   the	   fat	   diet	   used.	   Although	  

further	   experiments	   will	   be	   necessary	   to	   validate	   this	   hypothesis,	   our	  

results	   together	   with	   the	   previous	   studies	   suggest	   that	   the	   endogenous	  

cannabinoid	  system	  plays	  an	  important	  role	  in	  mediating	  both	  palatability-‐

induced	  rewarding	  effects	  and	   the	  perception	  of	   the	  caloric	  value	  of	   food.	  

These	   findings	   provide	   further	   evidences	   that	   endogenous	   cannabinoid	  

system	   could	   be	   an	   important	   neurobiological	   substrate	   underlying	   the	  

development	  of	  eating	  disorders.	  

A	  more	  detailed	  analysis	  of	  our	  experimental	  data	  revealed	  that	  long-‐term	  

exposure	   to	   palatable	   food,	   but	   not	   standard	   or	   high	   fat	   diet,	   leads	   to	  

progressive	   alterations	   of	   food-‐seeking	   behaviour	   through	   a	   CB1-‐R	  

dependent	   mechanism.	   Thus,	   we	   observed	   that	   mice	   repeatedly	   trained	  

with	   palatable	   food	   progressively	   increased	   their	   operant	   responses	   and	  

food	  intake	  throughout	  the	  experimental	  sequence	  (+	  20%	  between	  day	  16	  

and	  day	  40,	   figure	  24A).	  This	  behaviour	  suggests	  that	  chronic	  exposure	  to	  
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palatable	   food	   may	   lead	   to	   an	   enhancement	   of	   its	   hedonic	   properties	  

and/or	  the	  desire	  to	  obtain	  this	  kind	  of	  food.	  In	  support	  to	  this	  hypothesis,	  

other	   studies	   have	   reported	   similar	   alterations	   of	   eating	   behaviour	   after	  

long-‐term	  intermittent	  exposure	  to	  a	  palatable	  beverage	  (Colantuoni	  et	  al.,	  

2001).	  Indeed,	  rats	  exposed	  to	  this	  diet	  regimen	  dramatically	  increase	  their	  

glucose	   intake	   along	   the	   time,	   and	  display	   enhanced	  motivation	   to	   obtain	  

this	   beverage	   after	   abstinence,	   an	   effect	   interpreted	   as	   the	   expression	   of	  

palatable	  food	  craving	  (Avena	  et	  al.,	  2005).	  As	  it	  occurs	  with	  drugs	  of	  abuse,	  

this	  enhanced	  motivation	  has	  shown	  to	  incubate	  or	  grow	  with	  the	  length	  of	  

the	   abstinence	   (Avena	   et	   al.,	   2008;	   Grimm	   et	   al.	   2005).	   Together,	   these	  

findings	  suggest	  the	  gradual	  emergence	  of	  long-‐term	  changes	  in	  the	  neural	  

circuitry	   underlying	   motivation	   as	   a	   result	   of	   palatable	   food	   self-‐

administration,	   which	   seem	   to	   be	   maintained	   or	   even	   enhanced	   during	  

dieting	  period.	  

Interestingly,	  similar	  responses	  have	  been	  described	  in	  animals	  allowed	  to	  

self-‐administer	  drugs	  of	  abuse	  during	  prolonged	  intermittent	  period	  using	  

extended	   access	   protocols	   (Ahmed	   and	   Koob,	   1998).	   This	   phenomenon,	  

named	  escalation	  of	  drug	   intake,	  has	  been	   interpreted	  either	  as	   reflecting	  

the	   development	   of	   tolerance	   to	   the	   drug’s	   hedonic	   effects	   or	   the	  

development	   of	   sensitization	   to	   the	   drug’s	   reinforcing	   effects	   and/or	  

incentive	   salience	   of	   the	   drug-‐associated	   stimuli	   (Zernig	   et	   al.,	   2007).	  

Animals	  that	  escalate	  their	  drug	  intake	  present	  an	  enhanced	  motivation	  to	  

seek	   the	  drug	   in	   a	  PR	   schedule	   compared	   to	   animals	   that	   do	  not	   escalate	  

their	   drug	   consumption	   (Paterson	   and	   Markou,	   2003).	   One	   important	  

feature	  with	  escalation	  of	  drug	  intake	  in	  long-‐access	  model	  is	  that	  animals	  

develop	  a	  prominent	  binge-‐pattern	  of	  drug	  self-‐administration	  revealed	  by	  

discontinuous	   and	   repetitive	   episodes	   of	   large	   drug	   intake.	   Under	   these	  
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conditions,	   animals	   display	   one	   large	   binge	   at	   the	   onset	   of	   the	   drug-‐

availability	  period,	   and	  most	  drug	   is	   self-‐administered	  during	   the	   first	   10	  

min	   of	   the	   session	   (Ahmed	   and	   Koob,	   1998).	   Similarly,	   rats	   feed	  

intermittently	  with	   sugar	  escalate	   their	   sugar	   intake	  and	  consume	  a	   large	  

amount	   of	   this	   food	   during	   the	   first	   hour	   of	   daily	   access,	   which	   can	   be	  

defined	   as	   a	   binge	   (Colantuoni	   et	   al.,	   2001).	   In	   accordance,	   we	   also	  

observed	   the	   development	   of	   a	   binge-‐like	   eating	   pattern	   in	   mice	   trained	  

with	  palatable	  pellets	  (Figure	  24C).	  Indeed,	  the	  enhancement	  of	  food	  intake	  

observed	   in	   these	   mice	   was	   mainly	   due	   to	   an	   increase	   of	   their	   operant	  

responses	   during	   the	   first	   15	  min	   of	   the	   last	   1	   h	   session.	   Together,	   these	  

evidences	  suggest	  that	  prolonged	  exposure	  to	  palatable	  food	  can	  cause	  the	  

emergence	   of	   sensitization	   or	   tolerance	   to	   the	   incentive	   effects	   or	  

pleasurable	   properties	   of	   palatable	   food,	   respectively.	   This	   process	   may	  

possibly	  lead	  some	  vulnerable	  individuals	  to	  consume	  hedonic	  foods	  in	  an	  

excessive	  and	  uncontrolled	  manner.	  

Furthermore,	   we	   observed	   that	   long-‐term	   operant	   access	   to	   palatable	  

pellets	   appears	   to	   also	   alter	   inhibitory	   control	   processes	   in	   WT	   mice.	  

Indeed,	  mice	   trained	  with	  palatable	   food	   that	  have	  well	   acquired	   the	   task	  

and	   its	   contingencies	   progressively	   developed	   an	   unadapted	   behaviour	  

reflected	   by	   a	   high	   number	   of	   unreinforced	   “active”	   lever	   presses	   during	  

the	   time-‐out	   period.	   In	   comparison,	   these	   responses	   were	   dramatically	  

decreased	  in	  sated	  mice	  trained	  with	  a	  standard	  or	  high-‐fat	  food	  during	  the	  

whole	  experiment.	  Therefore,	  repeated	  palatable	  food	  exposure	  might	  lead	  

mice	   to	   experience	   strong	   urges	   before	   consuming	   the	   desirable	   food	  

challenging	  their	  capacity	  to	  wait	  even	  for	  a	  short	  period	  of	  time	  since	  the	  

time-‐out	   was	   only	   10	   sec.	   These	   unadapted	   responses	   were	   significanlty	  

increased	  within	  the	  training,	  suggesting	  a	  progressive	  loss	  of	  control	  over	  
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palatable	   food-‐seeking	  behaviour.	   In	  accordance	  to	  our	  results,	  a	  previous	  

work	   also	   described	   the	   emergence	   of	   such	   unadapted	   behaviour	   with	  

extend	  period	  of	  operant	  training	  with	  palatable	  food	  (Ghitza	  et	  al.,	  2006).	  

Interestingly,	   this	   peculiar	   behaviour	   has	   been	   correlated	   with	   elevated	  

impulsivity	   (Diergaarde	   et	   al.,	   2009).	   Similar	   increase	   in	   unreinforced	  

responses	  has	  been	  observed	   in	  rats	   that	  develop	  compulsive	  drug-‐intake	  

(Deroche-‐Gamonet	   et	   al.,	   2004).	   Together,	   these	   data	   suggest	   that	  

prolonged	   access	   to	   palatable	   food	   can	   promote	   the	   development	  

impulsive-‐like	   behaviours	   and	   potentially	   lead	   to	   compulsive	   food	   intake.	  

In	   agreement,	   another	   study	   shows	   that	   rodents	   chronically	   exposed	   to	   a	  

high	  palatable	  diet	  develop	  an	  obese	  phenotype	  and	  compulsive	  palatable	  

food	  intake	  (Johnson	  and	  Kenny,	  2010).	  

We	  further	  show	  that	  these	  alterations	  of	  food-‐seeking	  behaviour	  triggered	  

by	   palatable	   food	   are	   mediated	   by	   the	   endogenous	   cannabinoid	   system.	  

Indeed,	   CB1-‐R	   KO	   mice	   did	   not	   escalate	   their	   food	   consumption,	   nor	  

developed	  a	  pronounced	  binge-‐eating	  pattern	  nor	  impulsive-‐like	  responses	  

when	   trained	  with	  palatable	   food	   (figure	  24B	  and	  D),	   although	   they	  were	  

sensitive	  to	  its	  rewarding	  properties	  and	  largely	  prefered	  this	  type	  of	  food	  

to	  a	  standard	  diet	  (figure	  23B).	  In	  support	  to	  our	  results,	  the	  pharmalogical	  

blockade	  of	  CB1-‐R	  reduces	  the	  enhanced	  motivation	  for	  cocaine	  developed	  

by	   rats	   that	   have	   previously	   escalated	   their	   cocaine	   intake	   (Orio	   et	   al.,	  

2009).	   In	   addition,	   several	   studies	   have	   suggested	   that	   the	   endogenous	  

cannabinoid	   system	   could	   be	   involved	   in	   binge	   eating	   disorders,	   and	  

pharmalogical	   blockade	   of	   CB1-‐R	   reduces	   binge-‐like	   eating	   behaviour	   in	  

animals	   (Scherma	   et	   al.,	   2012;	   Parylak	   et	   al.,	   2012).	   Finally,	   the	  

administration	   of	   CB1-‐R	   agonists	   and	   antagonists	   has	   shown	   to	   enhance	  

and	   decrease,	   respectively,	   certain	   forms	   of	   impulsive	   behaviours,	  
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highlighting	  the	  role	  of	  the	  endogenous	  cannabinoid	  system	  in	  impulsivity	  

and	  inhibitory	  control	  (McDonald	  et	  al.,	  2003;	  Pattij	  et	  al.,	  2007).	  Therefore,	  

the	   endogenous	   cannabinoid	   system	   may	   represent	   an	   important	  

neurobiological	   substrate	   for	   the	  neuroadaptations	   triggered	  by	  excessive	  

palatable	   food	   consumption	   that	   mediate	   the	   development	   of	   eating	  

behaviour	  alterations.	  

In	  a	  next	  step,	  we	  have	  evaluated	  whether	  these	  neuroadaptations	  include	  

structural	   plasticity	   changes	   in	   the	   mesocorticolimbic	   system	   and	   the	  

possible	   intracellular	   mechanisms	   involved.	   Our	   results	   show	   that	   the	  

alterations	  in	  food-‐seeking	  behaviour	  triggered	  by	  prolonged	  consumption	  

of	   palatable	   food	   are	   associated	  with	   dendritic	   spines	   density	   changes	   in	  

specific	   areas	  of	   the	  mesocorticolimbic	   circuit.	  We	  also	  provide	  evidences	  

that	   the	   endogenous	   cannabinoid	   system	   through	   CB1-‐R	   activity	   and	  

probably	   ERK	   signalling	   pathway	   mediates	   these	   morphological	  

adaptations.	   Indeed,	   we	   observed	   that	   repeated	   operant	   training	   with	  

palatable	   food,	  but	  not	  other	  kinds	  of	   food,	   increases	   spine	  density	   in	   the	  

NAc	   shell	   and	   in	   a	   lesser	   extent	   in	   the	   mPFC.	   Interestingly,	   similar	  

structural	   changes	   induced	   by	   chronic	   exposure	   to	   psychostimulants	   or	  

nicotine	   have	   been	   hypothesized	   to	   participate	   in	   the	   development	   of	  

addictive	   behaviour	   (Robinson	   and	   Kolb,	   2004;	   Russo	   et	   al.,	   2010).	   Our	  

correlative	   analyses	   reveal	   a	   significant	   inter-‐dependence	   between	   the	  

dendritic	  spine	  density	  in	  the	  NAc	  shell	  and	  mPFC	  and	  the	  amount	  of	  pellets	  

consumed	  or	  the	  number	  of	  unreinforced	  lever	  presses	  during	  the	  time-‐out	  

period.	   These	   results	   suggest	   that	   synaptic	   structural	   adaptations	   may	  

contribute	  to	  the	  development	  of	  food-‐seeking	  behaviour	  alterations.	  	  

The	   NAc	   shell	   and	   the	   mPFC	   are	   two	   important	   brain	   areas	   involved	   in	  
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reward	   processes,	   and	   their	   functional	   activities	   are	   altered	   in	   addictive	  

disorders	   (Koob	   and	   Volkow,	   2010).	   In	   parallel,	   both	   regions	   are	   also	  

crucial	  for	  regulating	  the	  hedonic	  aspects	  of	  food,	  and	  dysfunctions	  of	  these	  

areas	   have	   been	   related	   to	   some	   eating	   disorders	   (Kelley	   and	   Berridge,	  

2002,	   Volkow	   et	   al.,	   2008).	   Thus,	   the	   NAc	   shell	   encodes	   pleasurable	  

sensation	   derived	   from	   food	   consumption,	   and	   contributes	   to	   the	  

motivational	   aspect	   of	   food	   seeking	   behaviour	   (Baldo	   and	   Kelley,	   2007).	  	  

Pharmacological	  alterations	  of	  NAc	  activity	  can	   induce	  voracious	  appetite,	  

especially	   for	   palatable	   food,	   even	   in	   sated	   animals	   (Baldo	   and	   Kelley,	  

2007).	   Therefore,	   the	   structural	   plasticity	   changes	   triggered	   by	   repeated	  

operant	   training	   with	   palatable	   food	   in	   the	   NAc	   shell	   may	   possibly	  

underline	  the	  development	  of	  a	  sensitization	  process	  to	  pleasurable	  and/or	  

motivational	   effects	   of	   palatable	   food.	  On	   the	  other	  hand,	   the	  PFC	  plays	   a	  

crucial	   role	   in	  decision-‐making	  and	   inhibitory	  processes,	   and	  seems	   to	  be	  

an	   important	   structure	   in	  mediating	   food	   choice	   and	   intake	   (Dalley	   et	   al.,	  

2004;	   Rolls,	   2011).	   Alterations	   of	   neurochemical	   activity	   in	   the	   mPFC	  

promote	  hyperphagia	  in	  mice,	  mainly	  for	  sweet	  food	  (Mena	  et	  al.,	  2011).	  In	  

addition,	   dysfunctions	   of	   mPFC	   have	   been	   associated	   with	   behavioural	  

inflexibility,	   perseverative	   and	   impulsive	   actions	   (Ragozzino	   et	   al.,	   1999;	  

Passetti	   et	   al.,	   2002;	   Dalley	   et	   al.,	   2002).	   Thus,	   palatable	   food	   induced	  

structural	   plasticity	   changes	   in	   the	  mPFC	  may	   possibly	   contribute	   to	   the	  

emergence	   of	   an	   enhanced	   sensitivity	   to	   hedonic	   value	   of	   palatable	   food	  

and	  impulsive-‐like	  responses	  toward	  this	  type	  of	  food.	  

	  

Our	   results	   show	   that	   CB1-‐R	   KO	   mice	   repeatedly	   trained	   with	   palatable	  

food	  do	  not	  present	  any	  structural	  plasticity	  change	  neither	  in	  the	  NAc	  shell	  

nor	  in	  the	  mPFC.	  Therefore,	  the	  endogenous	  cannabinoid	  system	  may	  play	  
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a	   role	   in	   mediating	   the	   neuroadaptations	   triggered	   by	   excessive	   and/or	  

prolonged	  palatable	   food	   intake.	   In	  agreement,	  viral	   inactivation	  of	  CB1-‐R	  

activity	   in	   the	   NAc	   of	  WT	  mice	   also	   prevents	   the	   emergence	   of	   palatable	  

food	   induced	   structural	   changes	   in	   the	   NAc	   shell	   and	   mPFC,	   ruling	   out	  

possible	   compensatory	   mechanisms	   in	   mutant	   mice	   that	   could	   interfere	  

with	  the	  generation	  of	  these	  morphological	  changes.	  Therefore,	  our	  results	  

extend	   the	   role	   of	   CB1-‐R	   in	   drug-‐induced	   structural	   plasticity	   changes	  

(Ballesteros-‐Yáñez	  et	  al.,	  2007a)	   to	   those	   triggered	  by	  palatable	   food,	  and	  

suggest	   that	   CB1-‐R	   dependent	   morphological	   alterations	   in	   the	  

mesocorticolimbic	   system	   could	   represent	   a	   common	   neuroadaptation	  

involved	   in	   the	   development	   of	   different	   pathological	   consumatory	  

behaviours.	  

The	  present	  results	  are	  of	  revelance	  to	  further	  support	  the	  hypothesis	  that	  

drug	   and	   natural	   reward,	   such	   as	   palatable	   food,	   can	   influence	   similar	  

neurobiological	  mechanisms	   and	   that	   excessive	   consumption	   of	   palatable	  

food,	   like	   drugs	   of	   abuse,	   can	   potentially	   alter	   mechanisms	   involved	   in	  

reward	  processing.	  	  

