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Abstract	  
University	  of	  Manchester,	  Hanna	  Terese	  Sjoberg	  for	  the	  degree	  of	  Doctor	  of	  Philosophy,	  2014.	  

Metabolic	  Sensing	  in	  the	  Hypothalamus	  

The	  hypothalamus	  is	  an	  established	  regulatory	  hub	  with	  regards	  to	  energy	  homeostasis.	  While	  the	  arcuate	  
nucleus	  has	  been	  researched	  extensively	  and	  substantial	  emphasis	  has	  been	  put	  on	  its	  role	  in	  energy	  
balance,	  the	  ventromedial	  nucleus	  of	  the	  hypothalamus	  (VMN)	  is	  still	  poorly	  understood.	  However,	  the	  
anorexia-‐inducing	  pituitary	  adenylate-‐cyclase	  activating	  peptide	  (PACAP)	  and	  brain-‐derived	  neurotrophic	  
factor	  (BDNF)	  have	  both	  been	  proposed	  as	  potential	  candidates	  as	  VMN-‐produced	  regulators.	  The	  mRNAs	  
of	  both	  neuropeptides	  is	  up	  regulated	  in	  diet-‐induced	  obesity	  (DIO)-‐resistant	  mice,	  but	  not	  in	  DIO-‐prone	  
mice,	  indicating	  that	  they	  could	  be	  responsible	  for	  signalling	  in	  the	  VMN,	  especially	  in	  terms	  of	  countering	  
the	  effects	  of	  an	  obesogenic	  diet.	  

The	  initial	  objective	  of	  this	  PhD	  project	  was	  to	  evaluate	  the	  effect	  of	  metabolic	  manipulation,	  in	  the	  form	  of	  
fasting	  or	  feeding	  with	  high-‐energy	  diet	  (HED),	  on	  the	  gene	  expression	  of	  these	  two	  possible	  neuronal	  
markers	  in	  the	  VMN.	  This	  was	  done	  using	  quantitative	  PCR	  and,	  while	  our	  findings	  did	  not	  fully	  support	  the	  
hypothesis	  that	  PACAP	  and	  BDNF	  have	  protective	  roles	  against	  obesity,	  we	  determined	  that	  metabolic	  
manipulation	  differentially	  regulates	  pacap	  and	  bdnf	  transcripts	  in	  the	  VMN	  of	  outbred	  mice.	  The	  presence	  
of	  several	  bdnf	  transcripts	  in	  the	  VMN,	  and	  their	  differential	  regulation,	  indicates	  that	  the	  transcripts	  play	  
distinct	  roles	  in	  the	  response	  to	  metabolic	  manipulation.	  The	  findings	  also	  added	  further	  support	  for	  the	  
role	  of	  PACAP	  and	  BDNF	  as	  important	  signalling	  molecules	  in	  the	  VMN.	  Their	  identification	  as	  important	  
cellular	  phenotypes,	  allows	  future	  manipulation	  of	  specific	  neurons	  in	  the	  VMN,	  which	  should	  help	  us	  to	  
rapidly	  increase	  our	  knowledge	  of	  the	  nucleus	  and	  its	  functions.	  

We	  utilised	  a	  transgenic	  mouse	  model	  where	  leptin	  receptor	  deletion	  is	  driven	  by	  pacap	  expression	  in	  
PACAP—IRES-‐Cre	  recombinase	  mice,	  to	  study	  whether	  leptin	  is	  having	  a	  physiological	  role	  through	  PACAP	  
neurons.	  However,	  since	  we	  may	  not	  have	  achieved	  full	  expression	  of	  cre	  recombinase	  in	  all	  PACAP	  
neurons,	  it	  was	  difficult	  to	  interpret	  our	  results,	  leaving	  open	  the	  question	  of	  what	  is	  the	  role	  of	  PACAP	  
neurons	  in	  leptin	  signalling.	  Further,	  attempts	  have	  been	  made	  here	  to	  characterise	  this	  subtype	  of	  VMN	  
neuron	  by	  using	  two	  GFP-‐reporter	  lines:	  Adcyap1-‐eGFP	  and	  PACAP-‐i-‐cre	  X	  Z/EG	  transgenic	  mouse	  lines.	  
These	  were	  used	  to	  study	  the	  responsiveness	  of	  PACAP	  neurons	  to	  fluctuations	  in	  glucose	  availability,	  and	  
our	  very	  promising	  early	  results	  indicate	  that	  PACAP	  VMN	  neurons	  are	  glucose	  inhibited.	  	  

We	  studied	  the	  anorectic	  effects	  of	  PACAP	  and	  the	  peptide’s	  downstream	  targets,	  including	  the	  
corticotrophin-‐releasing	  hormone	  (CRH),	  melanocortin	  and	  oxytocin	  pathways.	  The	  anorexic	  effect	  of	  
central	  PACAP	  were	  maintained	  in	  VPAC1	  and	  VPAC2	  receptor	  (which	  also	  binds	  the	  related	  VIP)	  knockout	  
animals,	  implicating	  the	  PAC1	  receptor	  as	  the	  mediator	  of	  the	  hypophagic	  response.	  We	  also	  showed	  that	  
the	  feeding	  effects	  of	  PACAP	  are	  mediated	  by	  CRH,	  rather	  than	  by	  melanocortin	  or	  oxytocin	  pathways.	  

Finally,	  we	  utilised	  a	  systems-‐genetics	  approach	  in	  the	  BXD	  set	  of	  recombinant	  inbred	  mouse	  strains,	  in	  an	  
attempt	  to	  tease	  apart	  underlying	  networks	  of	  genes	  contributing	  to	  metabolic	  phenotypes.	  Quantitative	  
trait	  analysis	  identified	  several	  loci,	  which	  contained	  genes	  of	  potential	  interest	  (for	  example:	  a	  QTL	  related	  
to	  adiposity	  contained	  the	  orphan	  G-‐protein-‐coupled	  receptor,	  GPRC5C).	  Joint	  mapping	  revealed	  that	  the	  
phenotypic	  traits	  we	  measured	  correlated	  with	  each	  other	  and	  with	  trait	  data	  from	  BXD	  mice	  recorded	  in	  
other	  laboratories.	  For	  example,	  this	  supported	  the	  role	  of	  PACAP	  and	  BDNF	  in	  body-‐weight	  management.	  
The	  candidate	  gene,	  gprc5c,	  was	  further	  investigated.	  Its	  mRNA	  was	  found	  in	  the	  hypothalamus,	  but	  was	  
also	  widely	  distributed	  in	  peripheral	  tissues.	  Gprc5c	  mRNA	  was	  regulated	  by	  HED	  in	  normal	  C57	  mice	  in	  the	  
hypothalamus,	  liver	  and	  brown	  adipose	  tissue,	  indicating	  a	  possible	  role	  for	  this	  orphan	  receptor	  in	  
metabolism.	  In	  fact,	  similar	  to	  PACAP	  and	  BDNF,	  in	  BXD	  mice,	  expression	  of	  gprc5c	  in	  the	  hypothalamus	  was	  
inversely	  correlated	  with	  body-‐weight	  gain.	  
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Chapter	  1. Introduction	  and	  
background	  

1.1 Energy	  balance	  regulation	  

Although	  there	  are	  large	  differences	  in	  body	  weights	  recorded	  within	  populations,	  an	  individual	  

maintains	  his	  or	  her	  body	  weight	  with	  remarkable	  stability	  over	  long	  periods	  of	  time.	  This	  is	  

achieved	  by	  controlling	  the	  balance	  between	  energy	  expenditure	  and	  intake	  through	  coordinated	  

adjustments	  that	  cancel	  out	  any	  temporary	  discrepancy.	  The	  brain	  and	  peripheral	  tissues	  are	  

required	  to	  be	  in	  constant	  communication;	  those	  in	  the	  periphery	  relaying	  urgent	  metabolic	  

requirement	  information	  to	  the	  brain	  (McMinn	  et	  al	  2000),	  which	  then	  responds	  by	  activating	  the	  

neuronal	  circuitry	  involved	  in	  metabolic	  homeostasis.	  Downstream,	  this	  circuitry	  affects	  

behaviour,	  food	  intake,	  physical	  activity,	  sympathetic	  nervous	  system	  activation	  and	  basal	  

metabolism	  (Schwartz	  et	  al	  2000,	  Spiegelman	  &	  Flier	  2001,	  Woods	  &	  D'Alessio	  2008).	  

In	  the	  last	  25	  years,	  major	  advances	  have	  been	  made	  in	  the	  understanding	  of	  the	  

neuroanatomical	  and	  physiological	  bases	  underlying	  the	  control	  mechanisms	  in	  energy	  

homeostasis.	  The	  metabolic	  sensing	  neurons	  responsible	  for	  the	  integration	  of	  both	  hormonal	  

and	  neuronal	  inputs,	  originating	  in	  the	  periphery,	  have	  been	  identified	  and	  their	  cellular	  

phenotypes	  have	  largely	  also	  been	  described.	  Glucose	  and	  other	  metabolic	  indicators	  are	  utilized	  

by	  these	  neurons	  as	  signaling	  molecules	  to,	  unlike	  other	  neurons,	  regulate	  cell	  firing	  rate	  and	  

membrane	  potential.	  These	  neurons	  also	  express	  the	  crucial	  neuropeptides,	  receptors	  and	  

transmitters	  that	  underpin	  the	  behavioural	  and	  endocrine	  responses	  to	  metabolic	  stimuli	  (Levin	  

2006,	  Schwartz	  et	  al	  2000).	  There	  are	  potential	  pharmaceutical	  targets	  to	  be	  discovered	  in	  the	  

central	  circuitry	  underlying	  energy	  metabolism,	  and	  this	  is	  a	  very	  important	  field	  for	  further	  

research,	  considering	  the	  pandemic	  problem	  obesity	  has	  become	  today.	  

Peptide	  hormones	  originating	  in	  peripheral	  tissues	  relay	  the	  metabolic	  status	  of	  the	  animal	  to	  

central	  targets,	  mainly	  in	  the	  hypothalamus	  and	  brainstem	  (Luckman	  &	  Lawrence	  2003).	  One	  of	  

the	  major	  peripheral	  sources	  is	  the	  gastrointestinal	  tract,	  which	  provides	  a	  majority	  of	  the	  acute	  

feedback	  signals	  received	  centrally	  that	  relate	  to	  energy	  consumption.	  These	  signals	  include	  

hormones	  such	  as	  ghrelin,	  an	  orexigenic	  peptide,	  and	  the	  satiety	  factors	  cholecystokinin	  (CCK),	  
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peptide	  YY	  (PYY)	  and	  glucagon-‐like	  peptide	  1	  (GLP-‐1),	  which	  are	  released	  post-‐prandially	  from	  the	  

stomach	  and	  intestines	  (Dhillon	  &	  Bloom	  2004,	  Mendieta-‐Zeron	  et	  al	  2008,	  Murphy	  et	  al	  2006).	  

Circulating	  metabolites	  acquired	  from	  the	  diet	  also	  signal	  energy	  status	  to	  the	  brain,	  including	  

glucose	  and	  free-‐fatty	  acids	  (Schwartz	  et	  al	  2000).	  Another	  major	  source	  of	  hormonal	  signaling	  is	  

the	  white	  adipose	  tissue	  (WAT),	  which	  relays	  information	  back	  to	  the	  brain,	  signaling	  lipogenesis,	  

fat	  storage	  and	  lipolysis.	  In	  the	  last	  two	  decades,	  the	  understanding	  of	  WAT	  as	  nothing	  more	  than	  

a	  passive	  storage	  repository	  has	  been	  revised,	  and	  it	  is	  now	  viewed	  as	  an	  important	  and	  dynamic	  

secretory	  organ	  (Wozniak	  et	  al	  2009).	  This	  shift	  followed	  the	  discovery	  of	  leptin	  in	  1994	  (Zhang	  et	  

al	  1994)	  and	  subsequently,	  factors	  such	  as	  adiponectin,	  resistin	  and	  adipsin,	  have	  all	  been	  found	  

to	  be	  secreted	  by	  adipocytes	  in	  the	  WAT,	  which	  are	  thought	  to	  signal	  long-‐term	  changes	  to	  energy	  

balance	  by	  matching	  energy	  intake	  to	  fat	  stores.	  In	  conclusion,	  in	  concert	  with	  everyday	  bodily	  

processes,	  such	  as	  feeding,	  digestion,	  energy	  metabolism	  and	  storage,	  a	  plethora	  of	  signals	  are	  

released	  throughout	  the	  body	  that	  converge	  centrally	  to	  regulate	  the	  neural	  circuitry	  that	  

maintains	  energy	  homeostasis.	  

1.2 Polygenic	  disease	  

According	  to	  a	  report	  by	  Diabetes	  UK	  (2005),	  one	  in	  five	  adults	  in	  Britain	  is	  now	  defined	  as	  

clinically	  obese,	  and	  evidence	  suggests	  that	  Britain	  has	  one	  of	  the	  fastest	  growing	  rates	  of	  obesity	  

in	  the	  developing	  world	  (see	  Type	  2	  Diabetes	  and	  Obesity:	  A	  Heavy	  Burden,	  2005).	  The	  report	  also	  

states	  that	  obese	  people	  are	  up	  to	  80%	  more	  likely	  to	  develop	  type	  2	  diabetes.	  The	  burden	  on	  

health	  services	  and	  the	  economic	  consequences	  of	  the	  growing	  number	  of	  people	  with	  obesity	  

and	  type	  2	  diabetes	  make	  research	  into	  their	  etiologies	  essential.	  There	  are	  a	  well-‐known	  

monogenic	  causes	  for	  the	  tendency	  to	  become	  obese	  (e.g.	  mutation	  in	  the	  leptin	  gene	  or	  its	  

receptor	  (Farooqi	  et	  al	  1999,	  Farooqi	  et	  al	  2001)	  or	  the	  more	  common	  mutation	  in	  the	  

melanocortin	  4	  receptor	  (Farooqi	  et	  al	  2003).	  However,	  occurrences	  of	  individuals	  with	  these	  

major	  genetic	  defects	  in	  the	  leptin	  and	  melanocortin	  signalling	  system	  are	  relatively	  rare	  (Farooqi	  

et	  al	  2003,	  Maffei	  et	  al	  1996),	  and	  it	  has	  become	  clear	  that	  there	  are	  a	  substantial	  number	  of	  

genes,	  gene	  interactions	  and	  gene	  x	  environment	  interactions	  involved	  in	  the	  complex	  mechanism	  

of	  body	  weight	  regulation	  and	  in	  the	  more	  common	  forms	  of	  obesity.	  This	  polygenic	  background	  

results	  from	  the	  integrated	  activity	  of	  numerous	  genes,	  each	  of	  which	  carries	  only	  a	  small	  risk	  

factor	  on	  its	  own.	  These	  polygenes,	  which	  have	  small	  influence	  on	  body	  weight,	  are	  common	  in	  

the	  general	  population	  and	  obesity	  results	  via	  the	  interaction	  of	  several	  of	  such	  polygenic	  variants	  

and	  their	  combined	  interaction	  with	  environmental	  factors	  (such	  as	  diet	  or	  lack	  of	  exercise).	  
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From	  studies	  looking	  at	  the	  similarity	  in	  body	  weight	  between	  monozygotic	  and	  dizygotic	  twins,	  it	  

is	  thought	  that	  65%	  of	  variation	  in	  obesity	  is	  genetic	  (Segal	  &	  Allison	  2002),	  with	  the	  rest	  due	  to	  

the	  environment.	  The	  precise	  percentages	  are	  probably	  of	  less	  importance,	  with	  the	  point	  being	  

rather	  that	  both	  genes	  and	  the	  environment	  interact	  in	  the	  development	  of	  metabolic	  disease.	  

Indeed,	  it	  is	  impossible	  for	  a	  genotype	  to	  work	  outside	  the	  framework	  of	  the	  environment,	  and	  

the	  environmental	  effects	  are	  determined	  by	  genotype	  (Speakman	  et	  al	  2011).	  Hence,	  the	  

understanding	  of	  the	  gene-‐by-‐environment	  interaction	  in	  the	  development	  of	  obesity	  and	  

diabetes	  is	  paramount	  (Speakman	  2004).	  

One	  of	  the	  major	  approaches	  to	  investigate	  the	  large	  genetic	  component	  of	  metabolic	  disease	  has	  

been	  the	  genome-‐wide	  association	  studies,	  or	  GWAS.	  These	  studies	  have	  been	  important	  in	  

complex	  diseases,	  finding	  associations	  between	  a	  given	  disease	  phenotype	  and	  a	  representation	  

of	  all	  common	  variations	  in	  the	  genome.	  Many	  single	  nucleotide	  polymorphisms	  (SNPs)	  revealed	  

by	  GWAS	  studies	  as	  associated	  with	  metabolic	  diseases	  are	  linked	  to	  genes	  previously	  unidentified	  

as	  candidates.	  For	  example,	  in	  2007,	  a	  genome-‐wide	  search	  for	  type	  2	  diabetes-‐susceptibility	  

genes	  identified	  a	  common	  variant	  in	  the	  fto	  (fat	  mass	  and	  obesity	  associated)	  gene	  that	  

predisposes	  to	  diabetes	  through	  an	  effect	  on	  body	  mass	  index	  (BMI)	  (Frayling	  et	  al	  2007).	  In	  

addition,	  GWAS	  studies	  have	  further	  confirmed	  the	  importance	  of	  established	  candidates,	  such	  as	  

the	  mutations	  in	  the	  melanocortin	  4	  receptor	  (mc4r)	  gene,	  in	  the	  development	  of	  obesity	  

(Chambers	  et	  al	  2008,	  Loos	  et	  al	  2008,	  Willer	  et	  al	  2009).	  However,	  relatively	  little	  variation	  in	  

phenotype	  is	  described	  by	  the	  genetic	  variation	  described	  in	  these	  studies.	  For	  example,	  in	  a	  very	  

large	  study	  involving	  249,796	  individuals	  (Speliotes	  et	  al	  2010a),	  18	  new	  genes	  were	  identified	  in	  

which	  all	  their	  variation	  together	  explains	  less	  than	  4%	  of	  the	  variation	  in	  BMI.	  	  

Environmental	  drivers	  of	  obesity	  include	  changes	  in	  lifestyle,	  including	  the	  increased	  availability	  of	  

palatable	  and	  energy-‐dense	  foods,	  a	  reduced	  need	  for	  physical	  activity	  and	  a	  reduction	  in	  sleep	  

(Mavanji	  et	  al	  2012,	  McAllister	  et	  al	  2009).	  In	  particular,	  a	  diet	  containing	  long-‐chain	  saturated	  

fats	  is	  known	  to	  result	  in	  metabolic	  dysfunction	  with	  increased	  adiposity	  and	  weight	  gain	  that	  is	  

defended	  so	  that	  any	  subsequent	  weight	  loss	  through	  calorie	  restriction	  is	  difficult	  to	  maintain	  

(Velloso	  &	  Schwartz	  2011).	  So,	  the	  increase	  in	  the	  occurrence	  of	  obesity	  is	  believed	  to	  be	  related	  

to	  gene-‐by-‐environment	  interactions,	  where	  the	  genetic	  background	  of	  an	  individual	  who	  is	  living	  

in	  an	  obesogenic	  environment	  and	  lifestyle,	  together	  promote	  the	  development	  of	  metabolic	  

syndrome.	  This	  is	  comprised	  by	  a	  heterogeneous	  group	  of	  metabolic	  disorders	  and	  is	  defined	  by	  

impaired	  insulin	  sensitivity,	  glucose	  intolerance	  or	  diabetes	  mellitus	  type	  II	  in	  combination	  with	  at	  
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least	  two	  other	  metabolic	  derangements,	  including	  abdominal	  obesity,	  dyslipidaemia	  and	  urinary	  

microalbuminuria	  (Wozniak	  et	  al	  2009).	  In	  addition,	  there	  is	  a	  proposed	  epigenetic	  component	  in	  

addition	  to	  the	  classic	  genetic	  and	  the	  environmental	  contributors,	  which	  has	  been	  most	  

extensively	  studied	  in	  terms	  of	  foetal	  programming	  and	  the	  effects	  of	  early-‐life	  nutrition	  and	  long-‐

term	  metabolism.	  Epigenetics	  is	  the	  study	  of	  changes	  in	  gene	  expression	  or	  cellular	  phenotype,	  

which	  are	  heritable	  or	  occur	  during	  a	  lifetime	  (Wolffe	  &	  Guschin	  2000).	  These	  changes	  are	  caused	  

by	  mechanisms	  other	  than	  changes	  in	  genomic	  sequence,	  and	  include	  DNA	  methylation	  and	  

histone	  modification,	  which	  both	  regulate	  gene	  expression.	  For	  example,	  foetal	  over-‐nutrition	  and	  

obesity	  in	  mothers	  have	  been	  linked	  to	  an	  increased	  risk	  in	  development	  of	  obesity	  later	  in	  life	  

(Rooney	  &	  Ozanne	  2011,	  Symonds	  et	  al	  2011,	  Symonds	  et	  al	  2009).	  

Even	  though	  we	  have	  seen	  large	  advances	  in	  the	  field	  of	  metabolic	  research,	  the	  precise	  

mechanism	  driving	  the	  gene-‐by-‐environment	  interactions	  remains	  elusive.	  In	  addition,	  little	  is	  still	  

known	  of	  the	  brain	  circuitry	  controlling	  metabolic	  homeostasis.	  

1.3 The	  role	  of	  the	  hypothalamus	  in	  metabolic	  regulation	  

In	  the	  1940s	  and	  1950s,	  crude	  rodent	  lesion	  studies	  of	  the	  hypothalamus	  revealed	  several	  areas	  

with	  critical	  roles	  in	  the	  regulation	  of	  energy	  balance.	  Destruction	  the	  arcuate	  nucleus	  (Arc),	  

paraventriclar	  nucleus	  (PVN),	  dorsomedial	  nucleus	  (DMN)	  or	  the	  ventromedial	  nucleus	  (VMN)	  of	  

the	  hypothalamus,	  all	  caused	  immediate	  hyperphagia	  and	  the	  development	  of	  obesity;	  while	  the	  

destruction	  of	  the	  lateral	  hypothalamus	  (LH)	  had	  the	  opposite	  effect,	  leading	  to	  hypophagia	  and	  

weight	  loss	  (Anand	  &	  Brobeck	  1951).	  The	  conclusions	  drawn	  from	  these	  results	  were	  that	  

different	  areas	  of	  the	  hypothalamus	  played	  opposing	  roles	  in	  the	  maintenance	  of	  energy	  balance	  

(although	  the	  lesions	  were	  not	  specifically	  selective	  and	  connections	  to	  other	  brain	  areas	  were	  

destroyed	  as	  well).	  Later	  studies	  have	  identified	  many	  of	  the	  molecular	  correlates	  of	  these	  effects,	  

and	  specific	  neuropeptidergic	  neuronal	  populations	  have	  been	  discovered.	  

1.3.1 The	  arcuate	  nucleus	  

The	  Arc	  has	  been	  the	  focus	  of	  metabolic	  research,	  especially	  since	  the	  discovery	  of	  leptin	  in	  the	  

mid	  1990s	  (Zhang	  et	  al	  1994).	  The	  leptin	  receptor	  isoform	  B	  is	  widely	  expressed	  in	  the	  Arc	  and	  the	  

nucleus	  was	  found	  to	  be	  integral	  in	  mediating	  the	  anorectic	  properties	  of	  leptin	  (Takeda	  et	  al	  

2002).	  The	  position	  of	  the	  Arc,	  next	  to	  the	  third	  ventricle	  and	  median	  eminence	  (distinctive	  for	  its	  

discontinuous	  blood-‐brain-‐barrier),	  is	  ideal	  as	  a	  centre	  for	  metabolic	  sensing	  (Cone	  et	  al	  2001).	  
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Indeed,	  the	  Arc	  neurons	  are	  sensitive	  to	  a	  numerous	  hormones	  and	  nutrients,	  which	  include	  

glucose,	  insulin,	  ghrelin	  and	  peptide	  YY	  (PYY)	  (reviewed	  in	  Dhillon	  and	  Bloom	  (2004).	  The	  

phenotypic	  characterization	  of	  Arc	  cells	  revealed	  the	  distribution	  of	  neuronal	  populations	  that	  

were	  spatially	  distinct	  and	  that	  were	  oppositely	  regulated	  by	  metabolic	  signals,	  such	  as	  leptin	  

(Cheung	  et	  al	  1997,	  Elias	  et	  al	  1999,	  Mercer	  et	  al	  1996).	  

Specifically,	  a	  dense	  population	  of	  the	  powerfully	  orexigenic	  neuropeptide	  Y	  (NPY)	  expressing	  

neurones	  characterizes	  the	  ventromedial	  part	  of	  the	  Arc.	  When	  administered	  centrally,	  NPY	  

induces	  extreme	  hyperphagia,	  leading	  chronically	  to	  an	  increase	  in	  fat	  mass	  (Zarjevski	  et	  al	  1993).	  

Conversely,	  when	  endogenous	  NPY	  action	  is	  blocked	  by	  antisense	  oligodeoxynucleotides,	  a	  

reduction	  in	  food	  intake	  and	  body	  weight	  is	  observed	  (Kalra	  &	  Kalra	  2000).	  In	  addition,	  a	  negative	  

energy	  balance	  leads	  to	  an	  increase	  in	  hypothalamic	  NPY	  levels	  (Dube	  et	  al	  1992,	  Kalra	  et	  al	  1991),	  

indicating	  that	  NPY	  release	  from	  the	  Arc	  is	  nutritionally	  regulated.	  NPY	  has	  also	  been	  linked	  to	  the	  

control	  of	  energy	  expenditure	  (Egawa	  et	  al	  1991)	  and	  fat	  storage	  (Billington	  et	  al	  1991).	  The	  

effects	  on	  energy	  balance	  exerted	  by	  NPY	  are	  mediated	  through	  two	  of	  the	  peptide’s	  receptors	  

Y1R	  and	  Y5R,	  and	  these	  receptors	  are	  expressed	  in	  the	  Arc,	  PVN,	  LH	  and	  DMN	  (Herzog	  2003,	  Inui	  

1999).	  However,	  when	  NPY	  or	  either	  of	  its	  two	  receptors	  is	  knocked	  out,	  the	  result	  is	  not	  the	  

expected	  lean	  phenotype,	  indicating	  that	  the	  role	  of	  NPY	  and	  its	  receptors	  in	  the	  regulation	  of	  

feeding	  and	  energy	  expenditure	  is	  more	  complex	  than	  previously	  thought	  (as	  reviewed	  in	  Thiele	  

et	  al	  (1997).	  Indeed,	  GABA	  receptors	  are	  abundant	  on	  NPY	  neurons	  in	  the	  Arc,	  and	  it	  is	  known	  that	  

GABA	  plays	  crucial	  stimulatory	  role	  in	  feeding	  (as	  reviewed	  in	  Meister	  (2007)),	  hence	  the	  NPY	  

knockout	  does	  not	  necessarily	  mean	  that	  the	  neuron	  is	  eliminated	  from	  the	  signalling	  circuitry.	  It	  

has	  been	  proposed	  that	  the	  neuropeptide	  agouti-‐related	  peptide	  (AgRP),	  which	  is	  another	  

orexigenic	  peptide	  that	  is	  co-‐expressed	  with	  NPY,	  can	  compensate	  for	  the	  lack	  of	  NPY	  signalling	  in	  

the	  knockout	  animals.	  

The	  discovery	  of	  AgRP	  and	  its	  role	  in	  metabolic	  regulation	  came	  following	  the	  observation	  that	  

when	  AgRP	  or	  Agouti	  is	  ubiquitously	  over-‐expressed	  in	  the	  mouse,	  it	  leads	  to	  the	  development	  of	  

severe	  hyperphagia	  and	  obesity	  (Ollmann	  et	  al	  1997).	  AgRP	  is	  a	  protein	  that	  is	  expressed	  in	  Arc	  

NPY	  neurones,	  shares	  high	  sequence	  homology	  with	  the	  pigment	  protein	  Agouti,	  and	  has	  a	  

powerful	  orexigenic	  effect	  when	  administered	  centrally	  in	  rodents	  (Ollmann	  et	  al	  1997,	  Shutter	  et	  

al	  1997).	  Similar	  to	  NPY,	  it	  is	  also	  up-‐regulated	  by	  fasting	  (Wilson	  et	  al	  1999).	  When	  AgRP	  is	  given	  

centrally,	  mice	  still	  exhibit	  an	  increase	  in	  adiposity	  when	  compared	  with	  pair-‐fed	  animals,	  which	  

has	  been	  attributed	  to	  an	  effect	  of	  AgRP	  on	  energy	  expenditure	  (Small	  et	  al	  2001).	  In	  addition,	  
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when	  AgRP	  RNA	  expression	  is	  disrupted	  in	  the	  Arc,	  it	  leads	  to	  an	  increase	  in	  metabolic	  rate	  

without	  effecting	  food	  intake	  (Makimura	  et	  al	  2002).	  AgRP	  acts	  as	  an	  inverse	  agonist	  on	  

melanocortin	  receptors,	  actively	  supressing	  receptor	  tone	  (Ollmann	  et	  al	  1997).	  

Another	  neuronal	  population	  has	  been	  identified	  in	  the	  ventral	  part	  of	  the	  Arc,	  which	  expresses	  

pro-‐opiomelanocortin	  (POMC).	  POMC	  is	  a	  precursor	  to	  a	  number	  of	  peptides,	  including	  α-‐

melanocyte-‐stimulating	  hormone	  (α-‐MSH),	  which	  binds	  to	  the	  centrally	  expressed	  melanocortin	  

receptors	  MC3R	  and	  MC4R	  (Mountjoy	  et	  al	  1994,	  Roselli-‐Rehfuss	  et	  al	  1993).	  While	  NPY	  is	  up	  

regulated	  by	  negative	  energy	  balance,	  POMC	  expression	  is	  down	  regulated,	  but	  its	  expression	  is	  

rapidly	  rescued	  by	  re-‐feeding	  or	  leptin	  administration	  (Mizuno	  et	  al	  1998a,	  Swart	  et	  al	  2002).	  

When	  POMC	  or	  MC4R	  is	  knocked	  out,	  the	  animal	  exhibits	  a	  morbidly	  obese	  phenotype,	  while	  the	  

MC3R	  knockout	  results	  in	  a	  obese	  phenotype	  that	  is	  much	  less	  severe	  (as	  reviewed	  in	  Butler	  and	  

Cone	  (2002)).	  As	  can	  be	  expected	  by	  its	  function,	  the	  MC4R	  is	  expressed	  in	  several	  hypothalamic	  

nuclei	  including	  the	  Arc,	  VMN	  and	  PVN	  (all	  involved	  in	  energy	  homeostasis)	  (Mountjoy	  et	  al	  1994),	  

and	  in	  the	  sympathetic	  pathways	  to	  both	  white	  and	  brown	  adipose	  tissues	  (Song	  et	  al	  2005,	  Song	  

et	  al	  2008).	  

A	  schematic	  showing	  the	  major	  established	  intra-‐hypothalamic	  connections	  involved	  in	  the	  

control	  of	  energy	  homeostasis	  are	  shown	  in	  Figure	  1.1.	  
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Figure	  1.1 Hypothalamic	  energy	  balance	  circuits.	  Schematic	  showing	  the	  major	  established	  intra-‐hypothalamic	  
connections	  involved	  in	  the	  control	  of	  energy	  homeostasis	  (red	  lines).	  The	  signaling	  molecules	  of	  the	  VMN	  have	  not	  yet	  
been	  fully	  characterised.	  Yellow	  spheres	  denotes	  orexigenic	  peptides,	  turquoise	  spheres	  anorexigenic	  peptides.	  LH	  
Lateral	  Hypothalamus,	  VMN	  Ventromedial	  Nucleus,	  Arc	  Arcuate	  Nucleus,	  PVN	  Paraventricular	  Nucleus.	  MCH	  Melanin-‐
concentrating	  Hormone,	  AgRP	  Agouti-‐related	  Peptide,	  NPY	  Neuropeptide-‐Y,	  POMC	  Pro-‐opiomelanocortin,	  CRH	  
Corticotrophin-‐releasing	  hormone.	  	  

1.3.2 Hormonal	  signalling	  in	  the	  arcuate	  nucleus	  

The	  Arc	  neurons	  express	  insulin	  and	  leptin	  receptors	  (Bruning	  et	  al	  2000,	  Schwartz	  et	  al	  1996),	  and	  

insulin’s	  anorexigenic	  effect	  is	  mainly	  mediated	  through	  the	  inhibition	  of	  NPY/AgRP	  neurons	  and	  

the	  stimulation	  of	  POMC	  neurons	  (Morton	  et	  al	  2006,	  Plum	  et	  al	  2006).	  When	  insulin	  is	  infused	  

into	  the	  brain,	  it	  leads	  to	  a	  reduction	  in	  food	  intake	  and	  body	  weight,	  and	  insulin	  has	  been	  

proposed	  to	  serve	  as	  an	  adiposity	  signal	  in	  the	  brain	  (Porte	  &	  Woods	  1981,	  Woods	  et	  al	  1979).	  As	  

such,	  it	  provides	  a	  signal	  that	  is	  related	  to	  the	  amount	  of	  body	  fat	  and	  leads	  to	  long-‐term	  effect	  on	  

net	  catabolic	  response.	  Insulin	  reaches	  the	  brain	  from	  the	  periphery	  under	  non-‐experimental	  

conditions	  through	  the	  availability	  of	  a	  transporter	  across	  the	  blood-‐brain-‐barrier	  (Banks	  2006).	  

Insulin	  is	  secreted	  by	  pancreatic	  β-‐cells	  in	  response	  to	  an	  increase	  in	  blood	  glucose,	  for	  example	  

following	  a	  meal,	  and	  plasma	  insulin	  levels	  correlate	  with	  adiposity	  (Bagdade	  et	  al	  1967,	  Polonsky	  

et	  al	  1988a,	  Polonsky	  et	  al	  1988b).	  Throughout	  the	  body,	  insulin	  binds	  to	  one	  receptor,	  which	  is	  
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part	  of	  the	  tyrosine	  kinase	  receptor	  family	  (Kahn	  1994),	  but	  a	  brain-‐specific	  knockout	  of	  the	  

receptor	  leads	  to	  obesity,	  further	  implicating	  insulin	  as	  a	  signalling	  molecule	  in	  fuel	  metabolism	  

(Bruning	  et	  al	  2000)	  Among	  others,	  the	  biological	  actions	  of	  insulin	  includes	  the	  stimulation	  of	  

glucose	  transport	  into	  skeletal	  muscle	  and	  adipose	  tissue,	  and	  the	  suppression	  of	  hepatic	  glucose	  

production	  (Kahn	  1994).	  In	  addition,	  insulin	  signalling	  affects	  regulation	  of	  neuropeptide	  

transcription	  and	  release,	  through	  which	  the	  hormone	  also	  mediates	  its	  role	  in	  central	  control	  of	  

energy	  homeostasis	  and	  peripheral	  glucose	  metabolism	  (Plum	  et	  al	  2006).	  	  

The	  other	  adiposity	  signal	  identified	  to	  date	  is	  leptin,	  which	  was	  discovered	  in	  1994	  as	  the	  product	  

of	  the	  ob	  (obese)	  gene	  (Zhang	  et	  al	  1994).	  Leptin	  is	  released	  into	  the	  bloodstream	  by	  white	  

adipose	  cells,	  in	  direct	  proportion	  to	  body	  fat	  content	  (Frederich	  et	  al	  1995,	  Maffei	  et	  al	  1996).	  

When	  the	  leptin	  gene	  	  (ob/ob)	  or	  its	  receptor	  (db/db)	  is	  mutated,	  the	  animal	  exhibits	  an	  extreme	  

obese	  phenotype	  and	  the	  development	  of	  diabetes	  (Chen	  et	  al	  1996,	  Zhang	  et	  al	  1994).	  The	  loss-‐

of-‐function	  mutation	  in	  the	  leptin	  gene	  occurs	  spontaneously	  in	  humans	  (but	  is	  very	  rare),	  and	  

leads	  to	  the	  development	  of	  early-‐onset	  obesity,	  which	  can	  be	  successfully	  rescued	  by	  leptin	  

replacement	  therapy	  (Farooqi	  et	  al	  1999,	  Montague	  et	  al	  1997).	  When	  the	  leptin	  receptor	  is	  

selectively	  knocked	  out	  only	  in	  the	  brain,	  a	  phenotype	  that	  resembles	  that	  of	  the	  db/db	  mouse	  is	  

produced	  (Cohen	  et	  al	  2001),	  indicating	  that	  leptin’s	  role	  in	  energy	  homeostasis	  is	  mediated	  

entirely	  through	  its	  actions	  in	  the	  central	  nervous	  system.	  In	  support	  of	  this,	  when	  leptin	  is	  given	  

centrally	  it	  reduces	  food	  intake	  and	  body	  weight	  in	  several	  species,	  further	  underlining	  the	  

hormone’s	  pivotal	  role	  in	  the	  regulation	  of	  energy	  homeostasis	  (Schwartz	  et	  al	  2000).	  

Ghrelin	  is	  another	  hormone	  that	  has	  been	  linked	  to	  a	  neuronal	  population	  in	  the	  Arc,	  namely	  the	  

NPY	  neurones.	  Ghrelin	  is	  a	  potent	  orexigenic	  peptide	  that	  is	  mainly	  secreted	  from	  the	  stomach	  

(Kojima	  et	  al	  1999).	  The	  peptide	  was	  first	  discovered	  as	  a	  natural	  ligand	  for	  the	  growth	  hormone	  

secretagogue	  receptor	  (GHSR)	  (Kojima	  et	  al	  1999),	  and	  the	  receptor	  is	  expressed	  in	  almost	  all	  NPY	  

neurons	  of	  the	  Arc	  (Willesen	  et	  al	  1999,	  Zigman	  et	  al	  2006).	  A	  role	  for	  ghrelin	  in	  entero-‐

hypothalamic	  signaling	  has	  been	  established	  (Nakazato	  et	  al	  2001),	  and	  central	  and	  peripheral	  

administration	  has	  been	  seen	  to	  increase	  food	  intake	  and	  adiposity	  in	  both	  rodents	  (Asakawa	  et	  al	  

2001,	  Tschop	  et	  al	  2000)	  and	  in	  humans	  (Rodriguez	  et	  al	  2009,	  Wren	  et	  al	  2001a).	  The	  plasma	  

concentration	  of	  ghrelin	  rises	  shortly	  before	  and	  falls	  shortly	  after	  every	  meal	  in	  humans,	  

suggesting	  a	  possible	  role	  in	  meal	  initiation	  (Cummings	  et	  al	  2001).	  In	  addition,	  chronic	  central	  

administration	  of	  ghrelin	  leads	  to	  an	  increase	  in	  cumulative	  food	  intake	  and	  a	  decrease	  in	  energy	  

expenditure,	  and	  finally	  body	  weight	  gain	  (Nakazato	  et	  al	  2001,	  Tschop	  et	  al	  2000,	  Wren	  et	  al	  
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2001a,	  Wren	  et	  al	  2001b).	  Ghrelin	  does	  not	  stimulate	  feeding	  in	  the	  NPY/AgRP	  double	  knockout	  

mice,	  indicating	  the	  importance	  of	  the	  activation	  of	  these	  neurons	  in	  ghrelin’s	  orexigenic	  effect	  

(Chen	  et	  al	  2004).	  In	  this	  way,	  the	  lack	  of	  ghrelin	  or	  its	  receptor	  acts	  as	  protection	  against	  the	  

development	  of	  early-‐onset	  obesity	  (Wortley	  et	  al	  2005,	  Zigman	  et	  al	  2005)	  and	  the	  deletion	  of	  

both	  hormone	  and	  receptor	  leads	  to	  an	  increase	  in	  energy	  expenditure	  (Pfluger	  et	  al	  2008).	  Since	  

both	  ghrelin	  and	  NPY	  have	  strong	  orexigenic	  properties,	  the	  axis	  between	  ghrelin-‐releasing	  cells	  in	  

the	  stomach	  and	  Arc	  NPY	  neurons,	  with	  subsequent	  NPY	  release,	  may	  be	  an	  essential	  pathway	  in	  

feeding.	  	  

A	  second	  gut	  hormone	  that	  has	  been	  implicated	  in	  signalling	  in	  the	  Arc	  is	  PYY,	  which	  is	  released	  

from	  specialised	  enteroendocrine	  cells	  called	  L-‐cells	  in	  the	  intestine	  following	  a	  meal,	  mainly	  in	  

the	  shortened	  form	  of	  PYY3-‐36	  (Adrian	  et	  al	  1985).	  PYY3-‐36	  is	  a	  selective	  agonist	  for	  the	  NPY	  receptor	  

NPY-‐Y2R,	  its	  binding	  leading	  to	  an	  inhibition	  of	  food	  intake	  both	  when	  the	  hormone	  is	  of	  

endogenous	  and	  exogenous	  origin	  (Abbott	  et	  al	  2005,	  Batterham	  et	  al	  2002).	  Y2R	  is	  expressed	  on	  

NPY/AgRP	  Arc	  neurones	  and	  acts	  as	  an	  autoreceptor	  inhibiting	  their	  activity,	  and	  thereby	  

inhibiting	  food	  intake	  (Abbott	  et	  al	  2005).	  In	  support	  of	  this,	  when	  the	  activity	  of	  the	  Y2R	  is	  

blocked	  by	  a	  selective	  antagonist	  (BIIE0246),	  it	  leads	  to	  an	  increase	  in	  food	  intake,	  implicating	  a	  

role	  for	  the	  receptor	  in	  meal	  cessation	  (Abbott	  et	  al	  2005,	  Scott	  et	  al	  2005).	  

1.4 Nutrient	  sensing	  in	  the	  hypothalamus	  

The	  hypothalamus	  is	  thought	  to	  be	  the	  primary	  site	  for	  convergence	  and	  integration	  of	  nutrient	  

signals;	  including	  central	  and	  peripheral	  neuronal	  signals,	  as	  well	  as	  hormonal	  inputs	  (Sanchez-‐

Lasheras	  et	  al	  2010).	  In	  addition	  to	  adiposity	  signals	  from	  leptin	  and	  insulin,	  publications	  indicate	  

that	  glucose	  and	  lipids	  are	  detected	  by	  specialist	  nutrient-‐sensing	  neurons	  in	  the	  hypothalamus,	  

and	  that	  circulating	  nutrients	  work	  together	  with	  hormones	  like	  leptin,	  insulin	  and	  ghrelin	  to	  

regulate	  the	  hypothalamic	  neural	  circuits	  involved	  in	  energy	  homeostasis.	  

1.4.1 Glucose	  signalling	  

Glucose-‐sensitive	  hypothalamic	  neurons	  were	  identified	  in	  the	  1960s,	  and	  were	  shown	  to	  regulate	  

their	  firing	  rate	  in	  response	  to	  fluctuations	  in	  extracellular	  glucose	  (Anand	  et	  al	  1964,	  Oomura	  et	  

al	  1969).	  Glucose-‐sensing	  neurons	  can	  either	  increase	  their	  firing	  rate	  in	  response	  to	  glucose,	  

being	  glucose	  excited	  or	  GE,	  or	  they	  can	  decrease	  their	  firing	  rate,	  being	  glucose	  inhibited	  or	  GI	  

(Oomura	  &	  Yoshimatsu	  1984).	  GE	  and/or	  GI	  neurons	  have	  been	  identified	  in	  several	  hypothalamic	  
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nuclei	  involved	  in	  the	  control	  of	  energy	  homeostasis,	  including	  the	  Arc,	  the	  VMN	  (where	  they	  are	  

especially	  abundant),	  the	  PVN	  and	  the	  LH	  (Silver	  &	  Erecinska	  1998),	  as	  well	  as	  in	  the	  brain	  stem,	  

especially	  in	  the	  nucleus	  of	  solitary	  tract	  (NTS)	  (Marty	  et	  al	  2007).	  The	  NTS	  is	  sensitive	  to	  small	  

fluctuations	  in	  blood	  glucose	  concentrations,	  and	  is	  thought	  to	  regulate	  the	  activity	  of	  

hypothalamic	  neurons,	  integrating	  signals	  from	  the	  periphery	  and	  the	  hypothalamus,	  as	  the	  NTS	  

neurons	  project	  widely	  into	  nuclei	  implicated	  in	  glucose	  regulation	  (Norgren	  1978).	  The	  Arc	  

NPY/AgRP	  and	  POMC	  populations	  have	  both	  been	  identified	  as	  glucose-‐sensing	  neurons.	  

Specifically,	  electrophysiological	  recordings	  have	  shown	  that	  NPY/AgRP	  neurons	  are	  inhibited	  by	  

increasing	  glucose	  concentrations,	  while	  the	  same	  activates	  POMC	  neurons	  (Fioramonti	  et	  al	  

2007,	  Ibrahim	  et	  al	  2003,	  Mountjoy	  et	  al	  2007,	  Muroya	  et	  al	  1999).	  Both	  Arc	  populations	  have	  

wide	  projections	  to	  the	  LH,	  which	  also	  contains	  two	  glucose-‐sensing	  populations,	  namely	  the	  

orexin-‐expressing	  and	  the	  melanin-‐concentrating	  hormone	  (MCH)	  neurons.	  MCH	  neurons	  are	  GE	  

and	  orexin	  neurons	  are	  GI,	  while	  both	  receives	  inputs	  from	  NPY/AgRP	  and	  POMC	  neurons	  

(Broberger	  et	  al	  1998,	  Burdakov	  et	  al	  2005b,	  Elias	  et	  al	  1998).	  

Circulating	  levels	  of	  glucose	  drop	  before	  food	  intake	  initiation	  (Louis-‐Sylvestre	  &	  Le	  Magnen	  

1980),	  and	  when	  the	  drop	  is	  counteracted	  by	  glucose	  infusion,	  meal	  initiation	  is	  suppressed	  

(Campfield	  et	  al	  1985).	  When	  infused	  in	  the	  hypothalamus,	  glucose	  has	  an	  anorectic	  effect	  and	  

leads	  to	  a	  decrease	  in	  body	  weight	  (Davis	  et	  al	  1981,	  Kurata	  et	  al	  1986,	  Panksepp	  &	  Rossi	  1981).	  

On	  the	  other	  hand,	  when	  glucose	  metabolism	  is	  inhibited	  by	  central	  administration	  of	  2-‐deoxy-‐

glucose	  (2DG),	  an	  analogue	  to	  glucose,	  food	  intake	  is	  induced	  (Berthoud	  &	  Mogenson	  1977,	  

Miselis	  &	  Epstein	  1975).	  As	  mentioned	  above,	  glucose-‐sensing	  populations	  have	  been	  identified	  in	  

the	  PVN	  and	  Arc.	  When	  these	  populations	  are	  destroyed	  by	  immunotoxin,	  the	  feeding	  response	  

to	  peripheral	  2DG	  is	  ameliorated	  (Ritter	  et	  al	  2001),	  and	  2DG	  injection	  also	  has	  a	  suppressing	  

effect	  of	  the	  regulation	  of	  NPY	  and	  AgRP	  (Fraley	  &	  Ritter	  2003).	  However,	  it	  is	  unclear	  how	  

important	  NPY/AgRP	  neuronal	  populations	  are	  in	  the	  glucose-‐induced	  reduction	  in	  feeding.	  A	  

study	  by	  Luquet	  et	  al	  (2007)	  found	  that	  when	  these	  neurons	  were	  destroyed	  in	  neonatal	  mice,	  the	  

feeding	  response	  to	  glucoprivation	  was	  unaffected	  (Luquet	  et	  al	  2007).	  In	  fact,	  earlier	  findings	  by	  

this	  group	  showed	  that	  the	  ablation	  of	  NPY/AgRP	  neuronal	  populations	  in	  neonatal	  mice	  had	  little	  

effect	  on	  feeding	  behaviour,	  which	  is	  in	  contrast	  to	  their	  findings	  in	  adults	  with	  the	  same	  

populations	  destroyed,	  highlighting	  the	  plasticity	  in	  this	  circuitry	  (Luquet	  et	  al	  2005).	  

Glucose	  is	  also	  involved	  in	  energy	  expenditure,	  and	  it’s	  thermogenic	  effects	  are	  most	  likely	  

mediated	  through	  the	  hypothalamic	  glucose-‐sensing	  neurons.	  Injections	  either	  into	  the	  carotid	  
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artery,	  or	  directly	  into	  the	  ventromedial	  hypothalamus	  and	  the	  PVN	  increase	  the	  activity	  of	  

sympathetic	  efferents	  to	  brown	  adipose	  tissue	  (Sakaguchi	  &	  Bray	  1987,	  Sakaguchi	  &	  Bray	  1988).	  It	  

is	  also	  thought	  that	  the	  hypothalamus	  regulates	  hepatic	  glucose	  production,	  which	  needs	  to	  be	  

suppressed	  when	  glucose	  availability	  is	  high	  (Rother	  et	  al	  2008);	  that	  is,	  when	  hypothalamic	  

glucose	  concentrations	  are	  high,	  gluconeogenesis	  and	  glycogenolysis	  are	  reduced	  (Lam	  et	  al	  

2005).	  

One	  of	  the	  most	  important	  roles	  of	  glucose	  sensing	  in	  the	  brain	  is	  the	  initiation	  of	  the	  counter-‐

regulatory	  response	  (CRR)	  to	  hypoglycaemia,	  which	  specifically	  involves	  the	  activation	  of	  glucagon	  

release	  from	  the	  pancreas	  and	  catecholamines	  from	  the	  adrenal	  glands	  (Cryer	  2004,	  Mitrakou	  et	  

al	  1991,	  Taborsky	  et	  al	  1998).	  Hypoglycaemia	  can	  be	  experimentally	  induced	  by	  either	  insulin	  

infusion	  or	  injection	  of	  2DG;	  glucoprivation	  is	  detected	  by	  peripheral	  receptors,	  and	  the	  

information	  then	  forwarded	  to	  the	  brainstem	  and	  the	  hypothalamus.	  However,	  these	  brain	  areas	  

can	  also	  be	  directly	  activated	  by	  hypoglycaemia.	  Lesion	  studies	  have	  identified	  hypothalamic	  

nuclei	  involved	  in	  CRR,	  in	  particular	  the	  VMN	  (Frizzell	  et	  al	  1993).	  Glucagon	  secretion	  can	  be	  

induced	  by	  2DG	  injection	  directly	  into	  the	  VMN	  (Borg	  et	  al	  1995),	  while	  glucose	  infusion	  in	  the	  

VMN	  can	  abolish	  the	  hypoglycaemia-‐induced	  glucagon	  release	  (Borg	  et	  al	  1997).	  More	  recently,	  

human	  hyperinsulinemic	  clamp	  studies	  have	  shown	  that	  the	  hypothalamus	  is	  sensitive	  to	  small	  

changes	  in	  circulating	  glucose,	  and	  that	  hypothalamic	  neuronal	  activation	  precedes	  the	  CRR	  to	  

hypoglycaemia,	  as	  imaged	  by	  an	  increase	  in	  blood	  flow	  (Page	  et	  al	  2009).	  

1.4.2 Central	  lipid	  sensing	  

Evidence	  for	  a	  role	  for	  fatty	  acids	  as	  cellular	  messengers	  in	  the	  central	  nervous	  system	  is	  

mounting,	  suggesting	  that	  fatty	  acids	  act	  much	  like	  glucose	  to	  relay	  the	  body’s	  energy	  status	  to	  

the	  brain	  and	  specifically	  to	  the	  hypothalamus,	  which	  contains	  lipid-‐sensing	  neurons.	  Initially	  it	  

was	  thought	  that	  fatty	  acids	  could	  not	  cross	  the	  blood-‐brain-‐barrier,	  but	  in	  recent	  years	  it	  has	  

become	  clear	  that	  cerebral	  lipids	  arise	  from	  both	  local	  synthesis	  and	  plasma	  origin.	  Fatty	  acids	  

cross	  the	  blood-‐brain-‐barrier	  mainly	  through	  diffusion	  and	  levels	  in	  the	  brain	  are	  therefore	  a	  

reflection	  of	  plasma	  concentrations	  (Miller	  et	  al	  1987,	  Rapoport	  1996),	  but	  uptake	  also	  occurs	  

through	  lipoprotein	  receptors	  (Qi	  et	  al	  2002,	  Rapoport	  2001).	  In	  the	  cell,	  fatty	  acids	  are	  rapidly	  

synthesised	  into	  fatty	  acyl-‐coenzyme	  A	  (acyl-‐CoA)	  via	  a	  process	  that	  is	  catalysed	  by	  the	  enzyme	  

acyl-‐CoA	  synthetase	  (ACS).	  
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A	  study	  using	  c-‐Fos	  immunreactivity	  as	  a	  neuronal	  marker	  for	  activation	  showed	  that	  lipid	  infusion	  

activated	  neurons	  in	  LH,	  while	  neurons	  in	  the	  Arc,	  DMN,	  VMN	  and	  PVN	  were	  inhibited	  by	  fatty	  

acids	  (Cruciani-‐Guglielmacci	  et	  al	  2004).	  Specifically,	  neurons	  in	  the	  Arc	  modify	  their	  neuronal	  

firing	  rate	  in	  response	  to	  fatty	  acids	  and	  these	  effects	  are	  dependent	  on	  extracellular	  glucose	  

levels	  (Wang	  et	  al	  2006).	  The	  physiological	  relevance	  of	  lipid	  sensing	  is	  supported	  by	  the	  fact	  that	  

intravenous	  infusion	  of	  lipids	  reduces	  food	  intake	  in	  baboons	  (Woods	  et	  al	  1984),	  an	  effect	  that	  is	  

independent	  of	  changes	  in	  plasma	  insulin	  and	  gastrointestinal	  absorption	  (Matzinger	  et	  al	  2000,	  

Monnikes	  et	  al	  1997,	  Schwartz	  et	  al	  1999a,	  Woods	  et	  al	  1984).	  In	  addition,	  central	  administration	  

of	  the	  long-‐chain	  fatty	  acid	  oleic	  acid	  inhibits	  food	  intake	  and	  leads	  to	  a	  decrease	  in	  hepatic	  

glucose	  production	  (Morgan	  et	  al	  2004,	  Obici	  et	  al	  2002).	  It	  is	  thought	  that	  the	  anorectic	  effect	  of	  

oleic	  acid	  is	  due	  to	  its	  action	  on	  orexigenic	  Arc	  neuropeptide	  expression,	  leading	  to	  a	  suppression	  

of	  agrp	  and	  npy	  mRNAs.	  

The	  metabolism	  of	  fatty	  acids	  is	  thought	  to	  be	  crucial	  in	  relaying	  the	  central	  action	  of	  fatty	  acids	  

on	  energy	  homeostasis,	  and	  the	  process	  involves	  three	  key	  enzymes:	  acetyl-‐CoA	  carboxylase	  

(ACC),	  fatty	  acid	  synthase	  (FAS)	  and	  malonyl-‐CoA	  decarboxylase	  (MCD)	  (Kahn	  et	  al	  2005,	  Lopez	  et	  

al	  2006),	  and	  these	  enzymes	  are	  all	  expressed	  in	  Arc,	  VMN	  and	  DMN	  neurons	  (Sorensen	  et	  al	  

2002).	  Evidence	  from	  pharmacological	  and	  genetic	  studies	  show	  that	  when	  altered	  the	  activity	  

and	  expression	  levels	  of	  these	  enzymes	  have	  a	  modulating	  effect	  on	  food	  intake	  (Chakravarthy	  et	  

al	  2007,	  Loftus	  et	  al	  2000,	  Lopez	  et	  al	  2006,	  Minokoshi	  et	  al	  2004,	  Obici	  et	  al	  2003,	  Wolfgang	  &	  

Lane	  2006).	  

1.4.3 Integration	  of	  signals	  

One	  of	  the	  main	  intracellular	  proteins	  involved	  in	  the	  integration	  of	  nutritional	  and	  hormonal	  

signals	  in	  the	  brain	  is	  5’-‐AMP-‐activated	  protein	  kinase	  or	  AMPK	  (Cota	  et	  al	  2006,	  Kahn	  et	  al	  2005,	  

Lage	  et	  al	  2008,	  Minokoshi	  et	  al	  2004,	  Ropelle	  et	  al	  2008b,	  Xue	  &	  Kahn	  2006),	  and	  hypothalamic	  

modulation	  of	  AMPK	  has	  regulatory	  effects	  on	  the	  expression	  of	  both	  orexigenic	  NPY	  and	  AgRP,	  

and	  anorexigenic	  POMC	  peptides	  in	  the	  Arc.	  First	  described	  in	  1980s	  (Carling	  &	  Hardie	  1989),	  

AMPK	  is	  a	  heterotrimeric	  enzyme	  complex	  made	  up	  with	  one	  catalytic	  (α1	  or	  α2),	  and	  two	  

regulatory	  (β1	  or	  β2	  and	  γ1	  or	  γ2	  or	  γ3)	  subunits	  (Woods	  et	  al	  1996).	  The	  signals	  from	  leptin,	  

ghrelin,	  glucose	  and	  fatty	  acids	  are	  mediated	  through	  the	  modulation	  of	  AMPK	  (Kola	  et	  al	  2005,	  

Lopez	  et	  al	  2008,	  Minokoshi	  et	  al	  2004,	  Minokoshi	  et	  al	  2002).	  Further,	  fasting	  induces	  

hypothalamic	  AMPK	  activity,	  while	  food	  intake	  inhibits	  its	  activity	  (Hayes	  et	  al	  2009,	  Minokoshi	  et	  

al	  2004)	  and	  leptin	  exerts	  its	  hypothalamic	  effects	  by	  suppressing	  AMPK-‐α2	  activity,	  leading	  to	  a	  
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reduction	  in	  food	  intake	  (Andersson	  et	  al	  2004,	  Minokoshi	  et	  al	  2004).	  The	  anorexigenic	  effect	  of	  

hypothalamic	  suppression	  of	  AMPK	  activity	  is	  mediated	  by	  at	  least	  two	  mechanisms:	  first,	  through	  

the	  activation	  of	  ACC,	  leading	  to	  the	  conversion	  of	  acyl-‐CoA	  into	  malonyl-‐CoA	  (high	  levels	  of	  

malonyl-‐CoA	  leads	  to	  the	  translocation	  of	  fatty	  acids	  across	  the	  mitochondrial	  membrane)	  (Loftus	  

et	  al	  2000,	  Obici	  et	  al	  2003),	  and	  secondly,	  through	  the	  activation	  of	  mammalian	  target	  of	  

rapamycin	  (mTOR)	  and	  phosphorylation	  of	  p70S6	  kinase	  and	  4E-‐binding	  protein	  1	  (Ropelle	  et	  al	  

2008a,	  Ropelle	  et	  al	  2008b).	  It	  is	  through	  these	  pathways	  that	  AMPK	  inhibits	  NPY/AgRP	  neurons	  

and	  activates	  POMC	  neurons	  in	  the	  Arc	  (Minokoshi	  et	  al	  2004).	  

Central	  administration	  of	  glucose	  decreases	  the	  ratio	  of	  ATP	  to	  AMP	  (Cha	  et	  al	  2008),	  which	  is	  

used	  by	  the	  cell	  to	  sense	  energy	  availability,	  and	  leads	  to	  a	  reduction	  in	  hypothalamic	  AMPK	  

phosphorylation	  and,	  therefore	  AMPK	  activity	  in	  fasted	  rats	  (Kim	  et	  al	  2004).	  In	  addition,	  an	  

increase	  in	  hypothalamic	  glucose	  from	  the	  diet	  leads	  to	  decreased	  AMPK	  phosphorylation	  

followed	  by	  an	  increase	  in	  ACC	  activity,	  malonyl-‐CoA	  and	  fatty	  acid	  synthesis	  (Wolfgang	  et	  al	  

2007).	  There	  is	  also	  evidence	  that	  supports	  a	  role	  for	  fatty	  acids	  in	  the	  modulation	  of	  

hypothalamic	  AMPK.	  In	  animals	  fed	  a	  high-‐fat	  diet	  containing	  high	  levels	  of	  polyunsaturated	  fats,	  

the	  weight	  gain	  was	  significantly	  lower	  than	  in	  animals	  fed	  high-‐fat	  diet	  containing	  a	  mix	  of	  poly-‐	  

and	  monounsaturated	  fats	  as	  well	  as	  saturated	  fats,	  and	  there	  was	  also	  a	  decrease	  seen	  in	  

hypothalamic	  npy	  and	  ampk-‐	  α2	  mRNA	  levels	  (Jia	  et	  al	  (2009),	  only	  abstract	  available	  in	  English).	  

In	  addition,	  a	  study	  found	  that	  a	  docosahexaenoic	  acid-‐enriched	  (an	  Omega-‐3	  fatty	  acid)	  diet	  in	  

rats	  lead	  to	  a	  reduction	  in	  hypothalamic	  levels	  of	  AMPK	  phosphorylation	  when	  compared	  with	  

rats	  on	  a	  normal	  chow	  diet	  (Gomez-‐Pinilla	  &	  Ying	  2010).	  

1.5 The	  importance	  of	  the	  VMN	  

The	  link	  between	  VMN,	  situated	  in	  the	  ventromedial	  hypothalamus	  close	  to	  the	  Arc,	  and	  the	  

regulation	  of	  energy	  homeostasis	  has	  been	  known	  for	  over	  50	  years.	  But,	  in	  contrast	  with	  the	  Arc,	  

the	  way	  in	  which	  the	  VMN	  mediates	  its	  regulatory	  role	  is	  still	  largely	  unknown	  (McClellan	  et	  al	  

2006,	  Schwartz	  et	  al	  1999b).	  Early	  lesion	  studies,	  ablating	  the	  VMN	  bilaterally,	  were	  shown	  to	  

induce	  immediate	  hyperphagia	  and	  lead	  to	  the	  development	  of	  obesity	  to	  a	  larger	  extent	  than	  

seen	  following	  similar	  PVN	  lesion	  (Anand	  &	  Brobeck	  1951).	  However,	  later	  criticism	  pointed	  out	  

that	  the	  lesions	  would	  have	  included	  the	  neighbouring	  Arc	  or	  fibres	  en	  passage	  and	  that,	  thus,	  the	  

results	  were	  not	  conclusive	  (Gold	  1973).	  Also,	  the	  discovery	  of	  NPY/AgRP	  and	  POMC	  neuronal	  

circuits	  in	  the	  Arc	  lead	  to	  a	  focus	  on	  this	  nuclei	  over	  the	  VMN,	  with	  models	  of	  energy	  balance	  
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regulation	  being	  developed	  without	  taking	  the	  VMN	  into	  consideration	  (Berthoud	  &	  Morrison	  

2008,	  Broberger	  2005).	  Nonetheless,	  later	  studies	  involving	  chemical	  lesions,	  gene	  therapy	  and	  

pharmacological	  approaches	  have	  confirmed	  the	  importance	  of	  the	  VMN	  and	  the	  nucleus’s	  

negative	  effect	  on	  food	  intake	  and	  positive	  effect	  on	  energy	  expenditure	  (Bagnasco	  et	  al	  2002,	  

Satoh	  et	  al	  1999,	  Tejwani	  &	  Richard	  1986).	  Finally,	  more	  recent	  studies	  have	  clarified	  the	  role	  of	  

the	  VMN	  through	  the	  development	  of	  knockout	  mice	  lacking	  the	  steroidogenic	  factor	  1	  (SF-‐1)	  

(Majdic	  et	  al	  2002,	  Zhao	  et	  al	  2004).	  This	  transcription	  factor	  is	  only	  expressed	  in	  the	  VMN	  in	  he	  

brain	  (as	  well	  as	  the	  gonads	  and	  adrenal	  glands),	  and	  it	  is	  crucial	  for	  normal	  development	  of	  the	  

nucleus.	  The	  knockout	  mouse	  displays	  late-‐onset	  obesity,	  thus	  confirming	  the	  importance	  of	  the	  

VMN	  in	  normal	  body-‐weight	  regulation.	  However,	  the	  precise	  role	  of	  the	  VMN	  is	  still	  largely	  

unknown.	  

The	  VMN	  has	  relatively	  few	  afferent	  projections	  from	  the	  Arc	  in	  comparison	  to	  the	  PVN	  and	  LH.	  

Nonetheless,	  NPY	  and	  MC4	  receptors	  are	  widely	  expressed	  in	  the	  VMN,	  and	  NPY	  injection	  into	  the	  

VMN	  has	  a	  potent	  orexigenic	  effect,	  while	  NPY	  suppression	  attenuates	  VMN-‐lesion	  induced	  

hyperphagia	  (Dube	  et	  al	  1995,	  Jolicoeur	  et	  al	  1995).	  More	  recent	  publications	  have,	  however,	  

indicted	  that	  the	  VMN-‐	  and	  Arc-‐mediated	  effects	  on	  energy	  balance	  are	  likely	  to	  be	  independent	  

(Balthasar	  et	  al	  2004,	  Dhillon	  et	  al	  2006).	  These	  studies	  showed	  that	  the	  SF-‐1-‐driven	  knock	  out	  of	  

the	  leptin	  receptor	  elicited	  a	  similar	  obese	  phenotype	  as	  the	  POMC-‐drive	  knock	  out,	  and	  that	  a	  

double	  knock	  out	  leads	  to	  an	  additive	  severity	  of	  the	  ensuing	  obesity.	  Taking	  this	  into	  

consideration,	  it	  appears	  that	  the	  convergence	  of	  Arc	  and	  VMN	  energy	  balance	  pathways	  is	  

minimal.	  It	  also	  suggests	  that	  the	  VMN	  is	  another	  target	  for	  leptin	  anorexic	  effects.	  

The	  neuronal	  populations	  of	  the	  VMN	  have	  yet	  to	  be	  characterised.	  However,	  sub-‐populations	  

have	  been	  shown	  to	  respond	  to	  circulating	  peripheral	  signals,	  including	  leptin,	  ghrelin,	  insulin	  and	  

glucose,	  signalling	  the	  energy	  status	  of	  the	  body	  to	  the	  brain.	  Leptin	  and	  insulin	  has	  a	  positive	  

effect	  on	  VMN	  neuronal	  activation,	  presumably	  by	  targeting	  of	  catabolic	  cell	  types,	  although	  

leptin	  has	  the	  opposite	  effect	  in	  overfed	  mice	  (Davidowa	  &	  Plagemann	  2000).	  A	  subset	  of	  VMN	  

neurons	  have	  also	  been	  shown	  to	  respond	  to	  fluctuations	  in	  extracellular	  glucose	  concentrations	  

by	  altering	  their	  firing	  rate	  and	  exhibiting	  a	  primary	  sensitivity	  range	  between	  0.5-‐3.5mM	  

(Oomura	  1983,	  Silver	  &	  Erecinska	  1998),	  tightly	  correlating	  to	  plasma	  glucose	  concentrations	  and	  

fluctuating	  around	  one	  tenth	  of	  the	  circulating	  level	  (Silver	  &	  Erecinska	  1994).	  Approximately	  30%	  

of	  VMN	  neurons	  are	  glucose	  sensing,	  of	  which	  the	  majority	  are	  considered	  GE	  (Silver	  &	  Erecinska	  

1998,	  Song	  et	  al	  2001).	  However,	  an	  important	  smaller	  GI	  population	  of	  the	  VMN	  is	  inferred	  from	  
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the	  fact	  that	  local	  2DG-‐induced	  hypoglycaemia	  produced	  by	  infusion	  directly	  into	  the	  VMN	  

triggers	  the	  CRR	  to	  glucoprivation,	  characteristic	  of	  systemic	  hypoglycaemia	  (Borg	  et	  al	  1995).	  

Although	  these	  advances	  have	  been	  made	  in	  the	  understanding	  of	  the	  role	  the	  VMN	  plays	  in	  

energy	  homeostasis,	  the	  underlying	  mechanisms	  are	  still	  poorly	  understood.	  One	  of	  the	  major	  

obstacles	  in	  furthering	  the	  understanding	  is	  the	  lack	  of	  appropriate	  specific	  markers	  for	  VMN	  

neurons,	  the	  availability	  of	  which	  in	  the	  Arc,	  PVN	  and	  LH	  have	  lead	  to	  rapid	  appreciation	  of	  their	  

functions.	  However,	  recent	  molecular	  biology	  studies	  have	  led	  to	  some	  discoveries	  of	  VMN-‐

enriched	  genes	  (Kurrasch	  et	  al	  2007,	  Segal	  et	  al	  2005).	  From	  these	  studies,	  the	  robustly	  VMN-‐

expressed	  neuropeptides	  pituitary	  adenylate	  cyclase-‐activating	  polypeptide	  (PACAP)	  and	  brain-‐

derived	  neurotrophic	  factor	  (BDNF)	  have	  emerged	  as	  promising	  candidates	  that	  have	  both	  been	  

implicated	  in	  energy	  balance.	  

PACAP	  is	  a	  member	  of	  a	  superfamily	  of	  bioactive	  peptides	  that	  also	  includes	  vasoactive	  intestinal	  

peptide	  (VIP),	  glucose-‐dependent	  insulinotropic	  polypeptide,	  growth	  hormone-‐releasing	  

hormone,	  peptide	  histidine-‐methionine	  and	  secretin	  (Sherwood	  et	  al	  2000).	  PACAP	  was	  

discovered	  in	  1989,	  when	  it	  was	  found	  to	  stimulate	  cyclic	  adenosine	  monophosphate	  formation	  in	  

rat	  pituitary	  cells	  (Miyata	  et	  al	  1989).	  Since	  then,	  PACAP	  has	  been	  found	  to	  have	  multiple	  

functions	  in	  the	  brain,	  which	  is	  extensively	  reviewed	  in	  the	  literature	  (Vaudry	  et	  al	  2009).	  Notably,	  

there	  is	  convincing	  evidence	  indicating	  an	  important	  role	  for	  PACAP	  in	  the	  regulation	  of	  energy	  

homeostasis.	  When	  administered	  into	  the	  brain,	  PACAP	  reduces	  food	  intake	  in	  rodents	  (Hawke	  et	  

al	  2009,	  Mizuno	  et	  al	  1998b,	  Morley	  et	  al	  1992,	  Mounien	  et	  al	  2008,	  Resch	  et	  al	  2011),	  while	  

fasting	  lowers	  levels	  of	  pacap	  mRNA	  in	  the	  ventromedial	  hypothalamus	  (VMH)	  (Hawke	  et	  al	  

2009).	  In	  addition,	  genetic	  impairment	  of	  PACAP	  signalling	  disrupts	  carbohydrate	  and	  lipid	  

metabolism,	  glucose	  handling	  and	  brown	  adipose	  tissue	  thermogenesis	  (Adams	  et	  al	  2008,	  Gray	  

et	  al	  2001,	  Gray	  et	  al	  2002,	  Hashimoto	  et	  al	  2000).	  It	  is	  unclear	  whether	  the	  closely	  related	  

neuropeptide,	  VIP,	  is	  involved	  in	  the	  regulation	  of	  metabolism	  also.	  Central	  administration	  of	  VIP	  

has	  previously	  been	  shown	  not	  to	  have	  an	  effect	  on	  food	  intake	  in	  mice	  (Mounien	  et	  al	  2008),	  

though	  it	  may	  reduce	  food	  intake	  in	  other	  species,	  including	  in	  rat	  (Ghourab	  et	  al	  2011),	  goldfish	  

(Matsuda	  et	  al	  2005)	  and	  chick	  (Tachibana	  et	  al	  2003).	  

BDNF	  is	  a	  growth	  factor	  that,	  together	  with	  its	  tyrosine-‐kinase	  receptor	  (TrkB),	  also	  is	  expressed	  

widely	  in	  the	  brain,	  but	  particularly	  in	  the	  hippocampus	  and	  hypothalamus.	  It	  is	  indicated	  to	  play	  a	  

crucial	  role	  in	  neuronal	  development	  and	  synaptic	  plasticity	  (Huang	  &	  Reichardt	  2001),	  as	  well	  as	  

being	  involved	  in	  food	  intake	  regulation	  (Binder	  &	  Scharfman	  2004).	  Central	  BDNF	  administration	  
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causes	  a	  reduction	  in	  feeding	  (Wang	  et	  al	  2007),	  increases	  energy	  expenditure	  and	  alleviates	  

hyperinsulinaemia	  in	  genetic	  and	  acquired	  models	  of	  obesity	  and	  leptin	  resistance	  (Nakagawa	  et	  

al	  2003).	  The	  BDNF	  null	  mutant	  is	  not	  viable	  (Ernfors	  et	  al	  1994).	  However,	  further	  evidence	  

supporting	  the	  importance	  of	  BDNF	  in	  energy	  homeostasis	  comes	  from	  the	  obese	  phenotype	  seen	  

in	  the	  BDNF+/-‐	  heterozygote	  (Kernie	  et	  al	  2000),	  in	  animals	  where	  BDNF	  has	  been	  conditionally	  

deleted	  postnatally	  (Rios	  et	  al	  2001),	  or	  deleted	  selectively	  in	  the	  ventromedial	  hypothalamic	  

region	  (Unger	  et	  al	  2007).	  In	  humans,	  it	  has	  been	  reported	  that	  a	  de	  novo	  missense	  mutation	  in	  

the	  TrkB	  receptor	  gene,	  that	  disrupts	  downstream	  activation	  of	  signaling	  targets,	  leads	  to	  

hyperphagia	  and	  severe	  obesity	  in	  the	  individual	  (Yeo	  et	  al	  2004).	  In	  WAGR	  syndrome	  (involving	  

Wilms	  tumour,	  Aniridia,	  Genitourinary	  abnormalities	  and	  mental	  Retardation)	  patients,	  where	  

large	  parts	  of	  chromosome	  11	  have	  been	  deleted,	  100%	  of	  individuals	  develop	  obesity	  by	  the	  age	  

of	  ten,	  if	  the	  chromosomal	  truncation	  includes	  loss	  of	  the	  bdnf	  gene;	  if	  not,	  the	  incidence	  of	  

obesity	  falls	  to	  20%	  (Han	  et	  al	  2008).	  There	  are	  also	  numerous	  publications	  linking	  a	  common	  

single-‐nucleotide	  polymorphism	  in	  the	  human	  bdnf	  gene,	  such	  as	  the	  Val66Met	  polymorphism	  

with	  higher	  body-‐mass	  index	  (Beckers	  et	  al	  2008,	  Chen	  et	  al	  2006,	  Skledar	  et	  al	  2011,	  Speliotes	  et	  

al	  2010b,	  Thorleifsson	  et	  al	  2009),	  including	  an	  association	  study	  of	  almost	  250,000	  individuals	  

that	  identified	  bdnf	  as	  a	  genetic	  locus	  linked	  to	  obesity	  susceptibility	  in	  humans	  (Speliotes	  et	  al	  

2010b).	  Taken	  together,	  these	  publications	  confirm	  that	  BDNF	  has	  a	  role	  in	  metabolic	  regulation.	  

The	  proposed	  connections	  and	  positions	  of	  PACAP	  and	  BDNF	  in	  the	  established	  signaling	  network	  

in	  the	  hypothalamus	  is	  illustrated	  in	  Figure	  1.2,	  and	  the	  expression	  of	  PACAP	  receptors	  VPAC2	  and	  

PAC1,	  along	  with	  the	  BDNF	  receptor	  TrkB,	  are	  shown	  in	  Figure	  1.3.	  
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Figure	  1.2 PACAP	  and	  BDNF	  in	  the	  hypothalamic	  energy	  balance	  circuits.	  Proposed	  positioning	  of	  PACAP	  and	  
BDNF	  within	  the	  established	  signaling	  circuitry	  regulating	  energy	  homeostasis,	  blue	  lines	  indicate	  possible	  connections.	  
LH	  Lateral	  Hypothalamus,	  VMN	  Ventromedial	  Nucleus,	  Arc	  Arcuate	  Nucleus,	  PVN	  Paraventricular	  Nucleus.	  MCH	  
Melanin-‐concentrating	  Hormone,	  AgRP	  Agouti-‐related	  Peptide,	  NPY	  Neuropeptide-‐Y,	  POMC	  Pro-‐opiomelanocortin,	  CRH	  
Corticotrophin-‐releasing	  hormone,	  PACAP	  Pituitary	  Adenylate	  Cyclase-‐activating	  Peptide,	  BDNF	  Brain-‐derived	  
Neurotropic	  Factor.	  
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Figure	  1.3 Hypothalamic	  receptor	  placement.	  The	  expression	  of	  PACAP	  and	  BDNF	  receptors	  in	  the	  
hypothalamus.	  LH	  Lateral	  Hypothalamus,	  VMN	  Ventromedial	  Nucleus,	  Arc	  Arcuate	  Nucleus,	  PVN	  Paraventricular	  
Nucleus.	  VPAC2	  and	  PAC1	  are	  PACAP	  receptors,	  TrkB	  binds	  BDNF.	  
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1.6 PhD	  aims	  and	  objectives	  

• Evaluate	  the	  effect	  of	  metabolic	  manipulation	  in	  the	  form	  of	  fasting	  and	  high-‐energy	  diet	  

on	  the	  gene	  expression	  of	  PACAP	  and	  BDNF	  and	  the	  effect	  on	  glucose	  tolerance.	  

• Examine	  the	  sensitivity	  of	  PACAP	  neurons	  to	  metabolic	  signals,	  concentrating	  on	  glucose	  

and	  leptin,	  through	  the	  use	  of	  transgenic	  mouse	  models,	  immunohistochemistry,	  

electrophysiology	  and	  Ca2+	  imaging.	  

• Look	  closer	  at	  the	  anorectic	  effects	  of	  PACAP	  and	  the	  peptide’s	  downstream	  targets,	  

including	  the	  corticotrophin-‐releasing	  hormone,	  melanocortin	  and	  oxytocin	  pathways,	  as	  

well	  as	  identifying	  the	  involved	  PACAP	  receptors.	  

• Utilise	  a	  systems-‐genetics	  approach,	  looking	  at	  diet-‐induced	  obesity	  in	  recombinant	  

inbred	  mouse	  strains,	  in	  an	  attempt	  to	  tease	  apart	  underlying	  networks	  of	  genes	  

contributing	  to	  the	  development	  of	  obesity	  and	  identify	  new	  gene	  targets.	  
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Chapter	  2. General	  Methods	  

2.1 Animals	  

Unless	  otherwise	  stated,	  experiments	  were	  performed	  using	  adult	  male	  CD-‐1	  mice	  (35-‐40g,	  

Harlan,	  UK).	  Animals	  were	  maintained	  on	  a	  12:12	  light:dark	  cycle	  at	  22	  ±	  1	  oC	  with	  45	  ±	  10%	  

humidity,	  and	  access	  to	  food	  (standard	  rodent	  chow;	  Beekay,	  UK)and	  tap	  water	  ad	  libitum.	  All	  

experiments	  were	  performed	  in	  accordance	  with	  the	  Animals	  (Scientific	  Procedures)	  Act	  (1986)	  

and	  local	  ethical	  review.	  

The	  high-‐energy	  diet	  (HED)	  used	  in	  certain	  experiments	  contains	  5.12	  kcal/g,	  of	  which	  60%	  comes	  

from	  fat	  (58Y1;	  TestDiet,	  USA).	  Detailed	  information	  on	  ingredients	  and	  nutritional	  profile	  can	  be	  

found	  at	  the	  TestDiet	  website	  http://www.testdiet.com/Diets/High-‐Fat-‐DIO/VanHeek-‐

Series/index.htm	  where	  the	  58Y1	  diet	  fact	  sheet	  PDF	  is	  linked. 

2.1.1 Generation	  of	  transgenic	  mouse	  lines	  

All	  genotyping,	  identification	  and	  breeding	  schedules	  were	  performed/designed	  by	  me,	  while	  the	  
animal	  house	  staff	  supplied	  the	  day-‐to-‐day	  husbandry	  of	  the	  animals.	  

VPAC1	  knockout	  mouse	  

Receptor	  VPAC1
-‐/-‐	  (Vipr1-‐/-‐)	  null	  mutant	  mice	  were	  generated	  by	  Deltagen	  Inc.	  through	  the	  

insertion	  of	  a	  LacZ	  cassette	  into	  the	  vipr1	  gene	  in	  embryonic	  stem	  cells	  by	  homologous	  

recombination,	  thus	  repressing	  the	  gene.	  VPAC1	  (Vipr1;	  stock	  T673)	  were	  supplied	  via	  the	  Frozen	  

Embryo	  &	  Sperm	  Archive,	  MRC	  Harwell.	  The	  mice	  were	  maintained	  on	  a	  mixed	  C57BL/6/129	  

background.	  For	  genotyping	  protocol	  see	  section	  2.3.1.	  

VPAC2	  knockout	  mouse	  

VPAC2
-‐/-‐	  (Vipr2-‐/-‐)	  mice	  were	  obtained	  from	  Professor	  Hugh	  Piggins	  (University	  of	  Manchester),	  and	  

were	  maintained	  on	  a	  C57BL/6	  background.	  The	  methods	  followed	  for	  generating	  these	  mice	  

have	  been	  described	  previously	  (Cutler	  et	  al	  2003).	  For	  genotyping	  protocol	  see	  section	  2.3.1.	  
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Adcyap1-‐eGFP	  mouse	  

Adcyap1-‐eGFP	  mice	  were	  developed	  by	  the	  Mutant	  Mouse	  Regional	  Resource	  Centre	  

(http://www.mmrrc.org/strains/12011/012011.html).	  They	  were	  generated	  through	  the	  injection	  

of	  a	  modified	  BAC,	  containing	  inserted	  EGFP	  upstream	  of	  targeted	  gene	  (adcyap1),	  into	  pronuclei	  

of	  FVB/N	  fertilized	  oocytes.	  The	  hemizygous	  progeny	  were	  mated	  to	  Swiss	  Webster	  mice	  each	  

generation,	  thereafter,	  and	  a	  colony	  maintained	  in	  house.	  Insertion	  of	  the	  eGFP	  gene	  upstream	  of	  

the	  targeted	  gene	  allows	  cells	  containing	  transcribed	  PACAP	  to	  fluoresce.	  For	  genotyping	  protocol	  

see	  section	  2.3.1.	  

Pacap-‐i-‐Cre	  mouse	  

The	  laboratory	  of	  Professor	  Brad	  Lowell	  generated	  the	  Pacap-‐i-‐Cre	  line	  by	  using	  homologous	  

recombination	  to	  insert	  IRES-‐Cre-‐recombinase	  (i-‐Cre)	  into	  the	  mouse	  genome	  downstream	  of	  the	  

PACAP	  gene	  (Adcyap1),	  on	  a	  C57BL/6	  background.	  The	  colony	  was	  maintained	  in	  house	  as	  a	  

hemizygous	  colony,	  with	  the	  cre-‐/+	  male	  mouse	  crossed	  with	  cre-‐/-‐	  female.	  For	  genotyping	  protocol	  

see	  section	  2.3.1.	  

Z/EG	  mouse 

The	  Z/EG	  reporter	  mice	  [Tg(CAG-‐Bgeo/GFP);	  JAX	  #003920;	  (Novak	  et	  al	  2000)]	  were	  obtained	  

from	  the	  Jackson	  Lab,	  USA.	  They	  were	  maintained	  as	  a	  hemizygous	  colony	  by	  mating	  a	  Z/EG-‐/+	  

with	  a	  non-‐carrier	  wild-‐type	  sibling	  (either	  gender	  was	  used).	  For	  genotyping	  protocol	  see	  section	  

2.3.1.	  



	  

32	  

	  

Pacap-‐i-‐Cre	  X	  Z/EG	  mouse	  

The	  male	  Pacap-‐i-‐Cre-‐/+	  mouse	  was	  mated	  with	  the	  female	  Z/EG-‐/+	  to	  produce	  compound	  

heterozygotes	  for	  Pacap-‐i-‐Cre	  and	  loxGFP,	  so	  that	  we	  never	  produce	  mice	  that	  are	  homozygous	  

for	  either	  transgenic	  allele:	  

Pacap-‐i-‐Cre+/-‐	  	  X	  	  loxGFP+/-‐	  

This	  crossing	  gave	  offspring	  of	  4	  genotypes:	  

Pacap-‐Cre+/-‐	  loxGFP+/-‐	  	  	  (will	  express	  GFP	  in	  PACAP-‐containing	  cells)	  

Pacap-‐Cre+/-‐	  loxGFP-‐/-‐	  	  	  (used	  for	  breeding,	  if	  male)	  

Pacap-‐Cre-‐/-‐	  loxGFP+/-‐	  	  	  (used	  for	  breeding,	  if	  female)	  

Pacap-‐Cre-‐/-‐	  loxGFP-‐/-‐	  	  	  (discarded)	  

Cre	  excision	  removes	  the	  LacZ	  gene,	  which	  activates	  expression	  of	  the	  second	  reporter,	  eGFP.	  

Resulting	  offspring	  from	  the	  cross	  of	  Pacap-‐i-‐Cre	  and	  Z/EG	  mice	  that	  possess	  both	  transgenes	  

express	  eGFP	  only	  in	  PACAP	  cells	  (personal	  communication	  with	  Prof	  Lowell).	  For	  genotyping	  

protocol	  see	  section	  2.3.1.	  



	  

33	  

	  

Pacap-‐i-‐Cre	  X	  lepr	  flox	  mouse	  

In	  addition,	  the	  Pacap-‐i-‐Cre	  mouse	  can	  be	  crossed	  with	  mice	  with	  floxed	  alleles	  in	  order	  to	  look	  at	  

cell-‐specific	  gene	  knockout.	  Prof	  Streamson	  Chua	  (Albert	  Einstein	  College,	  New	  York)	  supplied	  us	  

with	  breeding	  pairs	  of	  Leprflox/flox	  mice,	  which	  were	  maintained	  as	  an	  independent	  homozygous	  

colony.	  In	  order	  to	  produce	  Pacap-‐i-‐Cre	  Leprflox/flox	  mice,	  we	  carried	  out	  the	  following	  crosses:	  

Pacap-‐Cre+/-‐	  	  X	  	  Leprflox/flox	  

This	  crossing	  will	  give	  offspring	  of	  two	  possible	  genotypes:	  

Pacap-‐Cre+/-‐	  Leprflox/wt	  

Pacap-‐Cre-‐/-‐	  	  Leprflox/wt	  

The	  double	  hemizygous	  offspring	  were	  mated,	  thus:	  mated	  

	   	   	   Pacap-‐Cre+/-‐	  Leprflox/wt	  	  X	  	  Pacap-‐Cre-‐/-‐	  Leprflox/wt	  	  

This	  crossing	  will	  give	  offspring	  of	  six	  possible	  genotypes:	  

Pacap-‐Cre-‐/-‐	  Leprwt/wt	  	  	  	  (used	  as	  control)	  

Pacap-‐Cre-‐/-‐	  Leprflox/wt	  	  (discarded)	  

Pacap-‐Cre-‐/-‐	  Leprflox/flox	  	  	  (used	  as	  control)	  

Pacap-‐Cre+/-‐	  Leprwt/wt	  	  	  	  (used	  as	  control)	  

Pacap-‐Cre+/-‐	  Leprflox/wt	  	  	  (discarded)	  

Pacap-‐Cre+/-‐	  Leprflox/flox	  	  	  (leptin	  receptor	  knocked	  out	  of	  PACAP	  cells)	  

The	  last	  genotype	  was	  used	  to	  look	  at	  the	  effect	  of	  the	  loss	  of	  the	  leptin	  receptor	  in	  PACAP-‐

expressing	  cells.	  

For	  genotyping	  protocol	  see	  section	  2.3.1.	  
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2.2 In	  Vivo	  Techniques	  

2.2.1 Implantation	  of	  Guide	  Cannulae	  and	  intracerebroventricular	  injections	  

The	  mice	  were	  anaesthetised	  using	  3-‐5%	  isoflurane	  (Baxter	  International	  Incorporated,	  USA)	  in	  

oxygen	  (2000	  ml/min)	  and	  nitrous	  oxide	  (1000	  ml/min);	  during	  the	  initial	  anaesthesia,	  fur	  was	  

removed	  from	  the	  surgical	  area.	  The	  animal’s	  head	  was	  immobilised	  using	  a	  stereotaxic	  frame,	  

with	  ear	  bars	  and	  incisor	  bar,	  while	  anaesthesia	  was	  maintained	  with	  2.5%	  isoflurane	  in	  oxygen	  

(1500	  ml/min)	  and	  depth	  of	  anaesthesia	  was	  monitored	  by	  loss	  of	  foot-‐pinch	  reflex	  and	  by	  

breathing	  rhythmicity.	  To	  achieve	  post-‐operative	  analgesia,	  at	  this	  point,	  the	  mice	  were	  

administered	  an	  intramuscular	  injection	  of	  buprenorphine	  (0.03	  mg/kg	  Vetergesic,	  Reckitt	  

Benckster	  Healthcare,	  UK).	  A	  2	  cm	  incision	  was	  made	  along	  the	  midline	  of	  the	  cranium,	  and	  a	  

sterile	  guide	  cannula	  was	  inserted	  to	  a	  depth	  of	  1	  mm	  through	  a	  1.5	  mm	  diameter	  hole,	  which	  

was	  drilled	  through	  the	  skull	  0.3	  mm	  posterior	  and	  1	  mm	  lateral	  to	  bregma.	  To	  fix	  the	  cannula	  into	  

the	  right	  position,	  acrylic	  dental	  cement	  (Simplex	  Rapide,	  UK)	  was	  adhered	  to	  two	  jewellers’	  

screws,	  one	  positioned	  posterior	  and	  one	  anterior	  to	  the	  cannula.	  The	  wound	  was	  then	  sutured	  

(Mersilk,	  Ethicon,	  USA)	  closed.	  Following	  one	  week	  of	  recovery	  housed	  in	  single	  cages,	  the	  

animals	  were	  injected	  intracerebroventricularly	  with	  the	  drug	  of	  interest,	  using	  a	  5	  or	  10	  µl	  

Hamilton	  syringe	  attached	  via	  tubing	  to	  an	  injection	  cannula.	  

2.2.2 Feeding	  experiments	  

Daytime	  fast-‐induced	  re-‐feeding	  study	  

Animals	  were	  food	  deprived	  at	  17:00	  on	  the	  day	  prior	  to	  injection,	  but	  with	  free	  access	  to	  tap	  

water.	  Between	  11:00	  and	  12:00	  the	  next	  day,	  the	  animals	  were	  injected	  intracerebroventricularly	  

with	  the	  drug	  of	  interest.	  Food	  was	  returned	  to	  the	  mice	  immediately	  and	  their	  food	  intake	  was	  

measured	  at	  the	  time	  points	  1,	  2	  and	  4	  hours	  after	  injection.	  	  

Daytime	  free-‐feeding	  study	  

Mice	  had	  food	  removed	  2	  hours	  prior	  to	  injection,	  after	  which	  food	  was	  returned	  to	  the	  cage	  and	  

monitored	  at	  specific	  time	  points.	  Water	  was	  available	  ad	  libitum	  throughout.	  
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Nocturnal	  feeding	  study	  

Mice	  had	  food	  removed	  6	  hours	  prior	  to	  lights	  off.	  Injection	  was	  performed	  immediately	  before	  

lights	  off	  (19:00),	  after	  which	  food	  was	  returned	  to	  the	  cage	  and	  monitored	  at	  specific	  time	  

points.	  Water	  was	  available	  ad	  libitum	  throughout.	  

2.2.3 Oral	  Glucose	  Tolerance	  Test	  

For	  a	  standard	  oral	  glucose	  tolerance	  test	  (OGTT),	  the	  mice	  were	  subjected	  to	  a	  daytime	  fast	  of	  6	  

hours.	  After	  which,	  the	  mice	  were	  tail-‐clipped	  and	  their	  fasting	  glucose	  level	  was	  established	  using	  

a	  glucose	  meter	  (OneTouch	  Ultra2	  and	  matching	  glucose	  strips;	  LifeScan	  Inc.,	  UK).	  They	  then	  

received	  an	  oral	  gavage	  of	  glucose	  (2g/kg	  body	  weight	  in	  0.6g/ml)	  dissolved	  in	  sterile	  water.	  The	  

rise	  in	  blood	  glucose	  was	  then	  measured	  with	  the	  glucose	  meter	  at	  15,	  30,	  60,	  90	  and	  120	  min.	  

After	  the	  last	  measurement,	  the	  food	  was	  returned	  to	  the	  cages.	  

2.2.4 Tissue	  collection	  and	  fixation	  

• Whole	  brain:	  Following	  decapitation,	  the	  brain	  was	  removed	  immediately	  from	  the	  scull	  

and	  frozen	  in	  isopentane	  kept	  on	  dry	  ice	  to	  preserve	  structure.	  The	  brains	  were	  then	  sealed	  in	  tin	  

foil	  packages	  on	  dry	  ice	  and	  stored	  at	  -‐80	  oC	  until	  use.	  

• Tissue:	  After	  culling	  by	  decapitation,	  relevant	  tissue	  was	  dissected	  out	  and	  immediately	  

frozen	  on	  dry	  ice	  in	  plastic	  tubes.	  The	  tissues	  were	  stored	  at	  -‐80	  oC	  until	  use.	  

• Blood:	  For	  serum	  collection,	  the	  animals	  were	  culled	  by	  decapitation	  and	  blood	  was	  

collected	  immediately	  from	  the	  trunk.	  The	  whole	  blood	  was	  left	  to	  clot	  at	  room	  temperature	  for	  

30	  min	  and	  then	  spun	  at	  4oC	  for	  15	  min	  at	  3000g.	  The	  separated	  serum	  was	  then	  aliquoted	  and	  

stored	  at	  -‐80	  oC	  until	  analysed.	  