Our	   data	   also	   highlight	   some	   important	   differences	   between	   drug-‐	   and	  

palatable	   food-‐induced	   structural	   plasticity.	   First,	   we	   observed	   that	   in	  

contrast	  to	  drugs	  of	  abuse	  (Robinson	  and	  Kolb,	  2004)	   long-‐term	  exposure	  

to	  palatable	  food	  in	  an	  operant	  paradigm	  do	  not	  significantly	  alter	  dendritic	  

spines	   density	   in	   the	   NAc	   core.	   This	   result	   suggests	   that	   prolonged	   drug	  

and	  palatable	   food	  consumption	  may	  have	  a	  different	   impact	  on	  NAc	  core	  

functionality.	  Thus,	  recent	  studies	  have	  shown	  that	  drug	  and	  palatable	  food	  

conditioned	   stimuli	   differentially	   affect	   the	   activity	   of	   the	   dopaminergic	  

system	   in	   the	   NAc	   core	   (Bassareo	   et	   al.,	   2011),	   and	   drug-‐reinforced	  
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learning,	   but	   not	   palatable	   food	   learning,	   rely	   on	   acetylcholine	  

neurotransmission	  in	  the	  NAc	  core	  (Crespo	  et	  al.,	  2008).	  Distinct	  alterations	  

of	   these	   systems	   by	   drugs	   and	   palatable	   food	   may	   have	   different	  

consequences	  on	  activity-‐dependent	  structural	  changes	  since	  both	  DA	  and	  

acetylcholine	  have	  been	  linked	  to	  synaptic	  plasticity	  (Jay,	  2003;	  Rasmusson,	  

2000).	   In	   addition,	   functions	   attributed	   to	   the	   NAc	   core	   could	   subserve	  

more	  directly	  behavioural	  responses	  to	  drugs	  than	  to	  palatable	  food.	  Thus,	  

the	   NAc	   core	   seems	   to	   play	   a	   prominent	   role	   in	   response-‐reinforcement	  

learning,	   by	   promoting	   the	   conditioned	   association	   of	   drug	   and	   natural	  

reward-‐related	  stimuli	   (Kelley,	  1999;	  Parkinson	  et	  al.,	  1999;	  Di	  Ciano	  and	  

Everitt,	  2001).	  This	  particular	  function	  of	  the	  NAc	  core	  is	  important	  for	  the	  

elaboration	   of	   habit	   learning,	   a	   process	   that	   is	   thought	   to	   be	   impaired	   in	  

addiction	   (Everitt	   and	   Robbins,	   2005).	   Thus,	   drug-‐induced	   structural	  

alterations	   in	   the	  NAc	  core	   could	  possibly	   contribute	   to	   the	  emergence	  of	  

pathological	   habit	   behaviours,	   and	   the	   absence	   of	   these	   changes	   with	  

palatable	   food	   may	   possibly	   reflect	   the	   lower	   ability	   of	   food	   to	   promote	  

such	   habit	   learning	   (Everitt	   and	   Robbins,	   2005).	   However,	   it	   will	   be	  

interesting	   to	   know	   whether	   more	   extended	   palatable-‐food	   operant	  

training	   could	   promote	   spines	   density	   changes	   in	   the	   NAc	   core.	  

Furthermore,	   drug-‐induced	   structural	   changes	   in	   the	  NAc	   core	  have	  been	  

tightly	   correlated	   with	   the	   expression	   of	   cocaine	   sensitization	   (Robinson	  

and	  Kolb,	   2004).	   This	   phenomenon	   seems	   to	   be	   dependent	   on	   additional	  

neuronal	  adaptations	  that	  occur	  during	  the	  time	  course	  of	  drug	  abstinence	  

(Vanderschuren	  and	  Kalivas,	  2000).	  Therefore,	  it	  will	  be	  also	  of	  interest	  to	  

evaluate	  whether	  a	  similar	  sensitization-‐like	  procedure	  with	  palatable	  food	  

that	   includes	   prolonged	   intermittent	   exposure,	   absence	   of	   exposure	   and	  

subsequent	   re-‐expousre	   to	   a	   palatable	   diet,	   can	   produce	   structural	  
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plasticity	  changes	  in	  the	  NAc	  core.	  Although	  we	  did	  not	  observe	  changes	  in	  

total	  spines	  density	   in	   the	  NAc	  core	  after	  repeated	  palatable	   food	  operant	  

training,	   we	   found	   that	   this	   training	   leads	   to	   increase	   the	   proportion	   of	  

thin-‐types	   spines	   in	   this	   brain	   area.	   These	   spines	  morphology	   changes	   in	  

the	  NAc	  core	  could	  also	  participate	  the	  food-‐seeking	  behaviour	  alterations	  

triggered	  by	  palatable	  food.	  	  

Secondly,	   palatable	   food-‐induced	   structural	   plasticity	   changes	   in	   the	  

mesocorticolimbic	   circuit	   appear	   to	   be	   a	   longer	   time-‐dependent	   process	  

than	   drug-‐induced	   structural	   plasticity	   changes.	   Indeed,	   a	   short	   operant	  

training	   with	   palatable	   food	   do	   not	   alter	   dendritic	   spines	   density	   in	   the	  

three	   studied	   brain	   areas.	   In	   contrast,	   drug-‐induced	   structural	   plasticity	  

can	  be	  revealed	  after	  one	  single	  injection	  of	  the	  drug	  (Sarti	  et	  al.,	  2007;	  Kolb	  

et	  al.,	  2003),	  or	  after	  short	  training	  in	  drug	  self-‐administration	  (Ballesteros-‐

Yáñez	   et	   al.,	   2007b).	   This	   difference	   could	   reflect	   distinct	   capability	   of	  

drugs	   and	   palatable	   food	   to	   modify	   neuronal	   activity	   in	   the	  

mesocorticolimbic	   circuit.	   In	   contrast	   to	   drugs,	   DA	   release	   triggered	   by	  

palatable	   food	   in	   the	   NAc	   shell	   rapidly	   wanes	   with	   further	   exposure	   (Di	  

chiara	   and	   Bassareo,	   2007),	   unless	   repeatedly	   consumed	   in	   an	   binge-‐like	  

manner	  (Rada	  et	  al.,	  2005).	   In	  addition,	  mice	  display	  higher	  motivation	  to	  

seek	   for	   cocaine	   than	   for	   palatable	   food	   after	   a	   short	   operant	   training	  

(Cantin	   et	   al.,	   2010),	   suggesting	   that	   the	   ability	   of	   drugs	   to	   alter	  

motivational	   circuitry	   following	   short	   exposure	   is	   greater	   than	   palatable	  

food.	   However,	   the	  motor-‐stimulating	   effect	   of	   cocaine	   can	   have	   possibly	  

biased	   the	   experimental	   measures	   in	   this	   previous	   study	   (Cantin	   et	   al.,	  

2010).	   	  Alternatively,	  it	  is	  possible	  that	  food	  restriction	  have	  unmasked	  an	  

effect	   of	   palatable	   food	   on	   structural	   plasticity	   during	   our	   short	   training	  
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since	   it	   can	   promote	   synaptic	   and	   structural	   plasticity	   changes	   (Fontán-‐

Lozano	  et	  al.,	  2007;	  Spolidoro	  et	  al.,	  2011)	  

Palatable	  food-‐induced	  structural	  changes	  in	  the	  mesocorticolimbic	  circuit	  

seem	  to	  be	  strictly	  associated	  with	  learning	  processes.	  Indeed,	  mice	  that	  did	  

not	   learn	   an	   operant	   behaviour	   and	   received	   passively	   palatable	   food	  

during	  a	  same	  extended	  period	  did	  not	  present	  any	  structural	  change	  in	  the	  

mesocorticolimbic	   system	   in	   spite	   of	   consuming	   the	   same	   amount	   of	  

pellets.	   Although	   volition	   and	   learning	   processes	   seem	   also	   important	  

factors	   that	   determine	   the	   extend	   of	   drug-‐induced	   structural	   changes,	  

considerable	  data	  have	   shown	   that	   these	   structural	   changes	   also	  occur	   in	  

animals	   that	   passively	   received	   the	   drug,	   even	   in	   their	   home	   cage	  

(Robinson	   and	   Kolb,	   2004).	   These	   differences	   certainly	   rely	   on	   the	  

particular	  pharmacological	  properties	  of	  drugs	  of	  abuse,	  which	  can	  durably	  

alter	  synaptic	  plastic	  processes	  in	  a	  learning	  independent	  manner	  (Lüscher	  

and	  Malenka,	  2011).	  	  

A	  previous	  study	  did	  not	  observe	  structural	  changes	  in	  the	  NAc	  and	  mPFC	  

after	  operant	  training	  with	  palatable	  food	  (Crombag	  et	  al.,	  2005).	  A	  possible	  

explanation	   for	   this	  discrepancy	  could	  be	   the	  different	  operant	  procedure	  

used	  in	  the	  two	  studies.	  Indeed,	  the	  morphological	  analysis	  of	  the	  previous	  

study	  was	   performed	   in	   rats	   trained	   during	   14	   to	   20	   days	   in	   an	   operant	  

task	  maintained	  by	  sucrose,	  while	  our	  analysis	  revealed	  structural	  changes	  

after	  41	  days	  of	  palatable	   food	  operant	   training	  but	  not	   following	  a	   short	  

training.	  In	  addition,	  the	  previous	  analysis	  was	  conducted	  one	  month	  after	  

the	   last	   sucrose	   self-‐administration	   session,	   while	   our	   analysis	   was	  

performed	   just	   after	   the	   last	   session.	   Therefore,	   another	   possible	  
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explanation	   for	   this	   discrepancy	   could	   be	   the	   transitory	   nature	   of	   the	  

plasticity	  changes	  promoted	  by	  palatable	  food.	  

Finally,	   we	   evaluated	   whether	   the	   ERK	   signalling	   pathway	   could	   be	  

involved	   in	   the	   behavioural	   and	   morphological	   alterations	   induced	   by	  

palatable	   food.	   We	   observed	   that	   WT	   mice	   trained	   with	   palatable	   food	  

present	   an	   enhanced	  phosphorylation	  of	   ERK	   in	   the	  NAc	   shell	   and	  mPFC,	  

when	   compared	   with	   standard	   food-‐trained	   WT	   mice.	   In	   contrast,	   no	  

changes	   in	   p-‐ERK	  were	   detected	   in	   the	  NAc	   core.	   This	   specific	   pattern	   of	  

ERK	  activation	  correlates	  with	  the	  total	  spines	  density	  changes	  suggesting	  

that	   ERK	   signalling	   may	   mediate	   palatable	   food-‐induced	   structural	  

plasticity.	   In	   agreement,	  WT	  mice	   that	   performed	   a	   palatable	   food	   short-‐

training	  or	  received	  passively	  palatable	  food	  did	  not	  develop	  morphological	  

alterations	   and	   did	   not	   present	   a	   hyperphosphorylation	   of	   ERK	   in	   any	  

studied	  area.	  Prolonged	  high	  fat	  training	  was	  also	  associated	  with	  a	  strong	  

activation	   of	   ERK	   in	   the	   NAc	   shell	   and	   mPFC	   in	   WT	   mice.	   Thus,	   ERK	  

activation	   may	   be	   necessary	   but	   not	   essential	   for	   the	   development	   of	  

palatable	   food-‐induced	   structural	   changes.	   Instead,	   increased	   ERK	  

activation	   in	   response	   to	   palatable	   and	   high	   fat	   food	   suggests	   that	   ERK	  

signalling	   in	   the	  mesocorticolimbic	   system	  may	   have	   a	   prominent	   role	   in	  

promoting	   learning	   processes	   towards	   goals	   with	   high	   rewarding	   value.	  

Indeed,	   high	   fat	   foods	   can	   produce	   strong	   rewarding	   effects	   under	   some	  

experimental	  conditions	  (Ward	  et	  al.,	  2007).	  In	  support	  to	  this	  hypothesis,	  

psychoactive	  substances	  that	  do	  not	  sustain	  self-‐administration	  behaviour	  

in	   rodents	   neither	   activate	   ERK	   in	   the	  NAc	   nor	   the	  mPFC,	  while	   drugs	   of	  

abuse	  does	  (Valjent	  et	  al.,	  2004).	  	  
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The	   absence	   of	   a	   direct	   correlation	   between	   ERK	   activation	   and	   the	  

structural	   changes	   do	   not	   necessarily	   exclude	   its	   participation	   in	   the	  

initiation	  of	   these	  morphological	  alterations.	   In	   fact,	  our	  results	  show	  that	  

two	   ERK	   down-‐stream	   targets,	   the	   ribosomal	   protein	   S6	   (rpS6)	   and	   the	  

histone	   3	   (H3)	   (Roux	   et	   al.,	   2007;	   Brami-‐Cherrier	   et	   al.,	   2005),	   are	  

selectively	   hyperphosphorylated	   (serine	   235/236	   and	   serine	   10,	  

respectively)	  in	  WT	  mice	  trained	  with	  palatable	  food,	  mainly	  in	  brain	  areas	  

in	   which	   structural	   changes	   are	   observed.	   Double	   immunolabeling	   of	   p-‐

ERK/p-‐H3	   and	   p-‐ERK/p-‐rS6	   demonstrate	   an	   almost	   complete	   co-‐

localization	  of	  these	  two	  phosphorylated	  targets	  and	  ERK	  phosphorylation	  

in	  the	  NAc.	  In	  addition,	  phosphorylations	  of	  rpS6	  and	  p-‐H3	  are	  dependent	  

on	  operant	   learning	  processes	  and	  CB1-‐R	  activity,	   as	   it	   is	   the	  case	   for	   the	  

behavioural	  and	  morphological	  alterations.	  Together	  these	  results	  support	  

the	   implication	   of	   ERK	   signalling	   pathway	   in	   palatable	   food	   induced	  

structural	   and	   behavioural	   changes	   through	   a	   CB1-‐R	   dependent	  

mechanism.	  	  

In	   agreement,	   several	   studies	   have	   reported	   the	   involvement	   of	   ERK	  

signalling	  in	  the	  regulation	  of	  dendritic	  structural	  plasticity	  in	  vitro	  (Goldin	  

et	  al.,	  2003;	  Wu	  et	  al.,	  2001).	   In	  addition,	  ERK	  plays	  a	  key	  role	   in	  synaptic	  

plasticity	  and	  long-‐lasting	  behavioural	  changes	  triggered	  by	  drugs	  of	  abuse	  

(Thomas	   and	   Huganir,	   2004;	   Girault	   et	   al.,	   2007).	   Drug-‐induced	   ERK	  

activation	   in	   different	   parts	   of	   the	  mesocorticolimbic	   circuit	   seems	   to	   be	  

dependent	  on	  CB1-‐R	  (Corbille et	  al.,	  2007;	  Pan	  et	  al.,	  2011).	  Together,	  these	  

results	   suggest	   that	   ERK	   signalling	   in	   the	   mesocorticolimbic	   circuit	   may	  

represent	   a	   common	   neurobiological	   substrate	   for	   the	   generation	   of	  

maladaptive	  responses	   in	  the	  brain	  reward	  system	  induced	  by	  both	  drugs	  

of	  abuse	  and	  natural	  rewards.	  
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Histone	   3	   is	   a	   nuclear	   DNA-‐binding	   protein	   involved	   in	   the	  

relaxation/condensation	  of	   chromatin	  and	   its	  phoshorylation	  at	   serine	  10	  

has	  been	  linked	  to	  the	  activation	  of	  gene	  transcription	  (Nowak	  and	  Corces,	  

2004),	   and	   long-‐term	   forms	   of	   synaptic	   plasticity	   (Nestler,	   2001).	  

Phosphorylation	   of	   H3	   at	   serine	   10	   through	   a	   DA	   dependent	  mechanism	  

has	   been	   proposed	   as	   a	   common	   intracellular	   process	   by	  which	   drugs	   of	  

abuse	   and	   food	   modulate	   striatal	   activity,	   included	   the	   NAc	   shell,	   and	  

promote	  reward-‐seeking	  behaviour	  (Stipanovich	  et	  al.,	  2008).	  Interestingly,	  

disruption	   of	   this	   process	   prevents	   locomotor	   sensitization	   induced	   by	  

drugs	   (Stipanovich	   et	   al.,	   2008).	   Therefore,	   these	   studies	   and	   our	   results	  

suggest	  that	  alteration	  of	  H3	  dependent	  nucleosomal	  responses	  in	  the	  NAc	  

shell	  may	  represent	  a	  common	  neuronal	  adaptations	  involved	  in	  drug	  and	  

palatable	  food	  induced	  behavioural	  changes.	  	  

Further	  studies	  will	  be	  necessary	  to	  identify	  the	  specific	  genes	  activated	  by	  

ERK-‐dependent	   phosphorylation	   of	   H3	   that	   contribute	   to	   palatable	   food-‐

induced	  behavioural	  and	  structural	  changes.	  Previous	  studies	  have	  shown	  

that	   several	   downstream	   effectors	   of	   the	   transcriptional	   regulator	   ∆FosB,	  

which	   is	   regulated	   by	   ERK,	   could	   mediate	   drug-‐induced	   dendritic	  

remodeling	   in	   the	  NAc	   (Russo	   et	   al.,	   2010).	   In	   this	   sense,	   the	   cdk5-‐MEF2	  

module	  and	  the	  transcription	  factor	  NFkB	  have	  shown	  to	  regulate	  cocaine-‐

induced	   structural	   plasticity	   in	   the	   NAc	   (Russo	   et	   al.,	   2010;	  

Pulipparacharuvil	  et	  al.,	  2008).	   Interestingly,	  a	  recent	  study	  has	  described	  

the	   involvement	   of	   ∆FosB	   in	   regulating	   responses	   to	   natural	   rewards	  

(Wallace	  et	  al.,	  2008).	  Thus,	  overexpression	  of	  ∆FosB	  in	  the	  NAc	  increases	  

sucrose	   intake	  and	  promotes	  sexual	  behavior	   in	   rats,	  and	   it	   is	   involved	   in	  

the	  development	  of	  cross-‐sensitization	  between	  different	  types	  of	  rewards	  

(Wallace	   et	   al.,	   2008).	   The	   authors	   suggest	   the	   possibility	   that	   ∆FosB	  
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induction	   in	   the	  NAc	  may	  mediate	  not	  only	  key	  aspects	  of	  drug	  addiction,	  

but	   also	   the	   development	   of	   “natural	   addictions”	   involving	   compulsive	  

consumption	  of	  natural	  rewards	  (Wallace	  et	  al.,	  2008).	  It	  will	  be	  therefore	  

interesting	   to	   evaluate	   the	   possible	   involvement	   of	   ∆FosB	   and	   its	  

downstream	   effectors	   in	   our	   experimental	  model	   to	   clarify	  whether	   drug	  

and	  palatable	  food	  induced	  structural	  plasticity	  can	  be	  mediated	  by	  similar	  

mechanisms.	  

In	   the	   present	   study,	   ERK	   activation	   was	   associated	   by	   concomitant	  

phosphorylation	   of	   rpS6.	   This	   protein	   is	   a	   component	   of	   the	   small	   40S	  

ribosomal	   subunit	   involved	   in	   mRNA	   decoding	   (Ruvinsky	   and	   Meyuhas,	  

2006)	  and	   its	  phosphorylation	  at	  Ser235/236	  promotes	  protein	  synthesis	  

by	  facilitating	  rpS6	  recruitment	  to	  the	  5′cap	  complex	  during	  the	  formation	  

of	   the	  pre-‐initiation	   translation	   complex	   (Roux	   et	   al.,	   2007).	  Activation	   of	  

rpS6	   at	   dendritic	   level	   has	   been	   considered	   to	   support	   local	   protein	  

translation,	   and	   can	   promote	   neural	   plasticity	   processes	   without	  

implication	   of	   transcriptional	   mechanisms	   (Kelleher	   et	   al.,	   2004a).	   ERK-‐

dependent	   phosphorylation	   of	   rpS6	   at	   the	   synaptodendritic	   level	   is	  

important	   for	   the	   establishment	   of	   late-‐LTP	   and	   memory	   consolidation	  

(Kelleher	   et	   al.,	   2004b).	   In	   addition,	   the	   activation	   of	   rpS6	   could	  mediate	  

BDNF-‐induced	   dendritic	   spine	   remodeling	   (Lai	   et	   al.,	   2012),	   and	   BDNF-‐

induced	  protein	  synthesis	  may	  be	  dependent	  on	  ERK	  activity	  (Takei	  et	  al.,	  

2001).	  Therefore,	  the	  increased	  rpS6	  phosphorylation	  observed	  in	  WT	  mice	  

trained	   with	   palatable	   food	   may	   represent	   an	   enhancement	   of	   ERK	  

dependent	  protein	  synthesis	  that	  possibly	  contribute	  to	  the	  morphological	  

rearrangements	  observed	  in	  our	  study.	  Further	  studies	  will	  be	  necessary	  to	  

determine	   the	   specific	   proteins	   that	   mediate	   these	   plastic	   events,	   and	  
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whether	  structural	  plasticity	  changes	  induced	  by	  drugs	  and	  palatable	  food	  

dependent	  on	  similar	  proteomic	  changes.	  

Our	  findings	  cannot	  rule	  out	  the	  possible	  involvement	  of	  other	  intracellular	  

signalling	   systems	   in	   palatable	   food	   operant	   training-‐induced	   structural	  

plasticity	   changes	   in	   the	   mesocorticolimbic	   system.	   Indeed,	   the	   two	  

downstream	   proteins	   of	   ERK	   analyzed	   in	   this	   study,	   p-‐H3	   and	   p-‐rS6,	   are	  

also	   modulated	   by	   other	   intracellular	   pathways.	   Thus,	   the	   Akt/mTOR	  

signaling	   pathway	   is	   a	   direct	   regulator	   of	   the	   activity	   of	   prS6	   and	  

participates	  in	  the	  modulation	  of	  H3	  (Dobashi	  et	  al.,	  2011).	  This	  signalling	  

cascade	  is	   involved	  in	  neuroplasticity,	   including	  spines	  formation	  (Hoeffer	  

and	  Klann,	   2010;	   Li	   et	   al.,	   2010a),	   and	   in	   the	   responses	   related	   to	   CB1-‐R	  

activation	   (Puighermanal	   et	   al.,	   2009).	   Similarly,	   PKA	   signalling	  promotes	  

phosphorylation	  of	  rpS6	  and	  H3	  at	  the	  same	  residues	  than	  ERK	  (DeManno	  

et	   al.,	   1999;	   Valjent	   et	   al.,	   2011).	   In	   addition,	   PKA	   participates	   in	   CB1-‐R	  

signalling,	  and	  plays	  an	  important	  role	  in	  synaptic	  plasticity	  and	  addictive-‐

like	  behaviours	  (Childers	  et	  al.,	  1996;	  Wolf	  et	  al.,	  2003;	  Kauer	  and	  Malenka,	  

2007;	  Self,	  2004).	  Further	  studies	  will	  be	  required	  to	  evaluate	  the	  possible	  

participation	  of	  mTOR	  and	  PKA	  signalling	  pathways	  in	  the	  behavioural	  and	  

neuroplastic	   changes	   promoted	   by	   palatable	   food.	   These	   studies	   would	  

help	  to	  understand	  how	  repeated	  palatable	   food	  training	  promotes	  spines	  

morphology	   changes	   and	   phosphorylation	   of	   rpS6	   in	   the	   NAc	   core	  

independently	  of	  ERK	  activation,	  and	  thus	  clarify	  the	  implication	  of	  the	  NAc	  

core	  in	  food-‐seeking	  behaviour	  alterations.	  	  

In	   conclusion,	   our	   data	   show	   that	   repeated	   operant	   training	   to	   obtain	  

palatable	   food	   is	   associated	  with	   the	   progressive	   development	   of	   seeking	  

behaviour	   changes,	   which	   present	   similarities	   with	   those	   observed	   after	  
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long-‐term	  exposure	  to	  drugs	  of	  abuse.	  Furthermore,	  we	  provide	  evidences	  

that	  structural	  alterations	  in	  the	  neurons	  of	  the	  NAc	  shell	  and	  mPFC	  could	  

mediate	   the	   generation	   of	   these	   behavioural	   alterations.	   Similar	  

morphological	  changes	  have	  been	  observed	  in	  these	  brain	  structures	  after	  

exposure	  to	  drugs	  of	  abuse,	  which	  are	  thought	  to	  play	  an	  important	  role	  in	  

addictive-‐like	   behaviours	   (Robinson	   and	   Kolb,	   2004;	   Russo	   et	   al.,	   2010).	  

Finally,	   our	   results	   suggest	   that	   activation	   of	   several	   components	   of	   the	  

ERK	   signalling	   pathway	   through	   a	   CB1-‐R	   dependent	   mechanism	   could	  

represent	   an	   important	   intracellular	   event	   mediating	   palatable	   food-‐

induced	   structural	   and	   behavioural	   alterations.	   These	   neural	   changes	  

induced	  by	  palatable	   food	  could	   represent	  a	  neurobiological	   substrate	   for	  

the	  development	  of	  some	  forms	  of	  obesity	  and	  eating	  disorders.	  This	  study	  

provides	   some	   advances	   in	   the	   understanding	   of	   the	   common	   links	  

between	   eating	   disorders	   and	   drug	   addiction,	   and	   highlights	   that	   the	  

endogenous	   cannabinoid	   system	   and	   its	   downstream	   effectors	   may	  

represent	   potential	   therapeutic	   targets	   to	   treat	   different	   addictive-‐like	  

disorders.	  
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B.	   ROLE	   OF	   CB1-R	   IN	   THE	   BEHAVIOURAL	   AND	   NEURONAL	  

PLASTICITY	  ASSOCIATED	  TO	  MORPHINE-INDUCED	  LOCOMOTOR	  

SENSITIZATION	  

Addictive	   disorders	   have	   been	   considered	   as	   a	  mental	   disease	   related	   to	  

learning	   and	   memory	   systems,	   in	   particular	   those	   that	   subserve	   reward	  

processing	   (Hyman,	  2005).	  At	   the	  cellular	   level,	   learning	  and	  memory	  are	  

thought	   to	  rely	  on	  plasticity	  phenomena	  that	  can	  durably	  modify	  synaptic	  

transmission	   facilitating	   either	   the	   encryption	   or	   the	   consolidation	   of	  

information	  (Martin	  et	  al.,	  2000a).	   It	  has	  been	  proposed	  that	  the	  ability	  of	  

drugs	   of	   abuse	   to	   create	   altered	   forms	   of	   neuronal	   plasticity	   in	   the	   brain	  

reward	   circuit	   could	   represent	   a	   neurobiological	   substrate	   for	   the	  

development	  of	  unadapted	  behavioural	  learning,	  such	  as	  compulsive	  drug-‐

intake	  and	  persistent	  drugs	  memories	  including	  drug	  craving	  (Hyman	  and	  

Malenka,	  2001;	  Kalivas	  and	  O’Brien,	  2008	  Lüscher	  and	  Malenka,	  2011).	  	  	  

Drug-‐induced	  structural	  plasticity	  in	  the	  mesocorticolimbic	  circuit	  has	  been	  

proposed	  as	  a	  possible	  mechanism	  to	  explain	  the	  ability	  of	  drugs	  of	  abuse	  

to	   durably	   alter	   behaviour	   (Robinson	   and	   Kolb,	   2004).	   Indeed,	   synaptic	  

morphological	   changes	   can	   greatly	   enhance	   the	   stability	   of	   synaptic	  

connexions,	  and	  can	  promote	  the	  emergence	  of	  enduring	  forms	  of	  synaptic	  

plasticity	  (Grutzendler	  et	  al.,	  2002;	  Kasai	  et	  al.,	  2003;	  O’Donnell	  et	  al.,	  2011;	  

Robert	   et	   al.,	   2010).	   In	   addition,	   drug-‐induced	   structural	   plasticity	   in	   the	  

mesocorticolimbic	   system	   can	   persist	   for	   at	   least	   several	   months	   after	  

cessation	  of	  drug	  treatment	  in	  rodents	  (Robinson	  and	  Kolb,	  2004).	  A	  better	  

knowledge	  of	  the	  cellular	  mechanisms	  underlying	  drug-‐induced	  structural	  

plasticity	  may	  be	  useful	  to	  clarify	  the	  long-‐lasting	  alterations	  associated	  to	  

addiction.	  
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In	  the	  second	  part	  of	  the	  present	  thesis,	  we	  have	  investigated	  the	  possibility	  

that	   the	   endogenous	   cannabinoid	   system	   could	   be	   a	   neurobiological	  

substrate	  for	  drug-‐induced	  structural	  plasticity	  in	  the	  brain	  reward	  circuit.	  

Indeed,	   the	  endogenous	  cannabinoid	  system	  is	  a	  key	  regulator	  of	  synaptic	  

plasticity	  in	  this	  circuit	  (Sidhpura	  and	  Parsons,	  2011),	  a	  phenomenon	  that	  

can	   lead	   to	   structural	   changes	   (Matsuzaki	   et	   al.,	   2004;	   Zhou	   et	   al.,	   2004),	  

and	   an	   important	   modulatory	   system	   of	   drug	   reward	   and	   drug-‐induced	  

long-‐lasting	   effects	   (Maldonado	   et	   al.,	   2006).	   In	   addition,	   one	   study	   has	  

shown	   that	   cocaine-‐induced	   structural	   changes	   in	   the	   motor	   cortex	   are	  

dependent	   on	   CB1-‐R	   activity	   (Ballesteros-‐Yáñez	   et	   al.,	   2007a),	   and	   we	  

previously	   demonstrated	   the	   relevance	   of	   this	   receptor	   in	   mediating	   the	  

morphorlogical	   changes	   triggered	   by	   palatable	   food	   in	  mesocorticolimbic	  

circuit	  (Guegan	  et	  al.,	  2013).	  In	  particular,	  we	  have	  evaluated	  the	  role	  of	  the	  

endogenous	   cannabinoid	   system	   in	   mediating	   structural	   changes	  

associated	  with	   the	  development	  of	  morphine	   locomotor	   sensitization,	   an	  

animal	   model	   of	   drug-‐induced	   enduring	   behavioural	   changes	   (Robinson	  

and	   Berridge,	   2000).	   This	   opioid	   drug	   has	   been	   selected	   considering	   the	  

particular	   involvement	   of	   the	   endogenous	   cannabinoid	   system	   in	   its	  

rewarding	  effects	  (Robledo	  et	  al.,	  2008).	  

By	   using	   CB1-‐R	   KO	   mice,	   we	   show	   that	   the	   activity	   of	   the	   endogenous	  

cannabinoid	   system	   is	   a	   determinant	   neuronal	   event	   that	   facilitates	   the	  

development	  of	  morphine-‐induced	  locomotor	  sensitization.	  In	  addition,	  we	  

provide	   evidences	   that	   disruption	   of	   CB1-‐R	   activity	   alters	   the	   ability	   of	  

morphine	   to	   induce	   morphological	   changes	   in	   the	   mesocorticolimbic	  

circuit,	   which	   may	   possibly	   account	   for	   the	   impairment	   of	   locomotor	  

sensitization	  to	  morphine	  observed	  in	  CB1-‐R	  KO	  mice.	  



Discussion	  
	  

	  258	  

The	  detailed	  analysis	  of	  our	  behavioural	  results	  reveals	  that	  CB1-‐R	  plays	  an	  

important	   role	   in	   all	   the	   different	   phases	   of	   the	   morphine	   sensitization	  

process.	   Thus,	   genetic	   deletion	   of	   CB1-‐R	   enhances	   acute	   hyperlocomotor	  

effects	  of	  morphine,	  prevents	   sensitization	  and	   facilitates	   tolerance	   to	   the	  

stimulating	   effects	   of	   morphine	   during	   the	   chronic	   treatment,	   as	   well	   as	  

reduces	  the	  expression	  of	  morphine	  sensitization	  after	  abstinence.	  

	  

Role	  of	  CB1-R	  in	  acute	  locomotor	  effects	  of	  morphine	  

Our	   results	   show	   that	   the	   enhancement	   of	   locomotion	   induced	   by	   acute	  

injection	  morphine	   is	   substantially	  greater	   in	  CB1-‐R	  KO	   than	   in	  WT	  mice,	  

suggesting	   that	   the	   endogenous	   cannabinoid	   system	   could	   have	   an	  

inhibitory	   modulatory	   role	   in	   the	   initial	   hyperlocomotor	   effects	   of	   this	  

drug.	   In	   agreement,	   it	   has	   been	   reported	   that	   administration	   of	   a	   CB1-‐R	  

agonist	  (i.e.	  HU-‐210)	  decreases	  acute	  hyperlocomotor	  effects	  of	  morphine,	  

while	   the	   administration	   of	   a	   CB1-‐R	   antagonist	   (i.e.	   SR141716)	   enhances	  

this	  effect	  (Hagues	  et	  al.,	  2007).	  	  

Locomotor-‐stimulating	   effects	   of	   drugs	   of	   abuse,	   included	   morphine,	   are	  

thought	  to	  be	  the	  consequence	  of	  drug-‐induced	  enhancement	  of	  DA	  release	  

in	  the	  striatum	  (Chiara	  and	  Imperato,	  1998;	  Joyce	  et	  al.,	  1983),	  and	  CB1-‐R	  

has	  shown	  to	  modulate	  DA	  transmission	  in	  this	  brain	  area	  (De	  Fonseca	  F	  et	  

al	   2001,	   Fitzgerald	   et	   al.,	   2012).	   Therefore,	   it	   is	   possible	   that	   the	  

inactivation	   of	   CB1-‐R	   leads	   to	   an	   enhancement	   of	   morphine-‐induced	   DA	  

release,	   and	   consequently	   of	   morphine-‐induced	   hyperlocomotor	   effects.	  

However,	   such	   explanation	   seems	   unlikely	   since	   several	   studies	   have	  

shown	   that	   morphine-‐induced	   DA	   release	   in	   the	   NAc	   and	   striatum	   was	  

either	  reduced	  or	  unchanged	  in	  CB1-‐R	  KO	  mice	  or	  in	  WT	  mice	  treated	  with	  
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a	   CB1-‐R	   antagonist	   (Mascia	   et	   al.,	   1999;	   Caillé	   et	   al.,	   2006;	   Melis	   et	   al.,	  

2000).	   Alternatively,	   it	   could	   be	   possible	   that	   the	   inactivation	   of	   CB1-‐R	  

enhances	  the	  efficacy	  of	  DA	  signalling	  in	  the	  striatum.	  Thus,	  CB1-‐R	  is	  highly	  

presents	   in	   D1-‐	   and	   D2-‐expressing	   striatal	   neurons	   (Martín	   et	   al.,	   2007),	  

and	   a	   tight	   functional	   interaction	   between	   CB1-‐R	   and	   DA	   D2-‐R	   has	   been	  

reported	   (Kearn	   et	   al.,	   2005).	   Interestingly,	   the	   activation	   of	   DA-‐D2-‐R	  

increases	   the	   release	   of	   anandamide	   in	   the	   striatum,	   and	   pharmalogical	  

blockade	   of	   CB1-‐R	   enhances	   the	   hyperlocomotor	   effects	   of	   the	   DA-‐D2-‐R	  

agonist	   quinpirole	   (Giuffrida	   et	   al.,	   1999).	   This	   effect	   could	   be	   due	   to	   the	  

absence	  of	  anandamide-‐induced	  negative	  feedback	  control	  on	  DA	  signalling	  

in	  the	  striatum	  (Giuffrida	  et	  al.,	  1999).	  Some	  studies	  suggest	  that	  the	  acute	  

hyperlocomotor	   effects	   of	   morphine	   are	   dependent	   on	   DA-‐D2-‐R	   activity	  

(Magnus-‐Ellenbroek	  et	  al.,	  1993;	  Manzanedo	  et	  al.,	  1999).	  Therefore,	  it	  will	  

be	  interesting	  to	  evaluate	  whether	  a	  similar	  mechanism	  can	  account	  for	  the	  

enhanced	  hyperlocomotor	  effects	  of	  morphine	  in	  CB1-‐R	  KO	  mice.	  

On	   the	   other	   hand,	   the	   lack	   of	   CB1-‐R	   could	   also	   enhance	   the	   acute	  

stimulating	   effects	   of	   morphine	   by	   a	   DA-‐independent	   mechanism	   since	  

acute	   morphine	   injection	   still	   produces	   a	   small	   hyperlocomotion	   in	   DA-‐

deficient	   mice	   (Hnasko	   et	   al.,	   2005).	   Thus,	   acute	   morphine	   increases	  

enkephalin	   release	   in	   the	   ventral	   pallidum,	   a	   region	   that	   mediates	  

morphine	   stimulanting	   effects	   (Olive	   et	   al.,	   1998;	   Kalivas	   et	   al.,	   1991;	  

Johnson	  et	  al.,	  2000),	  and	  enkephalin	   increases	   locomotion	   in	  part	  by	  DA-‐

independent	   mechanisms	   (Kalivas	   et	   al.,	   1983).	   Interestingly,	   CB1-‐R	   KO	  

mice	   present	   an	   increased	   expression	   of	   enkephalin	   in	   the	   striatum,	   a	  

region	   that	   send	   important	   enkephalinergic	   afferents	   to	   the	   ventral	  

pallidum	   (Steiner	   et	   al.,	   1999;	   Olive	   et	   al.,	   1998).	   Thus,	   the	   enhanced	  

hyperlocomotor	  effects	  of	  morphine	  in	  CB1-‐R	  KO	  could	  also	  result	  from	  an	  
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increased	  morphine-‐induced	  enkephalin	  release	  and/or	  enkephalin	  effects	  

in	  these	  animals.	  	  	  

Finally,	   the	   endogenous	   cannabinoid	   system	   and	   the	   endogenous	   opioid	  

system	   have	   shown	   to	   be	   functionally	   inter-‐connected.	   Both	   systems	  

mediate	  similar	  physiological	  processes,	  CB1-‐R	  and	  mu	  opioid	  receptor	  are	  

co–expressed	   in	   several	   brain	   structures	   including	   motor	   areas,	   share	  

similar	  intracellular	  pathways	  and	  can	  even	  form	  heterodimers	  (Robledo	  et	  

al.,	  2008;	  Vigano	  et	  al.,	  2005;	  Pickel	  et	  al.,	  2004;	  Rodriguez	  et	  al.,	  2001;	  Hojo	  

et	  al.,	  2008).	  Therefore,	   the	  deletion	  of	  CB1-‐R	  could	  alter	  the	   functionality	  

of	  the	  endogenous	  opioid	  system,	  and	  consequently	  mice	  sensitivity	  to	  the	  

acute	   hyperlocomotor	   effects	   of	   morphine.	   In	   agreement,	   several	   studies	  

have	   reported	   that	   CB1-‐R	   KO	   mice	   present	   an	   altered	   expression	   and	  

increased	  activity	  of	  kappa	  and	  delta	  opioid	  receptor	  in	  the	  CNS	  (Urigüen	  et	  

al.,	  2005;	  La	  Porta	  C	  et	  al.,	  2013).	  Interestingly,	  when	  CB1-‐R	  and	  mu	  opioid	  

receptor	  are	  co-‐expressed	  in	  the	  same	  cell,	  the	  stimulation	  of	  one	  receptor	  

can	   attenuate	   the	   signal	   transduction	   of	   the	   other	   receptor	   (Rios	   et	   al.	  