• Transcardial	  perfusion: Mice	  were	  deeply	  anaesthetised	  in	  an	  anaesthesia	  box	  with	  5%	  

isoflurane	  (Concord	  Pharmaceuticals	  Ltd.,	  UK)	  in	  O2	  (1L/min),	  and	  then	  this	  was	  maintained	  using	  

an	  anaesthetic	  nose	  cone.	  Following	  incision	  of	  the	  thoracic	  cavity,	  diaphragm	  and	  ribcage,	  a	  23G	  

butterfly	  needle	  was	  clamped	  into	  the	  apex	  of	  the	  left	  ventricle,	  the	  right	  auricle	  cut	  and	  the	  

whole	  body	  perfused	  transcardially	  with	  heparinised	  saline	  (10,000units/L	  heparin	  in	  0.9%	  NaCl),	  

using	  a	  peristaltic	  pump	  at	  10-‐15ml/min.	  When	  blood	  was	  fully	  removed,	  4%	  paraformaldehyde	  

(PFA;	  Sigma,	  UK)	  in	  0.1M	  PB	  (phosphate	  buffer)	  was	  perfused	  until	  5	  min	  after	  contraction	  of	  

limbs	  occurred.	  The	  entire	  brain	  was	  collected	  and	  post-‐fixed	  overnight	  in	  4%	  PFA	  in	  0.1M	  PB,	  
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then	  equilibrated	  in	  30%	  sucrose	  in	  0.1M	  PB	  (BDH	  Laboratories,	  UK)	  for	  2	  days	  to	  cryoprotect	  the	  

tissue.	  Brains	  were	  frozen	  on	  dry	  ice	  and	  stored	  at	  -‐80oC.	  	  

2.3 Molecular	  Techniques	  

2.3.1 DNA	  Extraction	  and	  genotyping	  

Ear	  punches	  taken	  at	  weaning	  for	  identification	  of	  mice	  were	  used	  as	  tissue	  to	  determine	  the	  

genotype	  of	  each	  transgenic	  mouse.	  

DNA	  extraction	  

Ear	  punches	  were	  stored	  in	  Eppendorf	  tubes	  at	  -‐20	  ˚C	  until	  extraction.	  400µl	  lysis	  buffer	  (50	  mM	  

Trizma	  pH	  7.4,	  100	  mM	  EDTA,	  and	  0.5%	  SDS	  in	  autoclaved	  water;	  all	  Sigma,	  UK)	  was	  added	  to	  the	  

ear	  punches,	  together	  with	  5µl	  proteinase	  K	  solution	  (~20	  KUnits/ml;	  Fluka,	  UK).	  After	  incubation	  

over	  night	  at	  56	  ˚C	  on	  a	  slow	  shaker,	  the	  samples	  were	  centrifuged	  at	  13000	  rpm	  for	  5	  min	  at	  

room	  temperature.	  The	  cleared	  lysate	  was	  removed	  into	  clean,	  autoclaved	  tubes	  and	  400µl	  

isopropanol	  was	  added.	  After	  mixing,	  the	  samples	  were	  put	  on	  ice	  for	  ~	  60	  min,	  and	  later	  spun	  at	  

13000	  rpm	  for	  10	  min	  at	  4	  ˚C.	  While	  kept	  on	  ice,	  the	  supernatant	  was	  removed	  from	  the	  tubes	  

and	  the	  pellet	  washed	  with	  400	  µl	  70%	  ethanol,	  after	  which	  the	  tubes	  were	  spun	  again	  at	  13000	  

rpm	  for	  10	  min	  at	  4	  ˚C.	  Following	  removal	  of	  the	  ethanol,	  the	  pellets	  were	  air	  dried	  for	  ~	  10	  min	  

(or	  until	  all	  of	  the	  alcohol	  had	  evaporated)	  and	  then	  resuspended	  in	  150	  µl	  of	  autoclaved	  water.	  

The	  DNA	  templates	  were	  stored	  at	  -‐20	  ˚C.	  

Polymerase	  chain	  reaction	  

The	  PCR	  master	  mix	  was	  prepared	  on	  ice	  with	  GoTaq	  Hot	  Start	  Polymerase	  (Promega)	  to	  a	  final	  

volume	  of	  25	  µl	  per	  PCR	  tube.	  Amplification	  of	  each	  gene	  requires	  tailored	  wild-‐type	  and	  target	  

primers	  (Table	  2.1),	  PCR	  master	  mix	  (standard	  components	  Promega,	  UK;	  betaine	  and	  dimethyl	  

sulphoxide	  (DMSO)	  Sigma,	  UK;	  Table	  2.2)	  and	  PCR	  programs	  (0-‐Table	  2.6)	  performed	  on	  an	  AB	  

Veriti	  96	  well	  thermal	  cycler	  (Applied	  Biosystems,	  UK).	  
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Gene	   Forward	   Reverse	  

Adcyap1	  
(12011)	  

5’-‐GGGTGCTGGGCACACACAA-‐3’	   N/A	  

eGFP	   5’-‐GGTCGGGGTAGCGGCTGAA-‐3’	   N/A	  

PACAP-‐i-‐Cre	  
Control	  

5’-‐GGTCAGCCTAATTAGCTCTGT-‐3’	   5’-‐GATCTCCAGCTCCTCCTCTGTC-‐3’	  

PACAP-‐i-‐Cre	  
Reporter	  

5’-‐GCCCTGGAAGGGATTTTTGAAGCA-‐
3’	  

5’-‐ATGGCTAATCGCCATCTTCCAGCA-‐3’	  

Z/EG	  Wild-‐type	   5’-‐CTAGGCCACAGAATTGAAAGA-‐3’	   5’-‐GTAGGTGGAAATTCTAGCATCATCC-‐3’	  

Z/EG	  Reporter	   5’-‐AAGTTCATCTGCACCACCG-‐3’	   5’-‐TCCTTGAAGAAGATGGTGCG-‐3’	  

Lepr	  flox	  
reporter	  

5’-‐AATGAAAAAGTTGTTTTGGGACGA	  -‐
3’	  

5’-‐
CAGGCTTGAGAACATGAACACAACAAC-‐3’	  Table	  2.1 Genotyping	  PCR	  primers	  list.	  Adcyap1	  and	  eGFP	  primers	  provided	  by	  the	  Mutant	  Mouse	  Regional	  

Resource	  Centre,	  all	  others	  obtained	  from	  Sigma,	  UK.	  
	  
	  
	  
	  

Table	  2.2 Genotyping	  PCR	  master	  mix	  recipes.	  

	  

Component	   Adcyap1-‐eGFP	   PACAP-‐i-‐Cre	   Z/EG	   Lepr	  flox	  

Buffer	   5µl	   5µl	   5µl	   5µl	  

MgCl2	   1.5µl	   2µl	   2µl	   1.5µl	  

Primer	  1	   1µl	  (ADCYAP1)	   1µl	  (Control)	   1.25µl	  (Wild	  type)	   1.5µl	  (Reporter)	  

Primer	  2	   1µl	  (eGFP)	   1.5µl	  
(Reporter)	  

2.5µl	  (Reporter)	   -‐	  

dNTPs	   0.5µl	   0.5µl	   0.5µl	   1.25µl	  

DMSO	   0.325µl	   -‐	   0.325µl	   -‐	  

Betaine	   6.2µl	   -‐	   6.5µl	   -‐	  

GoTaq	  
polymerase	  

0.2µl	   0.125µl	   0.2µl	   0.5µl	  

H2O	   7.975µl	   13.875µl	   5.725µl	   13.25	  µl	  

DNA	  template	   1µl	   1µl	   1µl	   0.5µl	  
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Table	  2.3 Adcyap1-‐eGFP	  genotyping	  PCR	  parameters.	  A	  touch-‐Down	  cycling	  protocol	  is	  used	  where	  the	  first	  
10	  cycles	  start	  with	  an	  annealing	  temperature	  at	  65oC	  and	  then	  decreasing	  in	  temperature	  by	  1oC	  every	  cycle	  until	  55oC	  
is	  reached.	  For	  the	  next	  30	  cycles	  the	  annealing	  temperature	  stays	  at	  55oC.	  

	  

Step	  	   Temperature	  oC	   Time	   Cycles	  

1.	  Initiation/Melting	   95	   2:00	   1	  

2.	  Denaturation	   95	   0:30	   \	  

3.	  Annealing	  

	  

62	   1:00	   X	  30	  

4.	  Extension	   72	   1.00	   /	  

5.	  Final	  extension	   72	   5:00	   1	  

6.	  Finish	   4	   Hold	   	  

Table	  2.4 PACAP-‐i-‐Cre	  genotyping	  PCR	  parameters.	  

Step	  	   Temperature	  oC	   Time	   Cycles	  

1.	  Initiation/Melting	   94	   5:00	   1	  

2.	  Denaturation	   94	   0:15	   \	  

3.	  Annealing	  

(Steps	  2-‐4	  will	  cycle	  in	  sequence)	  

65	  to	  55	  

(ê	  1oC/cycle)	  
0:30	   X	  40	  

4.	  Extension	   72	   0:40	   /	  

5.	  Final	  extension	   72	   5:00	   1	  

6.	  Finish	   4	   Hold	   -‐	  
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Step	  	   Temperature	  oC	   Time	   Cycles	  

1.	  Initiation/Melting	   94	   1:30	   1	  

2.	  Denaturation	   94	   0:30	   \	  

3.	  Annealing	  

	  

60	   1:00	   X	  40	  

4.	  Extension	   72	   1.00	   /	  

5.	  Final	  extension	   72	   2:00	   1	  

6.	  Finish	   10	   Hold	   	  

Table	  2.5 Z/EG	  genotyping	  PCR	  parameters.	  

	  

Step	  	   Temperature	  oC	   Time	   Cycles	  

1.	  Initiation/Melting	   94	   5:00	   1	  

2.	  Denaturation	   94	   0:30	   \	  

3.	  Annealing	  

	  

57	   1:00	   X	  35	  

4.	  Extension	   68	   1.00	   /	  

5.	  Final	  extension	   68	   10:00	   1	  

6.	  Finish	   4	   Hold	   	  

Table	  2.6 Lepr	  flox	  genotyping	  PCR	  parameters	  

Agarose	  gel	  electrophoresis	  

The	  gel	  was	  made	  with	  1.5	  %	  agarose	  (Sigma,	  UK)	  in	  1X	  TBE	  (5X	  TBE	  =	  Tris	  base,	  boric	  acid	  and	  

EDTA	  0.5M	  in	  autoclaved	  water,	  pH	  7-‐8),	  with	  2.5	  µl	  ethidium	  bromide	  (Promega,	  UK)	  added	  after	  

the	  agarose	  solution	  was	  microwaved	  and	  cooled	  slightly.	  The	  PCR	  reaction	  was	  run	  with	  a	  1000	  

bp	  marker	  Hyperladder	  IV	  (2.5	  µl	  to	  confirm	  product	  size;	  Bioline,	  UK).	  A	  10	  µl	  aliquot	  of	  PCR	  

product	  was	  loaded	  directly	  in	  each	  lane,	  and	  the	  gel	  was	  run	  at	  100	  volts	  for	  ~	  1	  hour.	  An	  image	  

of	  the	  gel	  was	  taken	  using	  the	  ImageQuantTM	  350	  system	  with	  the	  ImageQuantTM	  Capture	  

program	  (both	  from	  GE	  Healthcare,	  UK).	  
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2.3.2 Laser-‐Capture	  Microdissection	  and	  Tissue	  Preparation	  

The	  laser	  capture	  microdissection	  (LCM)	  procedure	  was	  performed	  under	  RNase-‐free	  conditions	  

using	  RNase	  inhibitor-‐treated	  (0.1M	  NaOH,	  5%	  SDS)	  or	  autoclaved/sterile	  equipment	  and	  

solutions.	  20µm	  sections	  were	  cut	  from	  the	  whole	  brains,	  collected	  using	  a	  cryostat	  set	  at	  -‐20	  oC,	  

and	  mounted	  on	  PALM	  membrane	  slides	  (P.A.L.M.	  Microlaser	  Technologies	  AG,	  Germany)	  by	  

briefly	  warming	  the	  back	  of	  the	  slide	  with	  a	  thumb.	  The	  slides	  were	  transferred	  in	  pairs	  into	  pre-‐

chilled	  50ml	  Falcon	  tubes	  and	  stored	  at	  -‐80	  oC,	  never	  thawing	  below	  -‐20	  oC	  until	  day	  of	  next	  step.	  

30	  min	  before	  needed,	  the	  slides	  were	  allowed	  to	  reach	  room	  temperature	  and	  to	  dry	  out	  

completely	  inside	  their	  tubes,	  preventing	  condensation	  forming	  and	  limiting	  RNase	  activity	  by	  

avoiding	  a	  wet	  phase.	  Using	  the	  mouse	  brain	  atlas	  (Franklin	  &	  Paxinos	  2008)	  for	  appropriate	  

coordination,	  the	  areas	  of	  interest	  were	  cut	  out	  separately	  from	  each	  section	  using	  a	  PALM	  Laser	  

Capture	  Microdissection	  microscope	  (P.A.L.M.	  Microlaser	  Technologies	  AG,	  Germany),	  collected	  

into	  Eppendorf	  tubes	  and	  stored	  at	  -‐80	  oC.	  

2.3.3 RNA	  Extraction	  and	  reverse	  transcription	  

Microdissected	  and	  small	  amounts	  of	  tissue	  was	  extracted	  using	  the	  RNeasy	  Micro	  Kit	  (Qiagen,	  

UK),	  which	  is	  a	  spin-‐column	  based	  system	  designed	  to	  extract	  high	  quality	  RNA	  from	  ≤5mg	  tissue.	  

The	  extraction	  was	  performed	  according	  to	  manufacturer’s	  instructions,	  with	  the	  initial	  

homogenization	  step	  performed	  using	  a	  vortex	  and	  the	  buffer	  provided.	  To	  verify	  its	  quality,	  the	  

RNA	  was	  analyzed	  using	  a	  NanoDrop	  3300	  (Thermo	  Scientific,	  USA)	  and	  any	  samples	  with	  260/280	  

values	  below	  1.7	  were	  discarded.	  The	  RNA	  was	  diluted	  with	  nuclease-‐free	  water	  to	  the	  volume	  

required	  for	  the	  number	  of	  reverse	  transcription	  reactions	  needed,	  and	  then	  stored	  at	  -‐80	  oC.	  

Larger	  tissue	  samples	  (i.e.	  >5mg	  tissue)	  were	  extracted	  using	  the	  Tri-‐reagent	  method.	  The	  cube	  of	  

tissue	  was	  added	  to	  a	  Lysing	  Matrix	  D	  tube	  (MP	  Biomedicals,	  UK)	  with	  1	  ml	  Tri-‐reagent	  (Sigma,	  UK)	  

and	  kept	  on	  ice.	  The	  sample	  was	  then	  homogenised	  in	  a	  FastPrep	  homogeniser	  (Thermo	  Scientific,	  

UK)	  for	  40	  seconds	  at	  a	  speed	  of	  6	  m/s,	  and	  then	  incubated	  at	  room	  temperature	  for	  five	  minutes.	  

200µl	  chloroform	  was	  added	  to	  the	  tube	  followed	  by	  vigorous	  shaking	  for	  15	  seconds	  and	  

incubation	  for	  three	  minutes	  at	  room	  temperature.	  The	  sample	  was	  then	  centrifuged	  at	  12000	  

rpm	  for	  15	  minutes	  at	  4	  ˚C	  and	  500	  µl	  of	  the	  upper	  aqueous	  layer	  was	  pipetted	  out	  into	  an	  RNase-‐

free	  tube.	  500	  µl	  of	  isopropanol	  was	  added	  to	  the	  extracted	  RNA,	  and	  the	  sample	  was	  incubated	  

for	  ten	  minutes	  at	  room	  temperature,	  after	  which	  it	  was	  centrifuged	  at	  12000	  rpm	  for	  ten	  

minutes	  at	  4	  ˚C.	  After	  the	  supernatant	  was	  removed,	  the	  pellet	  was	  washed	  with	  1	  ml	  ethanol	  

(70%),	  and	  after	  vortexing	  briefly,	  the	  sample	  was	  centrifuged	  at	  12000	  rpm	  for	  five	  minutes	  at	  4	  
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˚C.	  All	  of	  the	  ethanol	  was	  removed	  and	  the	  pellet	  left	  to	  air-‐dry	  briefly	  for	  three	  minutes,	  before	  

re-‐suspension	  in	  nuclease-‐free	  water	  (Promega,	  UK).	  The	  amount	  of	  RNA	  extracted	  was	  

investigated	  using	  a	  NanoDrop	  3300	  (Thermo	  Scientific,	  USA)	  and	  any	  samples	  with	  260/280	  

values	  below	  1.7	  were	  discarded.	  The	  RNA	  stock	  was	  stored	  at	  -‐80	  ˚C	  until	  use.	  

Prior	  to	  reverse	  transcription,	  all	  the	  extracted	  RNA	  was	  initially	  DNase-‐treated	  using	  RQ1	  RNase-‐

Free	  DNase	  (Promega,	  UK)	  according	  to	  manufacturer’s	  instructions,	  to	  make	  sure	  there	  was	  no	  

contamination	  by	  genomic	  DNA.	  The	  reverse	  transcription	  PCRs	  (RT-‐PCR)	  were	  performed	  using	  

the	  High	  Capacity	  RNA-‐to-‐cDNA	  Kit	  (Applied	  Biosystems,	  UK)	  also	  following	  manufacturer’s	  

instructions.	  A	  maximum	  of	  2	  µg	  RNA	  was	  used	  in	  each	  reaction.	  All	  cDNA	  was	  stored	  at	  -‐80	  oC	  

until	  use.	  

2.3.4 Primer	  Design	  and	  validation	  

The	  mRNA	  sequence	  for	  the	  gene	  transcript	  in	  question	  was	  obtained	  from	  the	  National	  Centre	  

for	  Biotechnology	  Information	  (NCBI)	  gene	  database	  

(www.ncbi.nlm.nih.gov/sites/entrez?db=gene)	  and	  was	  put	  into	  the	  web-‐based	  primer	  design	  tool	  

Primer3	  (http://primer3.wi.mit.edu/).	  The	  size	  of	  the	  amplification	  product	  was	  limited	  to	  80-‐200	  

base	  pairs,	  the	  primer	  size	  ranging	  between	  18-‐30	  base	  pairs	  and	  with	  melting	  temperature	  set	  to	  

minimum	  58	  oC,	  optimum	  59	  oC	  and	  maximum	  60	  oC.	  The	  primers	  were	  determined	  to	  cover	  an	  

exon-‐exon	  boundary,	  where	  the	  reverse	  primer	  was	  designed	  in	  the	  coding	  exon.	  All	  other	  

parameters	  were	  kept	  as	  standard	  in	  the	  Primer3	  software.	  

To	  determine	  their	  specificity,	  the	  primers	  were	  run	  through	  a	  basic	  local	  alignment	  tool	  (BLAST,	  

http://blast.ncbi.nlm.nih.gov/)	  and	  any	  primers	  that	  potentially	  could	  bind	  	  to	  any	  other	  

sequences	  other	  than	  the	  target,	  with	  a	  high	  affinity,	  were	  discarded.	  

When	  designed,	  the	  primers	  were	  ordered	  from	  Sigma	  Aldrich	  using	  their	  web	  ordering	  system	  

for	  oligonucleotides	  

(http://www.sigmaaldrich.com/configurator/servlet/DesignTool?prod_type=STANDARD).	  Upon	  

arrival	  the	  primers	  were	  re-‐suspended	  in	  nuclease-‐free	  water	  to	  a	  concentration	  of	  100	  µM,	  and	  

aliquots	  were	  prepared	  at	  a	  working	  concentration	  of	  10	  µM.	  All	  were	  stored	  at	  -‐20	  oC	  until	  use.	  

To	  validate	  the	  primers	  and	  estimate	  the	  PCR	  amplification	  efficiency,	  the	  slope	  of	  their	  standard	  

curve	  was	  examined	  using	  the	  ABI	  PRISM	  7300	  Sequence	  Detection	  System	  (Applied	  Biosystems,	  

UK).	  The	  concentrations	  tested	  were:	  80,	  40,	  4,	  0.4,	  0.04	  and	  0.004	  ng/µl.	  An	  acceptable	  primer	  
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pair	  will	  have	  a	  standard	  curve	  slope	  varying	  little	  around	  -‐3.32,	  which	  will	  indicate	  a	  PCR	  reaction	  

with	  100%	  efficiency.	  

2.3.5 Relative	  Quantitative	  Real-‐Time	  PCR	  

The	  cDNA	  was	  processed	  for	  relative	  quantitative	  real-‐time	  PCR	  (qPCR)	  using	  the	  QuantiFast	  SYBR	  

Green	  PCR	  Kit	  (Qiagen,	  UK)	  according	  to	  manufacturer’s	  instructions.	  The	  primer	  concentration	  

used	  was	  0.5	  µM	  and	  there	  was	  approximately	  50	  ng	  cDNA	  template	  per	  reaction.	  All	  reactions	  

were	  performed	  in	  quadruplicates.	  The	  cycle	  parameters	  were	  adopted	  from	  the	  Qiagen	  kit	  

instructions	  and	  were	  as	  follows:	  initial	  denaturation	  step	  95	  oC	  for	  5	  minutes,	  first	  cycle	  step	  95	  
oC	  for	  10	  seconds,	  second	  cycle	  step	  60	  oC	  for	  30	  seconds	  (40-‐50	  cycles),	  followed	  by	  the	  standard	  

steps	  for	  dissociation	  curve	  as	  determined	  by	  the	  cycler.	  Any	  reaction	  with	  multiple	  peaks	  

showing	  in	  the	  resulting	  dissociation	  curve,	  i.e.	  which	  had	  multiple	  amplification	  products,	  was	  

discarded.	  The	  reactions	  were	  performed	  in	  the	  ABI	  PRISM	  7300	  Sequence	  Detection	  System	  

(Applied	  Biosystems,	  UK).	  	  

The	  stable	  cytoskeletal	  protein,	  β-‐actin,	  was	  used	  for	  normalization,	  i.e.	  all	  samples	  were	  run	  

using	  the	  target	  primers	  and	  the	  β	  -‐actin	  primers	  on	  the	  same	  plate.	  The	  sequences	  for	  the	  primer	  

pair	  were	  as	  follows:	  (F)	  5’-‐	  AGA	  GGG	  AAA	  TCG	  TGC	  GTG	  AC-‐3´,	  (R)	  5’-‐	  CAA	  TAG	  TGA	  TGA	  CCT	  GGC	  

CGT-‐3´.	  Relative	  quantification	  was	  achieved	  using	  the	  ΔΔCt	  method:	  1)	  all	  the	  threshold	  cycle	  (Ct)	  

values	  for	  the	  target	  were	  normalized	  against	  the	  Ct	  values	  for	  β	  -‐actin,	  2)	  the	  normalized	  values	  

for	  the	  control	  group	  were	  averaged,	  before	  subtraction	  from	  the	  normalized	  values	  (including	  

the	  controls),	  3)	  these	  values	  were	  then	  taken	  to	  the	  power	  of	  -‐2,	  forcing	  the	  control	  group	  values	  

to	  vary	  around	  1	  and	  the	  target	  group	  values	  to	  be	  expressed	  as	  relative	  to	  the	  control	  group	  

values.	  

2.4 Immunohistochemistry	  

Frozen	  30μm	  sections	  from	  perfusion-‐fixed	  brains,	  containing	  the	  area	  of	  interest,	  were	  cut	  in	  the	  

coronal	  plane	  using	  a	  freezing	  sledge	  microtome	  (Series	  8000,	  Bright	  Instruments	  Ltd.,	  UK),	  

collected	  into	  cryopreservant	  (5.7mM	  NaH2PO4H2O	  (Fisher	  Scientific,	  UK),	  44mM	  NaHPO42H2O,	  

30%	  ethylene	  glycol,	  20%	  glycerol	  (all	  Sigma,	  UK)	  in	  H2O)	  and	  stored	  at	  -‐20oC	  until	  

immunohistochemical	  processing.	  

Primary	  and	  secondary	  antibodies	  used	  are	  listed	  in	  Table	  2.7	  and	  Table	  2.8	  respectively.	  
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2.4.1 Standard	  single-‐label	  immunohistochemical	  protocol	  

Briefly,	  free-‐floating	  sections	  were	  incubated	  with	  gentle	  agitation	  in	  1.5%	  hydrogen	  

peroxide/20%	  methanol	  in	  0.1	  M	  PB	  for	  20	  min	  at	  room	  temperature	  (RT)	  to	  deactivate	  

endogenous	  peroxidases.	  Sections	  were	  then	  washed	  briefly	  in	  0.1M	  PB	  and	  non-‐specific	  staining	  

blocked	  by	  incubation	  in	  5%	  normal	  serum	  in	  0.1	  M	  PB/	  0.3%	  Triton	  X-‐100	  (PBT)	  for	  1h	  at	  RT.	  

Sections	  were	  then	  incubated	  overnight	  at	  4°C	  in	  primary	  antibody	  diluted	  in	  1%	  normal	  blocking	  

serum.	  The	  following	  day,	  excess	  antibody	  was	  removed	  by	  washing	  sections	  in	  0.1	  M	  PBT.	  

Sections	  were	  incubated	  for	  2h	  at	  RT	  in	  secondary	  antibody	  diluted	  in	  5%	  normal	  blocking	  serum.	  	  

This	  was	  followed	  by	  0.1	  M	  PB	  washes	  and	  a	  further	  incubation	  for	  1	  h	  in	  streptavidin-‐biotin-‐

horseradish	  peroxidase	  complex	  (Amersham	  Biosciences,	  Little	  Chalfont	  UK)	  diluted	  1:500	  in	  0.1	  

M	  PB.	  The	  bound	  antibody-‐peroxidase	  complex	  was	  visualised	  using	  nickel-‐intensified	  

diaminobenzidine	  (Vector	  Laboratories,	  Peterborough	  UK)	  following	  kit	  instructions.	  The	  colour	  

reaction	  was	  followed	  using	  a	  microscope	  and	  terminated	  by	  repeatedly	  rinsing	  in	  tap	  water.	  

Sections	  were	  mounted	  from	  distilled	  water	  onto	  glass	  microscope	  slides	  coated	  with	  1%	  gelatine,	  

and	  coverslipped	  using	  xylene-‐based	  mountant	  (Ralmont;	  WWR,	  Lutterworth	  UK),	  left	  to	  dry	  and	  

observed	  using	  an	  Axiovision	  widefield	  microscope.	  

2.4.2 Standard	  single-‐label	  fluorescent	  immunohistochemical	  protocol	  

Brain	  sections	  were	  removed	  from	  cryopreservant	  and	  washed	  three	  times	  in	  0.1M	  PB	  for	  15	  min.	  

Sections	  were	  permeabilised	  by	  washing	  three	  times	  with	  PBT	  (1L	  PB,	  2mL	  Triton-‐X	  (BDH	  

Laboratories,	  UK)	  and	  1g	  BSA	  (Sigma,	  UK))	  for	  15	  min.	  Non-‐specific	  binding	  was	  blocked	  using	  

normal	  serum	  diluted	  to	  5%	  in	  PBT	  at	  RT	  for	  1h.	  Sections	  were	  incubated	  in	  primary	  polyclonal	  

antibody,	  diluted	  in	  1%	  normal	  serum,	  overnight	  at	  4oC.	  Sections	  were	  washed	  three	  times	  in	  PBT	  

for	  15	  min	  each	  before	  a	  further	  incubation	  in	  secondary	  antibody,	  diluted	  in	  5%	  normal	  serum,	  

for	  2h	  at	  RT.	  Sections	  were	  washed	  twice	  in	  PB	  and	  once	  in	  dH20	  for	  15	  min	  before	  mounting	  onto	  

slides	  and	  cover	  slipped	  with	  Vectashield	  Hardset	  mounting	  medium	  (Vectashield,	  CA,	  USA)	  and	  

set	  overnight.	  At	  all	  wash	  and	  incubation	  stages,	  the	  assay	  plate	  was	  concealed	  from	  light	  by	  

aluminium	  foil	  to	  prevent	  excessive	  photo	  bleaching.	  Fluorescence	  was	  observed	  using	  an	  

Olympus	  BX51	  microscope	  (Olympus,	  UK).	  	  
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Primary	  Antibodies	   PACAP	  (C-‐19)	   eGFP	   c-‐Fos	  

Raised	  in	   goat	  anti-‐PACAP	   chicken	  anti-‐eGFP	   rabbit	  anti-‐c-‐Fos	  

Manufacturer	   Santa	  Cruz	  Biotechnologies	   Millipore	   Calbiochem	  

Dilution	  used	   1:100	   1:1000	   1:8000	  

Normal	  Serum	   Donkey	  1%	   Donkey	  1%	   Goat	  1%	  

Table	  2.7 Primary	  Antibodies.	  

	  

Secondary	  Antibodies	   Cy3	   Cy3	   Cy3	  

Raised	  in	   donkey	  anti-‐sheep	   donkey	  anti-‐chicken	   goat	  anti-‐rabbit	  

Manufacturer	   Millipore	   Millipore	   Jackson	  ImmunoResearch	  

Laboratories	  Inc.	  

Dilution	  used	   1:500	   1:500	   1:500	  

Normal	  Serum	   Donkey	  5%	   Donkey	  5%	   Goat	  5%	  

Table	  2.8 Secondary	  Antibodies	  

2.5 Imaging	  

2.5.1 Cell	  dissociation	  

Mice	  were	  decapitated,	  and	  the	  brain	  quickly	  dissected	  and	  collected	  into	  a	  small	  petri	  dish	  of	  ice-‐

cold	  artificial	  cerebrospinal	  fluid	  (aCSF)	  containing	  (mM):	  KCl	  3,	  CaCl2	  1000,	  glucose	  15,	  NaCl	  126	  
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(all	  Sigma,	  UK),	  NaH2PO4	  1,	  NaHCO3	  25	  (both	  Alfa	  Aesar,	  MA,	  USA),	  MgSO4	  2	  (BDH	  Laboratories,	  

USA);	  oxygenated	  with	  O2.	  The	  ventromedial	  hypothalamus	  was	  coarsely	  dissected,	  collecting	  a	  

1mm	  slice	  of	  the	  hypothalamus	  directly	  behind	  the	  optic	  chiasm,	  cut	  into	  small	  pieces	  and	  

transferred	  to	  an	  Eppendorf	  tube	  containing	  aCSF.	  Under	  aseptic	  conditions,	  aCSF	  was	  removed	  

and	  replaced	  with	  3ml/brain	  area	  of	  filter-‐sterilised	  20-‐25U/ml	  papain	  (Sigma,	  UK)	  in	  aCSF	  and	  

incubated	  at	  37oC	  for	  90	  minutes.	  The	  papain	  solution	  was	  removed	  and	  the	  brain	  tissue	  

transferred	  to	  a	  15ml	  Falcon	  tube	  with	  2ml	  of	  a	  weak	  inhibitor	  (1mg/ml	  BSA	  (Fisher	  Scientific,	  UK),	  

1mg/ml	  trypsin	  inhibitor	  (Sigma,	  UK)	  in	  aCSF)	  and	  gently	  titrated	  8-‐10	  times.	  2ml	  strong	  inhibitor	  

(10mg/ml	  BSA	  +	  10mg/ml	  trypsin	  inhibitor	  in	  aCSF)	  was	  added	  and	  titration	  repeated	  before	  the	  

lysate	  was	  passed	  through	  a	  70µm	  cell	  strainer	  to	  clear	  debris.	  The	  trypsin	  inhibitor	  works	  to	  

counteract	  the	  breakdown	  of	  the	  cells	  during	  the	  titration	  steps.	  The	  cell	  suspension	  was	  

centrifuged	  for	  5	  min	  at	  2500	  rpm,	  supernatant	  removed	  and	  cells	  resuspended	  in	  1.5ml	  neuronal	  

media	  (450ml	  MEM	  (Gibco	  UK),	  5%	  foetal	  bovine	  serum,	  1%	  L-‐glutamate,	  2%	  

penicillin/streptomycin,	  15mM	  glucose,	  2%	  B-‐27	  supplement;	  all	  Invitrogen,	  UK).	  Cells	  were	  then	  

centrifuged	  and	  resuspended	  in	  80µl	  neuronal	  media.	  The	  final	  cell	  suspension	  was	  gently	  

pipetted	  onto	  sterile	  coverslips	  (coated	  in	  house	  with	  200µg/ml	  poly-‐D-‐lysine	  (PDL;	  Millipore,	  UK)	  

cut	  to	  ~7	  x	  16mm	  rectangles	  and	  contained	  in	  12-‐well	  plates),	  and	  the	  cells	  allowed	  to	  adhere	  by	  

incubating	  at	  37oC	  for	  1	  hour	  .	  Each	  well	  was	  then	  flooded	  with	  neuronal	  media	  up	  to	  a	  volume	  of	  

1ml	  and	  maintained	  at	  37oC	  before	  use.	  

2.5.2 Ca2+	  Imaging	  

One	  aliquot	  of	  Fura-‐2	  LeakRes	  (AM)	  (Teflabs,	  TX,	  USA)	  containing	  50µg	  was	  dissolved	  in	  50µl	  

pluronic	  F-‐127,	  20%	  solution	  in	  DMSO	  (Biotium,	  CA,	  USA)	  and	  added	  to	  7mL	  of	  neuronal	  media	  (to	  

give	  a	  final	  concentration	  of	  5.5mM	  fura).	  The	  neuronal	  media	  was	  removed	  from	  the	  well	  

containing	  dissociated	  cells,	  replaced	  with	  the	  5.5mM	  Fura	  and	  incubated	  for	  10	  min	  at	  37oC	  to	  

allow	  uptake	  of	  the	  dye	  into	  the	  cells.	  The	  solution	  was	  removed	  and	  replaced	  with	  fresh	  neuronal	  

media	  for	  at	  least	  30	  min.	  The	  cover	  slip	  was	  transferred	  to	  the	  recording	  chamber	  of	  the	  

microscope	  rig	  (Olympus	  BX51WI	  with	  a	  dedicated	  fluorescence	  water	  immersion	  objective),	  

containing	  artificial	  cerebrospinal	  fluid	  (aCSF)	  with	  10mM	  glucose,	  and	  allowed	  to	  equilibrate	  for	  1	  

hour	  (Mendieta-‐Zeron	  et	  al	  2008).	  Recording	  using	  FIRSTD	  –	  OptoFluor	  metaimaging	  system	  

software	  (Cairn	  Research,	  UK)	  was	  started	  and	  aCSF	  washed	  over	  cells	  at	  2.5ml/min,	  with	  glucose	  

concentration	  changed	  during	  the	  recording	  period	  (5mM,	  1mM	  and	  0.1mM)	  to	  assess	  the	  

response	  of	  cells	  to	  glucose	  via	  calcium	  uptake	  and	  exit	  from	  the	  cells.	  Unbound	  fura	  dye	  can	  be	  
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detected	  at	  365nm	  and	  bound	  at	  385nm	  with	  the	  Cairn	  Optoled	  LED	  system	  (Cairn	  Research	  UK),	  

and	  the	  ratio	  of	  these	  readings	  calculated	  by	  OptoFluor	  to	  show	  the	  movement	  of	  calcium	  and	  a	  

representation	  of	  cell	  activation	  across	  the	  time	  course	  of	  the	  experiment.	  Pictures	  were	  captured	  

using	  an	  Evolve	  128	  EMCCD	  camera	  (Photometrics,	  AZ,	  USA)	  and	  ratio	  calculated	  automatically	  

every	  5	  sec	  throughout	  the	  recording.	  

2.5.3 Patch	  Clamping	  

Slice	  preparation	  

Following	  deep	  anaesthesia	  with	  isolfluorane,	  the	  mice	  were	  decapitated.	  Brains	  were	  rapidly	  

removed	  and	  the	  hypothalamus	  was	  sliced	  using	  a	  Vibroslicer	  (Campden	  Instruments,	  UK)	  into	  

250µm	  thick	  coronal	  sections	  whilst	  submerged	  in	  ice-‐cold	  incubation	  aCSF	  containing	  (mM):	  NaCl	  

95,	  KCl	  1.8,	  KH2PO4	  1.2,	  CaCl2	  0.5,	  MgSO4	  7,	  NaHCO3	  26,	  glucose	  15,	  sucrose	  50,	  phenol	  red	  

0.5mg/l,	  oxygenated	  with	  95%	  O2,	  5%	  CO2,	  pH	  7.4	  (measured	  osmolality	  300-‐310	  mOsmol/kg).	  

Brain	  sections	  were	  transferred	  into	  recording	  aCSF,	  and	  the	  slice	  to	  be	  recorded	  from	  was	  placed	  

in	  the	  recording	  chamber	  to	  rest	  for	  1	  hour,	  continuously	  perfused	  with	  oxygenated	  aCSF	  at	  room	  

temperature.	  Recording	  aCSF	  was	  identical	  to	  incubation	  aCSF	  except	  for	  the	  following	  

components	  (mM):	  NaCl	  127,	  CaCl2	  2.4,	  MgSO4	  1.3,	  sucrose	  0,	  glucose	  1.	  

Equipment	  and	  solutions	  

eGFP-‐expressing	  cells	  were	  viewed	  through	  a	  FITC	  filter	  under	  a	  40x	  water	  immersion	  lens	  using	  a	  

Leica	  epi-‐fluorescence	  microscope	  (Leica	  Microsystems	  Ltd,	  UK)	  that	  was	  linked	  to	  a	  fast	  

integrating	  charge-‐coupled	  device	  camera	  system	  (also	  Leica	  Microsystems	  Ltd,	  UK)	  with	  

capturing	  software	  Leica	  Application	  Suite	  2.5.	  Thick-‐walled	  borosilicate	  glass	  capillaries	  (Harward	  

Apparatus,	  UK)	  were	  pulled	  using	  a	  two-‐staged	  vertical	  micropipette	  puller	  (Narishige,	  Japan)	  to	  

form	  patch	  pipette	  electrodes	  with	  tip	  resistance	  of	  7-‐10	  MΩ	  when	  filled	  with	  intracellular	  

solution	  containing	  (mM):	  K-‐gluconate	  130,	  KCl	  10,	  MgCl2	  2,	  K2-‐ATP	  2,	  Na-‐GTP	  0.5,	  Hepes	  20,	  

ethylene	  glycol	  tetraacetic	  acid	  0.5,	  pH	  7.28	  balanced	  with	  KOH	  (measured	  osmolality	  300-‐310	  

mOsmol/kg).	  

Recording	  

Infrared-‐differential	  interference	  contrast	  was	  used	  to	  guide	  the	  patch	  pipette	  towards	  individual	  

eGFP	  cells	  under	  positive	  pressure,	  and	  after	  making	  contact,	  negative	  pressure	  was	  applied	  to	  

rupture	  the	  membrane	  and	  form	  the	  seal.	  Protocols	  designed	  to	  determine	  electrical	  
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characteristics	  of	  patched	  cells	  were	  generated	  using	  a	  Micro	  1401	  mk	  II	  interface	  and	  Spike2	  

(both	  Cambridge	  Electronic	  Design,	  UK),	  where	  sequential	  depolarising	  (10	  to	  30	  pA,	  1	  second	  

duration)	  and	  hyperpolarisation	  (-‐10	  to	  –	  50	  pA,	  500	  millisecond	  duration)	  current	  pulses	  were	  

administered.	  Whole-‐cell	  current-‐clamp	  recordings	  were	  obtained	  using	  an	  Axoclamp	  2A	  amplifier	  

in	  bridge	  mode	  (Molecular	  Devices,	  CA,	  USA).	  Data	  were	  sampled	  (30kHz)	  and	  recorded	  with	  

Spike2	  software	  (version	  6.00,	  Cambridge	  Electronic	  Design,	  UK).	  After	  the	  cell	  had	  established	  a	  

consistent	  resting	  potential,	  5mM	  or	  10mM	  glucose	  dissolved	  in	  oxygenated	  recording	  aCSF	  was	  

added	  to	  the	  recording	  bath	  medium	  for	  2-‐10	  minutes,	  and	  was	  washed	  off	  with	  recording	  aCSF	  

containing	  1mM	  glucose	  until	  the	  cell	  returned	  to	  its	  original	  resting	  potential.	  	  

2.6 Statistical	  analysis	  

Data	  sets	  were	  analysed	  using	  Graphpad	  Prism	  software	  (version	  5;	  CA	  USA)	  using	  an	  unpaired	  

Student’s	  t-‐test	  where	  two	  groups	  only	  were	  compared,	  a	  one-‐way	  analysis	  of	  variance	  (ANOVA)	  

followed	  by	  Bonferroni’s	  post	  hoc	  tests	  where	  three	  or	  more	  groups	  were	  compared,	  or	  a	  

repeated	  measures	  two-‐way	  ANOVA	  followed	  by	  Bonferroni’s	  post	  hoc	  tests	  where	  three	  or	  more	  

groups	  were	  compared	  at	  more	  than	  one	  time	  point.	  P<0.05	  was	  considered	  statistically	  

significant.	  	  

2.6.1 Quantitative	  Trait	  Loci	  (QTL)	  and	  Correlational	  analysis	  of	  the	  BXD	  lines	  

The	  BXD	  set	  is	  a	  recombinant	  inbred	  mouse	  system	  that	  is	  characterized	  by	  a	  number	  of	  related	  

lines	  of	  defined	  genetic	  architecture	  and	  variation	  that	  approaches	  natural	  populations	  in	  

complexity.	  The	  development	  of	  this	  system	  and	  the	  sophisticated	  analytical	  tools	  required	  have	  

allowed	  for	  the	  analysis	  of	  phenotype,	  gene	  sequence	  and	  expression	  data	  to	  be	  explored	  in-‐

depth	  (Gini	  &	  Hager	  2012).	  The	  BXD	  set	  contains	  over	  one	  hundred	  genetically	  defined	  lines	  that	  

initially	  was	  produced	  by	  crossing	  two	  well	  characterized	  progenitor	  strains,	  C57BL/6J	  (B)	  and	  

DBA/2J	  (D)	  (hence	  BXD),	  by	  the	  Jackson	  Laboratory	  in	  the	  mid-‐1970s.	  The	  breeding	  of	  these	  mice	  

is	  further	  explored	  in	  Chapter	  5.	  

QTL	  mapping	  

WebQTL	  (http://www.genenetwork.org/webqtl)	  is	  a	  freely	  accessible	  system	  that	  exploits	  

sophisticated	  gene-‐mapping	  methods	  and	  which	  includes	  integrated	  databases	  with	  both	  

genotype	  and	  quantitative	  trait	  (phenotype)	  data	  for	  the	  BXD	  lines	  (Chesler	  et	  al	  2003,	  Wang	  et	  al	  

2003).	  Complex	  trait	  data	  can	  be	  submitted	  by	  the	  user	  or	  retrieved	  from	  one	  of	  these	  integrated	  
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databases.	  The	  first	  step	  in	  the	  analysis	  of	  new	  trait	  data	  is	  to	  enter	  it	  into	  GeneNetwork,	  which	  

correlated	  the	  trait	  values	  to	  variation	  in	  the	  genotype	  between	  BXD	  lines,	  generating	  a	  QTL	  map	  

for	  the	  whole	  genome.	  Where	  a	  strong	  association	  between	  phenotype	  variation	  and	  genotype	  

could	  be	  found,	  a	  QTL	  is	  likely	  to	  be	  detected	  containing	  functional	  polymorphisms.	  The	  genomic	  

regions	  with	  the	  highest	  correlations	  with	  trait	  variation	  are	  identified	  visually	  as	  peaks	  in	  the	  

likelihood	  ratio	  statistic	  (LRS)	  score	  on	  the	  QTL	  map.	  LRS,	  which	  is	  a	  chi-‐square	  statistic,	  is	  a	  

measurement	  of	  the	  association	  between	  differences	  in	  traits	  and	  differences	  in	  particular	  genetic	  

markers,	  and	  estimates	  the	  significance	  of	  QTLs.	  LRS	  scores	  exceeding	  an	  arbitrary	  threshold	  of	  13	  

are	  deemed	  suggestive,	  and	  significant	  when	  exceeding	  25.	  The	  LRS	  peaks	  on	  the	  QTL	  maps	  are	  

linked	  to	  the	  UCSC	  Genome	  Browser	  (Kent	  et	  al	  2002)	  that	  allows	  easy	  exploration	  of	  genes	  or	  

predicted	  genes	  under	  the	  peak	  of	  the	  QTL	  with	  the	  highest	  LRS	  score.	  The	  sequences	  of	  both	  the	  

suggestive	  and	  significant	  QTLs	  can	  be	  mapped	  and	  analyzed	  using	  the	  NCBI	  Entrez	  Gene	  website	  

(http://www.ncbi.nlm.nih.gov/gene)	  to	  identify	  potential,	  physiologically	  relevant	  candidate	  

genes.	  These	  analyses	  were	  performed	  by	  Beatrice	  Gini	  in	  the	  Hager	  lab	  at	  the	  University	  of	  

Manchester.	  