2006).	   Similarly,	   basal	   activity	   of	   CB1-‐R	   also	   attenuates	   signalling	   of	   mu	  

opioid	  receptor	  (Canals	  and	  Milligan,	  2008).	  This	  effect	  is	  thought	  to	  reflect	  

a	  mechanism	  named	  sequestration	  of	  G	  proteins	  (Vasques	  and	  Lewis	  1999,	  

Nie	   and	  Lewis	  2001).	  Therefore,	   the	  deletion	  of	  CB1-‐R	   could	   enhance	   the	  

availability	   of	   G-‐proteins	   for	   mu	   opioid	   receptor	   signalling,	   and	  

consequently	  increases	  morphine	  effects,	  such	  as	  hyperlocomotion.	  	  

Further	   experiments	   will	   be	   necessary	   to	   verify	   if	   the	   lack	   of	   CB1-‐R	  

potentiates	  morphine-‐induced	   endogenous	   opioid	   or	   DA	   signalling	   in	   the	  

striatum	   or	   other	   locomotor	   related	   regions.	   This	   will	   be	   important	   to	  

understand	   the	   apparent	   enhanced	   hyperlocomotor	   effects	   of	   morphine	  
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observed	  in	  CB1-‐R	  KO	  mice.	  Indeed,	  this	  increase	  was	  relative	  to	  the	  basal	  

hypoactivity	  of	  these	  mice	  in	  this	  particular	  genetic	  background	  (C57B6/J)	  

(the	   present	   study;	   Li	   et	   al.,	   2009a;	   Zimmer	   et	   al.,	   1999),	   but	  was	   not	   an	  

absolute	   increase.	   In	   contrast,	   it	   has	   been	   shown	   that	   genetic	   deletion	   of	  

CB1-‐R	  in	  a	  different	  strain	  of	  mice	  (CD1)	  leads	  to	  enhance	  basal	  locomotor	  

activity	  (Ledent	  et	  al.,	  1999),	  and	  does	  not	  alter	  the	  acute	  hyperlocomotor	  

effects	  of	  morphine	  (Martin	  et	  al.,	  2000b).	  	  

	  

Genetic	  deletion	  of	  CB1-R	  prevents	  sensitization	  facilitating	  tolerance	  

to	  the	  stimulating	  effects	  of	  morphine	  during	  the	  chronic	  treatment	  

Our	  results	  show	  that	  the	  genetic	  deletion	  of	  CB1-‐R	  prevents	  the	  induction	  

of	   locomotor	   sensitization	   to	   morphine	   during	   the	   chronic	   treatment,	   in	  

agreement	   with	   a	   previous	   study	   (Martin	   et	   al.,	   2000b).	   This	   lack	   of	  

sensitized	  responses	  in	  CB1-‐KO	  mice	  points	  out	  the	  possible	  involvement	  of	  

CB1-‐R	   in	   the	   plasticity	  mechanisms	  mediating	   the	   process	   of	   behavioural	  

sensitization.	   In	   agreement,	   pharmalogical	   and	   genetic	   blockade	   of	   CB1-‐R	  

has	  shown	  to	  disrupt	  the	  induction	  of	  sensitization	  to	  the	  locomotor	  effects	  

of	  other	  drugs	  of	  abuse,	  such	  as	  cocaine	  and	  amphetamine	  (Corbillé	  et	  al.,	  

2007).	   Thus,	   the	   endogenous	   cannabinoid	   system	   could	   represent	   a	  

common	   neurobiological	   substrate	   of	   drug-‐induced	   long-‐lasting	  

behavioural	   changes.	   One	   intracellular	   mechanism	   underlying	   the	  

involvement	   of	   the	   endogenous	   cannabinoid	   system	   in	   these	   alterations	  

could	   be	   the	   activation	   of	   the	   ERK	   signalling	   pathway.	   Indeed,	   the	   ERK	  

cascade	   is	   an	   important	   signal	   transduction	  of	  CB1-‐R	  activity	   in	   the	  brain	  

(Turu	   and	  Hunyady,	   2010).	  Most	   drugs	   of	   abuse	   trigger	   the	   activation	   of	  

ERK	   in	   the	   mesocorticolimbic	   system	   (Valjent	   et	   al.,	   2004)	   and	   this	  
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activation	   is	   considered	  an	   important	   substrate	  of	  drug-‐induced	  neuronal	  

plasticity	   (Girault	   et	   al.,	   2007).	   In	   the	   case	   of	   psychostimulants,	   the	  

induction	  of	  locomotor	  sensitization	  is	  mediated	  by	  ERK	  signalling	  through	  

a	  CB1-‐R	  dependent	  mechanism	  (Valjent	  et	  al.,	  2006a;	  Corbillé	  et	  al.,	  2007).	  

It	   will	   be	   therefore	   interesting	   to	   evaluate	   the	   involvement	   of	   ERK	   in	  

morphine	   sensitization	   and	  whether	   the	   inability	   of	  morphine	   to	   activate	  

ERK	  in	  the	  mesocorticolimbic	  system	  in	  CB1-‐R	  KO	  mice	  can	  account	  for	  the	  

absence	  of	  morphine	  sensitization	  in	  these	  animals.	  

Our	  data	  further	  reveal	  that	  the	  lack	  of	  CB1-‐R	  promotes	  the	  development	  of	  

tolerance	   to	   the	   hyperlocomotor	   effects	   of	   morphine	   after	   chronic	  

administration.	   Conversely,	   other	   studies	  have	   shown	   that	   administration	  

of	   different	   CB1-‐R	   agonists	   reduces	   the	   development	   of	   tolerance	   to	   the	  

analgesic	   properties	   of	  morphine	   (Cichewicz	   and	  Welch,	   2003;	   Fischer	   et	  

al.,	  2010).	  

At	   the	   cellular	   level,	   one	   proposed	   mechanism	   mediating	   tolerance	   to	  

opioid	  effects	  relies	  on	  desensitization	  of	  opioids	  receptors,	  which	  disrupts	  

receptor-‐G-‐protein	   coupling,	   dampens	   signal	   transduction	   processes,	   and	  

reduces	   the	   efficacy	   of	   opioid	   agonists	   to	   produce	   their	   pharmacological	  

effects	   (Williams	   et	   al.,	   2001).	   	   Mechanisms	   such	   as	   protein	   kinase	   C-‐

dependent	   phosphorylation	   of	   mu	   opioid	   receptor,	   binding	   of	   beta-‐

arrestin-‐2	   to	  mu	  opioid	  receptor,	  or	  changes	   in	  adenylate	  cyclase	  7	  signal	  

tranduction	   system	   have	   been	   described	   to	   participate	   in	   morphine	  

tolerance	   (Bailey	   et	   al.,	   2006;	   Bohn	   et	   al.,	   2000,	   Yoshimura	   et	   al.,	   2000).	  

Interestingly,	  protein	  kinase	  C,	  beta-‐arrestin-‐2	  and	  adenylate	  cyclase	  7	  are	  

all	  involved	  in	  CB1-‐dependent	  signaling	  processes	  (Garcia	  et	  al.,	  1998;	  Jin	  et	  

al.,	  1999;	  Rhee	  et	  al.,	  1998),	  and	  cross-‐tolerance	  and	  densitization	  between	  
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CB1-‐R	   and	   mu	   opioid	   receptor	   has	   been	   reported	   (Garzon	   et	   al.,	   2009).	  

Thus,	   disruption	   of	   CB1-‐R	   activity	   may	   possibly	   alter	   some	   of	   these	  

mechanisms,	   facilitating	   mu	   opioid	   receptor	   desensitization	   and	  

accelerating	   the	   development	   of	   tolerance	   to	   morphine	   hyperlocomotor	  

effects.	  In	  agreement,	  overexpression	  of	  adenylate	  cyclase	  7	  enhances	  acute	  

analgesic	  effects	  of	  morphine	  and	  accelerates	  the	  emergence	  of	  tolerance	  to	  

these	   effects	   (Yoshimura	   et	   al.,	   2000).	   Although,	   the	   overexpression	   of	  

adenylate	  cyclase	  7	  also	  leads	  to	  enhance	  morphine	  locomotor	  sensitization	  

(Yoshimura	   et	   al.,	   2000),	   changes	   in	   other	   common	   signaling	   molecules	  

between	   the	   endogenous	   cannabinoid	   system	   and	   the	   endogenous	   opioid	  

system,	   in	   CB1-‐R	   KO	   mice,	   could	   potentially	   produce	   similar	   reciprocal	  

responses	  between	  acute	  and	  chronic	  effects	  of	  morphine	  on	  locomotion.	  	  

The	   emergence	   of	   a	   tolerance	   process	   in	   CB1-‐R	   KO	   mice	   raises	   the	  

possibility	   that	   the	   endogenous	   cannabinoid	   system	   does	   not	   specifically	  

participate	   in	   the	   neuroplastic	   mechanisms	   that	   mediate	   morphine	  

sensitization.	  Indeed,	  the	  lack	  of	  morphine	  sensitization	  in	  CB1-‐R	  KO	  mice	  

could	   be	   due	   to	   the	   reduced	   efficacy	   of	   morphine	   to	   engage	   the	   cellular	  

processes	   that	   trigger	   the	   neuroadaptations	   associated	   to	   morphine	  

sensitization,	   because	   of	   a	   potential	   accelerated	   desensitization	   of	   mu	  

opioid	   receptor	   in	   these	   animals	   after	   repeated	  morphine	   administration.	  

Nevertheless,	  sensitized	  locomotor	  responses	  were	  observed	  as	  soon	  as	  the	  

fourth	   day	   of	   morphine	   treatment	   in	   WT	   mice,	   a	   time	   point	   where	   no	  

tolerant	  responses	  were	  revealed	  in	  CB1-‐R	  KO	  mice.	  	  Therefore,	  the	  lack	  of	  

sensitized	   responses	   in	   CB1-‐R	   KO	   mice	   after	   four	   day	   of	   morphine	  

treatment	   is	   unlikely	   to	   be	   directly	   due	   to	   the	   tolerance	   of	   drug	   effects.	  

Consequently,	   CB1-‐R	   could	   participate	   in	   both	   morphine	   tolerance	   and	  

sensitization.	   Hence,	   CB1-‐R	   activation	   could	   facilitate	   plasticity	  
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mechanisms	  associated	  with	  morphine	  sensitization,	  while	   its	   inactivation	  

might	  promote	   those	  related	   to	  morphine	   tolerance.	  Accordingly,	  a	  recent	  

study	  has	  reported	  that	  sensitization	  and	  tolerance	  to	  the	  hyperlocomotor	  

effects	   of	   morphine	   could	   share	   common	   neurobiological	   substrates.	  

Indeed,	  delta	  opioid	  receptor-‐KO	  mice	  present	  both	  enhanced	  sensitization	  

and	  decreased	   tolerance	   to	   the	   locomotor	  stimulating	  effects	  of	  morphine	  

(Chefer	   et	   al.,	   2009).	   Interestingly,	   CB1-‐R	   KO	   mice	   present	   an	   increased	  

activity	  of	  delta	  opioid	  receptor	  signaling	  in	  the	  caudate	  putamen	  (Urigüen	  

et	   al.,	   2005).	   Therefore,	   the	   interaction	   between	   CB1-‐R	   and	   delta	   opioid	  

receptor	  signaling	  in	  the	  striatum	  could	  contribute	  to	  establish	  the	  balance	  

between	  the	  induction	  of	  morphine	  sensitization	  and	  tolerance,	  in	  response	  

to	   repeated	   injection	   of	   morphine.	   Hence,	   activation	   of	   CB1-‐R	   could	  

promote	   sensitization	   process	   while	   its	   inactivation	   might	   impair	   this	  

process	   and	   concomitantly	   facilitate	   delta	   opioid	   receptor-‐dependent	  

morphine	  tolerance	  process.	  

	  

Lack	  of	  CB1-R	  reduces	  late	  expression	  of	  morphine	  sensitization	  

We	  observed	   that	   sensitized	   responses	   to	  morphine	  were	   still	   induced	   in	  

WT	  mice	  one	  week	  after	  the	  disruption	  of	  the	  chronic	  morphine	  treatment;	  

confirming	  that	  drug	  sensitization	  is	  a	  long-‐lasting	  process	  that	  may	  rely	  on	  

enduring	   form	   of	   drug-‐induced	   neuronal	   plasticity	   (Babbini	   et	   al.,	   1975;	  

Robinson	   and	   Berridge,	   2008).	   At	   this	   time	   point,	   tolerant-‐like	   responses	  

were	   no	   longer	   observed	   in	   CB1-‐R	   KO	   mice,	   highlighting	   the	   shorter-‐

duration	   of	   this	   process.	   In	   accordance,	   another	   study	   has	   shown	   that	  

tolerance	  to	  the	  stimulating	  effects	  of	  morphine	  disappears	  rapidly	  during	  

drug	  abstinence	  (Timár	  et	  al	  2005).	  On	  the	  other	  hand,	  our	  results	  suggest	  
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that	   further	  neuroadaptations	  may	  occur	  after	  the	  disruption	  of	  morphine	  

chronic	   treatment	   since	  WT	  mice	   displayed	   greater	   sensitized	   responses	  

after	   drug	   challenge	   than	   during	   chronic	   treatment.	   Accordingly,	  

hyperlocomotor	   effects	   of	   morphine	   in	   CB1-‐R	   KO	   mice	   were	   not	   only	  

restored	  after	  cessation	  of	  chronic	  morphine	  treatment,	  but	  also	  sensitized.	  

This	   latter	   result	   suggests	   that	   while	   CB1-‐R	   KO	   mice	   do	   not	   express	  

locomotor	   sensitization	   to	   morphine	   during	   the	   chronic	   treatment,	   this	  

drug	   regimen	   may	   nevertheless	   trigger	   sensitization-‐related	   plastic	  

processes	  after	  cessation	  of	  drug	  administration.	  However,	   it	   is	   important	  

to	  note	  that	  sensitized	  locomotor	  responses	  induced	  by	  a	  challenge	  dose	  of	  

morphine	   were	   significantly	   lower	   in	   CB1-‐R	   KO	   mice	   than	   in	   WT	   mice.	  

Together,	   these	   findings	   suggest	   that	  CB1-‐R	  could	  play	  a	  more	  prominent	  

role	   in	   the	   neuroadaptations	   underlying	   the	   induction	   of	   morphine	  

sensitization	  during	  the	  chronic	  treatment	  than	  those	  implicated	  in	  the	  late	  

expression	   of	   sensitization	   after	   a	   drug-‐free	   period.	   In	   agreement,	  

pharmacological	   inactivation	   of	   CB1-‐R	   blocks	   cocaine-‐induced	   locomotor	  

sensitization	   when	   injected	   during	   the	   induction,	   but	   not	   during	   the	  

expression	  phase	  (Corbillé	  et	  al.,	  2007).	  	  

	  

Morphine	   promotes	   structural	   plasticity	   changes	   through	   a	   CB1-R	  

dependent	  mechanism	  

We	   next	   performed	   a	   morphological	   analysis	   of	   the	   neurons	   of	   the	   NAc	  

shell	   and	   core,	   and	  mPFC	   of	  mice	   receiving	   distinct	  morphine	   treatments	  

(see	  methods)	  to	  evaluate	  the	  involvement	  of	  structural	  plasticity	  changes	  

in	   the	   different	   phases	   of	   morphine	   sensitization.	   Our	   study	   reveals	   that	  

morphine-‐induced	   structural	   plasticity	   is	   a	   highly	   dynamic	   phenomenon	  
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that	  continually	  evolves	  during	  the	  time	  course	  of	  the	  sensitization	  process.	  

In	  our	  conditions,	  morphological	  changes	  are	  observed	  as	  soon	  as	  after	  the	  

first	  morphine	  exposure.	   Some	  of	   these	  plasticity	   changes	  disappear	  after	  

the	   disruption	   of	   the	   chronic	   treatment,	   while	   others	   are	   maintained	   or	  

induced	  during	  this	  drug-‐free	  period.	  In	  addition,	  our	  data	  suggest	  that	  the	  

endogenous	   cannabinoid	   system	   could	   represent	   a	  major	   neurobiological	  

substrate	   in	   mediating	   morphine-‐induced	   structural	   plasticity,	   as	   this	  

process	  is	  importantly	  altered	  in	  CB1-‐R	  KO	  mice.	  

We	  first	  show	  that	  a	  single	  administration	  of	  morphine	  rapidly	  (i.e.	  30	  min)	  

triggers	  some	  structural	  adaptations	  in	  the	  NAc	  shell	  and	  core	  of	  WT	  mice,	  

such	   as	   changes	   in	   spine	   morphology.	   Drug-‐induced	   structural	   plasticity	  

has	   been	  mainly	   studied	   following	   chronic	   drug	   regimens	   (Robinson	   and	  

Kolb,	  2004),	   and	   thus	   initially	   considered	  as	   a	   form	  of	  neuronal	  plasticity	  

that	   required	  repeated	  drug	  exposure.	  Nevertheless,	   early	   studies	  already	  

demonstrated	  that	  even	  a	  single	  exposure	  to	  some	  drugs	  of	  abuse,	  such	  as	  

cocaine	  and	  amphetamine,	  could	  also	  produce	  structural	  changes	  in	  specific	  

areas	  of	  the	  mesocorticolimbic	  circuit	  (Sarti	  et	  al.,	  2007;	  Kolb	  et	  al.,	  2003).	  

However,	   these	   changes	   were	   revealed	   1	   or	   3	   days	   after	   drug	  

administration	  (Sarti	  et	  al.,	  2007;	  Kolb	  et	  al.,	  2003).	  This	  rapid	  induction	  is	  

quite	   surprising	   considering	   that	   structural	   plasticity	   has	   been	   originally	  

thought	   to	   be	   dependent	   on	   gene	   transcription	   and	   de	   novo	   protein	  

synthesis,	  processes	  that	  are	  generally	  not	  observed	  within	  this	  short	  time	  

window	   (Miyamoto,	   2006).	   However,	   in	   vitro	   studies	   have	   shown	   that	  

structural	   plasticity	   can	  be	   a	   rapid	  dynamic	  process,	   and	  dendritic	   spines	  

morphology	   changes	   and	   growth	   have	   been	   observed	   in	   a	   time	   scale	   of	  

seconds	  or	  minutes	  (Kwon	  and	  Sabatini,	  2011).	   	   In	  addition,	  a	  similar	   fast	  

onset	   is	  considered	  to	  occur	  in	  vivo	  since	  induction	  of	  LTP	  in	  slice	  culture	  
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promotes	  spines	  enlargement	  or	  creation	  of	  new	  ones	  within	  30	  min	  or	  less	  

(Trommald	   et	   al	   1996;	   Tanaka	   et	   al.,	   2008;	   Bourne	   and	   Harris,	   2011;	  

Wosiski-‐Khun	   et	   al.,	   2012).	   It	   is	   now	   clear	   that	   dendrites	   contain	   all	  

required	   elements	   to	   support	   locally	   de	   novo	   protein	   synthesis	  

(polyribosomes	   and	   local	   mRNA)	   and	   posttranslational	   modification	  

(endoplasmic	   reticulum	   and	   Golgi	   elements),	   which	   can	   permit	   rapid	  

production	   of	   new	   functional	   proteins	   (Kelleher	   el,	   2004),	   and	   structural	  

changes	  mediated	  by	   rapid	   translational	  mechanisms	  have	  been	   reported	  

(Tanaka	  et	  al.,	  2008).	  	  	  

Our	  results	  suggest	   that	  acute	  morphine-‐induced	  rapid	  structural	  changes	  

can	   be	  mediated	   by	   CB1-‐R.	   Indeed,	   these	   changes	   appear	   exacerbated	   in	  

CB1-‐R	  KO	  mice.	  Thus,	  acute	  morphine	  produces	  a	  global	  increase	  of	  spines	  

density	   in	   the	   NAc	   shell	   and	   core	   in	   CB1-‐R	   KO	   mice,	   whereas	   the	   same	  

treatment	  in	  WT	  mice	  only	  changes	  the	  morphology	  of	  pre-‐existing	  spines	  

in	   these	  same	  areas.	  Hence,	   the	   “greater	  magnitude”	  of	   the	  morphological	  

changes	  observed	  in	  CB1-‐R	  KO	  mice	  may	  represent	  an	  additional	  evidence	  

for	  a	  potential	  enhanced	  effect	  of	  acute	  morphine	  in	  these	  animals.	  	  

The	   endogenous	   cannabinoid	   system,	   via	   CB1-‐R	   activation,	   has	   shown	   to	  

mediate	   different	   forms	   of	   synaptic	   plasticity	   in	   the	   NAc	   and	   mPFC	  

(Sidhpura	   and	   Parsons,	   2011),	   and	   synaptic	   plasticity	   can	   promote	   the	  

emergence	  of	   synaptic	  structural	  changes	   (Matsuzaki	  et	  al.,	  2004;	  Zhou	  et	  

al.,	   2004).	   Interestingly,	   a	   single	   exposure	   to	   cocaine	   or	   THC	   can	   abolish	  

endocannabinoid-‐mediated	  LTD	  in	  the	  NAc	  (Fourgeaud	  et	  al.,	  2004;	  Mato	  et	  

al.,	   2004).	   Endocannabinoid-‐mediated	   LTD	   in	   the	   NAc	   has	   been	   mainly	  

described	  at	  excitatory	  synapses,	  and	  is	  thought	  to	  participate	  in	  a	  negative	  

feedback	   loop	   reducing	   the	   strength	   of	   excitatory	   synapses	   during	  
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sustained	   cortical	   activity	   (Fourgeaud	   et	   al.,	   2004;	   Sidhpura	   and	   Parsons,	  

2011).	  Thus,	  drug-‐induced	  impairement	  of	  this	  form	  of	  plasticity	  could	  lead	  

to	   heightened	   glutamatergic	   signaling	   in	   this	   brain	   region	   (Sidhpura	   and	  

Parsons,	   2011).	   Consequently,	   this	   process	   could	   lead	   to	   the	   generation	  

structural	   plasticity	   changes	   since	   it	   has	   been	   shown	   that	   exogenous	  

infusion	   of	   glutamate	   promotes	   the	   rapid	   growth	   of	   dendritic	   spines	  

(Richards	   et	   al.,	   2005;	   Kwon	   and	   Sabatini,	   2011).	   Therefore,	   it	   will	   be	  

interesting	   to	   evaluate	  whether	   acute	  morphine	   exposure	   similarly	   alters	  

endocannabinoid-‐mediated	   LTD	   in	   the	   NAc	   to	   better	   understand	   the	  

underlying	  mechanism	  of	  acute	  morphine-‐induced	  structural	  plasticity.	  

The	   presence	   of	   “more	   important”	   structural	   changes	   in	   the	  

mesocorticolimbic	  system	  of	  CB1-‐R	  KO	  after	  acute	  morphine	  could	  be	  due	  

to	   the	   basal	   disruption	   of	   endocannabinoid-‐mediated	   LTD,	   which	   may	  

possibly	  enhances	  the	  sensitivity	  of	  accumbal	  synapses	  to	  undergo	  activity-‐

dependent	   changes	   in	   glutamatergic	   transmission.	   In	   support	   to	   this	  

proposal,	   several	   studies	   have	   shown	   that	   high-‐frequency	   stimulation	  

produces	   stronger	   LTP	   at	   excitatory	   synapses	   in	   the	  HPC	   and	   basolateral	  

amygdala	  in	  CB1-‐R	  KO	  than	  in	  WT	  mice	  (Bohme	  et	  al.,	  2000;	  Marsicano	  et	  

al.,	  2002;	  Jacob	  et	  al.,	  2002).	  

Mechanisms	  implicating	  BDNF,	  ERK	  or	  mTOR	  signaling	  participate	  in	  local	  

dendritic	  translation,	  and	  have	  been	  proposed	  to	  support	  rapid	  induction	  of	  

synaptic	   and/or	   structural	   plasticity	   changes	   (Besse	   and	   Ephrussi,	   2008;	  

Swanger	   et	   al.,	   2011;	   Harvey	   et	   al	   2008;	   Li	   et	   al.,	   2010a).	   Moreover,	  

morphine	  can	  trigger	  activation	  of	  mTOR	  pathway	  (Polakiewicz	  et	  al	  1998),	  

enhance	   BDNF	   expression	   by	   microgial	   cells	   (Takayama	   et	   al.,	   2005,	  

Matsushita	  et	  al.,	  2013),	  and	  activate	  ERK	  in	  the	  NAc	  (Valjent	  et	  al.,	  2004).	  
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Interestingly,	   mTOR,	   ERK	   and	   BDNF	   also	   participate	   in	   CB1-‐R	   signaling	  

(Puighermanal	   et	   al.,	   2010;	   Corbillé	   et	   al.,	   2007;	   De	   Chiara	   et	   al	   2010).	  

Therefore,	   morphine	   could	   activate	   one	   or	   several	   of	   these	   mechanisms	  

through	  a	  CB1-‐R	  dependent	  mechanism	  stimulating	  the	  rapid	  translational	  

machinery	   in	   dendritic	   spines,	   and	   leading	   to	   rapid	   structural	   plasticity	  

changes	  in	  the	  NAc.	  	  

Alternatively,	   the	   rapid	   development	   of	   synaptic	   and	   structural	   plasticity	  

can	   be	   independent	   on	   gene	   expression	   and	   de	   novo	   protein	   synthesis	  

(Wosiski-‐Khun	  et	  al.,	  2012).	  Indeed,	  other	  mechanisms	  such	  as	  rapid	  actin	  

restructuration	   (Okamoto	   et	   al.,	   2004;	  Kramar	   et	   al.,	   2006)	   or	  membrane	  

trafficking	   from	   recycling	   endosomes	   (Park	   et	   al.,	   2006)	   have	   also	   been	  

proposed	   to	   account	   for	   fast	   structural	   plastic	   events.	   Interestingly,	   acute	  

morphine	   administration	   increases	   the	   expression	   of	   the	  

metalloproteinase-‐9	   (Liu	   et	   al.,	   2012),	   an	   extracellular	   protease	   that	  

promote	   rapid	   consolidation-‐like	   process	   of	   LTP	   and	   rapid	   structural	  

synaptic	   remodeling,	   through	   the	   modulation	   of	   actin	   polymerization	   in	  

dendritic	   spines	   (Huntley,	   2012).	   Of	   importance,	   activation	   of	  

metalloproteinase-‐9	   can	   even	   drive	   structural	   synaptic	   remodeling	   in	   the	  

absence	   of	   LTP-‐inducing	   stimuli	   (Huntley,	   2012).	   In	   a	   similar	   way,	   acute	  

morphine	   administration	   increases	   expression	   of	   the	   tissue	   plasminogen	  

activator	   in	   the	   NAc	   (Nagai	   et	   al.,	   2004),	   a	   protease	   of	   the	   extracellular	  

matrix	   that	   is	   rapidly	   released	   during	   LTP	   and	   can	   also	   mediate	   rapid	  

structural	   plasticty	   changes	   (Lochner	   et	   al.,	   2006;	   Oray	   et	   al.,	   2004).	  

Interestingly,	   tissue	  plasminogen	  activator	  KO	  mice	  display	  reduced	  acute	  

morphine	   hyperlocomotion	   (Nagai	   et	   al.,	   2004).	   A	   direct	   involvement	   of	  

CB1-‐R	  in	  rapid	  actin	  reorganization	  has	  not	  been	  yet	  investigated,	  although	  

one	  study	  reports	  that	  CB1-‐R	  activation	  can	  modulate	  metalloproteinase-‐9	  
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activity	   (Mukhopadhyay	   et	   al.,	   2011).	   Therefore,	   these	  mechanisms	   could	  

also	   account	   for	   the	   fast	   induction	   of	   structural	   changes	   by	   a	   single	  

morphine	  exposure.	  

Further	  studies	  will	  be	  necessary	  to	  determine	  the	  functional	  consequences	  

of	   these	   structural	   changes	   induced	   by	   acute	   morphine	   administration.	  

Nevertheless,	  our	  results	  indicate	  that	  these	  CB1-‐R-‐dependent	  changes	  are	  

rapidly	  induced	  suggesting	  that	  morphological	  spines	  plasticity	  in	  the	  NAc	  

core	   and	   shell	   could	   participate	   in	   the	   acute	   hyperlocomotor	   effects	   of	  

morphine.	   In	   agreement,	   CB1-‐R	  KO	  mice	   that	   are	  more	   sensitive	   to	   these	  

hyperlocomotor	   effects	   also	   present	   structural	   changes	   of	   “greater	  

magnitude”	  in	  these	  brain	  regions.	  Furthermore,	  the	  induction	  of	  morphine	  

sensitization	   is	   known	   to	   be	   dependent	   on	   the	   development	   of	  

neuroadaptations	   in	   the	   VTA,	   but	   also	   in	   other	   regions	   of	   the	  

mesocorticolimbic	   system	   including	   the	   NAc	   (Cunningham	   et	   al.,	   1997;	  

Vanderschuren	   and	   Kalivas,	   2000).	   Thus,	   acute	  morphine-‐induced	   spines	  

rearrangement	   in	   the	   NAc	   core	   and	   shell	   could	   represent	   one	   these	  

neuroadaptations,	   and	   account	   for	   the	   sensitized	   locomotor	   responses	  

induced	   by	   subsequent	   morphine	   injection	   in	   WT	   mice.	   It	   would	   be	  

interesting	   to	   know	   whether	   the	   stability	   of	   these	   structural	   changes	   is	  

different	  between	  WT	  and	  CB1-‐R	  KO	  mice.	  Indeed,	  it	  is	  possible	  that	  these	  

changes	   persist	   during	   the	   chronic	   morphine	   treatment	   in	   WT	   mice	  

promoting	   locomotor	   sensitization,	  whereas	   in	  CB1-‐R	  KO	  mice	   they	  could	  

rapidly	  wane	  preventing	  the	  development	  of	  sensitization.	  	  
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Role	   of	   CB1-R	   in	   the	   structural	   changes	   associated	   to	   chronic	  

morphine	  treatment	  and	  re-exposure	  

Structural	   changes	   induced	   by	   chronic	  morphine	   in	   different	   areas	   of	   the	  

mesocorticolimbic	   circuit,	   including	   the	   NAc	   and	   mPFC,	   have	   shown	   to	  

persist	   at	   least	   up	   to	   one	  month	   (Robinson	   et	   al.,	   1999	   and	  2002).	   These	  

changes	   could	   therefore	   contribute	   to	   the	   long-‐lasting	   maintenance	   of	  

behavioural	   sensitization	   to	   morphine	   (Robinson	   and	   Kolb,	   2004).	  

Surprisingly,	   we	   did	   not	   observe	   any	   significant	   structural	   change	   in	   the	  

NAc	   shell	   and	   core	   in	  WT	  mice	   7	   days	   after	   the	   cessation	   of	   the	   chronic	  

morphine	   treatment	   in	   our	   experimental	   conditions.	   Differences	   in	   the	  

technique	   used	   to	   stain	   neurons	   (Golgi-‐Cox	   vs.	   DiI	   labelling)	   that	   can	  

influence	  the	  result	  of	  the	  quantification	  (Shen	  et	  al.,	  2009),	  as	  well	  as	  in	  the	  

animal	   model	   (rats	   vs.	   mice)	   and	   the	   experimental	   protocol	   (self-‐

adiministration	  and	  non-‐contigent	  repeated	  injection	  vs.	  context-‐associated	  

behavioural	   sensitization)	   could	   explain	   these	  discrepancies.	  Additionally,	  

the	   time	   point	   at	   which	   the	   morphological	   analysis	   was	   performed	   (one	  

month	  vs.	  one	  week	  after	  the	  last	  morphine	  injection)	  may	  also	  account	  for	  

the	  differences	  between	  both	  studies.	  In	  fact,	  studies	  made	  at	  different	  time	  

points	   after	   chronic	   cocaine	   administration	   suggest	   that	   drug-‐induced	  

synaptic	  functional	  changes	  in	  NAc	  can	  be	  a	  highly	  time-‐dependent	  process	  

(Russo	   et	   al.,	   2010).	   Thus,	   while	   early	   cocaine	   withdrawal	   times	   seem	  

associated	   with	   increased	   synaptic	   depression	   and	   silent	   synapses	   that	  

often	  engaged	   immature	   spines	   (Thomas	  et	   al.,	   2001;	  Huang	  et	   al.,	   2009),	  

prolonged	   abstinences	   have	   been	   related	   to	   synaptic	   potentiation	   and	   a	  

progressive	   increase	   in	   post-‐synaptic	   expression	   of	   AMPA-‐R	   that	   are	  

characteristics	  of	   large	   spines	   (Boudreau	  et	   al.,	   2007;	  Conrad	  at	   al	   2008).	  

Interestingly,	   these	   latter	   changes	   have	   been	   related	   to	   the	   incubation	   of	  
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cocaine	  craving	  (Conrad	  at	  al	  2008).	  These	  findings	  indicate	  that	  abstinence	  

from	   chronic	   cocaine	   exposure	   is	   associated	   with	   a	   transition	   from	  

immature	   to	   large	   spines,	   thus	   an	   evolution	   of	   the	   structural	   plasticity	  

changes	   triggered	   by	   drug	   during	   abstinence.	   A	   similar	   process	   could	  

explain	  the	  tendency	  of	  an	  increased	  spines	  density	  in	  the	  NAc	  shell	  that	  we	  

observed	   after	   one	  week	   of	  morphine	   abstinence,	   while	   previous	   studies	  

found	   a	   decreased	   spines	   density	   in	   this	   brain	   area	   after	   one	   month	   of	  

morphine	   abstinence	   (Robinson	   et	   al.,	   1999	   and	   2002).	   Together,	   these	  

data	   suggest	   that	  morphine	   induced	   structural	  plasticity	   in	   the	  NAc	   could	  

be	  a	  dynamic	  process	  that	  evolves	  after	  disruption	  of	  the	  chronic	  treatment,	  

which	  might	  potentially	  underline	  an	  incubation	  of	  locomotor	  sensitization	  

(Vanderschuren	  et	  al.,	  1999;	  Robinson	  and	  Berridge,	  2008).	  

On	   the	   other	   hand,	   we	   observed	   that	   WT	   mice	   chronically	   treated	   with	  

morphine	  present	  an	  increased	  spines	  density	  in	  the	  mPFC	  one	  week	  after	  

the	  end	  of	  this	  drug	  treatment.	  The	  persistence	  of	  these	  structural	  changes	  

in	   the	  mPFC	   across	  morphine	   abstinence	  may	   possibly	   support	   the	   long-‐

term	  maintenance	  of	  the	  sensitization	  process.	  However,	  this	  interpretation	  

is	   speculative	   since	   we	   did	   not	   evaluate	   whether	   these	   morphological	  

changes	   were	   present	   during	   the	   chronic	   treatment	   or	   were	   triggered	  

during	  morphine	  abstinence.	  Previous	  studies	  have	  shown	  that	  abstinence	  

from	   a	   chronic	   morphine	   treatment	   is	   associated	   with	   decreased	   spines	  

density	  in	  the	  mPFC	  (Robinson	  et	  al.,	  1999	  and	  2002).	  As	  described	  above,	  

these	   discrepancies	   may	   be	   explained	   by	   several	   differences	   in	   the	  

experimental	   procedures,	   or	   could	   reflect	   an	   evolution	   of	   these	   changes	  

during	  drug	  abstinence.	  In	  this	  view,	  one	  study	  has	  observed	  an	  increase	  of	  

dendritic	   spines	   density	   in	   the	  mPFC	   just	   after	   15	  days	   of	  morphine	   self-‐

administration	   (Ballesteros-‐Yáñez	   et	   al.,	   2007b).	   Together,	   these	   results	  



Discussion	  

	  
	   273	  

suggest	   that	   repeated	   morphine	   administration	   is	   associated	   with	  

increased	  spines	  density	  in	  the	  mPFC	  (Ballesteros-‐Yáñez	  et	  al.,	  2007b)	  that	  

is	  maintained	   during	   early	  withdrawal	   (our	   results)	   and	   then	   reverses	   at	  

later	  stage	  of	  abstinence	  (Robinson	  et	  al.,	  1999	  and	  2002).	  Similarly	  to	  the	  

NAc	  shell,	  this	  evolution	  in	  morphine-‐induced	  structural	  plasticity	  changes	  

in	  the	  mPFC	  after	  the	  disruption	  of	  chronic	  morphine	  treatment	  could	  also	  

underscore	  an	  incubation	  of	  morphine	  sensitization.	  