Correlational	  analyses	  

Phenotypic	  correlational	  analyses	  were	  performed	  following	  QTL	  mapping	  to	  determine	  links	  

between	  multiple-‐related	  phenotypic	  and	  genotypic	  traits.	  This	  was	  done	  by	  comparing	  measured	  

traits	  to	  one	  another	  and/or	  with	  archived	  BXD	  traits	  in	  the	  GeneNetwork	  database	  

(http://www.genenetwork.org),	  with	  correlation	  coefficients	  and	  p	  values	  calculated	  using	  

Spearman’s	  rank	  tests.	  The	  results	  were	  illustrated	  graphically	  as	  a	  network	  map,	  from	  which	  it	  

can	  be	  ascertained	  a)	  whether	  correlated	  traits	  have	  a	  common	  genetic	  basis,	  b)	  which	  traits	  are	  

most	  highly	  correlated,	  and	  c)	  whether	  differences	  at	  the	  DNAseq	  level	  that	  underlie	  the	  QTL	  are	  

functional.	  	  
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Chapter	  3. Gene	  expression	  in	  
outbred	  mice	  following	  metabolic	  
manipulation	  

3.1 Introduction	  

This	  chapter	  builds	  on	  previous	  findings	  by	  this	  lab	  and	  others	  (Hawke	  2009b,	  Koza	  et	  al	  2006).	  By	  

looking	  closer	  at	  the	  phenomenon	  of	  heterogeneity	  in	  the	  response	  of	  outbred	  mice	  to	  high-‐

energy	  diet	  (HED),	  where	  some	  animals	  are	  more	  susceptible	  to	  obesity	  than	  others,	  our	  

laboratory	  found	  that	  weight	  gain	  correlated	  with	  the	  expression	  levels	  of	  specific	  genes	  in	  the	  

ventromedial	  nucleus	  of	  the	  hypothalamus	  (VMN).	  In	  the	  mice	  resistant	  to	  diet-‐induced	  obesity	  

(DIO),	  at	  culling	  there	  were	  higher	  levels	  of	  mRNA	  expression	  for	  bdnf	  and	  pacap	  than	  in	  mice	  

maintained	  on	  normal	  chow,	  as	  measured	  using	  semi-‐quantitative	  in	  situ	  hybridization.	  By	  

comparison,	  the	  obesity-‐prone	  mice	  had	  mRNA	  levels	  equivalent	  to	  control	  animals	  maintained	  

on	  normal	  diet.	  Thus,	  the	  final	  body	  weight	  of	  mice	  on	  HED	  was	  inversely	  correlated	  with	  the	  

expression	  of	  either	  pacap	  or	  bdnf	  (Figure	  3.1).	  These	  data	  indicate	  that	  pacap	  and/or	  bdnf	  in	  the	  

VMN	  may	  be	  involved	  in	  the	  response	  of	  mice	  to	  HED,	  and	  might	  act	  to	  protect	  against	  the	  

development	  of	  DIO.	  
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Figure	  3.1 Regulation	  of	  pacap	  and	  bdnf	  in	  the	  VMN.	  Regression	  analysis	  relating	  mRNA	  levels,	  as	  expressed	  
by	  optical	  density	  from	  film	  autoradiographs,	  to	  the	  final	  body	  weight	  of	  animals	  that	  had	  been	  on	  HED	  for	  eight	  weeks.	  
n	  =	  8.	  
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As	  reviewed	  in	  chapter	  1,	  both	  the	  arcuate	  nucleus	  (Arc)	  and	  the	  VMN	  have	  long	  been	  established	  

as	  important	  in	  metabolic	  regulation.	  But	  they	  differ	  in	  that,	  for	  the	  Arc,	  certain	  neuropeptides	  

have	  been	  identified	  as	  contributing	  to	  the	  phenotype	  of	  the	  neurons	  involved.	  The	  Arc	  sends	  

projections	  from	  neuropeptide	  Y	  (NPY)	  and	  pro-‐opiomelanocortin	  (POMC)	  neurons,	  which	  carry	  

anabolic	  and	  catabolic	  signals	  to	  other	  nuclei	  in	  the	  hypothalamus,	  respectively	  (Kalra	  et	  al	  1999).	  

For	  the	  VMN,	  however,	  few	  signaling	  molecules	  have	  been	  determined,	  although	  PACAP	  and	  

BDNF	  are	  possible	  candidates.	  

The	  neuropeptide	  PACAP	  has	  multiple	  functions	  in	  the	  brain,	  for	  which	  there	  are	  extensive	  

reviews	  in	  the	  literature	  (Vaudry	  et	  al	  2009).	  There	  is	  also	  convincing	  evidence	  indicating	  an	  

important	  role	  for	  PACAP	  in	  the	  regulation	  of	  energy	  balance.	  When	  centrally	  administered,	  

PACAP	  reduces	  food	  intake	  in	  rodents	  (Mizuno	  et	  al	  1998b,	  Morley	  et	  al	  1992).	  Also,	  genetic	  

impairment	  of	  PACAP	  signaling	  disrupts	  carbohydrate	  and	  lipid	  metabolism,	  glucose	  handling	  and	  

brown	  adipose	  tissue	  thermogenesis	  (Adams	  et	  al	  2008,	  Gray	  et	  al	  2001,	  Gray	  et	  al	  2002,	  

Hashimoto	  et	  al	  2000).	  Though	  PACAP	  is	  expressed	  in	  many	  parts	  of	  the	  brain,	  and	  in	  the	  

sympathetic	  nervous	  system,	  a	  role	  for	  the	  population	  in	  the	  VMN	  is	  suggested	  since	  fasting	  

lowers	  and	  leptin	  increases	  the	  expression	  of	  pacap	  mRNA	  in	  this	  nucleus	  (Hawke	  et	  al	  2009).	  

BDNF	  is	  also	  expressed	  widely	  in	  the	  brain,	  but	  particularly	  in	  the	  hippocampus	  and	  

hypothalamus,	  and	  is	  indicated	  to	  play	  a	  crucial	  role	  in	  neuronal	  development	  and	  synaptic	  

plasticity	  (Huang	  &	  Reichardt	  2001),	  and	  food	  intake	  regulation	  (Binder	  &	  Scharfman	  2004).	  

Central	  administration	  of	  the	  growth	  factor	  causes	  a	  reduction	  in	  feeding	  (Wang	  et	  al	  2007),	  

increases	  energy	  expenditure	  and	  alleviates	  hyperinsulinaemia	  in	  genetic	  and	  acquired	  models	  of	  

obesity	  and	  leptin	  resistance	  (Nakagawa	  et	  al	  2003).	  Further	  evidence	  supporting	  the	  importance	  

of	  BDNF	  in	  energy	  homeostasis	  comes	  from	  the	  obese	  phenotype	  seen	  in	  the	  BDNF+/-‐	  

heterozygote	  (Kernie	  et	  al	  2000,	  Rios	  et	  al	  2001,	  Unger	  et	  al	  2007).	  Taken	  together,	  these	  

publications	  confirm	  that	  BDNF	  has	  a	  role	  in	  metabolic	  regulation.	  

The	  factors	  that	  regulate	  bdnf	  and	  pacap	  at	  a	  genetic	  level	  are	  unknown.	  The	  difference	  seen	  in	  

mRNA	  levels	  in	  the	  obese-‐resistant	  mice	  compared	  with	  the	  obese	  mice,	  shown	  in	  Figure	  3.1,	  

could	  have	  several	  explanations.	  We	  can	  hypothesize	  that	  mice	  prone	  to	  DIO	  have	  some	  

difference	  or	  defect	  in	  their	  ability	  to	  regulate	  the	  expression	  of	  bdnf	  and	  pacap,	  such	  that	  the	  

genes	  are	  not	  switched	  on	  and	  that	  the	  neuropeptide	  products,	  BDNF	  and	  PACAP,	  are	  unable	  to	  

counteract	  the	  effects	  of	  the	  diet.	  Alternatively,	  it	  is	  possible	  that	  there	  is	  a	  higher-‐level	  controller:	  

a	  specific	  input	  to	  those	  cell	  types;	  a	  cell-‐specific	  transcription	  factor,	  that	  turns	  on	  a	  whole	  set	  of	  
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counter-‐regulatory	  genes	  (i.e.	  a	  ‘master	  gene’)	  only	  in	  those	  cells;	  or	  an	  epigenetic	  regulator.	  Any	  

of	  these	  may	  not	  be	  functioning	  correctly	  in	  the	  obesity-‐prone	  animal.	  The	  latter	  alternative,	  that	  

there	  is	  epigenetic	  modification	  of	  these	  genes	  (and	  presumably	  others),	  suggests	  a	  mechanism	  

that	  differs	  in	  the	  spectrum	  of	  diet	  responders.	  This	  is	  an	  interesting	  possibility,	  as	  there	  is	  

evidence	  that	  the	  bdnf	  gene	  is	  modified	  in	  adult	  animals	  due	  to	  epigenesis	  in	  other	  brain	  systems.	  

For	  example,	  in	  the	  hippocampus	  during	  long-‐term	  adult	  adaptation,	  such	  as	  fear	  conditioning	  

(Lubin	  et	  al	  2008)	  and	  depression	  (Tsankova	  et	  al	  2006).	  	  

There	  are	  several	  different	  transcripts	  of	  both	  bdnf	  and	  pacap	  present	  in	  the	  brain,	  and	  these	  may	  

be	  differentially	  regulated.	  The	  genetic	  organisation	  of	  the	  two	  genes	  is	  described	  in	  Figure	  3.2.	  

Up	  to	  six	  different	  splice	  variants	  of	  the	  pacap	  gene	  have	  been	  reported	  (Cummings	  et	  al	  2002),	  

and	  according	  to	  new	  definitions,	  up	  to	  nine	  transcripts	  of	  BDNF	  (Aid	  et	  al	  2007).	  It	  is,	  however,	  

unknown	  which	  transcripts	  are	  regulated,	  either	  at	  all	  or	  in	  association	  with	  energy	  status,	  

specifically.	  The	  bdnf	  gene	  has	  been	  known	  to	  produce	  different	  transcripts	  for	  some	  time,	  by	  

splicing	  different	  non-‐coding	  exons	  onto	  a	  common	  coding	  exon.	  From	  the	  paper	  by	  Tran	  et	  al,	  

transcripts	  containing	  the	  exons	  I,	  II,	  IV,	  or	  VI	  with	  the	  common	  exon	  IX	  were	  expected	  to	  be	  

present	  in	  the	  ventromedial	  hypothalamus	  (Tran	  et	  al	  2006),	  which	  we	  have	  since	  confirmed.	  

Since	  that	  publication,	  the	  paper	  by	  Aid	  et	  al	  (2007)	  introduced	  a	  new	  nomenclature	  for	  the	  bdnf	  

gene	  structure,	  as	  they	  had	  discovered	  an	  additional	  four	  possible	  transcripts	  expressed	  in	  the	  

brain.	  This	  study	  did	  not	  include	  the	  hypothalamus,	  and	  it	  is	  unknown	  which	  of	  these	  ‘new’	  

transcripts,	  containing	  exons	  III,	  V,	  VII	  and	  VIII	  are	  present	  in	  the	  hypothalamus.	  From	  our	  

preliminary	  results	  (not	  shown)	  using	  the	  primers	  and	  methods	  reported	  by	  Aid	  et	  al	  (2007),	  none	  

of	  the	  ‘new’	  transcripts	  appear	  to	  be	  expressed	  in	  the	  VMN.	  	  

	  

Figure	  3.2 Graphical	  representation	  of	  the	  bdnf	  and	  pacap	  gene.	  The	  top	  a)	  represents	  bdnf	  and	  b)	  pacap.	  The	  
boxes	  represent	  exons	  and	  the	  lines	  introns.	  The	  boxes	  in	  blue	  represents	  the	  coding	  region	  of	  each	  gene	  and	  the	  pink	  
boxes	  represent	  related	  peptides	  encoded	  on	  the	  same	  transcript.	  

In	  this	  chapter,	  we	  looked	  at	  the	  effect	  of	  metabolic	  manipulation	  in	  the	  form	  of	  fasting	  and	  HED,	  

on	  the	  transcription	  of	  pacap	  and	  bdnf	  mRNA	  in	  the	  VMN	  and	  Arc	  in	  outbred	  mice.	  This	  included	  
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the	  regulation	  of	  different	  bdnf	  transcripts	  in	  the	  VMN	  and	  the	  addition	  of	  NPY	  and	  POMC	  in	  the	  

Arc.	  

3.2 Methods	  

3.2.1 Animals	  and	  diets	  

Experiments	  were	  performed	  using	  male	  CD1	  mice	  that,	  at	  beginning	  of	  experiments,	  were	  8	  

weeks	  of	  age.	  

• 48h	  fasting:	  A	  cohort	  of	  14	  mice	  were	  group	  housed	  and	  either	  fed	  or	  fasted	  over	  a	  48-‐

hour	  period	  (tap	  water	  ad	  libitum),	  with	  their	  body	  weights	  monitored	  before	  and	  then	  again	  at	  

culling.	  (n=7	  per	  group)	  

• High-‐energy	  diet:	  Two	  cohorts	  of	  mice	  were	  group	  housed	  and	  either	  maintained	  on	  

normal,	  control	  diet	  or	  HED	  for	  8	  weeks.	  Their	  body	  weight	  was	  measured	  weekly.	  (First	  cohort:	  

n=10	  control	  and	  n=20	  HED;	  second	  cohort:	  n=9	  control	  and	  n=19	  HED)	  

3.2.2 OGTT	  

The	  first	  cohort	  of	  mice	  in	  the	  HED	  experiments	  was	  given	  OGTTs	  on	  days	  0,	  3,	  9,	  28,	  and	  49;	  the	  

second	  cohort	  only	  on	  days	  0	  and	  49.	  The	  OGTT	  was	  performed	  as	  described	  in	  Chapter	  2.	  

3.2.3 Serum	  insulin	  ELISA	  

Both	  cohorts	  of	  mice	  in	  the	  HED	  experiments	  were	  culled	  by	  decapitation	  and	  serum	  was	  

prepared	  as	  mentioned	  in	  Chapter	  2.	  The	  following	  ELISA	  was	  performed	  by	  Dr	  Garron	  Dodd,	  a	  

post	  doc	  in	  the	  Luckman	  lab,	  to	  the	  manufacturer’s	  instructions	  (Rat/Mouse	  Insulin	  ELISA;	  

Millipore,	  UK)	  and	  the	  absorbance	  was	  read	  at	  450	  nm	  and	  590	  nm	  using	  a	  plate	  reader	  

(Synergy™HT,	  BioTek)	  and	  the	  difference	  in	  absorbance	  units	  was	  recorded.	  

3.2.4 LCM	  and	  tissue	  preparation	  

The	  procedure	  was	  performed	  as	  described	  in	  Chapter	  2.	  The	  brains	  were	  cut	  into	  sections	  

starting	  from	  1.22mm	  through	  to	  2.30mm	  caudal	  of	  bregma	  (Franklin	  &	  Paxinos	  2008)	  to	  cover	  

the	  areas	  of	  interest	  i.e.	  the	  Arc	  and	  the	  VMN.	  The	  sections	  were	  cut	  onto	  two	  sets	  of	  slides,	  of	  

which	  one	  set	  was	  then	  sampled	  using	  LCM;	  i.e.	  half	  the	  Arc	  and	  half	  the	  VMN	  were	  collected.	  
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3.2.5 RNA	  extraction,	  reverse	  transcription	  and	  qPCR	  

The	  microdissected	  tissue	  was	  extracted	  using	  the	  RNeasy	  Micro	  Kit	  and	  reverse	  transcribed	  as	  

described	  in	  Chapter	  2.	  Primer	  validation	  method	  was	  also	  performed	  as	  previously	  described,	  as	  

was	  the	  relative	  qPCR	  procedure.	  	  

To	  make	  certain	  that	  the	  primers	  would	  amplify	  all	  potential	  transcripts	  of	  pacap,	  npy	  and	  pomc,	  

the	  forward	  and	  reverse	  pairs	  were	  designed	  to	  mirror	  sequences	  within	  the	  coding	  region	  and	  a	  

neighbouring	  translating	  exon.	  For	  the	  different	  bdnf	  transcript	  primers,	  the	  forward	  primer	  was	  

limited	  to	  fall	  within	  the	  desired	  exon	  (different	  for	  each	  transcript)	  and	  the	  reverse	  primer	  was	  

limited	  to	  the	  coding	  exon	  IX	  (the	  same	  reverse	  primer	  was	  used	  for	  all	  transcripts).	  For	  the	  pan-‐

bdnf	  transcript	  IX,	  the	  forward	  primer	  was	  confined	  within	  the	  same	  region	  (exon	  IX)	  as	  the	  

reverse.	  

The	  primers	  used	  were	  are	  described	  in	  Table	  3.1:	  

Target	   Sequence	  Forward	   Sequence	  Reverse	  

Pan-‐pacap	   5’-‐CTCCAGTGCTGTTCATGCTT-‐3’	   5’-‐GAGGGTCTCCAGAAAATCCA-‐3’	  

bdnf	  I	   5’-‐TACCTTCCTGCATCTGTTGG-‐3’	   5’-‐TTGTCCGTGGACGTTTACTT-‐3’	  

bdnf	  II	   5’-‐AGCTCCGGGTTGGTATACTG-‐3’	   5’-‐TTGTCCGTGGACGTTTACTT-‐3’	  

bdnf	  IV	  

	  

5’-‐TCCACCAGGTGAGAAGAGTG-‐3’	   5’-‐ATTCACGCTCTCCAGAGTCC-‐3’	  

bdnf	  VI	   5’-‐GAAGCGTGACAACAATGTGA-‐3’	   5’-‐TTGTCCGTGGACGTTTACTT-‐3’	  

bdnf	  IX	   5’-‐AGAGCAGGCTCTGGAATGAT-‐3’	   5’-‐TTGCTGTGCCATATTTGGAT-‐3’	  

pomc	   5’-‐GTTCAAGAGGGAGCTGGAAG-‐3’	   5’-‐GTTCTTGAAGAGCGTCACCA-‐3’	  

npy	   5’-‐ATGCTAGGTAACAAGCGAATGG-‐
3´	  

5’-‐TGTCGCAGAGCGGAGTAGTAT-‐3´	  

Table	  3.1 List	  of	  primer	  pairs.	  The	  table	  lists	  the	  primer	  pairs	  used	  in	  qPCR	  experiments	  in	  this	  chapter.	  A	  
description	  of	  the	  primer	  designing	  technique	  used	  is	  included	  in	  Chapter	  2.	  

3.3 Results	  

3.3.1 Changes	  in	  mRNA	  expression	  after	  48h	  fasting	  

48-‐hour	  fasting	  caused	  a	  significant	  reduction	  in	  body	  weights	  in	  mice,	  with	  a	  mean	  loss	  of	  more	  

than	  6	  g	  compared	  with	  control	  mice	  that	  showed	  a	  slight	  gain	  (Figure	  3.3.a).	  The	  fasted	  mice	  lost	  

approximately	  20%	  of	  their	  original	  body	  weight	  (data	  not	  shown).	  	  
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After	  culling,	  the	  brains	  were	  collected	  and	  cut	  using	  the	  LCM	  method.	  The	  qPCR	  results	  showed	  

that,	  in	  the	  Arc,	  there	  was	  a	  four-‐fold	  increase	  in	  npy	  mRNA	  levels	  compared	  with	  fed	  control	  

mice.	  There	  was	  no	  change	  in	  expression	  levels	  for	  pacap	  or	  pomc	  (Figure	  3.3.b).	  

In	  the	  VMN,	  there	  was	  a	  downregulation	  in	  mRNA	  expression	  for	  pacap,	  bdnf	  I	  and	  bdnf	  II,	  but	  an	  

upregulation	  for	  bdnf	  VI.	  There	  was	  no	  change	  seen	  in	  bdnf	  IV	  or	  bdnf	  IX.	  The	  latter	  transcript	  

codes	  for	  the	  common	  exon	  and	  reflects	  the	  level	  of	  total	  bdnf	  mRNA.	  This	  did	  not	  reach	  

statistical	  significance,	  but	  there	  was	  downwards	  trend	  (Figure	  3.3.c).	  
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Figure	  3.3 48h	  Fasting	  Weight	  Loss	  and	  mRNA	  Expression.	  The	  effect	  of	  48-‐hour	  food	  deprivation	  on	  body-‐
weight	  change	  (a)	  and	  mRNA	  expression,	  as	  measured	  by	  qPCR.	  In	  the	  Arc:	  pacap,	  npy	  and	  pomc	  (b)	  and	  the	  VMN:	  
pacap,	  bdnf	  I,	  bdnf	  II,	  bdnf	  IV,	  bdnf	  VI	  and	  bdnf	  IX	  (c).	  Data	  are	  expressed	  as	  mean	  ±	  SEM.	  *P<o.o5,	  **P<0.01,	  ***	  
P<0.001;	  Student’s	  unpaired	  t-‐test.	  Fed	  n=7,	  fasted	  n=7.	  

3.3.2 Weight	  Gain	  after	  HED	  

Animals	  maintained	  on	  HED	  for	  8	  weeks	  were,	  on	  average,	  significantly	  heavier	  than	  chow-‐fed	  

controls.	  However,	  as	  expected	  the	  extent	  of	  obesity	  varied,	  as	  has	  been	  reported	  previously	  in	  

cohorts	  of	  outbred	  mice.	  The	  body-‐weight	  distribution	  in	  the	  HED	  group	  in	  both	  the	  first	  and	  

second	  cohorts	  was	  bimodal	  in	  appearance	  (Figure	  3.4.b	  and	  .d).	  Using	  the	  criteria	  detailed	  by	  

Enriori	  and	  colleagues	  (2007),	  we	  further	  categorized	  the	  HED-‐fed	  mice	  by	  classing	  any	  mice	  with	  
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a	  final	  body	  weight	  within	  3	  standard	  deviations	  of	  the	  mean	  of	  the	  control	  fed	  animals,	  as	  diet-‐

induced	  obesity-‐resistant	  (DIO-‐R)	  (Enriori	  et	  al	  2007).	  This	  included	  50%	  of	  the	  mice,	  the	  rest	  was	  

classified	  as	  having	  developed	  diet-‐induced	  obesity	  (DIO).	  In	  the	  first	  cohort,	  the	  body	  weights	  of	  

the	  DIO	  group	  started	  to	  diverge	  from	  the	  normal-‐chow	  and	  DIO-‐R	  animals	  at	  day	  16,	  and	  

continued	  to	  do	  so	  until	  they	  were	  culled	  at	  day	  56	  (Figure	  3.4.a).	  A	  similar	  pattern	  was	  seen	  in	  

the	  second	  cohort.	  However,	  the	  HED	  groups	  gained	  less	  weight	  in	  the	  second	  cohort	  compared	  

with	  the	  first	  cohort,	  but	  the	  data	  showed	  less	  in-‐group	  variance	  and	  the	  DIO	  group	  was	  seen	  to	  

start	  diverging	  as	  early	  as	  day	  7	  (Figure	  3.4.c).	  
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Figure	  3.4 Cumulative	  Body-‐Weight	  Gain	  and	  Body-‐Weight	  Group	  Distribution	  in	  HED	  Mice.	  The	  effect	  of	  8	  
weeks	  of	  normal	  chow	  or	  HED	  on	  body-‐weight	  gain	  in	  outbred	  mice.	  The	  weight	  gain	  for	  cohort	  one	  is	  shown	  in	  (a)	  
(normal	  chow	  n=10,	  DIO	  n=10,	  DIO-‐R	  n=10)	  and	  the	  second	  cohort	  in	  (c)	  (normal	  chow	  n=9,	  DIO	  n=8,	  DIO-‐R	  n=11)	  of	  
HED-‐fed	  animals	  classed	  DIO-‐R	  and	  DIO	  compared	  with	  normal-‐chow	  controls.	  Graphs	  on	  the	  right	  show	  final	  body-‐
weight	  distribution,	  first	  cohort	  (b)	  (normal	  chow	  n=10,	  HED	  n=20)	  and	  second	  cohort	  (d)	  (normal	  chow	  n=9,	  HED	  n=19),	  
following	  8	  weeks	  of	  either	  normal	  chow	  or	  HED,	  expressed	  as	  mean	  ±	  SEM.	  *P<0.05,	  **P<0.01,	  ***	  P<0.001;	  Two-‐way	  
ANOVA	  with	  Bonferroni’s	  post	  hoc	  test	  to	  compare	  all	  groups.*compared	  with	  normal	  chow,	  #compared	  with	  DIO-‐R.	  
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3.3.3 Change	  in	  Glucose	  and	  Insulin	  after	  HED	  

Animals	  maintained	  on	  HED	  for	  7	  weeks	  had	  a	  reduced	  counter-‐regulatory	  response	  to	  an	  oral	  

glucose	  challenge	  after	  a	  6-‐hour	  fast.	  In	  the	  first	  cohort	  of	  HED-‐fed	  mice:	  at	  day	  0	  all	  the	  groups	  

responded	  equally	  to	  the	  OGTT	  (Figure	  3.5.a),	  but	  at	  day	  3	  there	  was	  significant	  difference	  

between	  the	  two	  HED	  groups	  and	  the	  normal	  chow	  control	  mice	  at	  the	  60	  minutes	  time	  point	  

(Figure	  3.5.b).	  The	  effect	  was	  seen	  again	  for	  the	  DIO	  group	  at	  day	  9	  (Figure	  3.5.c),	  where	  there	  

was	  a	  significant	  difference	  at	  30	  minutes	  compared	  to	  the	  chow-‐controls,	  but	  was	  not	  seen	  for	  

the	  DIO-‐R	  group	  although	  there	  was	  a	  trend	  similar	  to	  the	  DIO.	  On	  day	  28	  both	  the	  HED	  groups’	  

glucose	  tolerance	  responses	  were	  significantly	  reduced	  compared	  with	  chow	  controls	  on	  almost	  

all	  of	  the	  time	  points	  (Figure	  3.5.d).	  At	  the	  final	  measuring	  day	  49	  (Figure	  3.5.e),	  the	  two	  HED	  

groups	  started	  to	  diverge	  with	  the	  DIO-‐R	  somewhere	  in	  between	  the	  normal	  chow	  and	  the	  DIO	  

groups’	  responses,	  being	  significantly	  different	  from	  both	  at	  15	  minutes	  and	  from	  DIO	  at	  30	  

minutes.	  Overall,	  the	  HED	  caused	  a	  slight	  shift	  in	  the	  OGTT	  response	  curve	  to	  the	  right,	  meaning	  

that	  the	  mice	  on	  HED	  responded	  slower	  to	  an	  increase	  in	  blood	  glucose	  concentration	  and	  that	  

the	  glucose	  level	  stayed	  higher	  for	  a	  prolonged	  period	  of	  time.	  At	  the	  end	  of	  the	  experiment,	  

there	  seems	  to	  be	  an	  effect	  of	  body	  weight	  on	  the	  OGTT	  response	  in	  the	  HED	  groups,	  but	  no	  

statistical	  significance	  was	  found	  (area	  under	  the	  curve	  against	  body	  weight,	  linear	  regression,	  

r2=0.11).	  

In	  the	  second	  cohort	  of	  HED	  fed	  mice,	  the	  reduction	  in	  the	  counter-‐regulatory	  response	  to	  

hyperglycaemia	  was	  observed	  again	  in	  both	  HED	  groups	  (Figure	  3.6.a	  and	  .c).	  However,	  the	  

divergence	  in	  responses	  between	  the	  DIO	  and	  the	  DIO-‐R	  was	  not	  replicated.	  This	  might	  be	  due	  to	  

the	  difference	  in	  body-‐weight	  gain	  between	  the	  two	  rounds,	  as	  seen	  in	  Figure	  3.4.a	  and	  .c,	  where	  

the	  mice	  on	  HED	  in	  the	  second	  cohort	  put	  on	  less	  weight	  than	  the	  mice	  in	  round	  one.	  

When	  the	  blood	  insulin	  levels	  where	  examined	  after	  culling	  after	  8	  weeks	  the	  results	  showed	  a	  

marked	  difference	  between	  DIO	  and	  the	  other	  two	  groups,	  where	  the	  blood	  concentrations	  were	  

significantly	  elevated	  compared	  with	  both	  normal	  chow	  and	  DIO-‐R	  animals	  (Figure	  3.6.c).	  This	  

increase	  was	  highly	  correlated	  with	  body	  weight	  in	  the	  two	  HED	  groups	  (Figure	  3.6.d)	  
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Figure	  3.5 Changing	  Glucose	  Tolerance	  in	  Mice	  over	  7	  Weeks	  on	  HED	  (First	  cohort).	  The	  effect	  of	  HED	  
compared	  with	  normal	  chow	  on	  OGTT	  results	  in	  mice	  on	  day	  0	  (a),	  day	  3	  (b),	  day	  9	  (c),	  day	  28	  (d)	  and	  day	  49	  (e).	  The	  
data	  is	  expressed	  as	  mean	  ±	  SEM.	  *P<o.o5,	  **P<0.01,	  ***	  P<0.001;	  Two-‐way	  ANOVA	  with	  Bonferroni’s	  post	  hoc	  test	  to	  
compare	  all	  groups	  at	  every	  time	  point.	  *compared	  with	  normal	  chow,	  #compared	  with	  DIO-‐R.	  (normal	  chow	  n=10,	  DIO	  
n=10,	  DIO-‐R	  n=10)	  
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Figure	  3.6 Glucose	  Tolerance	  and	  Plasma	  Insulin	  Levels	  in	  Mice	  after	  8	  weeks	  on	  HED	  (Second	  cohort).	  The	  
effect	  of	  HED	  compared	  with	  normal	  chow	  on	  OGTT	  results	  on	  day	  0	  (a)	  and	  day	  49	  (b),	  and	  on	  plasma	  insulin	  
concentration	  in	  mice	  (c)	  and	  how	  it	  correlates	  with	  body	  weight	  in	  the	  HED	  group	  only	  (d).	  The	  data	  is	  expressed	  as	  
mean	  ±	  SEM.	  *P<0.05,	  **P<0.01,	  ***	  P<0.001;	  Two-‐way	  ANOVA	  with	  Bonferroni’s	  post	  hoc	  test	  to	  compare	  all	  groups	  
at	  every	  time	  point	  (a)	  and	  (b);	  One-‐way	  ANOVA	  with	  Bonferroni’s	  post	  hoc	  test	  to	  compare	  all	  groups	  at	  every	  time	  
point	  (c);	  linear	  regression	  (d).	  *compared	  with	  normal	  chow,	  #compared	  with	  DIO-‐R.	  (normal	  chow	  n=9,	  DIO	  n=8,	  DIO-‐
R	  n=11)	  

3.3.4 Changes	  in	  mRNA	  Expression	  after	  8	  Weeks	  of	  HED	  

After	  culling,	  the	  brains	  from	  the	  mice	  in	  the	  second	  cohort	  of	  HED	  were	  collected	  and	  cut	  using	  

the	  LCM	  method.	  The	  qPCR	  results	  showed	  that	  in	  the	  Arc	  there	  was	  a	  decrease	  in	  npy	  mRNA	  

expression	  in	  the	  DIO	  group	  compared	  with	  chow-‐fed	  controls,	  but	  the	  reduction	  was	  not	  

significant	  compared	  to	  the	  DIO-‐R	  group	  (Figure	  3.7.a).	  There	  was	  no	  significant	  change	  in	  pacap	  

or	  pomc	  levels.	  However,	  if	  the	  two	  HED	  groups	  were	  combined,	  the	  significant	  reduction	  seen	  in	  

npy	  expression	  disappeared	  but	  the	  trend	  seen	  in	  pacap	  levels	  was	  confirmed	  as	  significant	  

(Figure	  3.7.c).	  There	  was	  still	  no	  effect	  seen	  in	  pomc	  expression.	  

In	  the	  VMN,	  there	  was	  a	  0.5-‐fold	  increase	  in	  bdnf	  I	  mRNA	  expression	  in	  the	  DIO-‐R	  group	  compared	  

with	  the	  chow-‐fed	  animals,	  but	  the	  upwards	  trend	  seen	  in	  the	  DIO	  group	  was	  not	  significant	  

(Figure	  3.7.b).	  None	  of	  the	  other	  transcripts	  tested	  showed	  any	  significant	  changes.	  However,	  
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when	  the	  two	  HED	  groups	  were	  again	  combined,	  an	  increase	  in	  mRNA	  levels	  was	  seen	  for	  pacap,	  

bdnf	  I	  and	  bdnf	  IV	  (Figure	  3.7.d).	  There	  was	  no	  significant	  change	  in	  the	  bdnf	  IX	  mRNA	  levels,	  

which	  codes	  for	  the	  common	  exon	  and	  reflects	  the	  level	  of	  total	  bdnf	  mRNA.	  
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Figure	  3.7 Changes	  in	  mRNA	  Expression	  in	  Mice	  after	  8	  Weeks	  on	  HED	  (Second	  cohort).	  The	  effect	  of	  HED	  on	  
mRNA	  expression	  as	  measured	  by	  qPCR.	  In	  the	  Arc:	  pacap,	  npy	  and	  pomc	  (a	  and	  c)	  and	  the	  VMN:	  pacap,	  bdnf	  I,	  bdnf	  II,	  
bdnf	  IV,	  bdnf	  VI	  and	  bdnf	  IX	  (b	  and	  d).	  In	  the	  top	  two	  graphs,	  the	  HED	  groups	  have	  been	  split	  into	  DIO	  and	  DIO-‐R	  (normal	  
chow	  n=9,	  DIO	  n=8,	  DIO-‐R	  n=11),	  in	  the	  bottom	  two	  graphs	  the	  two	  groups	  have	  combined	  (normal	  chow	  n=9,	  HED	  
n=19).	  Data	  are	  expressed	  as	  mean	  ±	  SEM.	  *P<0.05,	  **P<0.01,	  ***	  P<0.001;	  One-‐way	  ANOVA	  with	  Bonferroni’s	  post	  hoc	  
test	  to	  compare	  all	  groups	  at	  every	  time	  point	  (a	  and	  b);	  Student’s	  unpaired	  t-‐test	  (c	  and	  d).	  *compared	  with	  normal	  
chow.	  	  

3.4 Discussion	  

The	  VMN	  has	  recently	  emerged	  as	  one	  of	  the	  main	  nuclei	  in	  the	  hypothalamus	  responsible	  for	  

energy	  homeostasis,	  though	  the	  specific	  neuronal	  types	  involved	  have	  yet	  to	  be	  identified.	  Both	  

PACAP	  and	  BDNF	  have	  been	  implicated	  in	  body-‐weight	  regulation	  and	  there	  is	  now	  growing	  

evidence	  that	  neurons	  in	  the	  VMN	  that	  contain	  these	  neuropeptides	  may	  be	  important	  players.	  As	  

mRNA	  levels	  of	  both	  pacap	  and	  bdnf	  are	  up	  regulated	  in	  the	  VMN	  in	  diet-‐induced	  obesity-‐

resistant	  mice	  (Hawke	  2009b,	  Hawke	  et	  al	  2009,	  Komori	  et	  al	  2006),	  they	  are	  considered	  two	  likely	  

candidates	  responsible	  for	  signaling	  in	  the	  VMN	  and	  the	  circuitry	  regulating	  metabolism	  in	  

response	  to	  HED.	  To	  confirm	  this,	  the	  function	  of	  these	  neuropeptides	  in	  the	  brain	  needs	  to	  be	  

better	  understood.	  Another	  key	  issue	  is	  to	  understand	  how	  these	  genes	  are	  regulated	  and	  how	  

metabolic	  manipulation	  affects	  their	  expression.	  Thus,	  the	  aim	  of	  this	  chapter	  is	  to	  understand	  
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whether	  these	  genes	  might	  have	  a	  protective	  role	  against	  the	  development	  of	  diet-‐induced	  

obesity.	  

To	  investigate	  if	  pacap	  and	  bdnf	  transcripts	  are	  affected	  by	  metabolic	  manipulation,	  a	  set	  of	  mice	  

were	  subjected	  to	  a	  period	  of	  fasting	  and	  another	  two	  sets	  were	  put	  on	  HED.	  After	  48	  hours	  of	  

fasting,	  where	  the	  mice	  lost	  a	  significant	  amount	  of	  body	  weight,	  we	  examined	  the	  differences	  in	  

mRNA	  regulation	  in	  the	  Arc	  and	  VMN.	  It	  is	  established	  that	  npy	  mRNA	  is	  up	  regulated	  following	  

food	  restriction	  or	  fasting	  (Bi	  et	  al	  2003)	  and	  was	  here	  used	  as	  a	  positive	  control.	  POMC	  is	  an	  

anorexigenic	  peptide,	  and	  its	  mRNA	  has	  previously	  been	  shown	  to	  be	  downregulated	  in	  the	  Arc	  

following	  fasting.	  The	  effect	  on	  npy	  was	  replicated	  in	  our	  experiment,	  but	  we	  did	  not	  see	  the	  

expected	  downregulation	  of	  pomc.	  This	  could	  be	  due	  to	  the	  fact	  that	  a	  changes	  in	  pomc	  mRNA	  are	  

not	  always	  seen	  when	  the	  whole	  of	  the	  Arc	  is	  sampled	  (Luckman	  personal	  observations).	  POMC	  

undergoes	  extensive	  post-‐translational	  processing	  that	  is	  cell	  specific,	  and	  which	  can	  lead	  to	  the	  

production	  of	  several	  different	  biologically	  active	  peptides.	  In	  the	  Arc,	  POMC	  neurons	  can,	  for	  

example,	  release	  α-‐MSH,	  which	  has	  an	  anorexigenic	  effect	  by	  activating	  both	  melanocortin	  3	  and	  

4	  receptors	  (Heisler	  et	  al	  2003)	  and	  would	  most	  likely	  be	  inhibited	  by	  fasting.	  However,	  other	  Arc	  

POMC	  neurons	  produce	  β-‐endorphin,	  which	  can	  induce	  food	  intake	  in	  satiated	  rats	  when	  infused	  

in	  the	  hypothalamus	  (Grandison	  &	  Guidotti	  1977).	  Thus,	  different	  populations	  of	  POMC	  neuron	  

could	  be	  differentially	  regulated	  after	  fasting,	  hence	  confounding	  our	  results.	  

PACAP	  is	  expressed	  in	  both	  the	  Arc	  and	  the	  VMN	  (Vaudry	  et	  al	  2009),	  and	  there	  is	  a	  possibility	  

that	  these	  neurons	  may	  form	  a	  continuous	  functional	  group.	  There	  was	  no	  change	  seen	  in	  pacap	  

mRNA	  in	  the	  Arc,	  but	  in	  the	  VMN	  there	  was	  a	  downregulation	  seen	  in	  pacap	  and	  bdnf	  transcripts	  I	  

and	  II.	  These	  results	  fit	  with	  previous	  findings	  by	  this	  lab	  (Hawke	  2009b),	  where	  in	  situ	  

hybridization	  showed	  a	  reduction	  in	  pacap	  and	  bdnf	  mRNA	  following	  fasting,	  and	  with	  the	  fact	  

that	  both	  PACAP	  and	  BDNF	  have	  catabolic	  actions	  when	  centrally	  administered	  (Mizuno	  et	  al	  

1998b,	  Morley	  et	  al	  1992,	  Wang	  et	  al	  2007).	  However,	  in	  our	  results	  the	  overall	  bdnf	  mRNA	  level	  

(which	  should	  be	  indicated	  by	  the	  common	  exon,	  bdnf	  IX)	  was	  not	  significantly	  reduced,	  which	  

could	  possibly	  be	  due	  to	  the	  concurrent	  upregulation	  seen	  for	  transcript	  VI.	  This	  indicates	  that	  the	  

bdnf	  transcripts	  are	  differentially	  regulated	  following	  fasting.	  

Following	  8	  weeks	  on	  HED,	  the	  mice	  in	  the	  first	  cohort	  exhibited	  a	  larger	  separation	  in	  body	  

weight	  between	  the	  DIO	  and	  the	  DIO-‐R	  group	  than	  the	  second	  cohort,	  i.e.	  the	  obese	  mice	  gained	  

more	  weight	  in	  the	  first	  cohort.	  This	  could	  explain	  the	  difference	  in	  glucose	  tolerance	  seen	  at	  the	  

final	  OGTT	  day	  in	  the	  two	  cohorts,	  where	  the	  higher	  body	  weight	  might	  contribute	  to	  the	  DIO	  
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mice	  in	  the	  first	  cohort	  having	  a	  glucose	  tolerance	  curve	  significantly	  above	  the	  DIO-‐R	  group.	  This	  

was	  not	  apparent	  in	  the	  second	  cohort.	  However,	  when	  the	  plasma	  insulin	  concentrations	  were	  

examined	  in	  the	  second	  cohort,	  the	  DIO	  group	  had	  significantly	  higher	  levels	  than	  the	  DIO-‐R	  

group,	  which	  did	  not	  differ	  from	  control	  levels.	  Indeed,	  the	  plasma	  insulin	  concentration	  was	  

highly	  correlated	  with	  final	  body	  weight	  in	  the	  HED	  groups.	  In	  conclusion,	  even	  though	  the	  more	  

impaired	  glucose	  tolerance	  seen	  in	  the	  DIO	  group	  in	  the	  first	  cohort	  was	  not	  repeated	  in	  the	  

second	  cohort,	  there	  was	  still	  a	  difference	  seen	  in	  insulin	  levels	  with	  the	  high	  levels	  in	  the	  DIO	  

group,	  which	  may	  be	  indicative	  of	  future	  insulin	  resistance	  and	  diabetes	  developing.	  Importantly,	  

there	  is	  no	  obvious	  indication	  that	  the	  OGTT	  at	  early	  time	  points	  is	  predictive	  of	  future	  weight	  

gain.	  

The	  qPCR	  experiments	  for	  the	  first	  cohort	  were	  not	  successful	  due	  to	  the	  fact	  that	  not	  enough	  

tissue	  was	  collected	  for	  the	  detection	  of	  the	  mRNAs	  of	  interest.	  In	  the	  second	  cohort	  we	  had	  more	  

success,	  so	  the	  results	  are	  shown	  in	  two	  ways,	  with	  one	  graph	  depicting	  both	  HED	  groups	  

combined	  and	  another	  with	  the	  two	  groups	  separated.	  The	  reason	  for	  this	  is	  the	  inherent	  nature	  

of	  the	  statistical	  tests	  that	  were	  used,	  where	  some	  changes	  seen	  did	  not	  reach	  significance	  using	  a	  

one-‐way	  ANOVA	  for	  the	  three	  groups	  (normal	  chow	  n=9,	  DIO	  n=8,	  DIO-‐R	  n=11).	  For	  example,	  the	  

pacap	  mRNA	  levels	  in	  the	  Arc	  seem	  to	  be	  up	  regulated	  in	  both	  of	  the	  HED	  groups	  but	  the	  effect	  

does	  not	  appear	  to	  be	  significant.	  When	  the	  groups	  are	  combined	  (normal	  chow	  n=9,	  HED	  n=19)	  

and	  a	  student’s	  t	  test	  is	  performed	  the	  significance	  is	  there,	  probably	  due	  to	  the	  increased	  n	  

number.	  The	  upregulation	  indicates	  that	  the	  Arc	  pacap	  neuron	  population	  may	  play	  a	  role	  in	  the	  

response	  to	  HED.	  The	  npy	  mRNA	  level	  appears	  to	  not	  change	  in	  the	  DIO-‐R	  group	  but	  is	  reduced	  in	  

the	  DIO	  animals,	  which	  fits	  with	  the	  fact	  that	  an	  orexigenic	  signal	  would	  be	  repressed	  with	  an	  

increase	  in	  body	  weight	  and	  suggests	  that	  npy	  regulation	  follows	  body	  adiposity.	  No	  change	  was	  

seen	  in	  pomc	  mRNA	  levels,	  although	  a	  positive	  trend	  is	  apparent.	  The	  lack	  of	  change	  seen	  in	  pomc	  

mRNA	  does	  not	  exclude	  the	  possibility	  of	  an	  early	  upregulation	  in	  the	  mRNA	  that	  is	  then	  

attenuated	  through	  the	  course	  of	  the	  8	  weeks.	  

The	  qPCR	  data	  for	  the	  VMN	  was	  less	  convincing,	  although	  we	  did	  see	  the	  expected	  upregulation	  in	  

pacap	  mRNA	  and	  also	  an	  upregulation	  in	  bdnf	  transcript	  I	  and	  IV.	  However,	  there	  was	  no	  

upregulation	  of	  the	  panbdnf	  transcript	  IX,	  and	  there	  was	  no	  clear	  indication	  of	  differential	  

regulation	  of	  the	  transcripts	  or	  pacap	  in	  DIO	  and	  DIO-‐R.	  This	  differs	  from	  previous	  data	  from	  this	  

lab	  (see	  Figure	  3.1),	  which	  was	  collected	  using	  semi-‐quantitative	  in	  situ	  hybridization	  and	  might	  

indicate	  that	  qPCR	  preceded	  by	  LCM	  may	  not	  be	  the	  best	  method,	  as	  the	  tissue	  is	  subject	  to	  
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numerous	  processing	  steps	  that	  might	  have	  a	  degrading	  effect	  on	  the	  RNA.	  Also,	  the	  split	  

between	  DIO	  and	  DIO-‐R	  groups	  in	  the	  second	  cohort	  in	  terms	  of	  final	  body	  weight	  was	  not	  as	  

large	  as	  previously	  seen	  in	  the	  first	  cohort	  or	  previously	  in	  the	  lab	  (Hawke	  2009b),	  and	  might	  

account	  for	  the	  smaller	  changes	  seen	  in	  gene	  expression.	  There	  were	  also	  limitations	  to	  our	  qPCR	  

paradigm	  that	  need	  to	  be	  discussed.	  All	  of	  the	  expression	  levels	  measured	  were	  normalised	  to	  the	  

expression	  of	  β-‐actin,	  which	  was	  used	  as	  the	  housekeeping	  gene.	  To	  further	  verify	  our	  results,	  the	  

experiments	  would	  need	  to	  be	  repeated	  using	  additional	  housekeeping	  genes	  in	  order	  to	  prove	  

the	  up-‐	  and	  downregulation	  results	  as	  robust.	  Additionally,	  none	  of	  the	  qPCR	  products	  were	  

sequenced	  and	  it	  is	  thus	  not	  clear	  that	  the	  changes	  seen	  in	  mRNA	  levels	  were	  in	  fact	  the	  ones	  we	  

were	  looking	  for,	  and	  in	  the	  future	  sequencing	  of	  the	  products	  should	  be	  added	  as	  a	  further	  

validation	  step	  of	  the	  primers	  used.	  One	  further	  thing	  to	  keep	  in	  mind	  when	  discussing	  this	  data	  is	  

the	  effect	  on	  these	  expression	  results	  of	  multiple	  OGTTs.	  We	  did	  not	  perform	  any	  recovery	  

experiments	  to	  investigate	  time	  period	  required	  for	  expression	  levels	  to	  return	  to	  base	  levels,	  i.e.	  

levels	  prior	  to	  the	  OGTT.	  It	  is	  not	  unreasonable	  to	  suppose	  that	  a	  six-‐hour	  fast	  followed	  by	  a	  high	  

dose	  of	  glucose	  would	  affect	  expression	  levels	  of	  genes	  linked	  to	  energy	  homeostasis,	  and	  that	  

this	  is	  something	  that	  would	  have	  to	  be	  controlled	  for	  in	  future	  experiments.	  