Furthermore,	  we	  observed	  that	  re-‐exposure	  to	  morphine	  after	  one	  week	  of	  

drug-‐free	  period	  produces	  structural	  changes	  in	  all	  the	  three	  studied	  areas	  

in	  WT	  mice.	  Indeed,	  this	  challenge	  injection	  increases	  spines	  density	  in	  the	  

NAc	   shell	   and	   core	   and	   reverts	   the	   structural	   changes	   triggered	   by	   the	  

disruption	   of	   chronic	   morphine	   treatment	   in	   the	   mPFC.	   Similarly	   to	   the	  

acute	   morphine	   administration,	   this	   challenge	   injection	   induces	   rapid	  

structural	   plasticity	   changes	   (30	   min).	   However,	   the	   extent	   of	   these	  

changes	   is	   substantially	   more	   important	   since	   acute	   morphine	   only	  

modifies	   spines	   morphology	   in	   the	   NAc	   shell	   and	   core.	   These	   results	  

highlight	   that	   chronic	   morphine	   exposure	   and	   subsequent	   abstinence	  

increase	   the	   propensity	   of	   the	   mesocorticolimbic	   circuit	   to	   undergo	  

structural	   plasticity	   changes	   following	   morphine	   injection.	   Morphine	  

sensitization	  is	  thought	  to	  rely	  on	  the	  facilitation	  of	  morphine-‐induced	  DA	  

release	   in	   the	   mesocorticolimbic	   system	   after	   repeated	   exposure	   to	   this	  

drug	   (Acquas	   et	   al.,	   1992;	   Spanagel	   et	   al.,	   1993).	   Accordingly,	   we	   can	  

hypothesize	   that	   the	   enhancement	   of	   morphine-‐induced	   structural	  

plasticity	   in	   the	   NAc	   shell,	   core	   and	   mPFC,	   after	   chronic	   morphine	  

treatment	   and	  abstinence,	   could	  also	   represent	   an	  underlying	  mechanism	  

of	  morphine	  sensitization.	  Conversely,	  a	  similar	  process	  has	  been	  described	  

with	  cocaine	  (Shen	  et	  al.,	  2009).	  Indeed,	  both	  acute	  cocaine	  administration	  
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and	   challenge	   injection	   of	   cocaine	   after	   abstinence	   from	   a	   chronic	  

treatment	   produce	   a	   rapid	   increase	   in	   spine	   density	   in	   the	   NAc	   core.	  

However,	   the	   acute	   cocaine-‐related	   structural	   changes	   have	   a	   slower	  

induction	   phase	   and	   are	   qualitatively	   different	   from	   those	   induced	   by	   a	  

challenge	  injection	  of	  cocaine	  (Shen	  et	  al.,	  2009).	  

Finally,	   our	   results	   suggest	   that	   different	   neurobiological	   mechanisms	  

could	   mediate	   the	   structural	   plasticity	   changes	   in	   the	   NAc	   and	   mPFC	  

induced	   by	   chronic	   morphine	   treatment	   and	   morphine	   re-‐exposure.	  

Indeed,	   both	   CB1-‐R	   KO	   and	   WT	   mice	   present	   an	   increase	   in	   dendritic	  

spines	   density	   in	   the	   mPFC	   after	   one	   week	   of	   abstinence	   from	   chronic	  

morphine	   treatment,	   and	   subsequent	   challenge	   injection	   similarly	  

decreases	  spines	  density	  in	  this	  region	  in	  both	  genotypes.	  Therefore,	  these	  

structural	   changes	   in	   the	  mPFC	   seem	   to	   be	   largely	   independent	   of	   CB1-‐R	  

activity	   and	   could	   possibly	   account	   for	   the	   development	   of	   sensitized	  

locomotor	  responses	  to	  a	  challenge	  dose	  of	  morphine	  in	  CB1-‐R	  KO	  mice.	  In	  

contrast,	   challenge	   injection	   of	   morphine	   after	   the	   withdrawal	   of	   the	  

chronic	   treatment	   produces	   significant	   changes	   in	   total	   spines	   density	   in	  

the	  NAc	   shell	   and	   core	   in	  WT	  mice,	   but	   not	   in	   CB1-‐R	  KO	  mice.	   Thus,	   the	  

structural	   plasticity	   changes	   triggered	   by	   this	   challenge	   injection	   of	  

morphine	   in	   the	   NAc	   core	   and	   shell	   seem	   to	   be	  mediated	   by	   CB1-‐R.	   The	  

absence	   of	   these	   neuroadaptations	   in	   CB1-‐R	   KO	   could	   account	   for	   the	  

reduced	   expression	   of	  morphine	   sensitization	   observed	   in	   these	  mutants	  

following	  morphine	  re-‐exposure.	  	  

The	   underlying	   cellular	  mechanisms	   of	   drug-‐induced	   structural	   plasticity	  

and	   the	   contribution	   of	   these	   structural	   changes	   in	   the	   development	   of	  

addictive	  behaviours	   are	   still	   poorly	   understood	   (Russo	   et	   al.,	   2010).	  Our	  
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results	  suggest	   that	  structural	  changes	  can	  contribute	   to	   the	   initial	  effects	  

of	   morphine	   as	   well	   as	   the	   long-‐term	   maintenance	   of	   the	   behavioural	  

alterations	   triggered	   by	   repeated	   exposure	   to	   this	   drug.	   In	   addition,	   our	  

data	   reveal	   that	   morphine-‐induced	   structural	   plasticity	   can	   be	   a	   highly	  

dynamic	   phenomenon	   in	   contrast	   to	   what	   it	   was	   initially	   thought	  

(Robinson	   and	   Kolb,	   2004).	   A	   better	   knowledge	   of	   the	   functional	  

consequences	  of	  the	  evolution	  of	  drug-‐induced	  structural	  plasticity	  may	  be	  

important	   to	   understand	   the	   distinct	   behavioural	   alterations	   that	  

characterized	   the	   different	   periods	   of	   the	   addiction	   cycle.	   Finally,	   our	  

results	   highlight	   the	   relevance	   of	   the	   endogenous	   cannabinoid	   system	   in	  

morphine-‐induced	   structural	   plasticity	   changes,	   which	   may	   help	   to	   lead	  

future	   research	   in	   determining	   the	   CB1-‐R	   downstream	   effectors	   that	  

mediate	  these	  alterations.	  	  
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C.	   CHARACTERIZATION	   OF	   THE	   SYNAPTIC	   PROTEOMIC	  

CHANGES	   THAT	   UNDERLINE	   THE	   RETRIEVAL	   OF	   DRUG	   AND	  

PALATABLE	  FOOD	  REWARD	  MEMORIES	  

	  

The	   persistence	   of	   drug	   craving	   and	   relapse	   after	   abstinence	   is	   a	   major	  

behavioural	   change	   associated	   to	   addiction	   that	   makes	   difficult	   the	  

treatment	   of	   the	   disease	   (Weiss,	   2005).	   Similarly,	   some	   obese	   patients	  

report	  to	  experience	  food	  craving,	  especially	  for	  palatable	  foods,	  and	  their	  

recurrent	   failure	   in	  maintaining	  an	  appropriate	  diet	  has	  been	  viewed	  as	  a	  

form	  of	  food	  relapse	  (Volkow	  and	  Wise,	  2005;	  Wilson,	  2010).	  Our	  previous	  

results	  have	  provided	  new	  evidences	  supporting	  the	  hypothesis	  that	  drugs	  

of	  abuse	  and	  palatable	  food	  can	  share	  common	  neurobiological	  substrates	  

and	  that	  similar	  neuronal	  adaptations	  may	  participate	  in	  the	  development	  

of	   addictive-‐like	   behaviours	   and	   food-‐seeking	   behaviour	   alterations	  

(Volkow	   et	   al.,	   2012;	   Avena	   et	   al.,	   2009).	   In	   the	   last	   part	   of	   the	   present	  

thesis,	   we	   were	   interested	   to	   study	   the	   neurobiological	   basis	   of	   drug	   of	  

abuse	  and	  palatable	  food	  craving	  and	  uncover	  a	  possible	  common	  neuronal	  

mechanism	  between	  both	  phenomena.	  

Craving	  and	  relapse	  are	  often	   triggered	   in	  drug	  addicts	  by	   re-‐exposure	   to	  

drug	   associated	   environmental	   stimuli,	   such	   as	   drug	   paraphernalia	   (e.g.	  

syringes,	  crack	  pipes)	  and	  place	  or	  people,	  where	  or	  with	  whom	  they	  used	  

to	   take	   drugs	   (Carter	   and	   Tiffany,	   1999).	   Similarly,	   palatable	   food	   smell,	  

sight	   and	   TV	   commercial	   strongly	   challenge	   obese	   willpower	   to	   absent	  

from	   medically	   advised	   forbidden	   foods	   (Fortuna,	   2012).	   Critical	   for	  

craving	   and	   relapse	   is	   the	   process	   of	   associative	   learning,	   whereby	  

environmental	  stimuli	  repeatedly	  paired	  with	  drug	  or	  palatable	  food	  intake	  
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acquire	   incentive	   motivational	   value.	   Consequently,	   re-‐exposure	   to	   these	  

conditioned	  environmental	  stimuli	  evokes	  expectation	  of	  drug	  or	  palatable	  

food	   availability	   as	   well	   as	   hedonic	   memories	   derived	   from	   past	  

experiences	   that	   can	   lead	   drug	   addicts	   and	   obese	   people	   to	   experience	  

strong	   craving	   and	   to	   relapse	   (Everitt	   et	   al.,	   2001).	   The	   CPP	   paradigm	  

represents	  an	  appropriate	  model	  to	  evaluate	  this	  process,	  and	  specific	  CPP	  

protocols	   have	   been	   designed	   to	   mimic	   some	   features	   of	   craving	   and	  

relapse	  (Martin-‐Fardon	  and	  Weiss,	  2013).	  The	  formation	  of	  reward-‐related	  

memories	   in	   the	   CPP	   paradigm	   includes	   the	   acquisition	   during	   the	  

conditioning	   phase,	   in	   which	   associations	   reward/context	   are	  

progressively	   consolidate	   into	   long-‐term	   memories,	   and	   the	   retrieval	  

during	   CPP	   tests,	   in	   which	   previously	   learned	   associations	   are	   rendered	  

labile	  and	  must	  be	  reconsolidated	  to	  be	  converted	  in	  stable	  and	  persistent	  

memory	   traces	   (Tronson	   and	  Taylor	   2007).	   Previous	   studies	   have	   shown	  

that	   pharmalogical	   manipulations	   during	   this	   reconsolidation	   period	   can	  

alter	   the	  maintenance	  of	   contextual	  drug	  memories	   (Valjent	  et	   al.,	   2006b;	  

Milton	   and	   Everitt,	   2012).	   A	   better	   understanding	   of	   the	   neurobiological	  

mechanisms	  mediating	  drug	  and	  palatable	   food	  conditioned	  cues	  memory	  

reconsolidation	   may	   be	   useful	   for	   the	   development	   of	   novel	   therapeutic	  

strategies	  to	  limit	  craving	  and	  relapse.	  	  

Synaptic	  plasticity	  represents	  a	  neuronal	  substrate	  of	  learning	  and	  memory	  

(Martin	   et	   al.,	   2000)	   and	   some	   evidences	   have	   directly	   linked	   plasticity	  

changes	   in	   accumbal	   synapses	   with	   the	   development	   of	   drug	   craving	  

(Conrad	  et	  al.,	  2008).	  Thus,	  we	  have	  focused	  our	  study	  on	  determining	  the	  

common	  synaptic	  mechanisms	  underlying	  the	  retrieval/reconsolidation	  of	  

drug	   and	   palatable	   food	   conditioned	   cues	   evoked	   reward-‐related	  

memories.	  For	  this	  purpose,	  we	  used	  an	  adapted	  form	  of	  the	  CPP	  paradigm	  
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that	  has	  been	  previously	  used	   to	  evaluate	  drug	  memories	   reconsolidation	  

(Valjent	  et	  al.,	  2006b),	  and	  performed	  a	  quantitative	  protein	  and	  phospho-‐

protein	   analysis	   of	   synaptoneurosomes	   extracted	   from	   the	   NAc	   and	   the	  

HPC	   of	   mice	   re-‐exposed	   to	   the	   CPP	   compartment	   where	   they	   have	  

previously	  experienced	  cocaine,	  morphine	  or	  palatable	  food	  reward.	  

As	  previously	  described	  (Martin	  et	  al.,	  2000b;	  Valjent	  et	  al.,	  2006b;	  Perello	  

et	   al.,	   2009),	   our	   results	   show	   that	   cocaine,	  morphine	   and	   palatable	   food	  

promote	  the	  acquisition	  of	  a	  CPP	  paradigm,	  confirming	  that	  all	  these	  three	  

stimuli	  produce	  rewarding	  effects	  in	  mice.	  However,	  our	  data	  also	  indicates	  

that	   CD1	   mice	   present	   intrinsic	   variability	   in	   their	   performances	   on	   this	  

task.	   Indeed,	   while	   each	   experimental	   cohort	   expresses	   globally	   a	  

significant	   place	   preference	   for	   the	   cocaine,	   morphine	   or	   palatable	   food	  

conditioned	  compartment	  in	  the	  Test	  1,	  a	  substantial	  number	  of	  mice	  from	  

these	   different	   groups	   displays	   a	   CPP	   score	   similar	   or	   inferior	   to	   the	  

average	   CPP	   score	   recorded	   in	   the	   saline	   conditioned	   group	   at	   this	   time	  

point.	  	  Different	  factors	  may	  have	  prevented	  the	  acquisition	  of	  the	  CPP	  task	  

in	   those	   latter	   mice	   including	   anxiogenic	   effects	   or	   low	   discriminative	  

properties	   of	   the	   CPP	   apparatus.	   Indeed,	   these	   factors	   could	   impair	   the	  

establishment	   of	   accurate	   conditioned	   associations	   in	  mice	   that	   are	  more	  

vulnerable	   to	   stress	   or	   have	   poor	   learning	   abilities.	   Alternatively,	   mice’s	  

interindividual	  differences	  in	  reward	  sensitivity	  could	  possibly	  account	  for	  

the	  variability	  of	  CPP	  performances	  observed	   in	  our	   study.	   In	   this	   regard,	  

several	  studies	  have	  demonstrated	  that	  rodents	  are	  intrinsically	  different	  in	  

face	  of	  drug	  effects.	  Thus,	  high-‐responding	  rats	  to	  novelty	  display	  a	  greater	  

propensity	   to	   acquire	   psychostimulant	   self-‐administration	   (Piazza	   et	   al.,	  

1989),	   a	   higher	   cocaine	   intake	   whatever	   the	   dose	   tested	   (Piazza	   et	   al.,	  

2000)	  and	  are	  more	  vulnerable	  than	   low-‐responding	  rats	   to	  the	   induction	  



Discussion	  

	  
	   279	  

of	   behavioural	   sensitization	   produced	   by	   repeated	   injections	   of	  

amphetamine	   (Hooks	   et	   al.,	   1992).	   The	   hypothesis	   that	   drugs	   have	   an	  

increased	   efficacy	   in	   high-‐responding	   rats	   is	   supported	   by	   the	   enhanced	  

propensity	   for	   cocaine-‐induced	   DA	   release	   in	   the	   NAc	   in	   these	   animals	  

(Hooks	   et	   al.	   1991).	   In	   addition,	   high	   impulsive	   rats	   show	   greater	  

propensity	   to	   develop	   compulsive	   drug	   taking	   in	   the	   face	   of	   aversive	  

consequences	  than	  low	  impulsive	  ones	  (Belin	  et	  al.,	  2008).	   Interindividual	  

differences	  in	  drug	  responses	  observed	  in	  experimental	  animals	  are	  indeed	  

reminiscent	  of	  the	  concept	  of	  vulnerability	  to	  drug	  addiction	  in	  humans.	  In	  

fact,	   not	   all	   drug	   users	   become	   addicts	   and	   the	   predisposition	   to	   drug	  

addiction	   has	   been	   associated	   with	   several	   distinct	   personality	   traits,	  

including	  sensation	  seeking,	  anxiety,	  and	  impulsivity	  (Franques	  et	  al.,	  2000;	  

Lejuez	  et	  al.,	  2008;	  Ersche	  et	  al.,	  2010).	  	  

This	  variability	  of	  CPP	  performance	  on	  Test	  1	  is	  an	  important	  experimental	  

factor	   that	   we	   took	   in	   consideration	   to	   design	   our	   proteomic	   analysis.	  	  

Thus,	  we	  distinguished	  good	  and	  bad	  performers	  on	  CPP	  Test	  1	  according	  

to	   the	   median	   CPP	   score	   of	   each	   experimental	   group	   in	   agreement	   with	  

previous	   studies	   that	   discriminate	   high	   and	   low	   responders	   to	   novelty	  

(Piazza	   et	   al.	   1989).	   We	   sought	   that	   this	   segregation	   could	   allow	   to	  

differentiate	  mice	   that	   did	   not	   acquire	   the	   CPP	   task	   from	   those	   that	   had	  

established	   stable	   reward/context	   association.	   In	   agreement,	   our	   data	  

reveal	  that	  good	  performers	  conditioned	  to	  cocaine,	  morphine	  or	  palatable	  

food	  express	  strong	  CPP	  behaviour	  on	  Test	  1	   that	   is	  maintained	   two	  days	  

later	  on	  Test	  2.	  In	  contrast,	  bad	  performers	  do	  not	  exhibit	  such	  conditioned	  

responses	  neither	  on	  Test	  1	  nor	  on	  Test	  2.	  Further	  studies	  will	  be	  necessary	  

to	   better	   define	   the	   phenotypical	   differences	   between	   good	   and	   bad	  

performers	  that	  can	  account	  for	  their	  distinct	  performances	  in	  the	  CPP	  test.	  
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Thus,	   the	   comparison	   of	   their	   performances	   on	   drug	   and	   palatable	   food	  

operant	   task	  could	  clarify	  whether	   these	  two	  sub-‐groups	  present	   intrinsic	  

differences	  in	  reward	  sensitivity.	  	  

Taking	   advantage	   of	   our	   CPP	   model,	   we	   performed	   our	   proteomic	   and	  

phosho-‐proteomic	   screening	   analysis	   in	   synaptoneurosomes	   extracted	  

from	   good	   performers,	   to	   unravel	   more	   accurately	   the	   synaptic	  

mechanisms	  mediating	   drug	   and	   palatable	   food	   conditioned	   cues-‐evoked	  

hedonics	  memories.	   This	   analysis	   identified	   several	   proteins,	   kinases	   and	  

intracellular	   pathways	   involved	   in	   these	   responses.	   We	   have	   mainly	  

focused	  our	  interest	  in	  the	  synaptic	  processes	  that	  were	  similarly	  regulated	  

by	   re-‐exposure	   to	   cocaine,	  morphine	  and	  palatable	   food	   conditioned	   cues	  

to	   intend	   to	   define	   a	   potential	   common	   synaptic	   mechanism	   underlying	  

drug	   and	   palatable	   food	   craving.	   Our	   analysis	   shows	   that	   re-‐exposure	   to	  

drug	  and	  palatable	  food	  conditioned	  stimuli	  were	  associated	  with	  common	  

changes	   in	   the	   expression	   of	   proteins	   involved	   in	   neurotransmission.	   In	  

particular,	  we	  identify	  a	  down-‐regulation	  of	  CAPS-‐2	  in	  the	  HPC,	  and	  down-‐

regulation	  of	  the	  non-‐catalytic	  subunit	  of	  Rab3	  GAP	  and	  mGluR7	  in	  the	  NAc.	  