Accepting	  these	  caveats,	  we	  did	  show	  differences	  in	  bdnf	  mRNA	  transcript	  regulation	  after	  both	  

fasting	  and	  HED,	  which	  indicates	  that	  the	  transcripts	  have	  different	  roles	  in	  the	  response	  to	  

metabolic	  manipulation.	  This	  can	  occur	  if	  different	  transcripts	  are	  transported	  to	  specific	  

subcellular	  compartments,	  for	  example	  the	  dendrites,	  where	  they	  are	  translated	  locally	  into	  

protein.	  Aliaga	  et	  al	  (2008)	  showed	  that	  transcript	  VI	  was	  the	  only	  transcript	  present	  in	  primary	  

dendritic	  processes	  during	  basal	  conditions	  in	  cultured	  hypothalamic	  rat	  neurons,	  using	  non-‐

isotopic	  in	  situ	  hybridization,	  and	  linked	  this	  to	  its	  likely	  involvement	  in	  synaptic	  plasticity	  (Aliaga	  

et	  al	  2009).	  This	  had	  previously	  been	  reported	  by	  Pattabiraman	  et	  al	  (2005)	  in	  neurons	  of	  the	  

visual	  cortex	  (Pattabiraman	  et	  al	  2005),	  and	  fits	  with	  the	  fact	  that	  the	  hypothalamus	  has	  a	  high	  

capacity	  for	  plasticity	  in	  order	  to	  respond	  to	  physiological	  challenges.	  The	  authors	  hypothesize	  

that	  the	  mechanism	  for	  transcript	  VI	  transportation	  to	  the	  dendrites	  is	  dependent	  on	  specific	  

sequence	  elements	  in	  transcript’s	  5’-‐UTR	  region	  that	  is	  recognized	  by	  the	  transport	  machinery,	  

and	  they	  point	  out	  that	  this	  transcript	  contains	  the	  exon	  with	  the	  highest	  GC	  content	  of	  all	  the	  

bdnf	  transcripts.	  This	  allows	  for	  a	  stable	  secondary	  structure	  formation	  that	  is	  crucial	  for	  

messenger	  transportation	  elements	  (Kindler	  et	  al	  2005).	  	  
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The	  different	  cellular	  locations	  of	  the	  bdnf	  transcripts	  could	  be	  associated	  with	  their	  different	  

functions.	  As	  mentioned	  above,	  transcript	  VI	  appears	  to	  be	  present	  in	  the	  dendrites	  and	  is	  

possibly	  plasticity	  related	  (Kang	  &	  Schuman	  1996),	  so	  the	  upregulation	  of	  this	  transcript	  that	  we	  

saw	  following	  48	  hour	  fasting	  in	  the	  VMN	  might	  indicate	  dendritic	  changes	  in	  response	  to	  the	  

stimulus.	  The	  same	  was	  not	  observed	  following	  8	  weeks	  on	  HED,	  although	  that	  does	  not	  exclude	  

the	  possibility	  that	  we	  would	  have	  seen	  this	  upregulation	  more	  immediately	  following	  the	  diet	  

change.	  48	  hour	  fasting	  is	  a	  very	  strong	  stimulus	  and	  the	  response	  seen	  might	  only	  be	  there	  in	  the	  

acute	  phase	  in	  the	  HED	  experiment.	  The	  bdnf	  transcripts	  might	  be	  present	  only	  in	  other	  cellular	  

compartments,	  such	  as	  the	  soma	  and	  could	  be	  involved	  in	  other	  functions	  (Guerra-‐Crespo	  et	  al	  

2001,	  Loudes	  et	  al	  1999,	  Rage	  et	  al	  1999).	  For	  example,	  BDNF	  peptide	  produced	  from	  these	  

alternative	  transcripts	  may	  be	  destined	  for	  release	  from	  nerve	  terminals	  and	  be	  involved	  in	  

intercellular	  communication.	  As	  BDNF	  is	  catabolic,	  it	  is	  possible	  that	  it	  is	  important	  to	  reduce	  the	  

production	  of	  these	  transcripts,	  while	  still	  allowing	  for	  dendritic	  plasticity	  in	  response	  to	  the	  

fasting	  response.	  

In	  the	  second	  cohort,	  mice	  placed	  on	  HED	  displayed	  an	  increase	  in	  the	  expression	  of	  bdnf	  

transcripts	  I	  and	  IV.	  Publications	  by	  the	  Wang	  group	  also	  implicate	  transcript	  IV	  in	  some	  forms	  of	  

neuronal	  plasticity,	  as	  it	  is	  up	  regulated	  in	  an	  activity-‐dependent	  manner	  (Zheng	  &	  Wang	  2009,	  

Zheng	  et	  al	  2011).	  It	  had	  previously	  been	  shown	  that	  BDNF	  promotes	  its	  own	  transcription	  

through	  the	  transcript	  IV	  promotor,	  both	  in	  vitro	  in	  cortical	  neurons	  (Yasuda	  et	  al	  2007)	  and	  in	  

vivo	  in	  the	  dentate	  gyrus	  of	  the	  hippocampus	  (Wibrand	  et	  al	  2006).	  Thus,	  Wang	  suggests	  that	  

following	  an	  upregulation	  due	  to	  neuronal	  activity,	  the	  self-‐stimulation	  of	  transcript	  IV	  contributes	  

to	  the	  sustained	  maintenance	  of	  bdnf	  expression,	  which	  may	  be	  important	  in	  activity-‐dependent	  

neuronal	  changes	  (Zheng	  &	  Wang	  2009).	  This	  may	  be	  relevant	  to	  long-‐term	  plasticity	  in	  the	  VMN	  

in	  mice	  maintained	  on	  HED,	  and	  presents	  the	  possibility	  that	  BDNF	  may	  be	  able	  to	  mediate	  the	  

effects	  of	  other	  trophic	  hormones,	  such	  as	  leptin	  (Bouret,	  2013)	  on	  structures	  of	  the	  

hypothalamus.	  

A	  further	  complication	  regarding	  bdnf	  transcripts	  is	  now	  apparent,	  since	  	  all	  of	  the	  bdnf	  transcripts	  

have	  two	  splice	  variants,	  one	  with	  a	  short	  (~0.4	  kb)	  and	  one	  with	  a	  long	  (~2.9	  kb)	  3’	  UTR-‐region	  

(Aid	  et	  al	  2007,	  Timmusk	  et	  al	  1993)	  due	  to	  the	  final	  exon	  having	  two	  alternative	  polyadenylation	  

sites	  (see	  Figure	  3.2).	  The	  paper	  by	  Liao	  et	  al	  (2012)	  ties	  together	  previous	  findings	  from	  their	  lab,	  

where	  they	  show	  that	  bdnf	  mRNA	  with	  short	  3’	  UTR	  is	  restricted	  to	  the	  neuronal	  cell	  bodies	  

whereas	  the	  longer	  mRNAs	  can	  also	  localize	  to	  dendrites	  in	  cortical	  and	  hippocampal	  neurons	  (An	  
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et	  al	  2008),	  with	  more	  recent	  data	  implicating	  the	  necessity	  of	  local	  protein	  synthesis	  of	  long	  bdnf	  

transcripts	  in	  the	  dendrites	  in	  energy	  homeostasis	  (Liao	  et	  al	  2012).	  They	  showed	  that	  knock-‐out	  

mice	  lacking	  long	  3’	  UTR	  bdnf	  mRNA	  developed	  hyperphagic	  obesity	  and	  leptin	  resistance,	  and	  

that	  both	  insulin	  and	  leptin	  could	  stimulate	  the	  local	  translation	  of	  long	  3’	  UTR	  bdnf	  mRNA	  in	  

cultured	  hypothalamic	  rat	  neurons.	  The	  authors	  suggest,	  following	  their	  results,	  that	  bdnf	  and	  

leptin	  have	  a	  linked	  role	  in	  the	  control	  of	  energy	  balance.	  As	  leptin	  stimulates	  the	  translation	  of	  

long	  3’	  UTR	  bdnf	  mRNA	  through	  neuronal	  activity,	  it	  is	  possible	  that	  the	  BDNF	  protein	  translated	  

from	  these	  transcripts	  is	  necessary	  to	  maintain	  leptin’s	  further	  activity	  in	  other	  hypothalamic	  

nuclei.	  Thus,	  if	  parts	  of	  BDNF	  signaling	  are	  disrupted,	  it	  could	  lead	  to	  compromised	  neural	  circuits	  

in	  other	  areas,	  leading	  to	  leptin	  resistance	  and	  the	  development	  of	  obesity	  (Liao	  et	  al	  2012).	  

As	  mentioned	  above,	  there	  is	  no	  clear	  evidence	  as	  to	  what	  regulates	  pacap	  and	  bdnf	  with	  

changing	  energy	  status.	  If	  there	  is	  a	  shared	  input	  to	  these	  two	  neuronal	  types,	  it	  could	  be	  either	  

hormonal	  or	  neuronal.	  Leptin	  is	  one	  possible	  hormonal	  input,	  but	  why	  would	  the	  leaner	  DIO-‐R	  

mice	  respond,	  when	  it	  is	  the	  DIO	  mice	  with	  their	  increased	  white	  adipose	  tissue	  (WAT)	  that	  should	  

have	  the	  higher	  circulating	  leptin?	  Perhaps	  the	  DIO	  mice	  have	  already	  become	  leptin	  resistant.	  If	  

the	  input	  is	  neuronal,	  where	  does	  it	  originate?	  The	  obvious	  suggestion	  is	  the	  Arc,	  but	  our	  data	  for	  

NPY	  suggests	  that	  these	  neurons	  may	  be	  followers	  of	  body	  weight	  rather	  than	  primary	  regulators.	  

The	  VMN	  has	  all	  the	  sensing	  capabilities	  to	  suggest	  it	  is	  not	  receiving	  the	  control	  from	  outside,	  but	  

instead	  it	  is	  likely	  to	  be	  a	  hub,	  perhaps	  along	  with	  the	  Arc.	  

Another	  possibility	  is	  that	  there	  is	  a	  ‘master	  gene’	  within	  the	  VMN.	  For	  example,	  SF-‐1	  is	  a	  

transcription	  factor	  that	  is	  necessary	  for	  the	  normal	  development	  of	  the	  VMN.	  Kim	  et	  al	  (2011)	  

showed	  that	  both	  pre-‐	  and	  post-‐natal	  VMN-‐specific	  SF-‐1	  knockout	  mice	  were	  susceptible	  to	  HED-‐

induced	  obesity.	  They	  also	  showed	  that	  these	  mice	  had	  decreased	  leptin	  receptor	  expression	  

specifically	  in	  the	  VMN,	  which	  leads	  to	  leptin	  resistance	  (Kim	  et	  al	  2011).	  This	  indicates	  a	  role	  for	  

the	  SF-‐1	  transcription	  factor	  in	  the	  coordinated	  control	  of	  energy	  homeostasis	  in	  the	  

hypothalamus,	  especially	  following	  HED.	  However,	  the	  SF-‐1-‐driven	  knockout	  of	  bdnf	  did	  not	  elicit	  

an	  obese	  phenotype,	  it	  is	  uncertain	  if	  BDNF	  is	  a	  relevant	  mediator	  in	  SF-‐1	  neurons	  (Dhillon	  et	  al	  

2006).	  In	  another	  paper,	  the	  same	  group	  implicated	  another	  transcription	  factor,	  FOXO1,	  which	  is	  

known	  to	  play	  a	  role	  in	  metabolic	  homeostasis	  through	  leptin	  and	  insulin	  regulation	  (Kim	  et	  al	  

2012).	  They	  show	  that	  the	  VMN	  is	  an	  important	  site	  for	  FOXO1	  action,	  and	  that	  mice	  lacking	  the	  

foxo1	  gene	  in	  SF-‐1	  positive	  neurons	  in	  the	  VMN	  are	  lean	  due	  to	  an	  increase	  in	  energy	  expenditure.	  

They	  also	  identified	  the	  sf-‐1	  gene	  as	  a	  direct	  FOXO1	  transcriptional	  target	  in	  the	  VMN.	  Taken	  
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together,	  it	  appears	  both	  SF-‐1	  and	  FOXO1	  are	  necessary	  to	  maintain	  energy	  homeostasis	  and	  both	  

could	  be	  possible	  ‘master-‐genes’	  controlling	  the	  expression	  of	  pacap	  and	  bdnf	  genes,	  although	  it	  

is	  unclear	  what	  the	  relationship	  between	  SF-‐1	  and	  BDNF	  is,	  as	  BDNF	  appear	  not	  to	  exert	  its	  

anorexigenic	  effects	  through	  SF-‐1	  positive	  cells	  in	  the	  VMN	  (Dhillon	  et	  al	  2006).	  

Finally,	  epigenetic	  modulation	  is	  another	  possible	  regulatory	  mechanism	  for	  pacap	  and	  bdnf	  

transcription.	  Epigenetic	  phenomena,	  which	  can	  be	  described	  simplistically	  as	  winding	  and	  

unwinding	  of	  genomic	  DNA,	  occur	  when	  the	  chromatin	  structure	  is	  remodelled,	  affecting	  the	  

capability	  of	  transcription	  factors	  to	  bind.	  These	  changes	  can	  be	  due	  to	  two	  major	  events:	  histone	  

modification	  or	  DNA	  methylation.	  For	  example,	  the	  protein	  modifying	  enzyme	  silent	  information	  

regulator	  1	  (SIRT1)	  is	  a	  nuclear	  metabolic	  sensor	  that	  detects	  cellular	  metabolic	  status	  and	  acts	  

accordingly	  to	  alter	  chromatin	  structure	  and	  gene	  regulation,	  specifically	  through	  deacetylation	  of	  

histones	  and	  the	  subsequent	  effects	  on	  transcription	  (Li	  2013).	  The	  activity	  of	  SIRT1	  is	  dependent	  

on	  peripheral	  signals,	  for	  example	  nutritional,	  hormonal	  and	  environmental.	  Evidence	  of	  SIRT1	  

involvement	  in	  central	  control	  of	  metabolic	  homeostasis	  comes	  from	  studies	  showing	  that	  calorie	  

restriction	  and	  fasting	  increases	  sirt1	  expression	  in	  the	  hypothalamus	  (Cakir	  et	  al	  2009,	  Satoh	  et	  al	  

2010).	  Further,	  inhibition	  of	  hypothalamic	  SIRT1	  activity	  increases	  acetylation	  of	  foxo1,	  which	  in	  

turn	  increases	  pomc	  and	  decreases	  agrp	  expression	  in	  the	  Arc	  leading	  to	  a	  decrease	  in	  food	  intake	  

and	  reduced	  weight	  gain	  (Cakir	  et	  al	  2009).	  Furthermore,	  AgRP-‐dependent	  neuronal	  deletion	  of	  

sirt1	  has	  a	  dampening	  effect	  on	  AgRP	  neuronal	  activity,	  which	  also	  leads	  to	  a	  decrease	  in	  food	  

intake	  and	  reduced	  weight	  gain	  (Dietrich	  et	  al	  2010).	  But	  if	  the	  sirt1	  gene	  is	  specifically	  deleted	  in	  

the	  POMC	  neurons	  in	  mice,	  the	  animals	  exhibit	  a	  blunted	  response	  to	  leptin	  and	  have	  a	  higher	  risk	  

of	  developing	  DIO	  (Ramadori	  et	  al	  2010).	  This	  fits	  with	  previous	  reports	  that	  long-‐term	  treatment	  

with	  a	  small	  molecule	  sirt1	  activator	  (resveratol)	  normalizes	  hyperglycaemia	  and	  improves	  

hyperinsulinaemia	  in	  DIO	  mice	  (Ramadori	  et	  al	  2009).	  Taken	  together,	  this	  evidence	  suggests	  an	  

important	  role	  for	  SIRT1	  in	  central	  regulation	  of	  nutrient	  sensing,	  and	  could	  be	  an	  epigenetic	  

modulator	  of	  pacap	  and	  bdnf	  transcription.	  

We	  proceeded	  to	  investigate	  possible	  epigenetic	  modulation	  of	  the	  pacap	  and	  bdnf	  genes	  by	  

looking,	  instead,	  at	  DNA	  methylation	  in	  CG	  rich	  sequences	  of	  the	  promoters	  of	  pacap	  and	  bdnf’s	  

different	  transcripts	  in	  collaboration	  with	  the	  Babraham	  Institute	  in	  Cambridge.	  However,	  the	  

techniques	  used	  by	  our	  lab	  for	  tissue	  collection	  (LCM)	  appeared	  to	  yield	  insufficient	  amount	  of	  

DNA	  for	  reliable	  results	  following	  subsequent	  bisulphate	  treatment	  and	  mass	  spectrometry	  
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analysis.	  Therefore,	  unfortunately,	  the	  possibility	  of	  epigenetic	  regulation	  could	  not	  be	  further	  

explored	  in	  this	  thesis.	  

3.5 Summary	  

In	  conclusion,	  metabolic	  manipulation	  in	  the	  form	  of	  both	  48-‐hour	  fasting	  and	  8-‐weeks	  HED	  

differentially	  regulates	  pacap	  and	  bdnf	  transcripts	  expression	  in	  the	  VMN	  of	  outbred	  mice.	  While	  

the	  results	  presented	  here	  do	  not	  fully	  support	  the	  hypothesis	  that	  these	  genes	  have	  a	  protective	  

role	  in	  the	  development	  of	  diet-‐induced	  obesity,	  the	  data	  do	  further	  support	  their	  position	  of	  

PACAP	  and	  BDNF	  as	  candidates	  responsible	  for	  signaling	  in	  the	  VMN	  and	  in	  the	  circuitry	  regulating	  

metabolism.	  The	  presence	  of	  several	  bdnf	  transcripts	  and	  their	  differential	  regulation	  in	  the	  VMN	  

points	  to	  potentially	  distinct	  roles	  for	  the	  transcripts,	  for	  example	  in	  synaptic	  plasticity	  or	  

expression	  maintenance,	  which	  the	  literature	  suggests	  is	  determined	  by	  the	  transcript	  size	  and	  

location.	  It	  is	  not	  yet	  clear	  what	  regulates	  pacap	  and	  bdnf	  in	  the	  VMN,	  but	  hormonal	  inputs	  (e.g.	  

from	  leptin)	  or	  neuronal	  inputs	  (possibly	  originating	  in	  the	  Arc)	  are	  likely	  to	  play	  a	  role.	  There	  

could	  also	  be	  a	  ‘master-‐gene’,	  similar	  to	  the	  transcription	  factors	  SF-‐1	  or	  FOXO1,	  which	  drive	  the	  

expression	  of	  some	  genes,	  while	  inhibiting	  the	  expression	  of	  others.	  Finally,	  pacap	  and	  bdnf	  could	  

be	  subject	  to	  epigenetic	  modulation,	  with	  SIRT1	  being	  one	  potential	  candidate	  for	  the	  regulation	  

of	  histone	  acetylation.	  Whatever	  the	  regulator,	  it	  will	  be	  interesting	  to	  determine	  if	  it	  is	  

dysfunctional	  in	  individual	  animals	  that	  are	  prone	  to	  diet-‐induced	  obesity,	  while	  still	  effective	  in	  

those	  that	  are	  resistant.



	  

67	  

	  

Chapter	  4. Metabolic	  sensitivity	  of	  
PACAP	  neurons	  in	  the	  hypothalamus	  

4.1 Introduction	  

In	  recent	  years,	  progress	  has	  been	  made	  in	  defining	  the	  roles	  of	  different	  cell	  populations	  in	  the	  

brain	  and	  neuropeptides	  in	  the	  regulation	  energy	  homeostasis	  (reviewed	  by	  Parker	  &	  Bloom	  

2012).	  Much	  of	  the	  research	  has	  focused	  on	  the	  Arc	  nucleus	  in	  the	  hypothalamus,	  and	  the	  

anorectic	  POMC-‐derived	  and	  orexigenic	  NPY	  peptides	  have	  been	  identified	  as	  two	  of	  the	  major	  

signaling	  molecules.	  

When	  leptin	  and	  the	  long,	  signalling	  form	  its	  receptor	  (leprB)	  were	  discovered	  (Zhang	  et	  al	  1994),	  

mutations	  in	  their	  genes	  were	  identified	  as	  being	  responsible	  for	  the	  obese	  phenotypes	  seen	  in	  

the	  naturally	  occurring	  mutant	  mice,	  ob/ob	  and	  db/db,	  respectively.	  When	  leptin	  binds	  to	  its	  

receptor	  in	  certain	  parts	  of	  the	  brain,	  appetite	  is	  inhibited	  and	  energy	  expenditure	  increased	  

(through	  adaptive	  thermogenesis).	  Thus,	  mice	  lacking	  either	  leptin	  or	  leprB	  are	  obese,	  due	  to	  

hyperphagia	  and	  a	  reduction	  in	  energy	  expenditure.	  Interestingly,	  in	  transgenic	  mice	  in	  which	  the	  

leprB	  is	  knocked-‐out	  specifically	  in	  POMC	  neurons,	  the	  obese	  phenotype	  seen	  is	  not	  as	  extreme	  as	  

that	  observed	  with	  brain-‐specific	  knock	  out	  or	  total	  Lepr	  knock	  out	  (db/db)	  (Balthasar	  et	  al	  2004).	  

This	  suggests	  that	  neuronal	  populations	  other	  than	  POMC	  cells,	  perhaps	  also	  within	  the	  

hypothalamus,	  must	  be	  involved	  in	  energy	  regulation	  and	  feeding.	  

Recently,	  evidence	  is	  mounting	  for	  the	  involvement	  of	  the	  VMN	  in	  energy	  homeostasis,	  which	  is	  

indicated	  to	  play	  as	  big	  a	  role	  as	  the	  Arc.	  The	  leprB	  is	  expressed	  throughout	  the	  ventromedial	  

hypothalamus,	  and	  about	  50%	  of	  neurons	  in	  both	  the	  VMN	  and	  Arc	  respond	  to	  leptin	  (Irani	  et	  al	  

2008).	  Adding	  to	  the	  evidence,	  the	  knock	  out	  of	  the	  VMN-‐expressed	  transcription	  factor	  SF-‐1	  

prevents	  normal	  development	  of	  the	  VMN	  and	  the	  animal	  develops	  an	  obese	  phenotype	  in	  

adulthood	  (Zhao	  et	  al	  2004).	  When	  the	  leprB	  is	  specifically	  knocked	  out	  in	  SF-‐1-‐positive	  VMN	  cells,	  

obesity	  is	  also	  induced,	  and	  when	  the	  leprB	  is	  selectively	  knocked	  out	  of	  both	  SF-‐1	  and	  POMC	  

positive	  cells	  it	  leads	  to	  an	  obese	  phenotype	  that	  is	  additively	  more	  severe	  than	  the	  two	  single	  

knock	  outs	  on	  their	  own	  (Dhillon	  et	  al	  2006).	  
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The	  cellular	  phenotypes	  of	  the	  VMN	  are	  largely	  uncharacterized,	  in	  comparison	  with	  those	  in	  the	  

Arc.	  However,	  PACAP	  has	  been	  found	  to	  be	  one	  of	  the	  peptides	  enriched	  in	  the	  VMN	  (Segal	  et	  al	  

2005).	  Earlier,	  intense	  PACAP	  expression	  at	  both	  the	  mRNA	  and	  protein	  level	  was	  demonstrated	  in	  

rat	  brain	  using	  in	  situ	  hybridization	  immunohistochemistry,	  respectively,	  while	  a	  much	  weaker	  

level	  was	  detected	  in	  the	  Arc	  (Hannibal	  2002).	  More	  recently,	  Durr	  and	  colleagues	  (2007)	  sought	  

to	  map	  the	  expression	  of	  PACAP,	  focusing	  more	  specifically	  within	  the	  mediobasal	  hypothalamus	  

of	  the	  rat,	  using	  fluorescent	  in	  situ	  hybridisation	  immunohistochemistry.	  Here	  as	  well,	  they	  

reported	  extensive	  PACAP	  expression	  in	  the	  VMN	  with	  a	  weaker	  signal	  detected	  in	  the	  Arc.	  

Interestingly,	  this	  study	  found	  that	  PACAP	  co-‐localised	  with	  α-‐MSH	  in	  around	  20%	  of	  Arc	  POMC	  

neurons,	  pointing	  to	  the	  neurochemical	  heterogeneity	  of	  hypothalamic	  POMC	  neurons.	  Beyond	  

the	  hypothalamus,	  studies	  have	  shown	  that	  PACAP	  is	  expressed	  extensively	  throughout	  the	  whole	  

brain,	  supporting	  the	  many	  roles	  the	  peptide	  plays	  in	  physiology,	  as	  described	  previously	  (Vaudry	  

et	  al	  2009).	  

Our	  lab	  has	  investigated	  the	  role	  of	  PACAP	  in	  energy	  balance	  for	  a	  number	  of	  years,	  using	  in	  vivo	  

pharmacology	  and	  in	  situ	  hybridisation	  to	  yield	  a	  number	  of	  convincing	  results	  to	  confirm	  this	  

relationship	  (Hawke	  et	  al	  2009).	  Using	  dual-‐label	  in	  situ	  hybridisation,	  a	  population	  was	  found	  

concentrated	  in	  the	  dorsomedial	  VMN	  where	  sf-‐1	  and	  pacap	  mRNA	  co-‐localise,	  and	  where	  leptin	  

signalling	  via	  leprB	  is	  required	  for	  normal	  PACAP	  expression	  in	  these	  cells.	  The	  leprB	  is	  richly	  

expressed	  in	  this	  area,	  inferring	  that	  these	  PACAP	  cells	  are	  targets	  for	  leptin.	  To	  test	  this,	  ob/ob	  

mice	  and	  fasted	  normal	  mice,	  which	  both	  have	  reduced	  pacap	  mRNA	  expression	  in	  the	  VMN,	  

were	  given	  leptin	  replacement,	  which	  restored	  the	  low	  expression	  to	  normal	  levels	  (Hawke	  et	  al	  

2009). Furthermore,	  as	  seen	  in	  Chapter	  3,	  the	  transcription	  of	  the	  pacap	  gene	  in	  the	  VMN	  (as	  well	  

as	  in	  the	  Arc)	  is	  heavily	  dependent	  on	  energy	  status.	  In	  fasted	  mice,	  PACAP	  mRNA	  is	  down	  

regulated	  in	  the	  VMN,	  but	  not	  affected	  in	  the	  Arc.	  Following	  HED,	  PACAP	  mRNA	  is	  up	  regulated	  in	  

both	  nuclei,	  suggesting	  that	  PACAP	  in	  both	  Arc	  and	  VMN	  plays	  a	  role	  in	  the	  development	  of	  

obesity	  and/or	  in	  counter	  regulation	  to	  prevent	  it.	  

The	  most	  important	  aspect	  in	  the	  maintenance	  of	  metabolic	  homeostasis	  is	  the	  detection	  of	  

fluctuations	  in	  different	  metabolic	  signals,	  such	  as	  leptin	  and	  glucose,	  the	  latter	  being	  one	  of	  the	  

most	  vital.	  The	  brain	  requires	  glucose	  to	  function	  normally	  and	  hypoglycaemia,	  detected	  by	  both	  

brain	  and	  peripheral	  sensors,	  leads	  to	  the	  initiation	  of	  a	  counter-‐regulatory	  response	  (or	  CRR),	  

involving	  an	  immediate	  autonomic-‐mediated	  reduction	  in	  insulin	  and	  an	  increase	  in	  glucagon	  

secretion	  from	  the	  pancreas,	  along	  with	  an	  increase	  in	  adrenal	  hormones	  (e.g.	  adrenalin),	  
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followed	  by	  a	  slower	  behavioural	  response	  of	  an	  increase	  in	  feeding	  (Cryer	  2005).	  The	  CRR	  

ensures	  an	  immediate	  release	  of	  glucose	  into	  the	  blood	  stream	  to	  redress	  the	  hypoglycaemia.	  The	  

ventromedial	  hypothalamus	  has	  been	  established	  as	  a	  centre	  for	  glucose	  detection	  controlling	  

CRR.	  Evidence	  includes	  the	  selective	  chemical	  destruction	  of	  the	  VMN	  in	  rats,	  which	  results	  in	  a	  

75%	  reduction	  in	  the	  endocrine	  CRR	  (Borg	  et	  al	  1994).	  Furthermore,	  local	  perfusion	  of	  the	  VMN	  

with	  2-‐deoxy-‐D-‐glucose	  (or	  2DG),	  a	  non-‐metabolisable	  form	  of	  glucose	  that	  effectively	  causes	  

local	  glucoprivation,	  stimulates	  the	  CRR	  (Borg	  et	  al	  1995),	  while	  the	  	  local	  perfusion	  of	  the	  VMN	  

with	  glucose	  during	  systemic	  hypoglycaemia	  markedly	  suppresses	  the	  CRR	  (Borg	  et	  al	  1997).	  	  

The	  hypothalamus	  experiences	  a	  range	  of	  glucose	  in	  vivo	  of	  0.5mM	  (fasted	  levels)	  to	  2.5mM	  

(post-‐prandial	  levels)	  (Burdakov	  et	  al	  2005a).	  Besides	  a	  high	  density	  of	  glucose	  sensing	  neurones	  

in	  the	  VMN,	  the	  other	  main	  areas	  containing	  these	  neurons	  are	  the	  lateral	  hypothalamus	  and	  the	  

brainstem	  nucleus	  of	  the	  tractus	  solitarius	  (Burdakov	  et	  al	  2005a).	  Although	  the	  phenotypes	  of	  

the	  glucose-‐sensing	  neurones	  of	  the	  VMN	  remain	  uncharacterised,	  unpublished	  data	  from	  our	  lab	  

show	  that	  SF-‐1	  positive	  VMN	  cells	  are	  sensitive	  to	  physiological	  changes	  in	  glucose	  (Belle,	  Piggins	  

and	  Luckman,	  unpublished).	  SF-‐1-‐positive	  neurones	  may	  be	  a	  mixed	  population	  of	  cells	  and	  could	  

contain	  neurones	  that	  are	  glucose	  excited	  (GE)	  or	  glucose	  inhibited	  (GI).	  And	  as	  mentioned	  above,	  

most	  SF-‐1-‐positive	  neurones	  in	  the	  dorsomedial	  region	  of	  the	  VMN	  contain	  PACAP,	  making	  the	  

peptide	  a	  candidate	  for	  characterisation	  of	  these	  glucose-‐sensing	  neurones.	  

Electrical	  stimulation	  of	  the	  VMN,	  or	  the	  local	  release	  of	  glutamate,	  increases	  glycogenolysis	  and	  

hepatic	  glucose	  production	  (Takahashi	  et	  al	  1997,	  Tong	  et	  al	  2007),	  while	  PACAP	  (from	  an	  

unknown	  source)	  acts	  through	  the	  paraventricular	  nucleus	  (PVN)	  to	  activate	  the	  sympathetic	  

pathway	  also	  leading	  to	  an	  increase	  in	  hepatic	  glucose	  production	  (Yi	  et	  al	  2010).	  Taken	  together,	  

we	  hypothesised	  that	  VMN	  PACAP	  neurons	  are	  involved	  in	  glucose	  sensing,	  and	  that	  they	  are	  

likely	  to	  be	  GI	  (i.e.	  when	  glucose	  levels	  fall,	  PACAP	  neurons	  projecting	  to	  the	  PVN	  are	  activated	  to	  

induce	  the	  endocrine	  CRR).	  

In	  this	  chapter,	  we	  aimed	  to	  establish	  whether	  PACAP	  neurones	  in	  the	  VMN	  are	  involved	  in	  

metabolic	  sensing	  of	  circulating	  leptin	  and	  glucose,	  through	  the	  use	  of	  transgenic	  mouse	  models,	  

immunohistochemistry,	  electrophysiology	  and	  Ca2+	  imaging.	  
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4.2 Methods	  

4.1.1 Animals	  and	  in	  vivo	  work	  

Several	  transgenic	  mice	  lines	  were	  used	  in	  this	  chapter,	  including	  Adcyap1-‐eGFP,	  Pacap-‐i-‐Cre	  x	  

Z/EG	  and	  Pacap-‐i-‐cre	  x	  Lepr	  flox.	  For	  breeding	  schedules	  see	  Chapter	  2.	  

• Growth	  curve	  and	  OGTT:	  The	  body	  weights	  of	  Pacap-‐i-‐cre	  X	  Lepr	  flox	  mice	  were	  recorded	  

once	  a	  week	  from	  3	  to	  20	  weeks	  of	  age	  (cre-‐/-‐	  flox-‐/-‐	  male	  n=7,	  female	  n=4;	  cre-‐/+	  flox-‐/-‐	  male	  n=9,	  

female	  n=7;	  cre-‐/-‐	  flox+/+	  male	  n=8,	  female	  n=7;	  cre-‐/+	  flox+/+	  male	  n=12,	  female	  n=9).	  An	  OGTT	  was	  

performed	  on	  all	  mice	  at	  18	  weeks	  of	  age,	  as	  described	  in	  Chapter	  2.	  

• Leptin	  intraperitoneal	  injection:	  A	  nocturnal	  feeding	  study	  with	  a	  cross-‐over	  design	  was	  

performed	  using	  Pacap-‐i-‐cre	  X	  Lepr	  flox	  mice	  (cre-‐/+	  flox+/+	  n=10,	  cre-‐/-‐	  flox+/+	  n=10)	  at	  8	  weeks	  of	  

age,	  where	  mice	  received	  either	  saline	  (0.9%	  NaCl)	  or	  5mg/kg	  body	  weight	  leptin	  (PeproTech,	  UK)	  

on	  day	  1	  of	  the	  crossover	  and	  the	  other	  treatment	  on	  day	  2	  a	  week	  later.	  Food	  intake	  was	  

measured	  at	  2,	  4	  and	  12	  hours	  after	  injection.	  

• 2DG	  intraperitoneal	  injection:	  A	  daytime	  feeding	  study	  was	  performed	  using	  Adcyap1-‐

eGFP	  mice	  (40	  ±	  3g),	  where	  the	  mice	  were	  randomly	  assigned	  to	  receive	  either	  saline	  (0.9%	  NaCl)	  

(n=6)	  or	  600mg/kg	  2DG	  (Sigma-‐Aldrich	  Corp.	  Ltd.,	  UK)	  (n=6)	  intraperitoneously.	  Food	  intake	  was	  

measured	  90	  minutes	  after	  injection,	  followed	  by	  transcardial	  perfusion.	  The	  perfused	  brain	  was	  

then	  used	  for	  immunohistochemistry.	  

4.1.2 Immunohistochemistry	  

Following	  transcardial	  perfusion,	  the	  brains	  were	  cut	  into	  sections	  starting	  from	  1.22mm	  through	  

to	  2.30mm	  caudal	  of	  bregma	  (Franklin	  &	  Paxinos	  2008),	  encompassing	  the	  VMN,	  Arc	  and	  the	  PVN.	  

Two	  MRes	  students	  in	  our	  lab,	  Holly	  Hopkins	  and	  Kate	  Merritt,	  performed	  these	  staining	  protocols	  

supervised	  by	  and	  after	  being	  trained	  by	  the	  author.	  	  

PACAP	  antibody	  testing	  

The	  standard	  fluorescent	  immunohistochemistry	  protocol	  (described	  in	  Chapter	  2)	  was	  used	  to	  

visualise	  the	  expression	  of	  PACAP	  in	  Adcyap1-‐eGFP	  and	  PACAP-‐Cre	  X	  Z/EG	  mice.	  Previous	  

attempts	  at	  this	  staining	  were	  unsuccessful,	  so	  an	  antigen	  retrieval	  protocol	  was	  performed	  

before	  the	  blocking	  step,	  by	  incubating	  the	  sections	  in	  citrate	  buffer	  (10mM	  Tri-‐sodium	  citrate	  
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(Fisher	  Scientific)	  at	  80oC	  for	  30	  min,	  before	  cooling	  and	  three	  washes	  in	  PB.	  This	  treatment	  breaks	  

the	  cross-‐links	  formed	  by	  formalin	  fixation	  and	  allows	  the	  antigenic	  epitope	  to	  be	  better	  exposed.	  

The	  primary	  antibody,	  PACAP	  (C-‐19)	  goat	  polyclonal	  IgG	  (sc-‐7840;	  Santa	  Cruz	  Biotechnology,	  USA),	  

was	  diluted	  1:100	  in	  1%	  NDS.	  The	  secondary	  antibody,	  Cy3-‐conjugated	  donkey	  anti-‐sheep	  IgG	  

(Millipore,	  CA,	  USA),	  was	  diluted	  1:500	  in	  5%	  NDS.	  

GFP	  immunostaining	  

The	  primary	  chicken	  anti-‐eGFP	  polyclonal	  antibody	  (Millipore,	  CA,	  USA),	  was	  diluted	  1:1000	  in	  1%	  

NDS.	  The	  secondary	  antibody,	  donkey	  anti	  chicken	  IgG	  conjugated	  with	  Cy3	  (Millipore,	  CA,	  USA),	  

was	  diluted	  1:500	  in	  5%	  NDS.	  

c-‐Fos	  immunostaining	  

The	  primary	  antibody,	  rabbit	  anti-‐c-‐Fos	  (Calbiochem,	  Ca,	  USA),	  was	  diluted	  1:8000	  in	  1%	  NGS.	  The	  

secondary	  antibody,	  Cy3-‐conjugated	  goat	  anti-‐rabbit	  (Jackson	  ImmunoResearch	  Laboratories	  Inc.,	  

PA,	  USA),	  was	  diluted	  1:500	  in	  5%	  NGS.	  

4.1.3 Imaging	  

The	  imaging	  protocols	  in	  his	  chapter	  was	  developed	  and	  performed	  with	  Dr	  Mino	  Belle,	  current	  

post-‐doc	  in	  Professor	  Hugh	  Piggins	  lab.	  

Patch	  clamp	  electrophysiology	  

An	  Adcyap1-‐eGFP	  mouse	  aged	  4	  weeks	  was	  used	  for	  the	  patch	  clamp	  recordings,	  as	  described	  in	  

Chapter	  2.	  

Cell	  dissociation	  and	  Ca2+	  imaging	  

PACAP-‐Cre	  X	  Z/EG	  mice	  aged	  10-‐14	  days	  were	  used	  for	  Fura-‐2	  Ca2+	  imaging,	  following	  cell	  

dissociation	  of	  their	  ventromedial	  hypothalamus,	  both	  as	  described	  in	  Chapter	  2.	  

4.3 Results	  

4.1.4 Testing	  a	  PACAP	  antibody	  for	  immunohistochemical	  staining	  

In	  order	  to	  establish	  whether	  our	  two	  reporter	  strains,	  the	  Adycyap1-‐eGFP	  and	  Pacap-‐i-‐Cre-‐GFP	  

mice,	  have	  cell-‐specific	  expression	  of	  eGFP,	  we	  attempted	  to	  utilise	  an	  antibody	  that	  reportedly	  
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stains	  for	  the	  PACAP	  protein.	  Previous	  work	  has	  gone	  into	  optimisation	  of	  an	  

immunohistochemical	  staining	  protocol	  for	  PACAP,	  but	  staining	  has	  been	  problematic.	  Here	  we	  

included	  antigen	  retrieval	  in	  an	  effort	  to	  expose	  more	  of	  the	  PACAP	  epitopes	  in	  our	  brain	  sections,	  

and	  the	  new	  protocol	  appeared	  be	  more	  successful	  when	  tried	  on	  slices	  obtained	  from	  wild-‐type	  

littermates	  of	  Adcyap1-‐eGFP	  mice.	  However,	  we	  only	  saw	  weak	  staining	  in	  the	  VMN	  and	  Arc	  at	  

the	  lowest	  dilution	  of	  1:100	  of	  the	  antibody.	  Also,	  we	  were	  unable	  to	  replicate	  this	  staining	  in	  the	  

Adcyap1-‐eGFP	  and	  Pacap-‐i-‐Cre	  x	  Z/EG	  transgenic	  mice.	  Taken	  together	  this	  might	  indicate	  that	  the	  

antibody	  is	  unreliable	  rather	  than	  there	  being	  a	  problem	  in	  PACAP	  synthesis	  in	  the	  transgenic	  

mice.	  

4.1.5 Expression	  of	  eGFP	  in	  two	  transgenic	  strains.	  

As	  our	  attempts	  to	  co-‐visualise	  the	  endogenous	  GFP	  expressed	  in	  our	  two	  transgenic	  mice	  with	  a	  

PACAP	  antibody	  were	  unsuccessful,	  we	  decided	  to	  compare	  the	  expression	  of	  eGFP	  in	  the	  two	  

mice	  and	  in	  that	  way	  discover	  whether	  they	  overlap.	  If	  they	  do,	  it	  is	  a	  good	  indicator	  that	  the	  

eGFP	  positive	  cells	  are	  indeed	  PACAP-‐containing	  cells.	  

The	  purpose	  of	  us	  obtaining	  these	  reporter	  lines	  was	  so	  that	  we	  could	  utilise	  them	  to	  study	  PACAP	  

positive	  cells	  more	  closely	  in	  our	  areas	  of	  interest	  in	  the	  hypothalamus;	  the	  VMN,	  Arc	  and	  PVN.	  

While	  the	  endogenous	  fluorescence	  of	  the	  eGFP	  was	  visible	  in	  both	  mouse	  lines	  using	  the	  FITC	  

filter	  (excited	  450-‐490nm,	  emission	  515-‐565nm)	  on	  the	  microscope,	  and	  expression	  was	  seen	  in	  

the	  cortex,	  habenula	  and	  hippocampus,	  the	  fluorescent	  signal	  was	  relatively	  weak	  in	  the	  

hypothalamus.	  However,	  the	  signal	  in	  the	  hypothalamus	  would	  be	  enough	  for	  isolation	  of	  single	  

neurons	  in	  acute	  slices	  for	  use	  in	  electrophysiological	  patch-‐clamping	  experiments.	  

But	  we	  were	  also	  hoping	  to	  carry	  out	  co-‐localisation	  studies	  and/or	  functional	  cell	  activity	  staining	  

(e.g.	  for	  immediate	  early	  gene	  c-‐Fos	  (Luckman	  et	  al	  1994),	  and	  for	  that	  we	  would	  need	  to	  amplify	  

the	  hypothalamic	  signal	  by	  performing	  an	  immunohistochemical	  stain	  for	  GFP.	  However,	  first	  we	  

determined	  that	  the	  eGFP	  fluorescence	  signal	  co-‐localised	  with	  the	  immunohistochemical	  one.	  

In	  the	  Adcyap1-‐eGFP	  mice,	  PACAP	  cells	  were	  observed	  in	  the	  VMN	  and	  PVN	  but	  not	  in	  the	  Arc	  

(Figure	  4.1).	  In	  the	  Pacap-‐i-‐Cre	  x	  Z/EG	  mice,	  PACAP	  cells	  were	  observed	  in	  the	  VMN	  spreading	  into	  

the	  Arc,	  as	  well	  as	  in	  the	  PVN	  (Figure	  4.2).	  In	  both	  of	  these	  strains,	  eGFP	  immunofluorescence	  was	  

found	  in	  cells	  in	  the	  ventrolateral	  and	  central	  region	  of	  the	  VMN	  more	  than	  dorsomedially.	  
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The	  co-‐localisation	  (yellow)	  of	  endogenous	  eGFP	  (green)	  and	  Cy3	  labelled	  eGFP	  (red)	  is	  

comprehensive	  in	  all	  images	  when	  the	  images	  are	  combined,	  showing	  that	  that	  the	  eGFP	  antibody	  

is	  suitable	  for	  identification	  of	  cells	  expressing	  the	  eGFP.	  

	  

Figure	  4.1 Expression	  of	  eGFP	  in	  Adcyap1-‐eGFP	  mice.	  Immunohistochemistry	  was	  performed	  to	  stain	  eGFP	  
using	  a	  Cy3-‐conjugated	  antibody.	  Endogenous	  eGFP	  was	  visualised	  using	  a	  FITC	  filter.	  A:	  x4	  objective	  image	  of	  VMN	  and	  
Arc	  using	  combined	  Cy3	  and	  FITC	  channels;	  signal	  present	  in	  the	  ventrolateral	  and	  central	  VMN,	  none	  in	  Arc;	  
magnification	  square	  indicated.	  Ai:	  x10	  objective	  image	  of	  lateral	  VMN	  using	  Cy3	  channel,	  showing	  antibody	  labelled	  
GFP.	  Aii:	  x10	  objective	  image	  of	  lateral	  VMN	  using	  FITC	  channel,	  showing	  endogenous	  GFP.	  Aiii:	  combined	  Cy3	  and	  FITC	  
channels,	  white	  open	  arrows	  indicate	  single	  green	  eGFP-‐expressing	  cell	  bodies,	  and	  filled	  white	  arrows	  show	  co-‐
localised	  eGFP	  cell	  bodies	  and	  GFP	  antibody	  staining.	  B:	  x4	  objective	  image	  of	  PVN	  using	  combined	  Cy3	  and	  FITC	  
channels;	  magnification	  square	  indicated.	  Bi:	  x10	  objective	  image	  of	  PVN	  using	  Cy3	  channel,	  showing	  antibody	  labelled	  
GFP.	  Bii:	  x10	  objective	  image	  of	  PVN	  using	  FITC	  channel,	  showing	  endogenous	  GFP.	  Biii:	  combined	  Cy3	  and	  FITC	  
channels,	  white	  open	  arrows	  indicate	  single	  green	  eGFP-‐expressing	  cell	  bodies,	  and	  filled	  white	  arrows	  show	  co-‐
localised	  eGFP	  cell	  bodies	  and	  GFP	  antibody	  staining.	  
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Figure	  4.2 Expression	  of	  eGFP	  in	  Pacap-‐i-‐Cre	  X	  Z/EG	  mice.	  Immunohistochemistry	  was	  performed	  to	  stain	  
eGFP	  using	  a	  Cy3-‐conjugated	  antibody.	  Endogenous	  eGFP	  was	  visualised	  using	  a	  FITC	  filter.	  A:	  x4	  objective	  image	  of	  
VMN	  and	  Arc	  using	  combined	  Cy3	  and	  FITC	  channels;	  signal	  present	  in	  the	  ventrolateral	  and	  central	  VMN;	  magnification	  
square	  indicated.	  Ai:	  x10	  objective	  image	  of	  lateral	  VMN	  using	  Cy3	  channel,	  showing	  antibody	  labelled	  GFP.	  Aii:	  x10	  
objective	  image	  of	  lateral	  VMN	  using	  FITC	  channel,	  showing	  endogenous	  GFP.	  Aiii:	  combined	  Cy3	  and	  FITC	  channels,	  
white	  open	  arrows	  indicate	  single	  green	  eGFP-‐expressing	  cell	  bodies,	  and	  filled	  white	  arrows	  show	  co-‐localised	  eGFP	  
cell	  bodies	  and	  GFP	  antibody	  staining.	  B:	  x4	  objective	  image	  of	  PVN	  using	  combined	  Cy3	  and	  FITC	  channels;	  
magnification	  square	  indicated.	  Bi:	  x10	  objective	  image	  of	  PVN	  using	  Cy3	  channel,	  showing	  antibody	  labelled	  GFP.	  Bii:	  
x10	  objective	  image	  of	  PVN	  using	  FITC	  channel,	  showing	  endogenous	  GFP.	  Biii:	  combined	  Cy3	  and	  FITC	  channels,	  white	  
open	  arrows	  indicate	  single	  green	  eGFP-‐expressing	  cell	  bodies,	  and	  filled	  white	  arrows	  show	  co-‐localised	  eGFP	  cell	  
bodies	  and	  GFP	  antibody	  staining.	  
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4.1.6 Generation	  of	  Pacap-‐i-‐cre	  X	  Lepr	  flox	  mice:	  growth	  curve,	  OGTT	  and	  leptin	  ip	  

Pacap-‐i-‐cre	  X	  Lepr	  flox	  mice	  were	  generated	  to	  investigate	  what	  effect	  the	  knock-‐out	  of	  the	  leptin	  

receptor	  in	  PACAP	  cells	  only	  would	  have	  on	  growth	  curves,	  glucose	  tolerance	  and	  systemic	  leptin	  

response.	  A	  group	  of	  both	  male	  and	  female	  mice	  were	  weighed	  weekly	  from	  weaning	  at	  3	  weeks	  

of	  age.	  There	  was	  no	  difference	  seen	  in	  weight	  accumulation	  between	  the	  transgenic	  mice,	  the	  

cre-‐/+	  flox+/+,	  and	  the	  three	  control	  genotypes	  up	  to	  20	  weeks	  of	  age;	  the	  cre-‐/-‐	  flox-‐/-‐	  being	  the	  full	  

wild	  type,	  the	  cre-‐/+	  flox-‐/-‐	  only	  being	  positive	  for	  the	  cre	  and	  the	  cre-‐/-‐	  flox+/+	  only	  carrying	  the	  

floxed	  gene	  (Figure	  4.3).	  
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Figure	  4.3 Growth	  curves	  of	  male	  and	  female	  Pacap-‐i-‐cre	  X	  Lepr	  flox	  mice.	  Body	  weight	  data	  was	  
collected	  from	  the	  mice	  from	  the	  age	  of	  3	  weeks	  up	  until	  20	  weeks	  of	  age.	  a)	  Showing	  the	  male	  growth	  curve	  and	  b)	  
showing	  the	  female.	  The	  cre-‐/-‐	  flox-‐/-‐	  represents	  the	  full	  wild-‐type	  (male	  n=7,	  female	  n=4),	  the	  cre-‐/+	  flox-‐/-‐	  is	  only	  positive	  
for	  the	  cre	  insertion	  (male	  n=9,	  female	  n=7),	  the	  cre-‐/-‐	  flox+/+	  is	  homozygous	  for	  the	  floxed	  leptin	  receptor	  gene	  only	  
(male	  n=8,	  female	  n=7),	  and	  the	  cre-‐/+	  flox+/+	  is	  the	  transgenic	  animal	  positive	  for	  both	  the	  cre	  insertion	  and	  homozygous	  
for	  the	  floxed	  leptin	  receptor	  gene	  (male	  n=12,	  female	  n=9).	  Data	  is	  expressed	  as	  mean	  ±	  SEM.	  
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At	  18	  weeks	  of	  age,	  the	  same	  male	  and	  female	  mice	  were	  tested	  for	  differences	  in	  glucose	  

tolerance.	  In	  the	  male	  mice	  there	  was	  a	  slight	  variation	  seen	  between	  the	  different	  genotypes	  

(Figure	  4.4.a),	  and	  the	  area-‐under	  the	  curve	  analysis	  was	  included	  to	  investigate	  if	  this	  was	  

significant	  (Figure	  4.4.b),	  which	  it	  was	  found	  not	  to	  be.	  The	  OGTT	  results	  show	  no	  difference	  in	  the	  

glucose	  tolerance	  curve	  in	  the	  different	  genotypes	  of	  the	  female	  mice	  (Figure	  4.4.c).	  