CAPS-‐2	   is	   an	   important	   component	   of	   the	   synaptic	   vesicles	   priming	  

machinery	  that	  supports	  phasic	  calcium	  triggered	  transmitter	  release.	  The	  

regulation	   of	   this	   process	   controls	   the	   strength	   and	   plasticity	   of	   synaptic	  

transmission	   (Jockusch	   et	   al,	   2007).	   Therefore,	   the	   down-‐regulation	   of	  

CASP-‐2	   in	   the	  HPC	   suggests	   a	   decrease	  of	   the	   release	  of	   synaptic	   vesicles	  

and	   probably	   a	   diminished	   synaptic	   transmission	   strength	   in	   this	   brain	  

area.	  Similarly,	  Rab3	  GAP	   is	  regulator	  of	  Rab3A	  activity,	  a	  small	  G	  protein	  

involved	   in	   trafficking	   cycle	   of	   synaptic	   vesicles	   at	   nerve	   terminals	   that	  

plays	   an	   important	   role	   in	   neurotransmitter	   release	   (Sakane	   et	   al,	   2006).	  

Deletion	   of	   Rab3	   GAP	   catalytic	   subunit	   decreases	   expression	   of	   its	   non-‐
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catalytic	  subunit	  and	  inhibits	  calcuim-‐dependent	  glutamate	  release	  (Sakane	  

et	  al,	  2006).	  Thus,	   the	  down-‐regulation	  of	  Rab3	  GAP	  non-‐catalytic	  subunit	  

may	  also	  suggest	  a	  decreased	  synaptic	  transmission	  in	  the	  NAc.	  Conversely,	  

presynaptic	  mGluR7	  activation	  depresses	  synaptic	  transmission	  at	  a	  variety	  

of	  central	  synapses	  (Losonczy	  et	  al.,	  2003,	  O'Connor	  et	  al.,	  1999;	  Perroy	  et	  

al.,	   2002a),	   and	   leads	   to	   a	   rapid	   internalization	   of	   mGluR7	   (Pelkey	   et	   al,	  

2007).	   Therefore,	   the	   decreased	   expression	   of	   mGluR	   7	   detected	   in	   our	  

experiment	   could	   result	   from	   this	   internalization	   process,	   which	   may	  

further	  support	  a	  decreased	  synaptic	  transmission	  in	  the	  NAc	  following	  re-‐

exposure	   to	   drug	   and	   palatable	   food	   conditioned	   cues.	   Changes	   in	  

regulatory	  mechanisms	  occurring	  in	  the	  presynaptic	  compartment,	  such	  as	  

synaptic	  vesicle	  availability	  and	  release	  are	  considered	  to	  be	  key	  processes	  

in	   mediating	   short-‐term	   and	   long-‐term	   forms	   of	   synaptic	   plasticity	  

(Fioravante	   and	  Regehr	  WG	  2011,	   Zakharenko	   et	   al,	   2002).	   Thus,	  we	   can	  

speculate	   that	   the	   induction	   of	   short-‐term	   depression	   or	   LTD	   in	   the	   HPC	  

and	   NAC	   could	   represent	   a	   common	   neuronal	   event	   underlying	   the	   re-‐

activation	   of	   reward-‐related	   memories	   associated	   to	   both	   drug	   of	   abuse	  

and	  palatable	  food.	  	  

Alternatively,	   the	   changes	   cited	   above	   may	   also	   reflect	   an	   enhanced	  

synaptic	   transmission.	   Indeed,	   high-‐frequency	   stimulation	   can	   result	   in	  

synaptic	  vesicle	  depletion,	  and	  their	  reappearance	  can	  be	  time-‐demanding	  

(Heuser	   and	  Reese,	   1973).	   A	   similar	   process	   could	   explain	   the	   decreased	  

expression	  of	  CASP-‐2	  and	  Rab3	  GAP	  observed	  in	  our	  study	  after	  the	  CPP	  re-‐

exposure	   session.	   In	   addition,	   internalization	   of	  mGluR7	   can	   facilitate	   the	  

emergence	  of	  LTP	  at	   some	  synapses	   (Pelkey	  et	   al.,	   2005).	  Further	   studies	  

will	   be	   necessary	   to	   accurately	   determinate	   the	   consequences	   of	   these	  
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changes	   on	   synaptic	   transmission.	   A	   previous	   study	   has	   shown	   that	   re-‐

exposure	  to	  cocaine	  and	   its	  associated	  context	  can	  trigger	  LTD	  in	   the	  NAc	  

shell,	  in	  a	  behavioural	  sensitization	  paradigm	  (Thomas	  et	  al.,	  2001;	  Brebner	  

et	   al.,	   2005).	   In	   contrast,	   re-‐exposure	   to	   discrete	   stimuli	   (light/tone)	  

associated	   to	   cocaine	   self-‐administration	   has	   been	   associated	   with	   the	  

emergence	   of	   synaptic	   potentiation	   in	   the	  NAc	   core	   (Gipson	   et	   al.,	   2013).	  

Thus,	   the	   re-‐activation	   of	   drug	   memories	   can	   be	   mediated	   by	   different	  

synaptic	  plastic	  processes	  depending	  on	  the	  past	  drug	  regimen,	  modality	  of	  

the	   conditioned	   stimuli	   and/or	   the	   brain	   region.	   Our	   analysis	   was	  

performed	  in	  the	  whole	  NAc	  and	  it	  will	  be	  of	  interest	  to	  determine	  whether	  

the	  proteomic	  changes	  observed	  in	  our	  study	  differ	  between	  shell	  and	  core.	  	  

A	   role	  of	  CASP-‐2	  or	  Rab3	  GAP	   in	  drug	  and	  palatable	   food	   reward	  has	  not	  

been	   investigated	   yet.	   In	   contrast,	   several	   studies	   have	   reported	   that	  

mGlur7	   plays	   an	   important	   role	   in	   the	   development	   of	   addictive-‐like	  

behaviours.	   Indeed,	   systemic	   administration	  of	   a	  mGluR7	  agonist	   reduces	  

intravenous	   cocaine	   self-‐administration	   and	   decreases	   ethanol	  

consumption	  in	  rodents	  (Li	  et	  al.,	  2009b;	  Bahi	  et	  al.,	  2012b).	  The	  activity	  of	  

mGluR7	  in	  the	  NAc	  seems	  of	  particular	  importance	  since	  local	  infusion	  of	  a	  

mGluR7	   agonist	   in	   this	   region	   is	   sufficient	   to	   inhibit	   cocaine	   self-‐

administration	  (Li	  et	  al.,	  2009b),	  while	  knockdown	  of	  mGluR7	  expression	  in	  

the	   NAc	   enhances	   ethanol-‐induced	   CPP	   and	   alcohol	   consumption	   (Bahi,	  

2012b).	   Importantly,	   activation	   of	   mGluR7	   in	   the	   NAc	   inhibits	   priming	  

injection	   induced	   reinstatement	   of	   cocaine-‐seeking	   behaviour	   (Li	   et	   al.,	  

2010b)	  suggesting	  that	  decreased	  activity	  of	  mGluR7	  in	  the	  NAc	  could	  be	  a	  

neurobiological	  substrate	  of	  drug	  relapse.	  In	  accordance,	  we	  show	  that	  re-‐

exposure	   to	   cocaine	   and	  morphine	   conditioned	   contextual	   cues,	   an	   event	  

that	  also	  promotes	  reinstatement	  of	  drug-‐seeking	  behaviour,	  decreases	  the	  
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expression	  of	  mGluR7	  in	  the	  NAc	  and	  thus	  probably	  its	  activity	  in	  this	  brain	  

region.	  Our	  data	  also	  reveal	  that	  a	  similar	  neuronal	  mechanism	  in	  the	  NAc	  

is	   triggered	  by	  re-‐exposure	   to	  palatable	   food	  conditioned	  contextual	   cues.	  

Together	   these	   findings	   indicate	   that	   decreased	   activity	   of	  mGluR7	   in	   the	  

NAc	   could	  be	   a	   common	  neuronal	  process	  underlying	   the	   re-‐activation	  of	  

hedonic	   memories	   and	   presumably	   a	   neuronal	   substrate	   for	   drug	   and	  

palatable	  food	  craving	  and	  relapse.	  	  

On	   the	   other	   hand,	   we	   observed	   that	   re-‐exposure	   to	   both	   drug	   and	  

palatable	   food	  conditioned	  stimuli	  modify	   the	  expression	   level	  of	  proteins	  

of	   the	   cytoskeleton.	  Thus,	  we	  detected	  an	   increased	  expression	  of	   tubulin	  

beta	  2A	  in	  the	  HPC	  and	  alpha-‐spectrin	  in	  the	  NAc.	  Tubulin	  beta	  2A	  is	  one	  of	  

the	   main	   beta-‐tubulin	   isotype	   in	   the	   brain,	   which	   forms	   part	   of	   the	  

neuronal	   microtubules	   network.	   Alpha-‐spectrins	   interact	   with	   beta-‐

spectrin	  subunits	  to	  form	  the	  spectrin	  skeleton.	  Microtubules	  and	  spectrins	  

are	   expressed	   in	   both	   the	   pre-‐	   and	   post-‐synaptic	   compartments	  

participating	   in	   the	   transport	   of	   vesicles,	   organelles,	   transmitter	   receptor	  

and	   other	   structural	   components	   of	   synapses.	   In	   addition,	   both	   proteins	  

interact	  with	   the	  actin	   cytoskeleton	   to	   regulate	   synapses	  morphology	   (Gu	  

and	  Zheng,	  2009;	  Goodman	  and	  Zagon,	  1986).	   It	  has	  been	  shown	  that	   the	  

loss	   of	   presynaptic	   alpha-‐spectrin	   leads	   to	   presynaptic	   retraction	   and	  

synapse	   elimination	   (Pielage	   et	   al.,	   2005).	   Consequently,	   presynaptic	  

spectrins	   are	   thought	   to	  be	   important	   for	   synapse	   stability	   (Pielage	  et	   al.,	  

2005).	  Hence,	  an	   increased	  expression	  of	  alpha	  spectrin	  may	  promote	   the	  

consolidation	  and	  persistence	  of	   synaptic	  connections.	  On	   the	  other	  hand,	  

microtubules	   are	   rarely	   observed	   in	   dendritic	   spines,	   but	   strong	   tetanic	  

stimulation	   used	   to	   induce	   LTP	   causes	   an	   entry	   of	   microtubules	   into	  

dendritic	   spines	   in	   the	   HPC	   (Mitsuyama	   et	   al.,	   2008)	   and	   this	   entry	   has	  
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been	   related	   to	  dendritic	   spines	  growth	  and	  enlargement	   (Jaworski	   et	   al.,	  

2009).	  Thus,	  our	  proteomic	  analysis	  suggests	  that	  the	  retrieval	  of	  drug	  and	  

palatable	   food	   conditioned	   memories	   could	   be	   associated	   with	   the	  

development	  of	   synaptic	   structural	   changes	   in	   the	  NAc	  and	  HPC.	  Changes	  

such	  as	  enhanced	  stability	  of	  synapses	  and	  enlargement	  of	  dendritic	  spines	  

are	   reminiscent	  of	   the	  morphologic	   changes	  associated	   to	  LTP	   (De	  Roo	  et	  

al.,	   2008;	   Harris	   et	   al.,	   2003).	   This	   observation	   further	   supports	   that	   re-‐

exposure	   to	   drug	   and	   palatable	   food	   conditioned	   cues	   could	   trigger	   the	  

potentiation	   of	   synaptic	   transmission	   in	   the	   NAc	   and	   HPC.	   In	   agreement,	  

cue-‐induced	   reinstatement	   of	   cocaine-‐seeking	   behaviour	   has	   been	  

associated	   with	   rapid	   enlargement	   of	   dendritic	   spines	   and	   synaptic	  

potentiation	  in	  the	  NAc	  core	  (Gipson	  et	  al.,	  2013).	  However,	  similar	  changes	  

were	   not	   observed	   with	   re-‐exposure	   to	   cues	   predicting	   sucrose	   in	   this	  

study	  (Gipson	  et	  al.,	  2013).	  	  

In	  addition,	  our	  analysis	  highlights	  changes	  in	  the	  phosphorylation	  state	  of	  

several	  proteins	  involved	  in	  the	  regulation	  of	  cytoskeleton	  dynamics,	  which	  

further	   support	   the	   emergence	   of	   structural	   changes	   after	   re-‐exposure	   to	  

drug	  and	  palatable	   food	  conditioned	  cues.	  Thus,	  we	  observed	  a	  decreased	  

JNK-‐dependent	   phosphorylation	   of	   MARCKS-‐related	   protein	   in	   the	   HPC.	  

This	   phosphorylation	   enables	   MARCKS-‐related	   protein	   to	   bundle	   and	  

stabilize	   F-‐actin,	   while	   inhibition	   of	   this	   phosphorylation	   increases	   actin	  

motility	  and	  formation	  of	  cellular	  projection	  (Björkblom	  et	  al.,	  2012).	  In	  the	  

NAc,	   we	   observed	   a	   decreased	   cdk-‐5	   dependent	   phosphorylation	   of	  

dihydropyrimidinase-‐related	   protein	   1	   (DRP-‐1),	   a	   protein	   involved	   in	  

semaphorin	   3A	   induced	   spine	   growth	   (Yamashita	   et	   al.,	   2007).	   This	  

phosphorylation	   decreases	   DRP-‐1	   binding	   affinity	   to	   tubulin,	   thereby	  

enabling	   spines	   rearrangement	   (Yamashita	   et	   al.,	   2007).	   The	   removal	   of	  
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this	   phosphorylation	   that	   strengthens	   DRP-‐1/tubulin	   association	   should	  

possibly	   stabilize	   spines	   structures.	   Moreover,	   we	   detected	   a	   decreased	  

PKA	   dependent-‐phosphorylation	   of	   tubulin	   polymerization-‐promoting	  

protein	   (TPPP)	   in	   the	   same	   brain	   area,	   a	   protein	   involved	   in	   the	  

polymerization	   of	   tubulin	   into	   microtubules	   and	   stabilization	   of	   existing	  

microtubules	   (Hlavanda	   et	   al.,	   2007).	   The	   functional	   consequence	   of	   this	  

phosphorylation	  is	  not	  known,	  but	  could	  possibly	  modulate	  the	  function	  of	  

TPPP	  in	  regulating	  microtubules	  polymerization/stabilization	  and	  thereby	  

spines	   morphology	   and/or	   stability.	   In	   addition,	   we	   also	   observed	   an	  

increased	   phosphorylation	   of	   alpha	   adducin	   in	   the	  NAc.	   Adducin	   controls	  

actin	   polymerization	   by	   capping	   the	   fast-‐growing	   ends	   of	   actin	   filaments	  

and	  promotes	  the	  interaction	  of	  actin	  with	  the	  cytoskeletal	  protein	  spectrin.	  

The	   regulation	   of	   adducin	   activity	   alters	   both	   the	   stability	   and	   the	  

morphology	  of	  synapses	  (Stevens	  and	  Littleton,	  2011).	  Although	  we	  do	  not	  

know	  the	  consequences	  of	  the	  phosphorylation	  detected	  in	  our	  study,	  it	  has	  

been	  shown	  that	  once	  alpha	  adducing	  is	  phosphorylated,	  it	  is	  removed	  from	  

the	   barbed	   end	   of	   the	   actin	   filament	   allowing	   the	   actin	   filament	   to	   either	  

polymerize	   or	   depolymerize	   and	   permitting	   spines	   rearrangement	   or	  

creation	   (Matsuoka	   et	   al.	   1998;	   Hotulainen	   et	   al.,	   2009).	   Interestingly,	  

phosphorylation	  of	  alpha	  adducin	  in	  the	  NAc	  has	  been	  described	  to	  occur	  in	  

response	   to	   cocaine	   exposure	   (Lavaur	   et	   al.,	   2009).	   In	   addition,	   other	  

studies	  show	  that	  beta-‐adducin	  KO	  mice	  that	  present	  changes	  in	  expression	  

and	  phosphorylation	  levels	  of	  alpha-‐adducin	  also	  present	  basal	  alterations	  

in	  spines	  morphology	  in	  the	  NAc	  and	  enhanced	  cocaine-‐induced	  structural	  

plasticity	   in	   this	   region	   (Porro	   et	   al	   2009,	   Jung	   et	   al	   2013).	   Additional	  

experiments	   would	   be	   necessary	   to	   evaluate	   the	   nature	   of	   the	   possible	  
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structural	   changes	   triggered	   by	   re-‐exposure	   to	   drugs	   of	   abuse	   and	  

palatable	  food	  conditioned	  cues.	  	  

One	  possible	  mechanism	  underlying	  these	  synaptic	  and	  structural	  plasticity	  

related	   changes	   triggered	   by	   re-‐exposure	   to	   drug	   and	   palatable	   food	  

conditioned	  cues	  may	  be	  the	  involvement	  of	  BDNF	  signalling,	  at	  least	  in	  the	  

HPC.	   Indeed,	  CAPS-‐2	   is	  also	  associated	   to	   secretory	  vesicles	  and	  mediates	  

the	   depolarization-‐dependent	   release	   of	   neurotrophins	   such	   as	   BDNF	  

(Sadakata	   et	   al.,	   2004).	   Interestingly,	   the	   expression	   of	   amphetamine-‐

induced	  CPP	  has	  been	  linked	  to	  an	  increase	  expression	  of	  TrkB	  receptors	  in	  

the	  HPC,	  which	  are	  activated	  by	  BDNF	  (Shen	  et	  al.,	  2006).	  BDNF	  promotes	  

the	   induction	  of	   LTP,	   contributes	   to	  memory	   consolidation,	   triggers	   rapid	  

spines	  morphological	  changes	  and	  participates	  in	  those	  mediated	  by	  drugs	  

of	   abuse	   (Mizuno	   et	   al.,	   2000;	  Monteggia	   et	   al.,	   2004;	   Russo	   et	   al.,	   2009;	  

Swanger	  et	  al.,	  2011).	  Thus,	  changes	   in	  the	  expression	  of	  CAPS-‐2	  detected	  

in	   our	   study	   could	   reflect	   that	   the	   retrieval	   of	   drug	   and	   palatable	   food	  

related	   memories	   commonly	   rely	   on	   the	   activity	   of	   BDNF	   in	   the	   HPC.	  	  

BDNF-‐induced	  synaptic	  plasticity	  may	  be	  in	  part	  due	  to	  the	  ability	  of	  BDNF	  

to	   enhance	   mitochondrial	   energy	   production	   (Mattson	   et	   al.,	   2008).	  