0 1 5 3 0 6 0 9 0 1 2 0
0

5

1 0

1 5

2 0

2 5

T im e  (m in )

G
lu

c
o

s
e

(m
m

o
l/

l)

0 1 5 3 0 6 0 9 0 1 2 0
0

5

1 0

1 5

2 0

2 5

T im e  (m in )

G
lu

c
o

s
e

(m
m

o
l/

l)

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

A
U

C
g

lu
c

o
s

e
(m

m
o

l/
L

 x
 1

2
0

)
G e n o ty p e

c re - /+  f lo x + /+

c re - /-  f lo x + /+

c re - /-  f lo x - / -

c re - /+  f lo x - /-

M a le

F e m a le

M a lea )

c )

b )

	  

Figure	  4.4 Glucose	  tolerance	  testing	  of	  male	  and	  female	  Pacap-‐i-‐cre	  X	  Lepr	  flox	  mice.	  An	  OGTT	  was	  
performed	  on	  the	  mice	  at	  18	  weeks	  of	  age.	  a)	  Showing	  the	  glucose	  tolerance	  curve,	  b)	  shows	  the	  male	  AUC	  graph	  and	  c)	  
showing	  the	  female.	  The	  cre-‐/-‐	  flox-‐/-‐	  represents	  the	  full	  wild-‐type	  (male	  n=7,	  female	  n=4),	  the	  cre-‐/+	  flox-‐/-‐	  is	  only	  positive	  
for	  the	  cre	  insertion	  (male	  n=9,	  female	  n=7),	  the	  cre-‐/-‐	  flox+/+	  is	  homozygous	  for	  the	  floxed	  leptin	  receptor	  gene	  only	  
(male	  n=8,	  female	  n=7),	  and	  the	  cre-‐/+	  flox+/+	  is	  the	  transgenic	  animal	  positive	  for	  both	  the	  cre	  insertion	  and	  homozygous	  
for	  the	  floxed	  leptin	  receptor	  gene	  (male	  n=12,	  female	  n=9).	  Data	  is	  expressed	  as	  mean	  ±	  SEM.	  



	  

77	  

	  

A	  different	  cohort	  of	  male	  Pacap-‐i-‐cre	  X	  Lepr	  flox	  mice	  were	  given	  an	  intraperitoneal	  injection	  of	  

leptin	  (5mg/kg	  body	  weight)	  in	  a	  crossover	  night-‐time	  feeding	  study	  at	  8	  weeks	  of	  age	  to.	  Only	  the	  

cre-‐/+	  flox+/+	  (where	  the	  leptin	  receptor	  is	  knocked	  out	  of	  pacap	  positive	  cells)(n=10)	  and	  the	  cre-‐/-‐	  

flox+/+	  (where	  the	  leptin	  receptor	  gene	  is	  floxed	  but	  the	  cre	  is	  missing	  from	  the	  pacap	  cells)(n=10)	  

was	  included	  in	  this	  experiment	  as	  the	  previous	  results	  showed	  that	  the	  other	  two	  control	  

genotypes	  did	  not	  appear	  to	  exhibit	  a	  different	  metabolic	  phenotype.	  The	  female	  mice	  were	  

excluded	  as	  well.	  Exogenous	  leptin	  is	  known	  to	  reduce	  food-‐intake	  (Murphy	  et	  al	  2006,	  

Pelleymounter	  et	  al	  1995b,	  Rentsch	  et	  al	  1995)	  in	  mice	  at	  2	  hours	  post	  injection,	  and	  we	  were	  

thus	  expecting	  a	  similar	  result	  in	  the	  cre-‐/-‐	  flox+/+	  mice.	  However,	  in	  our	  experiment	  the	  two-‐way	  

ANOVA	  did	  not	  deem	  the	  reduction	  in	  food	  intake	  seen	  at	  2	  and	  4	  hours	  as	  significant,	  but	  only	  

registered	  a	  significant	  reduction	  at	  12	  hours	  in	  our	  control	  group	  (Figure	  4.5).	  On	  the	  other	  hand,	  

the	  mice	  lacking	  the	  leptin	  receptor	  in	  PACAP	  cells	  showed	  no	  reduction	  in	  food	  intake	  at	  any	  of	  

the	  time	  points.	  
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Figure	  4.5 Effect	  of	  systemic	  leptin	  injection	  in	  male	  Pacap-‐i-‐cre	  X	  Lepr	  flox	  mice.	  A	  group	  of	  8-‐week-‐old	  mice	  
were	  given	  a	  dose	  of	  either	  intraperitoneal	  saline	  or	  leptin	  (5mg/kg	  body	  weight)	  following	  a	  6	  hour	  fast	  right	  before	  
lights-‐off.	  This	  was	  done	  in	  a	  crossover	  fashion,	  where	  the	  mice	  received	  one	  of	  the	  treatments	  on	  day	  1	  and	  a	  week	  
later	  the	  other	  treatment	  on	  day	  2.	  The	  food	  intake	  data	  is	  expressed	  as	  mean	  ±	  SEM.	  ***	  P<0.001;	  Two-‐way	  ANOVA	  
with	  Bonferroni’s	  post	  hoc	  test	  to	  compare	  all	  groups.	  *compared	  with	  cre-‐/-‐	  flox+/+	  saline	  treatment.	  (cre-‐/+flox+/+	  n=10,	  
cre-‐/-‐flox+/+	  n=10)	  
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4.1.7 Response	  of	  PACAP	  neurones	  to	  systemic	  hypoglycaemia	  

To	  test	  how	  PACAP	  neurons	  respond	  to	  glucoprivation,	  we	  injected	  non-‐fasted	  Adcyap1-‐eGFP	  

male	  mice	  intraperitoneally	  with	  either	  2DG	  (n=6)	  or	  saline	  (n=4)	  as	  a	  control.	  In	  order	  to	  confirm	  

that	  the	  mice	  exhibited	  a	  hypoglycaemic	  response,	  the	  food	  intake	  of	  the	  mice	  was	  measured	  90	  

minutes	  post	  injection.	  The	  Adcyap1-‐eGFP	  mice	  with	  the	  2DG	  treatment	  showed	  a	  significant	  

increase	  in	  food	  intake	  compared	  to	  controls	  (Figure	  4.6),	  meaning	  that	  they	  are	  indeed	  

hypoglycaemic	  and	  that	  2DG	  treatment	  is	  a	  viable	  method	  of	  inducing	  hypoglycaemia	  in	  these	  

mice.	  
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Figure	  4.6 Total	  food	  intake	  of	  ADCYAP-‐eGFP	  mice	  at	  90	  minutes	  post	  2DG	  or	  saline	  intraperitoneal	  
injection.	  A	  student	  t-‐test	  showed	  that	  2DG	  treatment	  significantly	  increases	  food	  intake	  in	  comparison	  to	  saline.	  Data	  
is	  expressed	  as	  mean	  ±	  SEM.	  **P<0.01;	  Student’s	  unpaired	  t-‐test.	  (vehicle	  n=6,	  2DG	  n=6)	  
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Following	  transcardial	  perfusion	  at	  90	  minutes	  post	  injection,	  the	  brains	  of	  the	  mice	  were	  stained	  

for	  c-‐Fos,	  to	  visualise	  cell	  activation,	  and	  GFP	  to	  amplify	  up	  the	  endogenous	  green	  cells.	  Two	  

representative	  images	  of	  a	  number	  of	  cells	  positively	  stained	  for	  c-‐Fos,	  GFP	  and	  their	  co-‐

localisation	  in	  the	  lateral	  hypothalamus	  and	  the	  dorsomedial	  hypothalamic	  nucleus	  are	  shown	  in	  
Figure	  4.7.	  	  

	  
	  

Figure	  4.7 Representative	  fluorescence	  microscope	  images	  of	  c-‐Fos	  immunostaining	  and	  direct	  visualisation	  
of	  eGFP-‐expressing	  cells	  at	  20x	  magnification.	  Single	  c-‐Fos	  staining	  can	  be	  seen	  as	  red	  fluorescent	  nuclei,	  white	  open	  
arrows	  indicate	  single	  green	  eGFP-‐expressing	  cell	  bodies,	  and	  filled	  white	  arrows	  show	  co-‐localised	  eGFP	  cell	  bodies	  and	  
c-‐Fos	  staining.	  Image	  series	  A	  shows	  the	  lateral	  hypothalamus	  and	  image	  series	  B	  shows	  the	  dorsomedial	  hypothalamic	  
nucleus.	  Ai:	  image	  using	  Cy3	  channel,	  showing	  c-‐Fos	  antibody	  labelled	  cells.	  Aii:	  image	  using	  FITC	  channel,	  showing	  
endogenous	  GFP.	  Aiii:	  combined	  Cy3	  and	  FITC	  channels.	  Bi:	  image	  using	  Cy3	  channel,	  showing	  c-‐Fos	  antibody	  labelled	  
cells.	  Bii:	  image	  using	  FITC	  channel,	  showing	  endogenous	  GFP.	  Biii:	  combined	  Cy3	  and	  FITC	  channels.	  

After	  the	  cells	  were	  counted,	  statistical	  testing	  show	  that	  2DG	  treatment	  had	  no	  effect	  on	  the	  

number	  of	  c-‐Fos	  positive	  cells,	  eGFP	  expressing	  cells	  or	  their	  co-‐localisation	  in	  the	  hypothalamus,	  

except	  in	  the	  VMN	  and	  the	  lateral	  hypothalamus	  Figure	  4.8.	  In	  the	  VMN,	  there	  were	  significantly	  

more	  eGFP-‐expressing	  cells	  in	  the	  2DG	  treated	  animals	  compared	  to	  the	  saline	  controls.	  When	  the	  

VMN	  was	  divided	  into	  its	  ventrolateral	  and	  dorsomedial	  aspects,	  it	  was	  found	  that	  significantly	  

more	  eGFP-‐expressing	  cells	  lie	  within	  the	  ventrolateral	  part	  in	  2DG	  treated	  mice	  compared	  with	  

saline	  controls.	  In	  the	  lateral	  hypothalamus,	  significantly	  less	  c-‐Fos	  positive	  cells	  were	  found	  in	  

2DG	  treated	  mice	  in	  comparison	  with	  saline	  treatment,	  indicating	  a	  suppression	  of	  non-‐PACAP	  

cells	  in	  this	  area	  in	  response	  to	  glucoprivation.	  
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Figure	  4.8 Graph	  illustrating	  the	  mean	  number	  of	  c-‐Fos	  and	  eGFP-‐expressing	  cells,	  and	  their	  co-‐localisation,	  
in	  different	  hypothalamic	  nuclei	  in	  ADCYAP-‐eGFP	  mice	  treated	  with	  2DG	  or	  saline.	  Following	  intraperitoneal	  injection	  
of	  either	  2DG	  or	  saline,	  the	  brains	  were	  stained	  for	  c-‐Fos	  and	  GFP	  and	  the	  number	  of	  immunoreactive	  cells	  were	  
counted	  in	  the	  hypothalamus.	  a)	  shows	  number	  of	  c-‐Fos	  positive	  cells,	  b)	  GFP	  positive	  cells	  and	  c)	  shows	  their	  co-‐
localisation.	  The	  areas	  of	  the	  hypothalamus	  included:	  ventromedial	  nucleus	  (VMN),	  dorsomedial	  VMN	  (VMHDM),	  
ventrolateral	  VMN	  (VMHVL),	  lateral	  hypothalamus	  (LH),	  dorsomedial	  nucleus	  (DM)	  and	  the	  paraventricular	  nucleus	  
(PVN).	  The	  data	  is	  expressed	  as	  mean	  ±	  SEM.	  *P<0.05,	  **P<0.01;	  Student’s	  unpaired	  t-‐test.	  (vehicle	  n=6,	  2DG	  n=6) 
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4.1.8 Acute	  response	  of	  PACAP	  neurones	  to	  changes	  in	  glucose.	  

To	  investigate	  the	  direct	  response	  of	  PACAP	  neurons	  to	  changes	  in	  glucose,	  we	  used	  two	  different	  

techniques.	  First	  we	  obtained	  some	  preliminary	  data	  from	  patch	  clamp	  electrophysiology	  of	  eGFP-‐

expressing	  PACAP	  neurons	  in	  the	  VMN,	  and	  then	  we	  went	  on	  Ca2+	  imaging	  recording	  from	  

dissociated	  ventromedial	  hypothalamic	  neurons.	  

Patch	  clamping	  electrophysiology	  

Figure	  4.9	  shows	  the	  recording	  of	  an	  Adcyap1-‐eGFP	  VMN	  cell	  expressing	  eGFP,	  with	  the	  position	  

of	  the	  patch	  pipette	  shown	  in	  d.	  Following	  a	  10pA	  depolarising	  current,	  the	  cell	  depolarises	  and	  

exhibits	  no	  spike-‐rate	  adaptation	  (a),	  while	  a	  10pA	  hyperpolarising	  current	  hyperpolarises	  the	  cell	  

and	  gives	  rise	  to	  a	  low-‐threshold	  rebound	  spike	  on	  recovery	  (b).	  When	  the	  glucose	  concentration	  

in	  the	  recording	  bath	  was	  raised	  from	  1mM	  to	  5mM	  the	  cell	  was	  hyperpolarised	  and	  reduced	  its	  

firing	  rate	  (c),	  showing	  that	  the	  cell	  is	  GI.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  

Figure	  4.9 Characterisation	  of	  an	  Adcyap1-‐eGFP	  VMN	  cell.	  In	  (a)	  action	  potentials	  induced	  by	  a	  10pA	  
depolarising	  current	  pulse	  but	  no	  spike-‐rate	  adaptation	  occurs	  during	  depolarisation.	  And	  (b)	  shows	  a	  low-‐threshold	  
rebound	  spike	  on	  recovery	  from	  10pA	  hyperpolarisation	  current	  pulse.	  The	  cell	  reduces	  its	  firing	  rate	  and	  hyperpolarises	  
when	  glucose	  in	  the	  bathing	  medium	  changes	  from	  1mM	  to	  5mM	  (c).	  The	  GI	  cell	  is	  located	  in	  the	  VMN	  as	  shown	  in	  (d)	  
at	  10x	  magnification.	  
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Calcium	  imaging	  	  

Dissociated	  ventromedial	  hypothalamic	  neurons	  were	  obtained	  from	  Pacap-‐i-‐Cre	  x	  Z/EG	  

transgenic	  mice	  age	  10-‐14	  days	  old.	  In	  the	  first	  experiment,	  we	  selected	  a	  field	  with	  two	  viable	  

cells	  (Figure	  4.10).	  The	  cells	  were	  acclimatised	  in	  aCSF	  containing	  10mM	  glucose,	  and	  following	  

recording	  initiation	  the	  initial	  aCSF	  was	  replaced	  with	  one	  of	  decreasing	  concentrations	  of	  

glucose:	  5mM	  at	  200	  seconds,	  1mM	  at	  400	  seconds,	  0.1mM	  at	  800	  seconds.	  The	  fura	  ratio	  for	  cell	  

1	  increased	  as	  the	  glucose	  concentration	  decreased,	  indicating	  calcium	  influx	  to	  the	  cell	  and	  

hence,	  the	  cell’s	  activation.	  For	  cell	  2,	  the	  fura	  ratio	  remained	  relatively	  stable	  throughout	  the	  

recording	  period,	  not	  differing	  from	  the	  control	  region.	  Cell	  1	  remained	  activated	  until	  2000	  

seconds,	  following	  the	  glucose	  concentrations	  returning	  to	  10mM,	  exhibiting	  a	  slow	  adaptation	  to	  

the	  glucose	  environment.	  As	  the	  glucose	  concentration	  of	  10mM	  was	  again	  inhibiting	  the	  cell,	  

there	  was	  a	  much	  more	  rapid	  efflux	  of	  calcium	  from	  the	  cell	  and	  the	  fura	  ratio	  reduced	  to	  a	  level	  

below	  that	  at	  the	  beginning	  of	  the	  recording.	  
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Figure	  4.10 Dissociated	  dorsomedial	  hypothalamic	  cells	  can	  be	  glucose	  inhibited.	  Calcium	  imaging	  of	  two	  
dissociated	  dorsomedial	  hypothalamic	  cells	  were	  recorded	  in	  different	  glucose	  concentrations.	  Calcium	  influx	  was	  
activated	  in	  cell	  1	  by	  decreasing	  concentrations	  of	  glucose.	  a)	  Images	  collected	  at	  608s	  of	  time	  course.	  i)	  365nm	  bound	  
fura.	  Regions	  of	  interest	  around	  each	  cell	  and	  control	  region	  are	  shown.	  ii)	  385nm	  unbound	  fura.	  iii)	  Ratio	  of	  365/385.	  b)	  
Activity	  of	  cells	  throughout	  the	  time	  course	  of	  recording.	  
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In	  a	  second	  experiment,	  we	  recorded	  from	  another	  field	  containing	  four	  viable	  cells	  (Figure	  4.11).	  

This	  recording	  showed	  individual	  cells	  with	  different	  responses	  to	  changes	  in	  glucose.	  Again,	  the	  

culture	  was	  acclimatised	  in	  10mM	  glucose	  before	  decreasing	  glucose	  concentrations	  was	  

initiated: 5mM	  at	  200	  seconds,	  1mM	  at	  700	  seconds	  and	  returning	  to	  10mM	  at	  1500	  seconds.	  The	  

initial	  decrease	  to	  5mM	  glucose	  did	  not	  have	  an	  effect	  on	  any	  of	  the	  cells,	  but	  at	  1mM	  cell	  3	  had	  a	  

rapid	  and	  short	  activation,	  whereas	  cell	  4	  had	  a	  slower	  onset	  but	  sustained	  activation	  (similar	  to	  

that	  seen	  in	  Cell	  1	  in	  the	  previous	  field;	  Figure	  4.10).	  And	  again,	  this	  slower	  reacting	  cell	  4	  showed	  

a	  delay	  in	  inhibition	  following	  the	  increase	  of	  glucose	  back	  to	  10mM.	  Cells	  1	  and	  2	  appeared	  not	  

to	  be	  affected	  by	  changes	  in	  glucose	  concentration	  and	  remained	  as	  stable	  as	  the	  control	  region.	  

	  

Figure	  4.11 Select	  dissociated	  dorsomedial	  hypothalamic	  cells	  are	  glucose	  inhibited	  at	  different	  rates.	  Calcium	  
imaging	  of	  four	  dissociated	  dorsomedial	  hypothalamic	  cells	  were	  recorded	  in	  different	  glucose	  concentrations.	  Cell	  3	  
had	  a	  fast	  and	  short	  response	  to	  low	  glucose,	  whereas	  cell	  4	  had	  a	  slow	  sustained	  response.	  a)	  Images	  collected	  at	  802s	  
of	  time	  course.	  i)	  365nm	  bound	  fura.	  Regions	  of	  interest	  around	  each	  cell	  and	  control	  region	  are	  shown.	  ii)	  385nm	  
unbound	  fura.	  iii)	  Ratio	  of	  365/385.	  b)	  Activity	  of	  cells	  throughout	  the	  time	  course	  of	  recording.	  
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In	  a	  final	  experiment,	  we	  recorded	  from	  a	  field	  containing	  3	  cells.	  This	  time	  the	  changing	  glucose	  

concentrations	  were	  administered	  slightly	  differently:	  following	  acclimation	  in	  aCSF	  containing	  

10mM	  glucose,	  the	  concentration	  was	  lowered	  to	  5mM	  at	  100	  seconds,	  then	  returned	  to	  10mM	  

at	  300	  seconds,	  then	  lowered	  to	  1mM	  at	  600	  seconds,	  and	  finally	  returned	  to	  10mM	  at	  700	  

seconds	  again.	  All	  three	  cells	  responded	  to	  both	  the	  5mM	  and	  1mM	  applications,	  with	  cell	  2	  

showing	  the	  largest	  fura	  ratio	  change	  and	  hence	  the	  largest	  change	  in	  activation.	  Cell	  3	  showed	  

the	  least	  change	  in	  activation.	  Cell	  1	  had	  the	  fastest	  response	  to	  all	  changes	  in	  concentration,	  

except	  the	  last	  application	  at	  700	  seconds.	  Cell	  1	  and	  2	  responded	  more	  to	  the	  1mM	  

concentration	  than	  the	  5mM,	  cell	  3	  showed	  no	  difference	  in	  amplitude.	  All	  three	  cells	  were	  

inhibited	  by	  the	  first	  re-‐application	  of	  10mM	  glucose	  concentration	  with	  activity	  returning	  to	  

baseline,	  but	  at	  the	  second	  cell	  1	  failed	  to	  adapt	  while	  cell	  2	  and	  3	  again	  returned	  to	  baseline.	  The	  

control	  region	  remained	  stable	  throughout	  the	  recoding.	  

	  

Figure	  4.12 Select	  dissociated	  dorsomedial	  hypothalamic	  cells	  are	  glucose	  inhibited	  at	  different	  magnitude.	  
Calcium	  imaging	  of	  four	  dissociated	  dorsomedial	  hypothalamic	  cells	  were	  recorded	  in	  different	  glucose	  concentrations.	  
Cell	  1,	  2	  and	  3	  all	  responded	  to	  a	  lowering	  of	  glucose	  concentration,	  but	  cell	  2	  responded	  with	  the	  largest	  increase	  in	  
activation,	  cell	  1’s	  reaction	  was	  slightly	  smaller	  and	  cell	  3	  showed	  the	  smallest	  response.	  Cell	  2	  and	  3	  showed	  faster	  
adaptation	  to	  the	  final	  return	  to	  10mM	  concentration,	  while	  cell	  1	  showed	  very	  slow	  adaptation	  a)	  Images	  collected	  at	  

a) 
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802s	  of	  time	  course.	  i)	  365nm	  bound	  fura.	  Regions	  of	  interest	  around	  each	  cell	  and	  control	  region	  are	  shown.	  ii)	  385nm	  
unbound	  fura.	  iii)	  Ratio	  of	  365/385.	  b)	  Activity	  of	  cells	  throughout	  the	  time	  course	  of	  recording.	  

4.4 Discussion	  

The	  VMN	  is	  established	  as	  having	  an	  important	  role	  in	  energy	  homeostasis,	  whether	  in	  the	  CRR	  to	  

cause	  rapid	  changes	  in	  glucose	  or	  the	  longer	  term	  effects	  on	  body	  weight	  and	  food	  intake	  

influenced	  by	  leptin.	  With	  such	  an	  integral	  part	  to	  play,	  it	  is	  likely	  that	  disruption	  in	  signalling	  in	  

the	  VMN	  is	  a	  mediating	  factor	  in	  the	  development	  of	  metabolic	  diseases	  such	  as	  obesity	  and	  

diabetes.	  Further	  discoveries	  are	  hampered	  by	  the	  lack	  of	  identified	  neurochemical	  phenotypes	  of	  

the	  VMN	  neurons,	  as	  relevant	  neurotransmitters	  would	  provide	  markers	  for	  additional	  

investigations	  into	  how	  these	  neurons	  are	  altered	  in	  response	  to	  metabolic	  disease.	  This	  would	  

also	  allow	  for	  genetic	  targeting	  of	  specific	  populations	  of	  the	  VMN,	  by	  selective	  expression	  or	  

blocking	  of	  that	  transmitter.	  As	  described	  previously,	  one	  strong	  potential	  candidate	  for	  VMN	  

phenotyping	  is	  PACAP.	  In	  this	  chapter,	  we	  aimed	  to	  establish	  whether	  PACAP	  neurones	  in	  the	  

VMN	  are	  involved	  in	  metabolic	  sensing	  of	  circulating	  leptin	  and	  glucose,	  through	  the	  use	  of	  

transgenic	  mouse	  models,	  immunohistochemistry,	  electrophysiology	  and	  Ca2+	  imaging.	  

To	  facilitate	  these	  experiments,	  two	  transgenic	  mouse	  lines	  were	  obtained,	  both	  with	  an	  eGFP	  

signal	  present	  in	  PACAP-‐positive	  cells.	  In	  order	  to	  confirm	  the	  correct	  insertion	  of	  the	  IRES-‐Cre-‐

recombinase	  into	  the	  genome,	  and	  that	  its	  expression	  is	  indeed	  driven	  by	  PACAP	  expression	  in	  the	  

Pacap-‐i-‐cre	  mouse,	  we	  attempted	  to	  co-‐localise	  PACAP	  antibody	  staining	  with	  eGFP	  in	  our	  

reporter	  strain	  Pacap-‐i-‐Cre	  x	  Z/EG.	  This	  test	  would	  also	  be	  necessary	  for	  the	  other	  reporter	  strain	  

Adcyap1-‐eGFP,	  to	  confirm	  definite	  co-‐localisation.	  However,	  the	  experiment	  was	  not	  successful	  

and	  the	  antibody	  failed	  to	  work	  in	  the	  eGFP	  positive	  Pacap-‐i-‐Cre	  x	  Z/EG	  mouse.	  There	  are	  only	  

limited	  commercially	  available	  PACAP	  antibodies	  on	  the	  market,	  and	  the	  Santa	  Cruz	  product	  used	  

in	  this	  study	  is	  considered	  the	  most	  effective,	  although	  here	  found	  to	  be	  unreliable.	  An	  alternative	  

could	  have	  been	  the	  PACAP	  antibody	  used	  in	  the	  Hannibal	  and	  Durr	  publications,	  which	  have	  

been	  synthesised	  in	  house	  by	  the	  laboratory	  of	  Dr	  Jens	  Hannibal,	  University	  of	  Copenhagen	  

(Hannibal	  et	  al	  1995),	  but	  this	  antibody	  is	  not	  commercially	  available	  at	  this	  time.	  Although	  the	  co-‐

localisation	  of	  a	  PACAP	  antibody	  with	  the	  eGFP	  would	  ensure	  that	  there	  was	  no	  doubt	  that	  eGFP	  

could	  be	  unquestionably	  used	  as	  a	  marker	  of	  PACAP	  cells	  in	  these	  mice,	  for	  the	  time	  being,	  we	  

decided	  to	  work	  under	  the	  assumption	  that	  eGFP	  fluorescence	  in	  these	  transgenic	  animals	  is	  

indicative	  of	  PACAP	  cells.	  There	  have	  been	  examples	  of	  publications	  using	  similar	  transgenic	  

animals	  without	  explicit	  evidence	  that	  the	  target	  gene	  and	  eGFP	  are	  co-‐localised	  (Bouyer	  et	  al	  
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2007).	  Bouyer	  and	  colleagues	  used	  the	  GHRH-‐eGFP	  transgenic	  mouse	  to	  detect	  if	  ‘GHRH	  cells’	  co-‐

localised	  with	  peptides	  including	  galanin,	  neurotensin	  and	  tyrosine	  hydroxylase.	  However,	  in	  the	  

future	  in	  situ	  hybridisation	  techniques	  may	  be	  utilised	  to	  confirm	  co-‐localisation.	  In	  fact,	  since	  we	  

carried	  out	  these	  experiments,	  we	  have	  had	  confirmation	  from	  the	  Lowell	  laboratory	  that	  eGFP	  in	  

the	  PACAP-‐i-‐cre	  reporter	  crosses,	  shown	  with	  immunohistochemistry,	  does	  co-‐localise	  with	  

PACAP	  mRNA,	  as	  shown	  by	  concomitant	  in	  situ	  hybridisation	  (personal	  communication).	  

To	  visualise	  the	  PACAP	  positive	  cells	  in	  the	  hypothalamus,	  we	  amplified	  the	  eGFP	  signal	  by	  

immunostaining	  for	  GFP.	  In	  the	  VMN	  the	  GFP	  staining	  is	  particularly	  striking	  in	  both	  of	  our	  

transgenic	  reporter	  lines,	  confirming	  a	  definite	  population	  of	  PACAP	  cells	  within	  this	  region.	  Here,	  

we	  found	  most	  of	  the	  staining	  in	  the	  ventrolateral	  and	  central	  part	  of	  the	  VMN,	  with	  the	  

dorsomedial	  region	  almost	  completely	  lacking	  any	  immunostaining.	  This	  finding	  is	  in	  contrast	  to	  

previous	  in	  situ	  hybridisation,	  where	  pacap	  mRNA	  was	  found	  throughout	  the	  VMN	  (Durr	  et	  al	  

2007,	  Hannibal	  2002).	  Not	  enough	  is	  known	  of	  the	  physiology	  and	  neurochemistry	  of	  the	  VMN	  to	  

determine	  why	  there	  would	  be	  differences	  in	  distribution	  of	  mRNA	  and	  protein	  positive	  PACAP	  

cells	  in	  the	  nucleus,	  but	  one	  possible	  explanation	  is	  that	  there	  is	  incomplete	  expression	  of	  cre	  in	  

the	  PACAP	  cells	  in	  that	  region.	  

In	  the	  Arc,	  the	  presence	  of	  PACAP	  positive	  cells	  varied	  in	  the	  two	  transgenic	  lines,	  with	  no	  

occurrence	  apparent	  in	  the	  Adcyap1-‐eGFP	  mice	  while	  in	  the	  Pacap-‐i-‐cre	  there	  was	  a	  small	  

population	  present	  in	  the	  dorsolateral	  part	  of	  the	  Arc.	  This	  population	  appeared	  to	  be	  continuous	  

with	  the	  one	  in	  the	  VMN,	  suggesting	  that	  although	  the	  VMN	  and	  Arc	  are	  defined	  as	  anatomically	  

separate,	  the	  PACAP	  cells	  in	  the	  VMN	  and	  Arc	  could	  still	  be	  part	  of	  the	  same	  population	  

physiologically	  and	  functionally.	  In	  the	  literature,	  there	  are	  disparate	  accounts	  of	  whether	  pacap	  

mRNA	  is	  present	  in	  the	  Arc.	  Durr	  et	  al	  (2007)	  found	  presence	  of	  mRNA	  in	  the	  nucleus,	  while	  

Hannibal	  (2002)	  did	  not;	  both	  of	  these	  studies	  were	  performed	  in	  rats.	  However,	  in	  Chapter	  3	  we	  

found	  pacap	  mRNA	  in	  the	  Arc	  of	  CD1	  mice.	  Taken	  together,	  it	  is	  clear	  that	  further	  characterisation	  

of	  the	  Arc	  is	  needed	  to	  confirm	  the	  presence	  of	  PACAP-‐positive	  cells	  in	  the	  nucleus.	  One	  possible	  

explanation	  for	  the	  differing	  accounts	  is	  that	  there	  could	  be	  species	  (rat/mouse)	  and	  strain	  

(Adcyap1-‐eGFP	  /	  Pacap-‐i-‐Cre	  x	  Z/EG)	  differences	  in	  the	  expression	  of	  PACAP.	  

In	  a	  separate	  experiment	  we	  generated	  a	  mouse	  line	  where	  the	  leptin	  receptor	  has	  been	  knocked	  

out	  of	  PACAP-‐positive	  cells,	  the	  Pacap-‐i-‐cre	  X	  Lepr	  flox.	  There	  appeared	  to	  be	  no	  effect	  of	  the	  lack	  

of	  the	  leptin	  receptor	  on	  the	  body	  weight	  accumulation	  of	  the	  mice	  up	  to	  20	  weeks	  of	  age.	  In	  

comparison,	  the	  full	  leptin	  receptor	  knock	  out	  db/db	  has	  an	  extreme	  obese	  phenotype,	  and	  a	  
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knock	  out	  specifically	  in	  POMC	  neurons	  also	  exhibits	  an	  obese	  phenotype,	  albeit	  one	  that	  is	  less	  

severe	  (Balthasar	  et	  al	  2004).	  The	  latter	  suggests	  that	  neuronal	  populations	  other	  than	  POMC	  

cells,	  perhaps	  also	  within	  the	  hypothalamus,	  must	  be	  involved	  in	  the	  development	  of	  the	  

obesogenic	  phenotype	  in	  the	  db/db,	  but	  from	  our	  findings	  it	  would	  appear	  that	  PACAP	  cells	  are	  

not	  among	  them.	  However,	  we	  have	  previously	  shown	  in	  the	  lab	  that	  PACAP	  strongly	  co-‐localise	  

with	  SF-‐1	  (Hawke	  et	  al	  2009),	  and	  when	  the	  leprB	  is	  specifically	  knocked	  out	  in	  VMN	  specific	  SF-‐1	  

cells,	  obesity	  is	  induced	  (Dhillon	  et	  al	  2006).	  Hence,	  one	  could	  infer	  that	  our	  transgenic	  Pacap-‐i-‐cre	  

X	  Lepr	  flox	  mouse	  should	  also	  have	  an	  obese	  phenotype.	  Again,	  one	  possible	  explanation	  is	  that	  

we	  are	  getting	  incomplete	  expression	  of	  cre	  in	  the	  PACAP	  cells	  in	  the	  VMN,	  which	  might	  also	  

explain	  our	  next	  finding.	  The	  db/db	  is	  also	  characterised	  by	  fasting	  hyperglycaemia	  and	  insulin	  

resistance	  (Hummel	  et	  al	  1966)	  and	  we	  investigated	  whether	  the	  Pacap-‐i-‐cre	  X	  Lepr	  flox	  mouse	  

would	  exhibit	  an	  abnormal	  response	  to	  a	  glucose	  tolerance	  test,	  which	  was	  not	  the	  case.	  Taken	  

together,	  the	  usefulness	  of	  our	  Pacap-‐i-‐cre	  X	  Lepr	  flox	  mouse	  is	  questionable	  when	  studying	  the	  

effect	  of	  a	  specific	  knockout	  of	  the	  leptin	  receptor	  in	  PACAP	  neurons.	  

Although	  leptin	  is	  generally	  believed	  to	  exert	  its	  effects	  on	  body	  weight	  over	  the	  long	  term,	  acute	  

administration	  is	  known	  to	  have	  drastic	  negative	  effect	  on	  food	  intake	  in	  both	  lean	  and	  obese	  

animals	  (Halaas	  et	  al	  1995,	  Pelleymounter	  et	  al	  1995a,	  Rentsch	  et	  al	  1995).	  Hence,	  when	  we	  

tested	  the	  feeding	  response	  of	  our	  Pacap-‐i-‐cre	  X	  Lepr	  flox	  mice	  to	  a	  systemic	  injection	  of	  leptin,	  

we	  expected	  to	  see	  an	  early	  reduction	  in	  food	  intake	  in	  our	  control	  mice	  as	  we	  have	  seen	  

previously	  in	  the	  lab	  (Hawke	  et	  al	  2009).	  However,	  the	  statistical	  test	  we	  used	  did	  not	  show	  

significance	  of	  the	  reduction	  until	  the	  12-‐hour	  time-‐point.	  Importantly	  we	  did	  not	  see	  any	  effect	  

of	  leptin	  in	  the	  floxed	  mice,	  and	  although	  potentially	  problematic	  because	  of	  the	  incomplete	  cre	  

expression,	  this	  finding	  supports	  the	  role	  PACAP	  neurons	  play	  in	  leptin’s	  anorectic	  effects.	  

Taken	  together,	  our	  results	  do	  not	  completely	  clarify	  whether	  leptin	  is	  having	  a	  physiological	  role	  

through	  PACAP	  neurons,	  which	  led	  us	  to	  question	  what	  other	  roles	  pacap	  neurons	  in	  the	  VMN	  

play	  in	  terms	  of	  metabolism.	  

Hence,	  we	  investigated	  the	  response	  of	  PACAP	  neurons	  to	  systemic	  hypoglycaemia.	  PACAP	  (from	  

an	  unknown	  source)	  is	  known	  to	  act	  through	  the	  PVN	  to	  activate	  the	  sympathetic	  pathway	  leading	  

to	  an	  increase	  in	  hepatic	  glucose	  production	  (Yi	  et	  al	  2010),	  and	  we	  hypothesised	  that	  it	  was	  

PACAP	  from	  the	  VMN	  mediating	  the	  CRR	  to	  hypoglycaemia.	  We	  investigated	  this	  by	  inducing	  

glucoprivation	  by	  2DG	  injection	  in	  Adcyap1-‐eGFP	  mice,	  and	  then	  performing	  an	  

immunohistochemical	  stain	  for	  c-‐Fos,	  which	  we	  used	  as	  a	  neuronal	  activity	  marker	  (Luckman	  et	  al	  
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1994).	  Disappointingly,	  2DG	  did	  not	  induce	  c-‐Fos	  in	  eGFP	  positive	  cells,	  making	  it	  hard	  to	  infer	  

anything	  about	  whether	  hypoglycaemia	  does	  activate	  PACAP	  neurons	  in	  the	  hypothalamus	  of	  

these	  mice.	  It	  is	  possible	  that	  the	  2DG	  dose	  used	  was	  insufficient	  to	  induce	  hypoglycaemia,	  which	  

is	  supported	  by	  the	  relatively	  small,	  but	  significant,	  increase	  in	  feeding	  observed	  in	  these	  mice.	  In	  

fact,	  a	  study	  by	  Lewis	  et	  al	  (2006)	  comparing	  different	  mouse	  strains’	  feeding	  response	  to	  2DG	  

observed	  that	  the	  Swiss	  Webster	  mouse,	  which	  is	  the	  background	  of	  the	  Adcyap1-‐eGFP,	  did	  not	  

increase	  its	  food	  intake	  in	  response	  to	  glucoprivation	  (Lewis	  et	  al	  2006).	  However,	  while	  in	  the	  

Lewis	  study	  the	  Swiss	  Webster	  only	  had	  a	  food	  intake	  increase	  of	  0.01g,	  in	  this	  study	  our	  Adcyap1-‐

eGFP	  had	  an	  increase	  of	  0.3g,	  which	  is	  smaller	  than	  what	  we	  have	  observed	  in	  the	  lab	  in	  CD1	  mice	  

(1.5g,	  unpublished)	  but	  still	  significant.	  As	  the	  behavioural	  response	  is	  intact	  in	  our	  case,	  we	  have	  

to	  infer	  that	  the	  dose	  of	  2DG	  was	  sufficient	  to	  induce	  hypoglycaemia,	  and	  that	  the	  c-‐Fos	  results	  

are	  therefore	  reliable.	  

We	  would	  expect	  to	  see	  an	  activation	  in	  the	  VMN,	  as	  unpublished	  data	  from	  our	  lab	  show	  that	  SF-‐

1	  positive	  VMN	  cells,	  which	  have	  previously	  been	  shown	  to	  express	  pacap	  mRNA	  (Hawke	  et	  al	  

2009),	  are	  sensitive	  to	  physiological	  changes	  and	  decreases	  in	  glucose	  (Belle,	  Piggins	  and	  

Luckman,	  unpublished).	  However,	  not	  all	  cells	  express	  c-‐Fos	  when	  they	  are	  electrically	  activated.	  

Hence,	  it	  would	  be	  required	  to	  further	  verify	  the	  induction	  of	  hypoglycaemia	  and	  CRR	  in	  the	  

Adcyap1-‐eGFP	  mice	  by	  measuring	  blood	  glucose,	  insulin,	  glucagon	  and	  adrenaline	  in	  order	  to	  

clarify	  these	  results.	  As	  an	  alternative,	  insulin	  treatment	  could	  be	  used	  instead	  of	  2DG	  and	  in	  that	  

way	  induce	  glucoprivation,	  or	  glucose	  administration	  could	  be	  used	  to	  determine	  whether	  PACAP	  

neurons	  are	  glucose	  activated.	  But	  the	  best	  way	  to	  further	  investigate	  c-‐Fos	  activation	  in	  PACAP	  

neurons	  following	  glucoprivation	  by	  2DG	  would	  be	  to	  not	  use	  the	  Adcyap1-‐eGFP	  mouse	  but	  the	  

Pacap-‐i-‐Cre	  x	  Z/EG,	  which	  is	  on	  a	  C57BL/6	  background	  and	  not	  the	  problematic	  Swiss	  Webster.	  

However,	  the	  Pacap-‐i-‐Cre	  x	  Z/EG	  mouse	  was	  not	  available	  when	  these	  experiments	  were	  

conducted.	  

While	  no	  increase	  in	  c-‐Fos	  induction	  was	  observed,	  we	  did	  see	  an	  increase	  in	  the	  number	  of	  eGFP-‐

positive	  cells	  in	  the	  VMN	  in	  response	  to	  glucoprivation,	  particularly	  in	  the	  ventrolateral	  part.	  It	  is	  

unknown	  if	  90	  minutes	  for	  the	  cull	  post	  injection	  in	  this	  experiment	  is	  enough	  for	  2DG	  to	  induce	  

maximal	  changes	  in	  PACAP	  expression,	  but	  from	  these	  results	  it	  suggests	  that	  this	  can	  occur	  and	  

that	  2DG	  can	  induce	  PACAP	  expression.	  If	  so,	  this	  could	  infer	  a	  modulatory	  role	  of	  PACAP	  in	  

glucose	  regulation.	  As	  we	  have	  seen	  in	  Chapter	  3,	  and	  as	  previously	  reported	  by	  Hawke	  et	  al	  

(2009),	  pacap	  mRNA	  is	  regulated	  in	  response	  to	  fasting	  and	  obesity,	  but	  we	  have	  not	  investigated	  
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this	  in	  the	  context	  of	  short-‐term	  hypoglycaemia.	  If	  pacap	  mRNA	  can	  be	  proven	  to	  be	  up	  regulated	  

in	  response	  to	  hypoglycaemia,	  it	  would	  support	  the	  possible	  role	  PACAP	  plays	  in	  glucose	  

detection,	  but	  it	  would	  still	  not	  be	  clear	  how	  it	  mediates	  homeostatic	  effects.	  

In	  order	  to	  further	  characterise	  the	  VMN	  PACAP	  neurons	  and	  their	  involvement	  in	  glucose	  

sensing,	  we	  performed	  an	  initial	  patch	  clamp	  electrophysiology	  experiment.	  VMN	  neurons	  

positive	  for	  the	  transcription	  factor	  SF-‐1	  had	  already	  been	  seen	  to	  be	  glucose	  sensitive	  by	  our	  lab,	  

and	  if	  our	  hypothesis	  that	  PACAP	  neurons	  are	  involved	  in	  the	  CRR	  to	  hypoglycaemia	  held	  true,	  the	  

eGFP	  expressing	  PACAP	  neurons	  in	  the	  VMN	  of	  the	  Pacap-‐i-‐Cre	  x	  Z/EG	  mouse	  was	  likely	  to	  be	  part	  

of	  this	  glucose	  sensing	  population.	  Preliminary	  data	  from	  our	  recording	  of	  electrical	  responses	  of	  

eGFP-‐PACAP	  neurons	  found	  that	  the	  majority	  of	  the	  cells	  were	  found	  to	  be	  glucose	  inhibited,	  

while	  some	  were	  non-‐responsive.	  The	  glucose	  inhibited	  cells	  were	  hyperpolarised	  and	  silenced,	  or	  

exhibited	  a	  reduction	  in	  firing	  frequency,	  in	  response	  to	  an	  increase	  in	  glucose	  concentration	  from	  

1mM	  to	  5mM.	  These	  neurons	  display	  a	  specific	  electrophysiological	  fingerprint	  that	  has	  previously	  

been	  seen	  in	  glucose	  responsive	  orexin	  neurons	  in	  the	  lateral	  hypothalamus	  (Burdakov	  et	  al	  

(2005).	  When	  receiving	  a	  depolarising	  current	  these	  cells	  exhibit	  an	  increase	  in	  firing	  rate	  with	  no	  

spike	  adaptation,	  and	  when	  receiving	  a	  hyperpolarising	  pulse,	  a	  quick	  off	  response	  is	  observed,	  

i.e.	  the	  cells	  produce	  an	  action	  potential	  when	  the	  current	  is	  reverted	  (Burdakov	  et	  al	  2005a).	  

Importantly,	  this	  part	  of	  the	  project	  has	  been	  picked	  up	  by	  a	  new	  post-‐doc	  in	  the	  laboratory	  (Dr	  

Nicholas	  Nunn),	  who	  has	  increased	  the	  number	  of	  PACAP	  neurones	  recorded	  inside	  the	  VMN	  or	  

just	  outside	  its	  anatomical	  bounds.	  At	  the	  time	  of	  writing,	  6/6	  PACAP	  neurones	  within	  the	  VMN	  

are	  GI,	  while	  0/6	  outside	  the	  VMN	  are	  glucose	  responsive.	  	  From	  these	  results	  we	  can	  assume	  that	  

PACAP	  VMN	  neurons	  are	  activated	  by	  a	  reduction	  in	  glucose	  concentration	  (i.e.	  glucose	  inhibited	  

and,	  in	  that	  way,	  may	  form	  part	  of	  the	  response	  to	  hypoglycaemia.	  

To	  investigate	  this	  further,	  we	  attempted	  to	  record	  glucose	  responses	  from	  dissociated	  

ventromedial	  hypothalamic	  neurons	  using	  Ca2+-‐imaging.	  We	  used	  the	  Pacap-‐i-‐Cre	  x	  Z/EG	  mouse	  

for	  these	  experiments,	  but	  did	  not	  obtain	  recordings	  from	  eGFP	  positive	  cells,	  due	  to	  the	  low	  

number	  of	  cells	  remaining	  in	  our	  cultures	  following	  dissociation.	  Whether	  this	  is	  due	  to	  

experimental	  variation,	  in	  that	  we	  did	  not	  get	  any	  eGFP	  cells	  to	  adhere	  to	  the	  prepared	  coverslips,	  

or	  due	  to	  poorly	  designed	  procedure,	  is	  unknown.	  One	  possibility	  is	  that	  the	  eGFP	  fluorescence	  

was	  bleached	  during	  the	  process,	  or	  that	  its	  expression	  was	  affected	  by	  the	  relatively	  toxic	  

incubation	  with	  the	  Fura-‐2	  dye.	  We	  also	  had	  issues	  obtaining	  healthy	  cultures	  that	  would	  produce	  

reliable	  results	  when	  recorded	  from	  the	  day	  after	  plating,	  as	  was	  our	  initial	  plan.	  Instead,	  we	  
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recorded	  immediately	  following	  dissociation	  when	  the	  cultures	  were	  healthiest,	  and	  up	  to	  5	  hours	  

after.	  The	  cause	  of	  the	  problems	  with	  unhealthy	  cultures	  might	  be	  that	  the	  recipe	  for	  aCSF	  was	  

taken	  from	  a	  protocol	  for	  dissociating	  rat	  cortical	  neurons.	  In	  fact,	  most	  publications	  using	  Ca2+-‐

imaging	  are	  in	  rat.	  In	  the	  future,	  it	  might	  be	  advisable	  to	  adjust	  the	  molarity	  of	  salts	  and	  sugars	  to	  

promote	  hyperpolarisation	  and	  reduce	  cell	  firing,	  which	  may	  protect	  the	  cells	  after	  the	  unsettling	  

process	  of	  dissociation	  and	  allow	  them	  to	  survive	  for	  longer.	  

From	  our	  Ca2+-‐imaging	  recordings,	  it	  appears	  that	  some	  dissociated	  ventromedial	  hypothalamic	  

neurons	  are	  glucose	  inhibited,	  while	  some	  are	  non-‐responders.	  When	  the	  glucose	  concentration	  

was	  decreased,	  these	  cells	  were	  depolarised	  by	  an	  influx	  of	  calcium,	  calculated	  by	  the	  ratio	  of	  

bound:	  unbound	  Fura-‐2.	  These	  glucose-‐induced	  changes	  in	  Ca2+	  oscillations	  are	  qualitatively	  

similar	  to	  glucose-‐induced	  responses	  of	  VMN	  glucose	  sensing	  neurons	  in	  slice	  preparations	  (Silver	  

&	  Erecinska	  1994,	  Song	  et	  al	  2001).	  When	  the	  glucose	  concentration	  was	  increased,	  most	  of	  the	  

cells	  showed	  an	  efflux	  of	  calcium,	  likely	  resulting	  in	  hyperpolarisation,	  although	  the	  cells	  varied	  in	  

the	  swiftness	  of	  response.	  One	  cell	  showed	  a	  rapid	  and	  short-‐lived	  glucose-‐inhibited	  response,	  

while	  most	  others	  showed	  glucose-‐inhibited	  response	  of	  varied	  delay	  and	  sustainability.	  This	  

heterogeneity	  in	  the	  responses	  is	  expected,	  as	  different	  subtypes	  of	  glucose-‐inhibited	  neurons	  are	  

most	  likely	  necessary	  to	  fine	  tune	  the	  response	  to	  a	  changing	  glucose	  environment	  and	  energy	  

state.	  

However,	  as	  stated	  above,	  we	  have	  no	  way	  of	  proving	  that	  the	  cells	  recorded	  from	  in	  these	  Ca2+-‐

imaging	  experiments	  are	  PACAP-‐positive,	  or	  that	  they	  are	  definitely	  VMN	  cells.	  Hence,	  in	  future	  

experiments	  it	  might	  wiser	  to	  modify	  the	  Ca2+-‐imaging	  recording	  protocol	  to	  be	  used	  in	  brain	  

slices,	  circumventing	  the	  damaging	  dissociation	  step.	  Then	  the	  cells	  would	  be	  in	  situ,	  and	  the	  

exact	  anatomical	  position	  of	  the	  neurons	  would	  be	  defined.	  However,	  while	  dissociated	  cells	  do	  

not	  have	  their	  activity	  affected	  by	  pre-‐synaptic	  inputs,	  this	  would	  have	  to	  be	  taken	  into	  

consideration	  when	  recording	  from	  slice	  preparations	  (Song	  et	  al	  2001).	  

Song	  et	  al	  (2001)	  reported	  findings	  of	  a	  heterogeneous	  population	  of	  glucose	  sensing	  neurons	  in	  

the	  VMN	  using	  patch	  clamp	  electrophysiology,	  which	  included	  a	  large	  population	  of	  glucose-‐

excited	  neurons,	  but	  they	  also	  identified	  a	  population	  of	  glucose-‐inhibited	  neurons.	  If	  our	  

conclusions	  are	  correct,	  this	  would	  imply	  that	  the	  glucose-‐inhibited	  neurons	  are	  PACAP	  cells	  and	  

that	  signalling	  in	  the	  glucose-‐excited	  neurons	  may	  be	  mediated	  by	  other	  factors	  with	  distinct	  

physiological	  function.	  Going	  forward,	  it	  will	  be	  imperative	  to	  further	  define	  and	  characterise	  the	  

recording	  parameters	  of	  VMN	  cells,	  as	  cell	  populations	  throughout	  the	  brain	  differ	  in	  their	  
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response	  to	  stimuli	  and	  the	  signature	  of	  VMN	  cells	  needs	  to	  be	  determined.	  It	  is	  also	  important	  to	  

study	  responses	  of	  VMN	  cells,	  either	  dissociated	  or	  in	  slice	  preparation,	  using	  Ca2+-‐imaging	  or	  

patch	  clamp	  electrophysiology,	  to	  changes	  in	  physiologically	  relevant	  glucose	  levels	  (normal	  levels	  

1.0-‐2.5mM,	  sever	  hypoglycaemia	  at	  0.2mM)	  to	  mimic	  an	  in	  vivo	  situation.	  	  

As	  a	  final	  comment,	  it	  can	  be	  said	  that	  while	  the	  CRR	  to	  hypoglycaemia	  is	  sufficient	  to	  normalise	  

glucose	  levels	  in	  healthy	  individuals,	  repeated	  bouts	  of	  severe	  hypoglycaemia	  can	  reduce	  the	  

response	  to	  glucose	  (Borg	  et	  al	  1999,	  Cotero	  &	  Routh	  2009,	  Kang	  et	  al	  2008,	  Song	  &	  Routh	  2006),	  

and	  can	  have	  a	  significant	  deleterious	  effect	  on	  subsequent	  endocrine	  CRR	  in	  both	  rats	  and	  

humans	  (Davis	  &	  Shamoon	  1991,	  Powell	  et	  al	  1993).	  The	  condition	  is	  known	  as	  hypoglycaemia	  

associated	  autonomic	  failure	  (or	  HAAF),	  and	  this	  is	  an	  extremely	  serious	  phenomenon	  when	  

occurring	  in	  diabetic	  patients	  who	  receive	  insulin	  replacement,	  who	  are	  already	  particularly	  

sensitive	  to	  hypoglycaemia	  (Cryer	  2005).	  If	  the	  results	  shown	  here	  are	  reliable,	  they	  would	  imply	  

that	  glucose-‐inhibited	  PACAP	  neurons	  in	  the	  VMN	  are	  involved	  in	  the	  CRR	  to	  hypoglycaemia,	  and	  

further	  investigation	  would	  be	  warranted	  in	  order	  to	  attempt	  to	  elucidate	  how	  repeated	  

hypoglycaemia	  affects	  the	  properties	  of	  these	  cells	  in	  an	  attempt	  to	  elucidate	  how	  the	  CRR	  

becomes	  impaired	  in	  HAAF.	  	  

4.5 Summary	  

The	  VMN	  plays	  a	  crucial	  part	  in	  the	  regulation	  of	  appetite,	  body	  weight	  and	  glucose	  homeostasis	  

(Borg	  et	  al	  1997,	  Zhao	  et	  al	  2004).	  However,	  the	  mechanism	  by	  which	  this	  is	  mediated	  is	  still	  

unknown,	  but	  candidates	  include	  PACAP	  and	  leptin.	  From	  our	  findings,	  it	  is	  not	  clear	  whether	  

leptin	  is	  having	  a	  physiological	  role	  through	  PACAP	  neurons,	  which	  begs	  to	  question	  what	  are	  the	  

roles	  of	  PACAP	  neurons	  in	  the	  VMN	  in	  terms	  of	  metabolism.	  Attempts	  have	  been	  made	  in	  this	  

chapter	  to	  confirm	  that	  a	  subtype	  of	  VMN	  neurons	  contain	  PACAP	  using	  the	  Adcyap1-‐eGFP	  and	  

PACAP-‐i-‐cre	  X	  Z/EG	  transgenic	  mouse	  lines,	  and	  progress	  has	  been	  made	  in	  both	  experimental	  

procedures	  and	  findings	  that	  will	  work	  towards	  characterisation	  of	  the	  VMN	  in	  relation	  to	  energy	  

homeostasis.	  Electrophysiological	  findings	  in	  this	  study	  indicate	  that	  PACAP-‐positive	  cells	  in	  the	  

VMN	  are	  glucose	  inhibited,	  although	  these	  results	  could	  not	  be	  confirmed	  using	  in	  vivo	  

techniques,	  as	  induced	  hypoglycaemia	  was	  not	  found	  to	  produce	  c-‐Fos	  in	  VMN	  neurons.	  However,	  

important	  steps	  forward	  have	  been	  made	  in	  elucidating	  the	  phenotype	  of	  VMN	  PACAP	  cells	  by	  

electrophysiological	  and	  Ca2+-‐imaging	  techniques,	  highlighting	  the	  value	  of	  our	  two	  transgenic	  

reporter	  strains.	  Further	  work	  confirming	  the	  hypothesis	  that	  PACAP	  VMN	  neurons	  are	  glucose	  
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inhibited	  is	  warranted,	  and	  is	  required	  to	  fully	  clarify	  the	  role	  of	  PACAP	  in	  the	  CRR	  to	  

hypoglycaemia.	  Such	  work	  could	  lead	  to	  better	  understanding	  of	  the	  pathogenesis	  of	  HAAF	  in	  

diabetic	  patients.	  
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Chapter	  5. 	  	  The	  anorectic	  effects	  of	  
PACAP	  and	  downstream	  targets	  

5.1 Introduction	  

PACAP	  has	  multiple	  functions	  in	  the	  brain,	  which	  have	  been	  extensively	  reviewed	  in	  the	  literature	  

(Vaudry	  et	  al	  2009).	  Notably,	  there	  is	  convincing	  evidence	  indicating	  an	  important	  role	  for	  PACAP	  

in	  the	  regulation	  of	  energy	  homeostasis.	  When	  administered	  into	  the	  brain,	  PACAP	  reduces	  food	  

intake	  in	  rodents	  (Hawke	  et	  al	  2009,	  Mizuno	  et	  al	  1998b,	  Morley	  et	  al	  1992,	  Mounien	  et	  al	  2008,	  

Resch	  et	  al	  2011),	  while	  fasting	  lowers	  levels	  of	  PACAP	  mRNA	  in	  the	  ventromedial	  nucleus	  (VMN),	  

as	  seen	  in	  Chapter	  3	  and	  in	  Hawke	  et	  al	  (2009).	  In	  addition,	  genetic	  impairment	  of	  PACAP	  signaling	  

disrupts	  carbohydrate	  and	  lipid	  metabolism,	  glucose	  handling	  and	  brown	  adipose	  tissue	  

thermogenesis	  (Adams	  et	  al	  2008,	  Gray	  et	  al	  2001,	  Gray	  et	  al	  2002,	  Hashimoto	  et	  al	  2000).	  As	  yet,	  

it	  is	  unknown	  through	  which	  receptors	  these	  effects	  are	  mediated.	  

To	  date,	  three	  receptors	  have	  been	  cloned,	  for	  which	  PACAP	  and	  the	  related	  VIP	  are	  ligands:	  the	  

PACAP-‐specific	  PAC1	  receptor	  (gene	  name	  Adcyap1r1),	  and	  the	  VPAC1	  and	  VPAC2	  receptors	  (gene	  

names	  Vipr1	  and	  Vipr2)	  that	  are	  activated	  by	  both	  PACAP	  and	  VIP,	  though	  affinities	  vary	  (Vaudry	  

et	  al	  2009).	  All	  three	  receptors	  are	  expressed	  widely	  in	  the	  brain,	  including	  regions	  that	  influence	  

energy	  balance.	  Previous	  studies	  have	  demonstrated	  that	  PACAP-‐induced	  anorexia	  and	  

thermogenesis	  can	  be	  blocked	  by	  co-‐administration	  of	  the	  synthetic	  PACAP	  analogue	  PACAP6-‐38	  

(Hawke	  et	  al	  2009,	  Mounien	  et	  al	  2008,	  Resch	  et	  al	  2011),	  which	  has	  high	  affinity	  for	  the	  PAC1	  and	  

VPAC2	  receptors,	  but	  demonstrates	  only	  negligible	  binding	  at	  VPAC1	  (Gourlet	  et	  al	  1995).	  This	  

suggests	  that	  the	  acute	  metabolic	  effects	  exerted	  by	  PACAP	  are	  mediated	  by	  PAC1	  or	  VPAC2.	  The	  

striking	  similarities	  in	  the	  metabolic	  profiles	  of	  PAC1	  and	  PACAP	  null	  mice	  implicate	  the	  PAC1	  

receptor	  as	  being	  of	  prime	  importance.	  However,	  the	  VPAC2	  receptor	  increases	  endogenous	  

hepatic	  glucose	  production	  after	  central	  infusion	  of	  PACAP	  in	  rats	  (Yi	  et	  al	  2010)	  and,	  thus,	  cannot	  

be	  discounted	  as	  being	  possibly	  involved	  in	  other	  metabolic	  effects.	  

Like	  PACAP	  itself,	  the	  expression	  of	  the	  different	  receptors	  is	  widespread	  throughout	  the	  brain,	  

including	  regions	  that	  have	  been	  implicated	  in	  energy	  regulation	  (Joo	  et	  al	  2004).	  While	  several	  

groups	  have	  examined	  specific	  target	  sites	  such	  as	  the	  hypothalamic	  paraventricular	  nucleus	  

(PVN)(Agarwal	  et	  al	  2005,	  Legradi	  et	  al	  1998),	  the	  hypothalamic	  arcuate	  nucleus	  (Arc)(Mounien	  et	  
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al	  2006,	  Mounien	  et	  al	  2008),	  and	  the	  midbrain	  periaqueductal	  grey	  (PAG)(Maekawa	  et	  al	  2006),	  

amongst	  others,	  more	  extensive	  studies	  have	  not	  yet	  been	  described.	  

Since	  forebrain	  ventricular	  injection	  of	  PACAP	  reduces	  fast-‐induced	  re-‐feeding	  (Mizuno	  et	  al	  

1998b,	  Morley	  et	  al	  1992,	  Mounien	  et	  al	  2008),	  and	  the	  anorectic	  actions	  of	  both	  PACAP	  and	  

leptin	  on	  normal,	  night-‐time	  feeding	  are	  blocked	  by	  PACAP6-‐38	  (Hawke	  et	  al	  2009),	  understandably	  

interest	  has	  focused	  on	  the	  hypothalamus	  and	  its	  connections.	  The	  Arc	  and	  PVN	  are	  key	  

regulatory	  nuclei	  that	  have	  reciprocal	  connections	  with	  the	  VMN,	  where	  the	  majority	  of	  

hypothalamic	  PACAP-‐expressing	  neurons	  are	  found	  and	  where	  PACAP	  expression	  is	  regulated	  in	  a	  

leptin-‐dependent	  fashion	  (Hawke	  et	  al	  2009).	  The	  injection	  of	  PACAP	  directly	  into	  the	  VMN,	  albeit	  

at	  relatively	  high	  concentrations,	  can	  reduce	  feeding	  (Resch	  et	  al	  2011).	  Mounien	  and	  colleagues	  

have	  highlighted	  a	  potential	  downstream	  role	  for	  Arc	  POMC	  neurons,	  since	  the	  anorectic	  effects	  

of	  PACAP	  were	  reversed	  by	  the	  melanocortin	  receptor	  antagonist,	  SHU9119	  (Mounien	  et	  al	  2006,	  

Mounien	  et	  al	  2008).	  However,	  this	  pathway	  is	  further	  complicated	  by	  the	  localisation	  of	  PACAP	  in	  

a	  subset	  of	  POMC	  neurons	  in	  the	  Arc	  itself	  (Durr	  et	  al	  2007).	  In	  contrast,	  PACAP	  is	  released	  by	  

stress	  in	  the	  PVN,	  where	  it	  can	  activate	  neurons	  that	  contain	  corticotrophin-‐releasing	  hormone	  

(CRH),	  and	  so	  may	  be	  part	  of	  a	  more	  general	  stress	  response	  that	  includes	  reduced	  feeding	  

(Agarwal	  et	  al	  2005,	  Legradi	  et	  al	  1998).	  While	  the	  ventromedial	  hypothalamus	  is	  an	  important	  

source	  of	  PACAP,	  we	  cannot	  ignore	  the	  potential	  role	  of	  PACAP-‐containing	  neurons	  from	  outside	  

the	  hypothalamus.	  Indeed,	  PACAP	  innervation	  of	  the	  PVN	  comes	  from	  many	  extra	  hypothalamic	  

areas	  (Das	  et	  al	  2007).	  Our	  laboratory	  has	  re-‐evaluated	  the	  role	  of	  melanocortin	  receptors	  in	  

mediating	  the	  anorexic	  effects	  of	  PACAP,	  and	  has	  shown	  that	  they	  probably	  are	  not	  involved.	  

Instead,	  we	  have	  evidence	  that	  downstream	  signaling	  may	  require	  CRH	  receptors	  (unpublished).	  

Here,	  we	  also	  aim	  to	  determine	  the	  potential	  role	  of	  oxytocin	  signaling.	  

5.2 Methods	  

5.2.1 Animals	  

CD1	  mice	  were	  cannulated	  with	  the	  cannulae	  inserted	  into	  the	  lateral	  ventricle	  and	  were	  given	  an	  

intracerebroventricular	  (i.c.v.)	  injection	  of	  drugs	  in	  a	  volume	  of	  2µl	  of	  sterile	  isotonic	  saline	  vehicle	  

(B.	  Braun	  Medical	  Ltd.,	  UK).	  

5.2.2 i.c.v.	  PACAP	  or	  VIP	  in	  CD1	  mice	  
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Daytime	  fast-‐induced	  re-‐feeding	  assessment:	  following	  an	  overnight	  fast,	  pre-‐weighed	  food	  was	  

returned	  to	  the	  mice	  immediately	  after	  injection	  and	  intake	  was	  measured	  at	  the	  time	  points	  1,	  2	  

and	  4	  hours	  later.	  For	  the	  initial	  comparative	  study	  in	  CD1	  mice,	  groups	  received	  saline	  vehicle,	  30	  

or	  60	  pmol	  PACAP,	  30	  or	  60	  pmol	  VIP	  (Bachem,	  Germany).	  

5.2.3 i.c.v.	  PACAP	  and	  antagonist	  

For	  the	  nocturnal	  re-‐feeding	  studies	  using	  the	  receptor	  ‘antagonists’,	  treatment	  groups	  were	  as	  

follows:	  saline	  vehicle;	  30	  pmol	  PACAP	  only;	  30	  pmol	  PACAP	  +	  ‘antagonist’;	  ‘antagonist’	  only	  (n=5-‐

14	  per	  group).	  The	  dose	  of	  9	  nmol	  of	  the	  oxytocin	  receptor	  antagonist	  ([d(CH2)51,Tyr(Me)2,Orn8]-‐

oxytocin)	  was	  based	  on	  previous	  work	  by	  the	  lab	  (Bechtold	  &	  Luckman	  2006).	  	  

5.3 Results	  

5.3.1 Effect	  of	  PACAP	  and	  VIP	  on	  food	  intake	  

PACAP	  administered	  i.c.v.	  dose-‐dependently	  reduced	  food	  intake	  at	  1,	  2	  and	  4	  hours	  after	  

injection	  in	  a	  fast-‐induced	  re-‐feeding	  paradigm	  (Figure	  5.1).	  By	  contrast,	  equimolar	  doses	  of	  VIP	  

had	  little	  effect	  on	  food	  intake.	  30	  pmol	  of	  VIP	  failed	  to	  alter	  food	  intake	  at	  any	  time	  point,	  and	  60	  

pmol	  VIP	  caused	  only	  a	  small	  decrease	  in	  food	  intake,	  and	  only	  at	  the	  2-‐hour	  time	  point	  (Error!	  

Reference	  source	  not	  found.).	  
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Figure	  5.1 Effect	  of	  equimolar	  PACAP	  and	  VIP	  on	  fast-‐induced	  re-‐feeding.	  Food	  intake	  was	  measured	  at	  1,	  2	  
and	  4h	  after	  i.c.v.	  injection	  of	  saline	  vehicle,	  30	  pmol	  PACAP,	  60	  pmol	  PACAP,	  30	  pmol	  VIP,	  60	  pmol	  VIP	  (n=6-‐7	  per	  
group).	  Bars	  represent	  mean	  ±	  SEM.	  *P<0.05,	  ***P<0.001	  compared	  with	  vehicle;	  one-‐way	  ANOVA	  with	  Bonferroni’s	  
post	  hoc	  test.	  

5.3.2 Co-‐administration	  of	  an	  oxytocin	  receptor	  antagonist	  with	  PACAP	  

9	  nmol	  oxytocin	  antagonist	  ([d(CH2)51,Tyr(Me)2,Orn8]-‐oxytocin)	  did	  not	  reduce	  the	  hypophagic	  

effect	  of	  PACAP.	  This	  dose	  of	  the	  antagonist	  has	  been	  shown	  to	  be	  effective	  in	  our	  hands	  in	  

previous	  experiments	  (Bechtold	  &	  Luckman	  2006).	  	  
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Figure	  5.2 Oxytocin	  antagonist	  effect	  on	  PACAP-‐induced	  anorexia.	  The	  effect	  of	  administration	  of	  9	  nmol	  
oxytocin	  receptor	  antagonist,	  [d(CH2)51,Tyr(Me)2,Orn8]-‐oxytocin,	  on	  hypophagia	  induced	  by	  30	  pmol	  PACAP	  at	  1,	  2	  
and	  4h	  after	  injection.	  Groups	  were	  saline	  vehicle,	  PACAP	  alone,	  PACAP	  +	  d(CH2)51,Tyr(Me)2,Orn8]-‐oxytocin,	  d(CH2)51	  
and	  Tyr(Me)2,Orn8]-‐oxytocin	  alone	  (n=7-‐8	  per	  group).	  ***P<0.001	  compared	  with	  vehicle;	  two-‐way	  ANOVA	  with	  
Bonferroni’s	  post	  hoc	  test.	  

5.4 Discussion	  

PACAP	  has	  a	  well-‐established	  anorexic	  action	  when	  administered	  centrally,	  though	  the	  receptors	  

and	  downstream	  effectors,	  or	  how	  it	  relates	  to	  normal	  physiology	  is	  currently	  unknown.	  Here	  we	  

attempted	  to	  dissect	  the	  target	  pathways	  through	  which	  the	  effect	  of	  PACAP	  is	  propagated.	  

Firstly,	  there	  are	  three	  G	  protein-‐coupled	  receptors	  with	  which	  PACAP	  binds	  with	  equal	  affinity,	  

and	  two	  of	  which	  also	  bind	  VIP	  (Vaudry	  et	  al	  2009).	  Knock-‐out	  of	  the	  PAC1	  (Adcyap1r1)	  receptor	  

produces	  a	  very	  similar	  metabolic	  phenotype	  as	  the	  PACAP	  knock-‐out	  mouse	  (Adams	  et	  al	  2008,	  

Gray	  et	  al	  2001,	  Gray	  et	  al	  2002,	  Hashimoto	  et	  al	  2001)	  and,	  thus,	  this	  lessens	  the	  potential	  role	  

for	  VIP	  being	  the	  endogenous	  regulating	  peptide,	  and	  makes	  this	  receptor	  the	  likely	  candidate	  to	  

mediate	  the	  anorectic	  response	  to	  endogenous	  PACAP.	  By	  comparison,	  the	  VPAC1	  (Vipr1)	  knock-‐

out	  mouse	  has	  no	  obvious	  metabolic	  phenotype	  (personal	  observation)	  and,	  although	  the	  VPAC2	  
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(Vipr2)	  knockout	  mouse	  displays	  a	  dampening	  of	  feeding	  patterns,	  this	  phenotype	  is	  related	  more	  

to	  VIP	  signaling	  in	  the	  suprachiasmatic	  nucleus	  and	  an	  advancement	  of	  daily	  rhythmic	  behaviours	  

(Bechtold	  et	  al	  2008).	  The	  shortened	  peptide,	  PACAP6-‐38,	  acts	  as	  a	  receptor	  antagonist,	  and	  has	  

been	  shown	  previously	  to	  abolish	  PACAP-‐induced	  hypophagia	  (Hawke	  et	  al	  2009,	  Mounien	  et	  al	  

2008,	  Resch	  et	  al	  2011).	  However,	  PACAP6-‐38	  binds	  to	  both	  PAC1	  and	  VPAC2	  receptors,	  and	  so	  it	  

does	  not	  fully	  distinguish	  the	  endogenous	  peptide	  or	  receptor	  involved.	  To	  further	  clarify	  the	  

situation,	  we	  first	  tested	  whether	  equimolar	  doses	  of	  centrally	  injected	  VIP	  and	  PACAP	  had	  the	  

same	  hypophagic	  effect.	  PACAP’s	  actions	  were	  robust	  at	  lower	  doses	  and	  displayed	  a	  definite	  

dose-‐dependent	  effect.	  We	  found	  that	  VIP	  elicited	  a	  small	  reduction	  in	  food	  intake,	  and	  only	  at	  

the	  higher	  dose.	  This	  again	  indicates	  that	  VIP	  and	  the	  two	  VPAC	  receptors	  are	  less	  likely	  to	  be	  

involved	  in	  central	  anorexic	  pathways.	  Previous	  experiments	  in	  the	  lab	  tested	  this	  by	  centrally	  

injecting	  PACAP	  into	  VPAC1	  and	  VPAC2	  receptor	  knockout	  mice	  (unpublished).	  PACAP	  elicited	  the	  

same	  effect	  as	  in	  wild-‐type	  controls	  in	  both	  the	  receptor	  knockout	  strains.	  This	  finally	  implicates	  

the	  PAC1	  receptor	  in	  PACAP’s	  effect	  on	  feeding,	  and	  complements	  our	  earlier	  additional	  findings	  

that	  the	  effect	  of	  PACAP	  to	  induce	  thermogenesis	  and	  mediate	  some	  of	  the	  metabolic	  actions	  of	  

leptin,	  are	  also	  dependent	  on	  PAC1	  signaling	  (Hawke	  et	  al	  2009).	  This	  is	  an	  interesting	  contrast	  to	  

another	  metabolic	  action	  in	  the	  hypothalamus,	  whereby	  PACAP	  increases	  endogenous	  glucose	  

production	  through	  an	  action	  on	  the	  VPAC2	  receptor	  (Yi	  et	  al	  2010).	  

Following	  on	  from	  our	  hypothesis	  that	  the	  hypophagic	  response	  of	  PACAP	  is	  mediated	  by	  the	  PAC1	  

receptor,	  previous	  experiments	  in	  the	  lab	  went	  on	  to	  investigate	  which	  areas	  of	  the	  brain	  might	  

be	  targeted.	  In	  a	  functional	  mapping	  study	  (unpublished),	  we	  found	  that	  central	  PACAP	  injection	  

caused	  substantial	  c-‐Fos	  induction	  in	  the	  PVN	  and	  CeA,	  the	  two	  major	  brain	  areas	  that	  express	  

CRH	  (Makino	  et	  al	  1994).	  Cells	  of	  the	  PVN	  and	  CeA	  strongly	  express	  the	  PACAP-‐specific,	  PAC1	  

receptor	  (Hashimoto	  et	  al	  1996,	  Joo	  et	  al	  2004,	  Nomura	  et	  al	  1996)	  and	  dense	  PACAP-‐

immunopositive	  terminals	  innervate	  these	  areas	  (Koves	  et	  al	  1991,	  Legradi	  et	  al	  1997,	  Piggins	  et	  al	  

1996).	  	  

Oxytocin	  neurons	  in	  the	  PVN	  are	  activated	  by	  satiety	  signals	  from	  the	  gut,	  but	  also	  by	  overeating	  

or	  nauseous	  stimuli	  (Ho	  &	  Blevins	  2013,	  Olszewski	  et	  al	  2010).	  Thus,	  they	  may	  represent	  the	  

convergence	  of	  a	  number	  of	  central	  pathways	  that	  lead	  to	  a	  reduction	  in	  food	  intake.	  Recent	  

investigation	  of	  a	  hypothalamic	  feeding	  circuit	  demonstrated	  that	  feeding	  in	  response	  to	  the	  

activation	  of	  AgRP	  neurons	  in	  the	  Arc	  leads	  to	  an	  inhibition	  of	  PVN	  oxytocin	  neurons	  (Atasoy	  et	  al	  

2012).	  Since	  AgRP	  reversed	  the	  hypophagia	  produced	  by	  PACAP,	  could	  oxytocin	  neurons	  be	  the	  
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common	  downstream	  target	  of	  PACAP/AgRP	  signaling?	  Oxytocin	  acts	  through	  a	  single	  G-‐protein-‐

coupled	  receptor,	  and	  so	  we	  used	  the	  same	  antagonist,	  d(CH2)51,Tyr(Me)2,Orn8]-‐oxytocin,	  which	  

we	  had	  shown	  previously	  to	  affect	  satiety	  signaling	  by	  a	  cholecystokinin-‐vagal-‐NTS-‐prolactin-‐

releasing	  peptide	  pathway	  (Bechtold	  &	  Luckman	  2006).	  However,	  d(CH2)51,Tyr(Me)2,Orn8]-‐

oxytocin,	  was	  unable	  to	  attenuate	  PACAP-‐induced	  hypophagia,	  suggesting	  oxytocin	  neurons	  do	  

not	  have	  a	  role	  in	  mediating	  the	  effects	  of	  PACAP	  on	  food	  intake.	  	  

Central	  PACAP	  injection	  alters	  the	  expression	  levels	  of	  CRH	  mRNA	  in	  the	  PVN	  of	  both	  rats	  

(Grinevich	  et	  al	  1997)	  and	  mice	  (Mounien	  et	  al	  2008).	  This	  anatomical	  and	  histological	  evidence	  

suggests	  a	  physiological	  connection	  between	  the	  PACAP	  and	  CRH	  systems.	  In	  a	  previous	  

experiment	  in	  the	  lab	  PACAP	  was	  co-‐administered	  with	  the	  CRH	  antagonists	  α-‐helical	  CRH	  and	  

astressin,	  and	  we	  found	  that	  both	  antagonists	  partially	  attenuated	  the	  hypophagic	  effect	  of	  

central	  PACAP	  (unpublished).	  Although	  these	  various	  findings	  support	  the	  hypothesis	  that	  CRH	  

cells	  of	  the	  PVN	  are	  an	  important	  target	  for	  PACAP,	  we	  cannot	  discount	  the	  fact	  that	  PACAP	  also	  

activates	  the	  CeA,	  which	  is	  another	  major	  source	  of	  CRH.	  Furthermore,	  because	  the	  in	  vivo	  effects	  

of	  PACAP	  were	  only	  attenuated	  and	  not	  completely	  abolished	  by	  either	  CRH	  antagonist,	  we	  need	  

to	  include	  the	  involvement	  of	  other	  neural	  substrates	  in	  mediating	  PACAP-‐induced	  hypophagia.	  

Other	  groups	  have	  highlighted	  a	  role	  for	  a	  PACAP	  projection	  from	  the	  VMN	  to	  POMC	  neurons	  in	  

the	  hypothalamic	  arcuate	  nucleus	  (Mounien	  et	  al	  2006,	  Mounien	  et	  al	  2008,	  Resch	  et	  al	  2011).	  In	  

a	  previous	  functional	  mapping	  study	  we	  found	  no	  significant	  change	  in	  c-‐Fos	  immunopositive	  cells	  

in	  the	  Arc	  following	  30	  pmol	  PACAP,	  though	  there	  was	  a	  trend	  towards	  an	  increase,	  but	  

expression	  was	  seen	  in	  regions	  known	  to	  govern	  food	  intake	  including	  the	  PVN	  (unpublished).	  The	  

MC4	  receptor	  is	  expressed	  on	  POMC	  neurones	  and	  we	  investigated	  the	  involvement	  of	  the	  

melanocortin	  system	  in	  PACAPs	  anorectic	  effect	  in	  a	  previous	  experiment	  by	  co-‐administering	  

Mc4R	  antagonist	  SHU9119	  and	  inverse	  agonist	  AgRP.	  We	  found	  that	  SHU9119	  does	  not	  block	  

PACAPs	  effects	  while	  AgRP	  completely	  blocks	  the	  reduction	  in	  food	  intake.	  There	  is	  strong	  

evidence	  that	  AgRP,	  in	  contrast	  to	  SHU9119,	  functions	  independently	  as	  an	  inverse	  agonist,	  

causing	  active	  downregulation	  of	  receptor	  tone.	  While	  anorectic	  peptides	  such	  as	  CRH,	  α-‐MSH	  

and	  evidently	  PACAP	  all	  stimulate	  cAMP	  production	  in	  target	  cells,	  AgRP	  causes	  an	  active	  decrease	  

in	  such	  intracellular	  events	  upon	  binding	  to	  melanocortin	  receptors,	  rather	  than	  purely	  blocking	  

receptor	  activation	  (Chai	  et	  al	  2003,	  Ollmann	  et	  al	  1997).	  

Interestingly,	  and	  unlike	  any	  of	  the	  antagonists	  we	  have	  tested	  in	  the	  lab,	  AgRP	  was	  able	  to	  fully	  

reverse	  the	  effects	  of	  PACAP	  on	  feeding	  in	  our	  previous	  study.	  However,	  considering	  our	  earlier	  
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SHU9119	  data,	  we	  do	  not	  judge	  that	  a	  direct	  relationship	  between	  PACAP	  and	  POMC	  

neurons/peptides	  should	  necessarily	  be	  inferred	  from	  this	  result.	  Instead,	  we	  propose	  an	  

alternative	  hypothesis,	  whereby	  actions	  of	  exogenous	  AgRP	  and	  PACAP	  converge	  on	  common	  

metabolic	  target	  cells,	  resulting	  in	  ‘cancelling	  out’	  of	  the	  anorexic	  effect.	  We	  believe	  these	  

pathways	  are	  convergent,	  rather	  than	  independent,	  since	  the	  pre-‐fast	  will	  have	  reduced	  the	  tone	  

on	  anorexic	  pathways,	  meaning	  AgRP	  would	  have	  little	  further	  effect	  if	  acting	  on	  non-‐PACAP	  

targets.	  In	  support	  of	  this,	  AgRP	  alone	  under	  these	  conditions	  did	  not	  increase	  food	  intake.	  

Therefore,	  we	  suggest	  that	  AgRP	  decreases	  the	  activation	  of	  melanocortin	  receptor-‐expressing	  

cells,	  which	  also	  respond	  to	  PACAP,	  resulting	  in	  a	  zero	  net	  effect	  on	  food	  intake.	  

The	  physiological	  role	  of	  PACAP,	  notably	  that	  produced	  in	  the	  ventromedial	  hypothalamus,	  

remains	  enigmatic.	  The	  expression	  of	  Pacap	  mRNA	  in	  the	  VMN	  is	  regulated	  by	  leptin	  according	  to	  

nutritional	  status	  (Hawke	  et	  al	  2009).	  Although	  central	  injection	  of	  exogenous	  PACAP	  acts	  as	  a	  

powerful	  anorexigen	  (Hawke	  et	  al	  2009,	  Mizuno	  et	  al	  1998b,	  Morley	  et	  al	  1992,	  Mounien	  et	  al	  

2008),	  this	  may	  not	  be	  a	  normal	  physiological	  function.	  Indeed,	  we	  have	  shown	  that	  high	  doses	  of	  

exogenous	  PACAP	  cause	  non-‐appetitive	  behaviours	  (Hawke	  et	  al	  2009),	  which	  could	  indicate	  

nausea	  or	  aversion.	  This	  might	  be	  supported	  by	  our	  previous	  finding	  that	  PACAP-‐induced	  

hypophagia	  is	  at	  least	  partially	  dependent	  in	  CRH	  receptor	  signalling	  (unpublished),	  which	  could	  

indicate	  non-‐selective	  activation	  of	  the	  HPA	  axis.	  Furthermore,	  the	  in	  vivo	  evidence	  for	  a	  role	  of	  

POMC	  cells/melanocortin	  signalling	  downstream	  of	  PACAP	  remains	  ambiguous.	  Genetic	  work	  

carried	  out	  by	  Lowell	  and	  colleagues	  demonstrates	  that	  the	  effect	  of	  leptin	  on	  VMN	  neurons,	  

which	  co-‐express	  PACAP	  and	  steroidogenic	  factor	  1	  (SF-‐1)	  (Hawke	  et	  al	  2009),	  and	  that	  on	  Arc	  

neurons	  which	  express	  POMC	  are	  non-‐convergent,	  since	  knock-‐out	  of	  the	  leptin	  receptor	  in	  both	  

cell	  types	  have	  an	  additive	  effect	  on	  the	  obesity	  phenotype	  compared	  with	  knock-‐out	  in	  either	  cell	  

type	  alone	  (Dhillon	  et	  al	  2006).	  Given	  that	  impairment	  of	  PACAP	  signalling	  disrupts	  carbohydrate	  

and	  lipid	  metabolism,	  glucose	  handling	  and	  brown	  adipose	  tissue	  thermogenesis	  (Adams	  et	  al	  

2008,	  Gray	  et	  al	  2001,	  Gray	  et	  al	  2002,	  Hashimoto	  et	  al	  2000),	  a	  leptin-‐sensitive	  role	  in	  these	  

metabolic	  functions	  may	  be	  more	  important	  physiologically	  than	  appetite	  regulation.	  
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Chapter	  6. Diet-‐induced	  obesity	  in	  
recombinant	  inbred	  mouse	  strains	  

6.1 Introduction	  

Obesity	  is	  a	  complex	  disease	  that	  develops	  from	  an	  imbalance	  in	  energy	  homeostasis	  where	  the	  

relationship	  between	  energy	  intake	  and	  expenditure	  has	  been	  disrupted.	  The	  upset	  to	  the	  

equilibrium	  usually	  stems	  from	  a	  disruption	  in	  the	  complex	  interaction	  between	  genes	  and	  

environment.	  The	  predisposition	  for	  developing	  metabolic	  syndrome,	  like	  obesity,	  is	  not	  inherited	  

in	  the	  classical	  Mandelian	  fashion	  (one	  gene-‐one	  phenotype),	  but	  has	  instead	  a	  pathogenesis	  

based	  on	  genetic	  heterogeneity	  and	  complex	  gene-‐by-‐environment	  interactions.	  Attempts	  to	  

untangle	  the	  genetic	  basis	  of	  obesity	  by	  utilizing	  single	  gene	  analysis,	  as	  in	  mice	  knock-‐out	  studies	  

where	  a	  gene	  mutation’s	  effect	  on	  the	  response	  to	  an	  inappropriate	  environment	  (e.g.	  HED)	  is	  

investigated,	  fails	  to	  recognize	  underlying	  polygenic	  networks	  of	  genes	  and	  gene-‐by-‐environment	  

interactions	  (Andreux	  et	  al	  2012,	  Auwerx	  et	  al	  2004).	  Genome-‐wide	  analyses	  studies	  (GWAS),	  

where	  genetic	  variants	  are	  identified	  that	  contain	  risk	  factors	  for	  developing	  metabolic	  disease	  in	  

humans,	  has	  had	  more	  success	  in	  finding	  both	  genetic	  (e.g.	  mutations	  in	  the	  fto	  gene	  (Dina	  et	  al	  

2007))	  and	  environmental	  causes	  (e.g.	  lack	  of	  exercise	  (Warden	  &	  Fisler	  2008)).	  But	  again,	  these	  

studies	  have	  difficulty	  defining	  gene-‐by-‐environment	  interactions	  as	  they	  struggle	  to	  control	  for	  

cohort,	  environment	  and	  admixture	  effects,	  which	  is	  a	  recurring	  problem	  in	  human	  studies	  along	  

with	  the	  inability	  to	  obtain	  certain	  molecular	  or	  physiological	  data	  (Andreux	  et	  al	  2012).	  So,	  

neither	  single-‐gene	  nor	  genome-‐wide	  analyses	  are	  able	  to	  identify	  the	  networks	  of	  genes	  or	  the	  

phenotypes	  they	  modify,	  which	  together	  underlie	  metabolic	  disease.	  

Metabolic	  syndrome	  develops	  through	  the	  additive	  effect	  of	  several	  intermediate	  phenotypes,	  for	  

example	  glucose	  intolerance	  and	  body	  fat	  composition,	  which	  are	  modulated	  by	  genetic	  and	  

environmental	  factors.	  These	  intermediate	  obesity	  traits,	  or	  quantitative	  traits,	  also	  influence	  

each	  other	  rendering	  causality	  hard	  to	  determine.	  By	  utilizing	  a	  systems	  genetics	  approach,	  and	  

with	  the	  development	  of	  murine	  genetic	  reference	  populations,	  these	  obstacles	  can	  be	  

circumvented.	  The	  underlying	  principle	  of	  these	  powerful	  genetic	  model	  systems	  is	  to	  use	  

multiple-‐genes	  to	  multiple	  phenotype	  analysis	  to	  investigate	  causal	  interactions	  between	  sets	  of	  

traits,	  gene-‐networks	  or	  environmental	  conditions	  (Williams	  et	  al	  2001).	  The	  recombinant	  inbred	  
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strains	  offer	  compelling	  advantages	  for	  mapping	  complex	  genetic	  traits	  and	  in	  integrative	  

genomics	  research	  (Chesler	  et	  al	  2005),	  in	  particular	  those	  that	  have	  modest	  heritability	  (Williams	  

et	  al	  2001)	  as	  they	  create	  an	  immortalized	  mapping	  population	  that	  allows	  researchers	  to	  

phenotype	  as	  many	  animals	  per	  line	  as	  desired	  over	  extended	  periods	  of	  time,	  reducing	  the	  effect	  

of	  environmental	  noise	  (Peirce	  et	  al	  2004).	  The	  BXD	  is	  such	  a	  system,	  with	  a	  recombinant	  inbred	  

model	  of	  over	  one	  hundred	  genetically	  defined	  lines	  that	  initially	  was	  produced	  by	  crossing	  two	  

well	  characterized	  progenitors:	  C57BL/6J	  (B)	  and	  DBA/2J	  (D),	  hence	  BXD.	  	  

The	  Jackson	  Laboratory	  first	  generated	  the	  BXD	  recombinant	  inbred	  model	  in	  the	  mid	  1970s.	  

Following	  the	  parental	  cross,	  the	  F1	  generation	  is	  crossed	  again	  to	  produce	  the	  F2	  generation,	  

which	  in	  turn	  is	  then	  inbred	  for	  at	  least	  20	  generations.	  This	  continuous	  inbreeding	  within	  each	  

family	  generates	  a	  ‘frozen’	  recombinant	  pattern	  that	  is	  specific	  for	  that	  particular	  line,	  and	  that	  is	  

homozygous	  for	  one	  of	  only	  two	  possible	  alleles	  (either	  from	  B	  or	  D)	  at	  every	  genetic	  locus	  (Figure	  

6.1).	  As	  both	  parental	  mice	  have	  been	  fully	  sequenced,	  it	  has	  been	  possible	  to	  determine	  that	  

these	  two	  strains	  differ	  at	  approximately	  4.8	  million	  segregating	  single	  nucleotide	  polymorphisms	  

(SNPs),	  and	  varies	  by	  500,000	  insertions	  and	  deletions	  (www.genenetwork.org/mousecross.html).	  

This	  means	  that	  the	  BXD	  model	  captures	  a	  vast	  amount	  of	  genetic	  variation	  and	  reaches	  the	  

complexity	  of	  the	  human	  population	  (Andreux	  et	  al	  2012).	  It	  also	  means	  that	  the	  efficiency	  of	  

positional	  candidate	  gene	  evaluation	  is	  greatly	  increased	  (Chesler	  et	  al	  2005).	  And,	  because	  each	  

recombinant	  line	  is	  genetically	  fixed,	  data	  collected	  in	  separate	  experiments	  across	  time	  and	  

location	  can	  be	  analyzed	  in	  conjunction,	  as	  the	  genetic	  variation	  remains	  the	  same	  and	  variation	  

associated	  with	  environmental	  factors	  and	  technical	  errors	  can	  be	  suppressed	  to	  low	  levels	  

(Williams	  et	  al	  2001).	  Data	  for	  hundreds	  of	  phenotypes,	  including	  gene	  expression	  data	  for	  over	  

30	  body	  tissues,	  have	  been	  acquired	  over	  nearly	  a	  40-‐year	  period	  (Chesler	  et	  al	  2005),	  making	  the	  

BXD	  model	  the	  largest	  genome,	  transcriptome	  and	  phenome	  dataset	  available	  for	  a	  mammalian	  

model	  system	  (Andreux	  et	  al	  2012).	  Furthermore,	  as	  the	  BXD	  panel	  has	  been	  so	  extensively	  

studied,	  it	  lends	  itself	  to	  the	  efficient	  construction	  of	  pleiotropic	  relations	  and	  genetic	  networks	  

(Chesler	  et	  al	  2005).	  Most	  studies	  to	  date	  utilising	  the	  BXD	  model	  has	  been	  designed	  to	  

investigate	  the	  genetics	  of	  immune	  function	  and	  infectious	  disease	  (Bystrykh	  et	  al	  2005,	  Miyairi	  et	  

al	  2007)	  and	  in	  behavioural	  and	  neuropharmacological	  research	  (Chesler	  et	  al	  2005,	  Gaglani	  et	  al	  

2009,	  Laughlin	  et	  al	  2011,	  Philip	  et	  al	  2010),	  but	  besides	  a	  paper	  by	  Andreux	  et	  al	  2012,	  few	  

studies	  have	  looked	  at	  the	  development	  of	  metabolic	  phenotypes.	  
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A	  systems-‐genetics	  approach	  was	  used	  here	  in	  a	  pilot	  experiment	  to	  investigate	  the	  effect	  of	  HED	  

on	  recombinant	  BXD	  mice	  and	  the	  interactions	  between	  three	  levels:	  genetic	  variation	  that	  occurs	  

across	  the	  lines	  in	  terms	  of	  their	  DNA	  sequence,	  intermediate	  phenotype	  (e.g.	  adiposity,	  glucose	  

tolerance)	  and	  systems	  level	  phenotype	  (e.g.	  body	  weight	  gain	  and	  metabolic	  syndrome).	  