Interestingly,	  we	  also	  observed	  in	  our	  analysis	  that	  re-‐exposure	  to	  drug	  and	  

palatable	   food	   conditioned	   stimuli	   is	   associated	   with	   changes	   in	   protein	  

involved	  in	  mitochondrial	  ATP	  metabolism	  in	  the	  HPC.	  Indeed,	  we	  detected	  

changes	  in	  the	  expression	  of	  the	  6.8	  kDa	  mitochondrial	  proteolipid,	  a	  direct	  

component	   of	   the	   ATP	   synthase	   complex	   (Meyer	   et	   al.,	   2007),	   and	   in	   the	  

expression	  of	   the	   calcium-‐binding	  mitochondrial	   carrier	  protein	  SCaMC-‐3,	  

which	   acts	   as	   a	   ATP-‐Mg/Pi	   exchanger	   in	   the	   mitochondria	   (Bassi	   et	   al.,	  

2005).	   ATP	   generated	   by	  mitochondria	   plays	   an	   essential	   role	   in	   several	  

synaptic	   processes	   including	   neurotransmitter	   accumulation	   and	   release	  
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and	   trafficking	   of	   post-‐synaptic	   receptors.	   Therefore,	   mitochondria	   are	  

considered	  important	  modulators	  of	  synaptic	  functional	  plasticity	  (Manji	  et	  

al.,	   2012).	   The	   changes	   in	   mitochondrial	   functions	   observed	   here	   may	  

represent	   another	   evidence	   for	   the	   involvement	   of	   synaptic	   plasticity	  

processes	   in	   mediating	   retrieval	   of	   drug	   and	   palatable	   food	   reward	  

memories.	  Most	   of	   the	   observed	   changes	   in	  mitochondrial	   proteins	  were	  

related	  to	  an	  increased	  expression	  of	  these	  proteins	  in	  the	  HPC,	  suggesting	  

an	   enhanced	   number	   of	   mitochondria	   at	   the	   synapse.	   Delivery	   of	  

mitochondria	  into	  dendritic	  protrusions	  promotes	  morphological	  plasticity	  

and	   increased	   dendritic	  mitochondrial	   content	   enhances	   the	   number	   and	  

plasticity	   of	   spines	   and	   synapses	   (Li	   et	   al.,	   2004b).	   Thus,	   a	   possible	  

increased	   synaptic	   content	   of	   mitochondria	   following	   drug	   and	   palatable	  

food	   cues	   re-‐exposure	   can	   also	   account	   for	   the	   emergence	   synaptic	  

structural	  changes.	  

Our	   analysis	   suggests	   a	   possible	   involvement	   of	   neurosteroids	   in	   the	  

mnemonic	  processes	  related	  to	  drug	  and	  palatable	  food	  reward.	  Indeed,	  we	  

detected	   changes	   in	   the	   expression	  of	   the	  protein	   striatin-‐4	   in	   the	  HPC,	   a	  

protein	   described	   as	   a	   mediator	   of	   the	   rapid	   and	   non-‐genomic	   cellular	  

effects	  of	  estrogen,	  among	  other	  functions	  (Lu	  et	  al.,	  2004).	  In	  addition,	  we	  

observed	  changes	   in	  the	  phosphorylation	  state	  of	  prostanglin	  synthase	  E2	  

in	  the	  NAc.	  This	  CK2-‐dependent	  phosphorylation	  modulates	  the	  association	  

of	   prostagladin	   synthase	   E2	  with	   heat	   shock	   protein	   90	   (Kobayashi	   et	   al,	  

2004),	   and	   this	   protein	   complex	   regulates	   glucocorticoid	   receptor	  

dependent	   transcriptional	   activities	   (Lovgren	   et	   al.,	   2007).	   Interestingly,	  

both	   estrogens	   and	   glucocorticoids	   promote	   synaptic	   and	   structural	  

plasticity	   (Srivastava	   et	   al.,	   2011;	   Krugers	   et	   al.,	   2010).	   In	   addition,	  

estrogens	  can	  induce	  the	  formation	  of	  novel	  dendritic	  spines	  within	  30	  min	  
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through	   a	   rapid	   and	   non-‐genomic	   modulation	   of	   protein	   translation	   in	  

dendritic	  spines	  (Srivastava	  et	  al.,	  2011).	  This	  process	  can	  possibly	  account	  

for	   the	   modulation	   of	   cytoskeletal	   proteins	   observed	   in	   our	   study,	   after	  

short	  re-‐exposure	  (20min)	  to	  drug	  and	  palatable	  food	  conditioned	  context.	  

Of	   importance,	   several	   studies	   linked	   both	   estrogens	   and	   glucocorticoids	  

activity	   with	   the	   acquisition	   of	   drug-‐induced	   CPP.	   Thus,	   infusion	   of	   a	  

glucocorticoid	  receptor	  antagonist	  into	  the	  HPC	  or	  NAc	  prevents	  morphine-‐

induced	   CPP	   (Dong	   et	   al.,	   2006),	   whereas	   estrogens	   enhance	   cocaine-‐

induced	   CPP	   and	   promote	   reinstatement	   of	   cocaine-‐seeking	   behaviour	  

(Segarra	  et	  al.,	  2009;	  Larson	  et	  al.,	  2005).	  In	  agreement,	  our	  results	  suggest	  

that	   estrogens	   and	   glucocorticoids	   signalling	   could	   be	   common	  

neurobiological	   mechanisms	   underlying	   the	   re-‐activation	   of	   drug	   and	  

palatable	  food	  rewarding	  memories.	  

On	  the	  other	  hand,	  our	  analysis	  identified	  several	  protein	  kinases	  including	  

JNK,	   PKA,	   Cdk5	   and	   CK2	   that	   might	   contribute	   to	   the	   neuroplasticity	  

changes	   triggered	   by	   re-‐exposure	   to	   drug	   and	   palatable	   food	   conditioned	  

cues.	   However,	   a	   decreased	   phosphorylation	   in	   the	   protein	   substrates	   of	  

these	   kinases	  was	   detected	   in	   our	   study.	   Thus,	   it	  would	   be	   of	   interest	   to	  

also	   determine	   which	   phosphatases	   could	   have	   mediated	   these	   changes,	  

although	   our	   bibliographic	   research	   did	   not	   permit	   to	   obtain	   such	  

information.	  In	  our	  study,	  the	  protein	  substrates	  of	  JNK,	  PKA	  and	  cdk5	  that	  

present	   phosphorylation	   changes	   are	   proteins	   involved	   in	   the	   control	   of	  

cytoskeleton	   dynamic.	   Therefore,	   these	   kinases	   may	   contribute	   the	  

retrieval	   of	   drug	   and	   palatable	   food	   reward	   memories	   by	   mediating	   the	  

hypothetical	   structural	   changes	  underlying	   these	  processes.	   In	   support	   to	  

this	   hypothesis,	   the	   activity	   cdk5	   has	   been	   implicated	   in	   cocaine-‐induced	  

structural	   plasticity	   (Norrholm	   et	   al.,	   2003)	   and	   in	   the	   expression	   of	  
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cocaine-‐induced	  CPP	  (Li	  et	  al.,	  2010c).	  Similarly,	  PKA	  activity	  is	  required	  to	  

stabilize	  the	  enlargement	  of	  spines	  that	  accompanies	  the	   induction	  of	  LTP	  

(Yang	  et	  al.,	  2008),	  and	  is	  important	  for	  the	  consolidation	  of	  stimulus-‐drug	  

reward	  associations	  (Cervo	  et	  al.,	  1997).	  PKA	  signalling	  in	  the	  NAc	  mediates	  

incentive	   value	   elicited	   by	   both	   food	   and	   drug	   of	   abuse	   (Beninger	   and	  

Gerdjikov,	  2006).	   In	  contrast,	  previous	  data	  show	  that	   JNK	  signalling	  does	  

not	  play	  an	   important	  role	   in	   the	  acquisition	  of	  psychostimulants-‐induced	  

CPP	   (Gerdjikov	   et	   al.,	   2004;	   Chen	   and	   Xu,	   2010),	   and	   no	   changes	   in	   the	  

activity	   of	   this	   signalling	   pathway	   are	   observed	   during	   reinstatement	   of	  

cocaine-‐induced	   CPP	   (Chen	   and	   Xu,	   2010).	   We	   found	   a	   decrease	   JNK-‐

dependent	  phosphorylation	  of	  MARCKS-‐related	  protein	  in	  the	  HPC	  after	  re-‐

exposure	   to	   cocaine,	   morphine	   and	   palatable	   food	   conditioned	   CPP	  

compartment.	   It	   will	   be	   therefore	   of	   interest	   to	   identify	   the	   phosphatase	  

potentially	   responsible	   for	   this	   decreased	  phosphorylation.	  However,	   it	   is	  

not	  excluded	  that	  decreased	  activity	  of	  JNK	  could	  account	  for	  this	  decreased	  

phosphorylation	   in	   the	   HPC,	   as	   the	   activity	   of	   JNK	   during	   the	   acquisition	  

and/or	   reinstatement	   of	   psychostimulants-‐induced	   CPP	   has	   not	   been	  

evaluated	  in	  this	  region	  (Gerdjikov	  et	  al.,	  2004;	  Chen	  and	  Xu,	  2010).	  In	  the	  

case	   of	   CK2,	   few	   evidences	   linked	   its	   activity	   with	   drug	   reward.	  

Nevertheless,	   it	  has	  been	  recently	  reported	  that	  CK2	  may	  be	  an	  important	  

component	  of	   the	  striatal	  signalling	  pathways	  by	  which	   food	  and	  drugs	  of	  

abuse	   regulate	   nucleosomal	   response,	   and	   thereby	   promote	   motivated	  

behaviours	   (Stipanovich	   et	   al.,	   2008).	   In	   agreement,	   our	   results	   confirm	  

that	  CK2	  signalling	   in	   the	  NAc	  could	  be	  a	   common	  neuronal	   substrate	   for	  

drugs	  and	  palatable	  food	  effects.	  

Finally,	  our	  analysis	  highlights	  several	  synaptic	  protein	  changes	  in	  the	  NAc	  

and	   HPC	   that	   were	   specifically	   triggered	   by	   cocaine	   and	   morphine	  
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conditioned	   cues,	   but	   not	   by	   palatable	   food	   related	   ones.	   A	   better	  

knowledge	  of	  the	  function	  of	  these	  proteins	  in	  the	  physiological	  activity	  of	  

hippocampal	   and	   accumbal	   synapses	   could	   help	   to	   characterize	   the	  

differences	   between	   the	   re-‐activation	   of	   drug	   and	   palatable	   food	   reward	  

memories.	   Indeed,	   while	   accumulating	   evidences	   support	   the	   hypothesis	  

that	   drug	   of	   abuse	   and	   palatable	   food	   craving	   and	   relapse	   share	   similar	  

neurobiological	   substrates	   (Nair	   et	   al.,	   2009),	   other	   data	   highlight	  

differences	  in	  the	  neuronal	  mechanisms	  underlying	  these	  responses.	  Thus,	  

cocaine-‐associated	   contextual	   stimuli	   elicit	   reinstatement	   for	   one	   year,	  

whereas	   the	   same	   stimuli	   paired	  with	   a	   palatable	   sweet	   solution	   remain	  

effective	   for	   only	   three	   months	   (Ciccocioppo	   et	   al.,	   2004).	   In	   addition,	  

systemic	   administration	   of	   a	   group	   II	   metabotropic	   glutamate	   receptor	  

agonist	  is	  more	  efficient	  at	  reducing	  contextual	  cues	  induced	  reinstatement	  

of	   cocaine-‐seeking	   behaviour	   than	   contextual	   cues	   induced	   reinstatement	  

of	  palatable	  food-‐seeking	  (Baptista	  et	  al.,	  2004).	  

In	   summary,	   our	   study	   identified	   several	   synaptic	   proteins	   which	  

expression	   and/or	   phosphorylation	   state	   is	   commonly	   modulated	   by	   re-‐

exposure	   to	   cocaine,	  morphine	   and	  palatable	   food	   conditioned	   contextual	  

cues.	  These	  experimental	  conditions	  may	  mimic	  some	  features	  of	  drug	  and	  

palatable	  food	  craving	  (Martin-‐Fardon	  and	  Weiss,	  2013)	  and	  our	  data	  may	  

be	   of	   relevance	   to	   define	   a	   hypothetical	   common	   neurobiological	  

mechanism	   underlying	   these	   processes.	   Our	   results	   highlight	   the	  

importance	  of	  several	  presynaptic	  proteins	   involved	   in	  neurotransmssion,	  

and	   components	   of	   cytoskeleton	   and	   its	   regulatory	   proteins	   that	   control	  

synaptic	  morphology	  in	  the	  retrieval/reconsolidation	  of	  drug	  and	  palatable	  

food	  reward	  memories,	  suggesting	  a	  possible	   involvement	  of	  synaptic	  and	  

structural	   plasticity	   changes	   in	   these	   processes.	   In	   addition,	   our	   results	  
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suggest	   that	   these	   neuroplastic	   changes	   in	   the	   HPC	   and	   NAc	   could	   be	  

mediated	   by	   BDNF	   signalling,	   mitochondrial	   proteins	   activity,	  

neurosteroids	   such	   as	   estrogens	   and	   glucocorticoids,	   as	   well	   as	   protein	  

kinases	   such	   as	   JNK,	   PKA,	   cdk5	   and	   CK2.	   To	   further	   validate	   our	   protein	  

candidates,	   it	   will	   be	   interesting	   to	   evaluate	   whether	   re-‐exposure	   to	  

cocaine,	   morphine	   and	   palatable	   conditioned	   cues	   fail	   to	   induce	   similar	  

synaptic	   changes	   in	   animals	   that	   did	   not	   previously	   acquire	   the	   CPP	   task	  

(i.e.	  bad	  performers).	  Additionally,	  the	  evaluation	  of	  these	  synaptic	  changes	  

in	   other	   animal	   models	   of	   craving/relapse,	   such	   as	   cue-‐induced	  

reinstatement	  of	  drug	  or	  palatable	  food	  operant	  seeking	  behaviour	  may	  be	  

crucial	   to	   support	   our	   results.	   Finally,	   our	   data	   also	   revealed	   several	  

synaptic	  proteins	  changes	  in	  the	  NAc	  and	  HPC	  that	  differentially	  participate	  

in	  the	  retrieval	  of	  drug	  and	  palatable	  food	  reward	  memories.	  In	  general,	  our	  

screening	   analysis	   may	   help	   future	   studies	   to	   better	   understand	   the	  

neurobiology	   of	   drug	   of	   abuse	   and	   palatable	   food	   craving,	   defining	   their	  

similarities	  and	  differences.	  	  
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The	   results	   obtained	   in	   the	  present	   thesis	   allow	  us	   to	  draw	   the	   following	  

conclusions:	  

1. Palatability,	   but	   not	   caloric	   content,	   is	   a	   determinant	   factor	   that	  

enhances	   food	   motivation	   and	   intake	   over	   satiety.	   Prolonged	  

operant	  training	  with	  palatable	  food,	  but	  not	  with	  high	  caloric	  diet,	  

promotes	   food-‐seeking	   behaviour	   changes	   that	   are	   reminiscent	   of	  

the	   behavioural	   alterations	   observed	   with	   extended	   drug	   self-‐

administration.	  	  

2. Food-‐seeking	   behaviour	   changes	   triggered	   by	   palatable	   food	   are	  

associated	   with	   the	   emergence	   of	   structural	   plasticity	   changes	   in	  

the	   NAc	   shell	   and	   mPFC.	   Similar	   neuronal	   alterations	   have	   been	  

related	  to	  the	  development	  of	  addictive-‐like	  behaviour.	  

3. The	   endogenous	   cannabinoid	   system,	   through	   CB1-‐R,	   mediates	  

both	   palatability-‐induced	   rewarding	   effects	   and	   the	   perception	   of	  

the	  caloric	  value	  of	   food.	  Genetic	  deletion	  and	   local	   inactivation	  of	  

CB1-‐R	   in	   the	   NAc	   prevent	   palatable	   food-‐induced	   structural	  

plasticity	  and	  food-‐seeking	  behaviour	  changes.	  

4. The	  CB1-‐R	  dependent	   activation	   of	   ERK	   signalling	   pathway	   in	   the	  

mesocorticolimbic	   system	   participates	   in	   the	   neuronal	   and	  

behavioural	  alterations	  triggered	  by	  palatable	  food.	  

5. The	   endogenous	   cannabinoid	   system,	   through	   CB1-‐R,	   is	   an	  

important	   neurobiological	   substrate	   for	   the	   development	   of	  

behavioural	   sensitization	   induced	   by	   morphine.	   CB1-‐R	   modulates	  

both	   the	   acute	   hyperlocomotor	   effects	   of	   morphine	   and	   the	  
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induction	   and	   expression	   of	   morphine	   sensitization	   triggered	   by	  

chronic	  morphine	  treatment.	  

6. Both	   acute	   and	   chronic	   morphine	   treatment	   promote	   structural	  

plasticity	   changes	   in	   different	   parts	   of	   the	   mesocorticolimbic	  

system	   through	   a	   CB1-‐R	   dependent	   mechanism.	   The	   rapid	  

induction	   of	   these	   structural	   changes	   in	   the	   mesocorticolimbic	  

system	   suggests	   their	   direct	   involvement	   in	   the	   hyperlocomotor	  

effects	   of	   morphine.	   The	   magnification	   of	   these	   changes	   after	  

chronic	   treatment	   could	   represent	   an	   underlying	   mechanism	   of	  

morphine	  locomotor	  sensitization.	  

7. Swiss	   albino	   mice	   present	   interindividual	   differences	   in	   reward	  

sensitivity	   and	   propensity	   to	   elaborate	   long-‐lasting	   conditioned	  

memories	  that	  were	  revealed	  in	  our	  CPP	  paradigm.	  

8. In	   the	   NAc	   and	   HPC,	   we	   identify	   several	   presynaptic	   proteins	  

involved	   in	   neurotransmission	   and	   cytoskeleton	   regulation	   as	  

common	   neurobiological	   substrates	   mediating	   the	   retrieval	   of	  

cocaine,	   morphine	   and	   palatable	   food	   reward	   memories.	   Our	  

proteomic	   analysis	   further	   suggests	   the	   involvement	   of	   BDNF,	  

estrogens	  and	  glucocorticoids	  signalling,	  as	  well	  as	   JNK,	  PKA,	  cdk5	  

and	   CK2	   in	   the	   retrieval	   of	   drug	   and	   palatable	   food	   reward	  

memories.	  

9. CB1-‐R	   dependent	   structural	   plasticity	   changes	   in	   the	  

mesocorticolimbic	   system	   could	   represent	   a	   common	  

neurobiological	   substrate	   for	   drug	   addiction	   and	   some	   eating	  

disorders.	  The	  characterization	  of	  the	  CB1-‐R	  downstream	  effectors	  
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mediating	   these	   neuronal	   alterations	   could	   facilitate	   the	   design	   of	  

new	  therapeutic	  approaches	  for	  both	  pathologies	  that	  minimize	  the	  

side	  effects	  of	  previous	  CB1-‐R	  targeting	  treatments.	  	  
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