Moreover,	  we	  used	  a	  novel	  approach	  to	  apply	  variation	  in	  the	  mRNA	  expression	  of	  key	  regulatory	  

genes	  across	  mice	  for	  additional	  quantitative	  trait	  analysis.	  

	  

Figure	  6.1 A	  diagrammatic	  representation	  of	  the	  recombinant	  inbred	  BXD	  lines.	  Following	  
the	  initial	  cross	  of	  the	  parental	  strains	  of	  C57BL/6	  and	  DBA/2J	  that	  produces	  the	  F1	  generation,	  
the	  F2	  offspring	  are	  inbred	  for	  at	  least	  20	  generations,	  which	  fixes	  every	  gene	  locus	  homozygous	  
for	  either	  the	  original	  C57BL/6J	  or	  DBA/2J.	  

6.2 Methods	  

6.2.1 BXD	  experiment	  

The	  BXD	  experiments	  were	  performed	  using	  male	  mice	  that,	  at	  beginning	  of	  experiments,	  were	  6	  

weeks	  of	  age	  (bred	  at	  the	  University	  of	  Manchester	  by	  our	  collaborator,	  Dr	  Reinmar	  Hager).	  A	  

total	  of	  fifty	  mice	  were	  chosen	  from	  16	  different	  lines	  with	  up	  to	  four	  littermates	  per	  line.	  Due	  to	  
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there	  being	  only	  one	  littermate	  from	  some	  lines,	  all	  the	  mice	  were	  single	  housed	  to	  reduce	  

confounding	  factors	  such	  as	  food	  competition.	  The	  mice	  were	  kept	  on	  HED	  for	  8	  weeks,	  and	  their	  

body	  weight	  was	  recorded	  once	  a	  week.	  

At	  week	  7	  of	  the	  BXD	  experiment	  (13	  weeks	  of	  age),	  the	  mice	  underwent	  an	  OGTT,	  as	  described	  in	  

Chapter	  2,	  with	  the	  exception	  that	  the	  mice	  were	  subjected	  to	  a	  longer	  fast	  (10	  instead	  of	  6	  hours	  

of	  daytime	  fast)	  with	  the	  tail	  first	  clipped	  90	  min	  before	  lights	  out.	  Representative	  results	  are	  

expressed	  as	  area	  under	  the	  curve	  (AUC)	  calculated	  using	  the	  lowest	  value	  recorded	  during	  the	  

OGTT	  as	  the	  baseline.	  

At	  week	  8	  of	  the	  BXD	  experiment,	  or	  at	  14	  weeks	  of	  age,	  the	  animals	  were	  culled	  and	  the	  

following	  tissues	  were	  collected:	  blood	  plasma,	  hypothalamus,	  brainstem,	  pancreas,	  liver,	  

interscapular	  brown	  adipose	  tissue	  and	  heart.	  Three	  white	  adipose	  tissue	  deposits	  were	  dissected	  

and	  weighed	  before,	  including	  epididymal,	  peri-‐renal	  and	  mesenteric	  fat	  pads.	  The	  %	  body	  fat	  was	  

calculated	  total	  fat	  pad	  weight	  by	  body	  weight	  at	  week	  8.	  

6.2.2 C57	  experiments	  

A	  single	  C57	  mouse	  was	  culled	  at	  8	  weeks	  of	  age	  to	  collect	  tissues	  for	  gene	  distribution	  studies,	  

and	  the	  following	  tissues	  were	  collected:	  hypothalamus,	  brainstem,	  brown	  adipose	  tissue,	  white	  

adipose	  tissue,	  adrenal	  gland,	  heart,	  kidney,	  liver	  and	  skeletal	  muscle.	  

For	  the	  experiments	  using	  C57	  mice	  (Harlan,	  UK)	  on	  HED,	  10	  animals	  were	  put	  on	  HED	  at	  6	  weeks	  

of	  age	  and	  10	  were	  kept	  on	  the	  normal	  control	  diet.	  Their	  body	  weight	  was	  recorded	  once	  a	  week,	  

starting	  at	  week	  0	  and	  finishing	  at	  week	  8.	  	  

In	  the	  C57	  HED	  experiment,	  the	  animals	  were	  culled	  at	  week	  8,	  or	  14	  weeks	  of	  age,	  and	  the	  

following	  tissues	  were	  collected:	  hypothalamus,	  brown	  adipose	  tissue,	  inguinal	  white	  adipose	  

tissue,	  epididymal	  white	  adipose	  tissue,	  heart,	  kidney,	  liver,	  and	  skeletal	  muscle	  

Blood	  plasma	  was	  collected	  at	  culling	  and	  processed	  as	  described	  in	  Chapter	  2.	  After	  thawing,	  the	  

plasma	  glucose	  level	  was	  tested	  using	  the	  same	  equipment	  as	  for	  the	  OGTT.	  

6.2.3 QTL	  and	  Correlational	  analyses	  

The	  following	  analyses	  were	  performed	  by	  Beatrice	  Gini	  in	  the	  Hager	  lab	  at	  the	  University	  of	  

Manchester	  as	  previously	  described	  in	  chapter	  2.	  The	  quantitative	  traits	  analysis	  (done	  using	  

GeneNetwork	  WebQTL)	  at	  the	  time	  of	  writing	  were:	  body	  weight	  gain,	  white	  adipose	  tissue	  pad	  
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weight	  (adjusted	  for	  body	  weight),	  fasting	  glucose	  and	  glucose	  tolerance	  (OGTT	  AUC).	  For	  the	  

correlational	  analyses,	  the	  above	  traits	  were	  used,	  together	  with	  traits	  collected	  by	  other	  labs	  and	  

obtained	  from	  the	  online	  BXD	  database	  (www.genenetwork.org).	  

6.2.4 RNA	  extraction,	  reverse	  transcription	  and	  qPCR	  

The	  dissected	  tissue	  was	  extracted	  using	  the	  Trizol	  method	  and	  reverse	  transcribed	  as	  described	  

in	  Chapter	  2.	  The	  primer	  design	  and	  validation	  method	  was	  also	  performed	  as	  previously	  

described,	  as	  was	  the	  relative	  qPCR	  procedure.	  

The	  primers	  used	  are	  described	  in	  Table	  6.1.	  

Target	   Sequence	  Forward	   Sequence	  Reverse	  

Pan-‐pacap	   5’-‐CTCCAGTGCTGTTCATGCTT-‐3’	   5’-‐GAGGGTCTCCAGAAAATCCA-‐3’	  

Pan-‐bdnf	   5’-‐AGAGCAGGCTCTGGAATGAT-‐3’	   5’-‐TTGCTGTGCCATATTTGGAT-‐3’	  

gprc5c	   5’-‐GAGGTCTCACAGGTGACCAA-‐3’	   5’-‐AGCTGTCCATTGTAGCCACT-‐3’	  

Table	  6.1 List	  of	  primer	  pairs.	  The	  table	  lists	  the	  primer	  pairs	  used	  in	  qPCR	  experiments	  in	  this	  chapter.	  A	  
description	  of	  the	  primer	  designing	  technique	  used	  is	  included	  in	  Chapter	  2.	  

6.3 Results	  

6.3.1 Biometric	  traits	  of	  the	  BXD	  lines	  

A	  total	  of	  50	  BXD	  mice	  from	  16	  different	  lines	  were	  put	  on	  HED	  at	  6	  weeks	  of	  age	  for	  8	  weeks.	  The	  

animals	  body	  weight	  were	  recorded	  once	  a	  week,	  starting	  at	  week	  0,	  and	  during	  the	  course	  of	  the	  

8	  weeks	  the	  animals	  displayed	  notable	  strain	  differences	  in	  actual	  body	  weight	  and	  relative	  body	  

weight	  gain,	  indicated	  by	  the	  high	  correlation	  between	  body	  weight	  gain	  and	  BXD	  line	  number	  

(p=0.0003)(Figure	  6.2.a).	  This	  analysis	  does	  not	  include	  body	  weight	  data	  collected	  at	  week	  8	  as	  a	  

couple	  of	  animals	  showed	  a	  reduction	  in	  body	  weight	  following	  the	  OGTT	  at	  week	  7	  of	  the	  

experiment.	  

Following	  the	  8	  weeks	  on	  HED	  the	  animals	  were	  culled	  and	  several	  tissues	  were	  collected,	  

including	  white	  adipose	  tissue	  (WAT).	  Notable	  strain	  differences	  were	  seen	  in	  adiposity	  as	  well,	  

again	  indicated	  by	  the	  high	  correlation	  between	  the	  trait	  and	  BXD	  line	  number	  (p<0.0001)	  (Figure	  

6.2.b).	  
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At	  week	  7	  of	  the	  experiment,	  an	  OGTT	  was	  performed	  on	  all	  the	  mice.	  Glucose	  tolerance	  was	  also	  

shown	  to	  be	  highly	  correlated	  with	  BXD	  line	  number	  (p=0.0002)	  (Figure	  6.2.c).	  These	  collected	  

biometric	  traits	  show	  that	  there	  was	  heterogeneity	  between	  the	  lines,	  which	  indicated	  that	  the	  

data	  warranted	  further	  analysis.	  	  
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Figure	  6.2 Phenotypes	  of	  different	  BXD	  lines.	  Individual	  values	  for	  each	  mouse	  are	  plotted	  against	  line	  
number	  on	  the	  x-‐axis	  in	  increasing	  mean	  trait	  values.	  On	  the	  y-‐axis,	  the	  trait	  values	  for	  body	  weight	  (a),	  adiposity	  (b)	  and	  
glucose	  tolerance	  (c)	  are	  plotted.	  The	  increase	  in	  body	  weight	  was	  measured	  from	  week	  0	  to	  week	  7	  of	  the	  experiment;	  
the	  mice	  were	  6	  weeks	  of	  age	  at	  the	  start	  of	  the	  experiment	  and	  13	  weeks	  at	  the	  end.	  Fat	  pad	  weight	  was	  adjusted	  for	  
body	  weight.	  Glucose	  tolerance	  was	  expressed	  as	  area	  under	  the	  curve	  (AUC)	  with	  the	  minimum	  plasma	  glucose	  level	  as	  
baseline.	  Pearson’s	  r	  and	  p	  values	  are	  expressed	  on	  graphs.	  (12	  n=1,	  14	  n=1,	  44	  n=5,	  45	  n=4,	  49	  n=1,	  51	  n=4,	  61	  n=4,	  64	  
n=2,	  70	  n=4,	  71	  n=2,	  75	  n=3,	  84	  n=2,	  87	  n=4,	  90	  n=4,	  100	  n=4,	  102	  n=4)	  
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6.3.2 QTL	  analysis	  of	  the	  biometric	  traits	  for	  the	  BXD	  mice	  

QTL	  analysis	  was	  performed	  using	  the	  biometric	  data	  collected	  and	  12	  loci	  were	  identified	  that	  

had	  likelihood	  ratio	  statistic	  scores	  (LRS),	  indicating	  their	  possible	  role	  in	  the	  phenotypic	  trait	  

variation.	  LRS,	  which	  is	  a	  chi-‐square	  statistic,	  is	  a	  measurement	  of	  the	  association	  between	  

differences	  in	  traits	  and	  differences	  in	  particular	  genetic	  markers	  above	  13	  (an	  arbitrary	  

threshold).	  As	  an	  example,	  a	  QTL	  on	  chromosome	  11	  was	  identified	  that	  contains	  variation	  that	  

explains	  differences	  between	  the	  body	  adiposity	  of	  animals	  on	  HED.	  Interestingly,	  this	  QTL	  

includes	  annotated	  genes	  that	  are	  involved	  in	  fat	  metabolism	  (Figure	  6.3),	  including	  acylcoenzyme	  

A	  oxidase	  (acox1)	  and	  fatty	  acid	  desaturase	  6	  (fads6).	  

There	  were	  also	  many	  genes	  that	  are	  expressed	  in	  the	  brain	  identified	  at	  the	  12	  QTL	  loci,	  including	  

a	  gene	  coding	  for	  galanin	  receptor	  2	  (galr2)	  Further,	  the	  QTL	  analysis	  of	  fat	  mass	  and	  fasting	  

glucose	  levels	  identified	  three	  orphan	  G-‐protein	  coupled	  receptors	  (GPCRs),	  i.e.	  gpr142,	  gpr146	  

and	  gprc5c.	  The	  BXD	  database	  suggests	  that	  these	  GPCR	  genes	  are	  expressed	  in	  both	  the	  

hypothalamus	  and	  liver.	  

	  

Figure	  6.3 Genome	  wide	  QTL-‐map	  for	  body	  adiposity.	  The	  QTL	  analysis	  identified	  three	  possible	  QTLs	  on	  
chromosome	  11,	  12	  and	  13.	  On	  the	  y-‐axis,	  LRS	  scores	  are	  shown	  in	  blue	  and	  additive	  effect	  in	  green.	  Body	  adiposity	  was	  
calculated	  by	  adjusting	  fat	  pad	  weight	  for	  body	  weight.	  The	  blue	  line	  plots	  the	  strength	  of	  the	  association	  and	  
chromosomal	  location.	  The	  genome	  wide	  significant	  threshold	  of	  25.0	  LRS	  is	  shown	  in	  red,	  and	  the	  suggestive	  of	  13.0	  
LRS	  is	  shown	  in	  grey,	  both	  horizontal	  lines.	  LRS	  scores	  above	  13.0	  warrant	  further	  investigation.	  The	  red	  line	  plots	  the	  
effect	  of	  the	  D	  allele	  on	  trait	  values,	  and	  the	  green	  line	  plots	  the	  B	  allele.	  The	  x-‐axis	  shows	  the	  location	  by	  chromosome	  
on	  the	  upper	  level,	  and	  by	  megabases	  on	  the	  lower.	  (n=50,	  16	  lines)	  	  

6.3.3 Correlational	  analyses	  	  

Correlational	  analyses	  were	  performed	  using	  the	  phenotypes	  recorded	  in	  this	  study	  and	  gene	  

expression	  data	  in	  different	  tissues,	  collected	  in	  other	  labs	  and	  retrieved	  from	  the	  BXD	  database.	  

In	  our	  preliminary	  correlational	  analysis	  (Figure	  6.4),	  the	  three	  fat	  pad	  weights	  were	  strongly	  

positively	  correlated	  (represented	  by	  red	  lines,	  0.7	  <	  r	  <	  1),	  as	  was	  fasting	  glucose	  with	  glucose	  
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tolerance	  (or	  OGTT	  AUC),	  and	  weight	  gain	  with	  weight	  at	  week	  7.	  As	  introduced	  in	  chapter	  3,	  

pacap	  and	  bdnf	  are	  two	  neuropeptide	  genes	  that	  have	  previously	  been	  shown	  to	  be	  up	  regulated	  

in	  DIO-‐R	  mice	  and	  these	  genes	  were	  therefore	  included	  in	  the	  analysis,	  as	  well	  as	  gprc5c	  as	  it	  was	  

a	  new	  candidate	  gene	  identified	  in	  our	  initial	  QTL	  analysis.	  The	  hypothalamic	  expression	  of	  pacap,	  

bdnf	  and	  gprc5c	  data	  included	  in	  the	  network	  were	  from	  RNA	  sequencing	  studies	  that	  measured	  

the	  expression	  levels	  in	  BXD	  mice	  on	  normal	  diet,	  these	  studies	  were	  performed	  by	  other	  labs	  and	  

the	  data	  was	  obtained	  from	  the	  database	  freely	  available	  on	  the	  GeneNetwork	  website.	  Here,	  we	  

show	  that	  pacap	  expression	  is	  negatively	  correlated	  with	  fat	  mass	  (represented	  by	  green	  lines,	  -‐

0.7	  <	  r	  <	  -‐0.5).	  Furthermore,	  bdnf	  expression	  showed	  a	  weak	  positive	  correlation	  to	  pacap	  

expression	  (yellow	  lines,	  0.5	  <	  r	  <	  0.7).	  The	  expression	  of	  our	  new	  candidate,	  gprc5c	  in	  chow	  fed	  

mice	  was	  inversely	  correlated	  with	  weight	  gain	  and	  positively	  correlated	  with	  body	  weight	  at	  

week	  0.	  	  

	  

	  

Figure	  6.4 Joint	  mapping	  network.	  A	  diagram	  illustrating	  the	  covariance	  between	  traits	  measured	  in	  our	  
preliminary	  study	  with	  hypothalamic	  expression	  of	  pacap,	  bdnf	  and	  gprc5c	  measured	  in	  other	  labs.	  Red	  lines	  indicate	  
strong	  positive	  correlation	  (0.7	  <	  r	  <	  1),	  yellow	  weak	  positive	  correlation	  (0.5	  <	  r	  <	  0.7),	  and	  green	  weak	  negative	  
correlation	  (-‐0.7	  <	  r	  <	  -‐0.5).	  (n=50,	  16	  lines)	  

6.3.4 BXD	  pacap	  and	  bdnf	  hypothalamic	  expression	  

Due	  to	  the	  unrecoverable	  loss	  of	  collected	  tissue	  from	  the	  BXD	  experiment,	  only	  30	  hypothalamic	  

samples	  were	  reverse	  transcribed	  and	  analyzed	  using	  qPCR.	  Both	  pacap	  and	  bdnf	  mRNA	  

expression	  was	  analysed.	  However,	  as	  there	  was	  no	  specific	  control	  group	  in	  this	  experiment	  to	  

relate	  the	  expression	  levels	  to,	  the	  reported	  values	  represent	  the	  ΔCt	  values	  of	  each	  mRNA	  
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without	  being	  normalized	  against	  the	  control	  group	  and	  can	  thus	  only	  be	  interpreted	  as	  higher	  or	  

lower	  in	  relation	  to	  each	  other.	  The	  expression	  values	  are	  arbitrary.	  	  

Although	  a	  large	  proportion	  of	  the	  samples	  are	  missing,	  the	  BXD	  lines	  appear	  to	  exhibit	  

heterogeneity	  in	  the	  mRNA	  expression	  of	  pacap	  and	  bdnf,	  with	  correlation	  analysis	  showing	  very	  

low	  p	  values	  for	  both	  pacap	  (p=0.0002)	  and	  bdnf	  (p=0.0038)	  (Figure	  6.5.a	  and	  b),	  indicating	  that	  

these	  traits	  can	  be	  used	  for	  future	  QTL	  analysis	  and	  joint	  mapping.	  Linear	  regression	  analysis	  

reveals	  that	  the	  mRNA	  expression	  of	  pacap	  and	  bdnf	  are	  positively	  correlated	  (Figure	  6.5.c)	  where	  

the	  individual	  mice	  with	  high	  mRNA	  expression	  of	  one	  gene	  also	  has	  high	  expression	  levels	  for	  the	  

other.	  
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Figure	  6.5 mRNA	  expression	  of	  hypothalamic	  genes	  in	  BXD	  lines.	  Graphs	  showing	  the	  hypothalamic	  mRNA	  
expression	  of	  30	  BXD	  animals	  after	  8	  weeks	  on	  HED,	  with	  graph	  a)	  showing	  pacap	  and	  graph	  b)	  showing	  bdnf	  (Pearson’s	  
r	  and	  p	  values	  are	  expressed	  on	  both	  graphs).	  Individual	  values	  for	  each	  mouse	  are	  plotted	  against	  line	  number	  on	  the	  
x-‐axis	  in	  increasing	  mean	  trait	  values.	  On	  the	  y-‐axis,	  the	  mRNA	  level	  of	  each	  gene	  is	  shown	  as	  the	  ΔCt	  value,	  normalized	  
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against	  the	  β-‐actin	  Ct	  for	  the	  same	  sample.	  The	  linear	  regression	  analysis	  of	  these	  two	  traits	  are	  shown	  in	  c),	  r2=0.6,	  
p<0.0001.	  (12	  n=1,	  14	  n=1,	  44	  n=5,	  45	  n=4,	  49	  n=1,	  51	  n=4,	  61	  n=4,	  71	  n=2,	  84	  n=2,	  100	  n=4,	  102	  n=4)	  

6.3.5 C57	  mice	  on	  HED	  and	  the	  expression	  of	  gprc5c	  

To	  investigate	  the	  global	  expression	  of	  gprc5c,	  several	  tissues	  were	  collected	  from	  a	  single	  C57	  

mouse	  in	  order	  to	  confirm	  the	  presence	  of	  the	  mRNA.	  These	  tissues	  included	  hypothalamus,	  

brainstem,	  BAT,	  WAT,	  adrenal	  gland,	  heart,	  kidney,	  liver,	  and	  skeletal	  muscle.	  The	  tissues	  were	  

analysed	  using	  qPCR,	  and	  here	  again	  there	  was	  no	  control	  group	  to	  relate	  the	  expression	  levels	  to.	  

Hence,	  the	  ΔCt	  values	  of	  the	  different	  tissues	  were	  normalized	  against	  the	  hypothalamic	  ΔCt	  value,	  

which	  was	  forced	  to	  the	  arbitrary	  unit	  of	  1.	  This	  means	  that	  the	  other	  tissues’	  expression	  levels	  

can	  be	  read	  as	  either	  higher	  or	  lower	  than	  the	  level	  in	  the	  hypothalamus.	  In	  this	  case,	  the	  gprc5c	  

mRNA	  levels	  in	  all	  the	  other	  tissues	  were	  higher	  than	  that	  in	  the	  hypothalamus,	  with	  the	  levels	  in	  

kidney,	  liver,	  and	  skeletal	  muscle	  being	  considerably	  higher	  (between	  30-‐40	  times	  higher)	  (Figure	  

6.6.a).	  

A	  group	  of	  20	  C57	  male	  mice	  were	  put	  on	  either	  HED	  (10	  mice)	  or	  continued	  on	  the	  control	  diet	  

(10	  mice)	  for	  8	  weeks,	  starting	  from	  the	  age	  of	  6	  weeks,	  to	  investigate	  the	  regulation	  of	  gprc5c	  in	  

the	  hypothalamus	  and	  other	  tissues.	  Their	  body	  weight	  was	  recorded	  once	  a	  week	  up	  until	  week	  7	  

and	  the	  body	  weight	  curves	  form	  the	  two	  groups	  are	  shown	  in	  Figure	  6.6.c.	  The	  two	  treatment	  

groups	  started	  to	  significantly	  diverge	  in	  body	  weight	  after	  5	  weeks	  on	  HED,	  with	  an	  apparent	  

heterogeneity	  in	  the	  HED	  group	  at	  week	  6	  and	  7.	  At	  culling,	  blood	  plasma	  was	  collected	  and	  the	  

plasma	  glucose	  level	  was	  obtained	  shown	  in	  Figure	  6.6.b.	  The	  fed	  plasma	  glucose	  level	  was	  

significantly	  higher	  in	  the	  HED	  group.	  

Several	  tissues	  were	  collected	  from	  the	  mice	  at	  week	  8	  of	  the	  experiment,	  including	  

hypothalamus,	  BAT,	  inguinal	  WAT,	  epididymal	  WAT,	  heart,	  kidney,	  liver,	  and	  skeletal	  muscle.	  RNA	  

was	  then	  extracted	  form	  these	  tissues	  and	  the	  mRNA	  levels	  of	  gprc5c	  was	  then	  analysed	  using	  

qPCR	  (Figure	  6.6.d).	  In	  the	  HED	  group,	  the	  gprc5c	  mRNA	  levels	  were	  significantly	  down	  regulated	  

in	  the	  hypothalamus,	  BAT	  and	  heart	  tissues	  and	  significantly	  up	  regulated	  in	  the	  liver.	  There	  was	  

no	  change	  seen	  in	  the	  other	  tissues.	  
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Figure	  6.6 The	  expression	  and	  regulation	  of	  gprc5c.	  The	  expression	  of	  gprc5c	  mRNA	  detected	  using	  qPCR	  in	  
the	  hypothalamus,	  brainstem,	  BAT,	  WAT,	  adrenal	  gland,	  heart,	  kidney,	  liver,	  and	  skeletal	  muscle	  (a)	  (n=1).	  All	  the	  
expression	  levels	  were	  related	  to	  the	  hypothalamus,	  which	  was	  forced	  to	  1.	  A	  group	  of	  n=10	  C57	  male	  mice	  were	  kept	  
on	  HED	  for	  8	  weeks,	  with	  a	  control	  group	  of	  n=10	  kept	  on	  normal	  chow.	  At	  week	  8,	  their	  plasma	  glucose	  level	  was	  
measured	  and	  shown	  in	  (b).	  Their	  body	  weight	  curve	  is	  shown	  in	  c).	  Tissues	  were	  collected	  at	  week	  8	  including	  
hypothalamus,	  BAT,	  inguinal	  WAT,	  epididymal	  WAT,	  heart,	  kidney,	  liver,	  and	  skeletal	  muscle.	  The	  regulation	  of	  gprc5c	  
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mRNA	  was	  analysed	  using	  qPCR	  (d).	  Data	  are	  expressed	  as	  mean	  ±	  SEM.	  *P<0.05,	  **P<0.01,	  ***	  P<0.001;	  two-‐way	  
ANOVA	  followed	  by	  Bonferroni’s	  post	  hoc	  test	  (c),	  Student’s	  unpaired	  t-‐test	  (b,	  d).	  

6.3.6 Expression	  of	  gprc5c	  in	  the	  BXD	  hypothalamus,	  liver	  and	  BAT	  

Following	  the	  confirmation	  of	  gprc5c	  expression	  in	  the	  hypothalamus	  and	  the	  liver,	  and	  its	  

apparent	  regulation	  in	  the	  response	  to	  HED	  in	  these	  tissues,	  but	  also	  BAT,	  the	  BXD	  samples	  were	  

analysed	  for	  the	  expression	  of	  the	  gprc5c	  mRNA.	  As	  previously	  mentioned,	  there	  was	  no	  specific	  

control	  group	  in	  this	  experiment	  to	  relate	  the	  expression	  levels	  to,	  and	  the	  reported	  values	  

represent	  the	  ΔCt	  values	  of	  each	  mRNA.	  In	  the	  hypothalamus	  (only	  30	  samples	  available),	  there	  

appears	  to	  be	  heterogeneity	  between	  the	  lines	  with	  the	  correlation	  analysis	  confirming	  this	  

(p=0.0056)	  (Figure	  6.7.a).	  In	  the	  liver	  and	  BAT	  the	  heterogeneous	  pattern	  is	  more	  obvious,	  with	  

expression	  levels	  showing	  a	  good	  range	  from	  lowest	  to	  highest	  (liver	  p<0.0001;	  BAT	  p<0.0001)	  

(Figure	  6.7.b	  and	  c).	  
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Figure	  6.7 mRNA	  expression	  of	  gprc5c	  in	  hypothalamus	  and	  liver	  in	  BXD	  lines.	  Graph	  showing	  the	  
hypothalamic	  mRNA	  expression	  of	  gprc5c	  of	  30	  BXD	  animals	  after	  8	  weeks	  on	  HED	  (a),	  and	  graph	  showing	  the	  mRNA	  
expression	  of	  gprc5c	  of	  50	  BXD	  animals	  after	  8	  weeks	  on	  HED	  in	  liver	  (b)	  and	  in	  BAT	  (c).	  Individual	  values	  for	  each	  mouse	  
are	  plotted	  against	  line	  number	  on	  the	  x-‐axis	  in	  increasing	  mean	  trait	  values.	  On	  the	  y-‐axis,	  the	  mRNA	  level	  of	  each	  gene	  
is	  shown	  as	  the	  ΔCt	  value,	  normalized	  against	  the	  β-‐actin	  Ct	  for	  the	  same	  sample.	  Pearson’s	  r	  and	  p	  values	  are	  expressed	  
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on	  all	  three	  graphs.	  (12	  n=1,	  14	  n=1,	  44	  n=5,	  45	  n=4,	  49	  n=1,	  51	  n=4,	  61	  n=4,	  64	  n=2,	  70	  n=4,	  71	  n=2,	  75	  n=3,	  84	  n=2,	  87	  
n=4,	  90	  n=4,	  100	  n=4,	  102	  n=4)	  

6.3.7 Final	  correlational	  analyses	  and	  mapping	  

Correlational	  analyses	  were	  performed	  using	  the	  phenotypes	  recorded	  in	  the	  beginning	  of	  this	  

study	  and	  gene	  expression	  data	  measured	  later	  in	  the	  different	  tissues	  that	  were	  collected.	  In	  our	  

final	  joint	  mapping	  correlational	  analysis	  (Figure	  6.8),	  the	  addition	  of	  pacap	  and	  bdnf	  expression	  in	  

the	  VMH,	  the	  expression	  of	  gprc5c	  in	  the	  VMH,	  liver	  and	  BAT	  and	  plasma	  triglycerides	  to	  the	  

previous	  map	  showed	  in	  Figure	  6.4	  reveal	  a	  more	  interconnected	  network	  between	  traits.	  For	  

simplicity,	  the	  three	  fat	  pad	  weights	  (epididymal,	  perirenal	  and	  mesenteric)	  were	  added	  together	  

and	  are	  here	  referred	  to	  as	  adiposity.	  

In	  addition	  to	  the	  correlations	  seen	  previously	  between	  the	  biometric	  traits,	  the	  hypothalamic	  

pacap	  expression	  was	  shown	  to	  be	  positively	  correlated	  with	  liver	  gprc5c	  expression,	  adiposity,	  

hypothalamic	  bdnf	  expression	  and	  body	  weight	  at	  week	  0	  (red	  lines	  representing	  strong	  positive	  

correlation	  (0.7	  <	  r	  <	  1)	  and	  yellow	  weak	  (0.5	  <	  r	  <	  0.7)),	  and	  was	  shown	  to	  be	  negatively	  

correlated	  with	  BAT	  gprc5c	  expression,	  body	  weight	  at	  week	  7,	  glucose	  tolerance	  (or	  OGTT	  AUC),	  

body	  weight	  gain	  and	  plasma	  triglycerides	  (blue	  lines	  representing	  strong	  negative	  correlation	  (-‐1	  

<	  r	  <	  -‐0.7)	  and	  green	  weak	  (-‐0.7	  <	  r	  <	  -‐0.5)).	  

The	  hypothalamic	  bdnf	  expression	  was	  positively	  correlated	  with	  liver	  gprc5c	  expression,	  

adiposity,	  hypothalamic	  pacap	  expression	  and	  body	  weight	  at	  week	  0,	  and	  to	  be	  negatively	  

correlated	  with	  BAT	  gprc5c	  expression,	  body	  weight	  gain	  and	  plasma	  triglycerides.	  

The	  liver	  gprc5c	  expression	  was	  positively	  correlated	  to	  adiposity,	  hypothalamic	  pacap	  expression	  

and	  hypothalamic	  bdnf	  expression,	  and	  seen	  to	  be	  negatively	  correlated	  with	  body	  weight	  gain	  

and	  BAT	  gprc5c	  expression.	  The	  BAT	  gprc5c	  expression	  was	  positively	  correlated	  with	  body	  weight	  

gain	  and	  body	  weight	  at	  week	  7,	  and	  to	  be	  negatively	  correlated	  to	  liver	  gprc5c	  expression,	  

hypothalamic	  pacap	  expression	  and	  hypothalamic	  bdnf	  expression.	  

Plasma	  levels	  of	  triglycerides	  was	  positively	  correlated	  to	  body	  weight	  gain,	  and	  negatively	  

correlated	  to	  hypothalamic	  pacap,	  bdnf	  and	  gprc5c	  expression.	  

The	  hypothalamic	  gprc5c	  expression	  had	  a	  strong	  negative	  correlation	  with	  plasma	  triglycerides	  

and	  showed	  no	  other	  correlation	  with	  other	  traits.	  Triglycerides	  were	  measured	  separate	  from	  

this	  thesis	  by	  Ms	  Amy	  Worth,	  but	  was	  included	  here	  because	  of	  its	  correlation	  with	  hypothalamic	  

gprc5c.	  
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Figure	  6.8 Final	  joint	  mapping	  network.	  A	  diagram	  illustrating	  the	  covariance	  between	  the	  collective	  traits	  
measured	  in	  our	  preliminary	  study	  from	  BXD	  mice	  following	  an	  8-‐week	  course	  of	  HED.	  Red	  lines	  indicate	  strong	  positive	  
correlation	  (0.7	  <	  r	  <	  1),	  yellow	  weak	  positive	  correlation	  (0.5	  <	  r	  <	  0.7),	  green	  weak	  negative	  correlation	  (-‐0.7	  <	  r	  <	  -‐0.5)	  
and	  blue	  strong	  negative	  correlation	  (-‐1	  <	  r	  <	  -‐0.7).	  (n=50,	  16	  lines)	  

6.4 Discussion	  

The	  main	  challenge	  in	  today’s	  biomedical	  research	  is	  to	  decipher	  the	  genetic	  interactions	  that	  

affect	  human	  health	  and	  lifespan.	  Understanding	  of	  the	  underlying	  pathology	  of	  complex	  disease,	  

such	  as	  obesity,	  is	  confounded	  by	  the	  genetic	  heterogeneity	  underlying	  the	  disease	  and	  the	  

disrupted	  complex	  gene-‐by-‐environment	  interactions	  leading	  up	  to	  its	  development.	  New	  

effective	  strategies	  need	  to	  be	  developed	  in	  order	  to	  improve	  diagnosis,	  treatment	  and	  

prevention	  of	  chronic	  multifactorial	  metabolic	  disease.	  While	  many	  studies	  focussing	  on	  single	  

genes	  have	  shed	  light	  on	  distinct	  pathways,	  they	  lack	  insight	  into	  the	  genetic	  complexity	  that	  is	  

the	  reality	  behind	  variation	  in	  metabolic	  traits.	  Complex	  systems	  were	  first	  studied	  utilising	  F2	  

intercrosses,	  which	  has	  the	  benefit	  of	  rapid	  generation,	  but	  requires	  a	  very	  large	  sample	  (n>500)	  

to	  have	  decent	  mapping	  resolution,	  and	  suffers	  from	  the	  lack	  of	  reproducibility	  as	  every	  organism	  

is	  unique.	  These	  limitations	  have	  been	  overcome	  by	  the	  development	  of	  murine	  genetic	  reference	  

populations	  such	  as	  the	  BXD	  where,	  apart	  from	  its	  reproducibility,	  the	  main	  advantage	  is	  the	  

generation	  of	  a	  vast	  database	  of	  genotypes	  under	  different	  conditions	  that	  is	  accessible	  
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electronically.	  Here,	  in	  a	  pilot	  experiment	  utilizing	  this	  systems-‐genetics	  approach,	  we	  attempted	  

to	  start	  untangling	  the	  genetic	  basis	  of	  obesity	  and	  the	  BXD	  recombinant	  inbred	  mouse	  model	  was	  

used	  to	  investigate	  the	  effect	  of	  HED	  on	  gene	  mRNA	  expression,	  intermediate	  phenotypes	  such	  as	  

adiposity	  and	  glucose	  tolerance,	  and	  the	  development	  of	  metabolic	  syndrome.	  	  

Following	  an	  8-‐week	  course	  of	  HED,	  several	  biometric	  traits	  were	  collected	  including	  percentage	  

body	  weight	  gain	  over	  7	  weeks,	  final	  percentage	  body	  fat	  and	  glucose	  tolerance	  at	  week	  7	  from	  

our	  BXD	  model.	  As	  seen	  previously	  in	  Chapter	  3,	  8	  weeks	  on	  HED	  results	  in	  varying	  degrees	  of	  

weight	  gain	  in	  outbred	  (CD1)	  mice,	  and	  this	  was	  repeated	  here	  where	  the	  animals	  displayed	  

notable	  line	  differences;	  variance	  across	  lines	  indicates	  a	  genetic	  component.	  The	  same	  pattern	  

was	  seen	  in	  %	  body	  fat.	  The	  animals	  that	  gained	  the	  least	  %	  body	  weight	  during	  the	  course	  of	  the	  

experiment	  interestingly	  recorded	  the	  highest	  in	  %	  body	  fat	  at	  the	  end	  of	  the	  8	  weeks	  on	  HED.	  

However,	  as	  we	  have	  no	  data	  for	  initial	  body	  fat	  percentage,	  the	  significance	  of	  this	  observation	  is	  

questionable.	  Glucose	  tolerance,	  as	  reported	  by	  OGTT	  AUC,	  also	  showed	  variation	  between	  lines.	  

When	  looking	  closer	  at	  specific	  lines,	  for	  example	  51	  and	  102	  in	  Figure	  6.2,	  it	  can	  be	  noted	  that	  

even	  though	  both	  the	  strains	  are	  relatively	  glucose	  tolerant	  the	  two	  strains	  differ	  widely	  in	  fat	  

mass.	  These	  collected	  biometric	  traits	  show	  that	  there	  was	  heterogeneity	  between	  the	  lines	  and	  

this	  variation,	  similar	  to	  that	  found	  in	  the	  human	  population,	  is	  what	  lends	  the	  data	  to	  QTL	  and	  

correlational	  analyses.	  

Using	  the	  data	  for	  the	  biometric	  traits	  collected,	  the	  QTL	  analysis	  identified	  14	  candidate	  loci	  with	  

suggestive	  roles	  in	  the	  phenotypic	  variation	  observed	  and	  hence	  in	  the	  regulation	  of	  energy	  

balance.	  As	  has	  been	  noted	  in	  human	  GWAS	  studies	  related	  to	  metabolic	  diseases,	  many	  of	  our	  

loci	  code	  for	  brain-‐expressed	  genes;	  for	  example,	  the	  gene	  for	  galanin	  receptor	  2	  (or	  galr2).	  Data	  

previously	  published	  by	  this	  lab	  indicate	  that	  central	  GALR2	  plays	  a	  role	  in	  appetite	  and	  energy	  

balance	  (Lawrence	  et	  al	  2002,	  Lawrence	  et	  al	  2003).	  The	  QTL	  analysis	  of	  adiposity	  and	  fasting	  

glucose	  further	  identified	  three	  orphan	  GPCRs,	  i.e.	  gpr142,	  gpr146	  and	  gprc5c;	  that	  is,	  no	  ligands	  

have	  yet	  been	  identified	  for	  gpr142,	  gpr146	  or	  gprc5c.	  These	  genes	  for	  these	  GPCRs,	  including	  

galr2,	  each	  contain	  SNPs	  identified	  by	  the	  BXD	  database	  that	  could	  underlie	  some	  of	  the	  variance	  

seen	  in	  association	  with	  the	  QTLs.	  Interestingly,	  knock	  down	  of	  the	  gpr142	  receptor	  is	  known	  to	  

significantly	  reduce	  fat	  content	  in	  C.	  elegans	  and	  zebrafish	  (Jones	  et	  al	  2008,	  Schlegel	  &	  Stainier	  

2006),	  and	  the	  receptor	  is	  expressed	  in	  the	  both	  the	  brain	  and	  the	  liver	  (Susens	  et	  al	  2006).	  The	  

physiological	  functions	  of	  these	  receptors	  are	  also	  unknown.	  However,	  the	  BXD	  database	  suggests	  
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that	  gpr142,	  gpr146	  and	  gprc5c,	  along	  with	  galr2,	  are	  expressed	  in	  the	  mouse	  hypothalamus	  and	  

liver,	  indicating	  a	  possible	  role	  in	  metabolic	  regulation	  and	  energy	  balance.	   

The	  power	  of	  the	  BXD	  model	  is	  that	  we	  can	  look	  at	  how	  the	  phenotypes	  recorded	  in	  this	  

experiment	  covary	  with	  each	  other.	  These	  analyses	  reveal	  whether	  correlated	  traits	  have	  a	  

common	  genetic	  basis,	  so	  called	  joint	  mapping,	  and	  this	  is	  crucial	  in	  identifying	  potential	  ‘master’	  

genes.	  The	  additional	  strength	  of	  the	  BXD	  system	  is	  that	  we	  can	  include	  data	  collected	  in	  other	  

labs	  that	  are	  available	  in	  the	  BXD	  online	  database.	  Here,	  we	  also	  included	  data	  from	  RNA	  

sequencing	  performed	  in	  another	  lab	  looking	  at	  mRNA	  expression	  in	  the	  hypothalamus	  of	  BXD	  

mice	  on	  normal	  diet.	  By	  comparing,	  their	  gene	  expression	  from	  the	  database,	  with	  our	  measured	  

traits,	  we	  found	  that	  the	  mRNA	  expression	  of	  pacap,	  bdnf	  and	  gprc5c	  correlated	  within	  our	  

network.	  The	  pacap	  and	  bdnf	  correlation	  fits	  in	  with	  previous	  findings	  outlined	  in	  Chapter	  3,	  

where	  the	  two	  genes	  are	  similarly	  regulated	  in	  response	  to	  HED.	  Here,	  the	  BXD	  lines	  with	  higher	  

starting	  body	  weight	  in	  our	  experiment	  have	  low	  levels	  of	  hypothalamic	  pacap	  in	  mice	  on	  normal	  

diet.	  The	  same	  relationship	  was	  seen	  in	  the	  BXD	  lines	  that	  we	  reported	  to	  score	  high	  in	  adiposity	  

at	  the	  end	  of	  the	  experiment,	  i.e.	  there	  is	  a	  strong	  negative	  correlation	  between	  pacap	  expression	  

and	  weight	  gain.	  The	  hypothalamic	  bdnf	  showed	  a	  positive	  correlation	  with	  pacap	  (both	  on	  

normal	  diet	  and	  on	  HED),	  suggesting	  that	  that	  one	  of	  them	  might	  regulate	  the	  other	  or	  that	  they	  

share	  a	  regulator.	  To	  investigate	  further,	  we	  looked	  at	  hypothalamic	  expression	  of	  pacap	  and	  bdnf	  

in	  our	  BXD	  mice,	  and	  following	  the	  course	  of	  HED	  there	  was	  an	  apparent	  heterogeneity	  in	  the	  

mRNA	  expression	  levels	  even	  though	  there	  was	  a	  reduction	  in	  n-‐numbers	  due	  to	  loss	  of	  tissue.	  

Although	  regression	  analysis	  confirmed	  that	  the	  expression	  levels	  for	  pacap	  and	  bdnf	  are	  

positively	  correlated	  in	  the	  BXD	  mice,	  because	  of	  the	  loss	  of	  tissue,	  we	  were	  unable	  to	  carry	  out	  

QTL	  analysis	  using	  these	  mRNA	  levels	  as	  quantitative	  traits.	  

Going	  back	  to	  the	  joint	  mapping,	  the	  mRNA	  levels	  of	  gprc5c	  in	  the	  hypothalamus	  of	  mice	  on	  

normal	  diet	  was	  inversely	  correlated	  with	  weight	  gain	  and	  positively	  correlated	  with	  initial	  body	  

weight	  in	  our	  experiment,	  indicating	  a	  potential	  role	  in	  energy	  metabolism	  and,	  possibly,	  in	  

counteracting	  body	  weight	  gain	  as	  we	  have	  suggested	  previously	  for	  pacap	  and	  bdnf.	  Little	  is	  

known	  about	  this	  orphan	  receptor;	  it	  belongs	  to	  the	  glutamate	  subfamily	  of	  GPCRs	  (or	  family	  C)	  

that	  also	  includes	  metabotropic	  glutamate	  receptors,	  a	  calcium	  sensing	  receptor,	  γ-‐aminobutyric	  

acid	  type	  B	  receptors,	  the	  sweet	  and	  umami	  taste	  receptors,	  GPRC6A	  receptor	  and	  several	  other	  

orphan	  receptors	  (Lagerstrom	  &	  Schioth	  2008).	  Unlike	  the	  other	  receptors	  in	  the	  family	  C	  that	  are	  

characterised	  by	  large	  extracellular	  amino-‐terminal	  domain	  acting	  as	  the	  ligand	  binding	  site,	  the	  
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GPRC5	  receptors	  have	  comparably	  shorter	  N-‐terminus	  (Lagerstrom	  &	  Schioth	  2008).	  There	  are	  

four	  known	  members	  of	  this	  group:	  GPRC5A,	  GPRC5B,	  GPRC5C	  and	  GPRC5D	  and	  there	  are	  no	  

known	  ligands	  for	  any	  of	  the	  receptors	  (Bjarnadottir	  et	  al	  2005).	  The	  GPRC5A	  receptor	  is	  highly	  

expressed	  in	  the	  lung	  (Sporn	  2007,	  Tao	  et	  al	  2004,	  Xu	  et	  al	  2005);	  GPRC5B	  mainly	  in	  the	  brain	  and	  

placenta	  (Brauner-‐Osborne	  &	  Krogsgaard-‐Larsen	  2000,	  Imanishi	  et	  al	  2007,	  Robbins	  et	  al	  2002,	  

Robbins	  et	  al	  2000);	  GPRC5C	  is	  more	  widely	  expressed	  and	  has	  been	  reported	  in	  kidney,	  liver	  and	  

brain	  (Robbins	  et	  al	  2000);	  GPRC5D	  is	  present	  in	  the	  skin	  specifically	  (Brauner-‐Osborne	  et	  al	  2001,	  

Inoue	  et	  al	  2004).	  The	  physiological	  role	  these	  receptors	  play	  in	  the	  tissues	  where	  they	  are	  

expressed	  is	  not	  yet	  known,	  though	  in	  vitro	  studies	  have	  shown	  that	  the	  GPRC5	  groups’	  

expression	  is	  up	  regulated	  by	  retinoic	  acid	  (which	  is	  a	  metabolite	  of	  vitamin	  A),	  a	  fact	  leading	  to	  

their	  earlier	  classification	  as	  retinoic	  acid-‐inducible	  genes	  (or	  RAIGs)	  (Imanishi	  et	  al	  2007,	  Robbins	  

et	  al	  2000,	  Ye	  et	  al	  2009).	  This	  is	  noteworthy,	  as	  retinoic	  acid	  is	  known	  to	  play	  crucial	  roles	  in	  cell	  

differentiation	  and	  neurogenesis,	  indicating	  a	  similar	  role	  for	  the	  GRPC5	  receptors	  (Maden	  2007).	  

Further,	  the	  distribution	  pattern	  of	  GPRC5B	  and	  GPRC5C	  suggests	  possible	  roles	  in	  important	  

neuronal	  functions,	  such	  as	  transmitter	  release,	  neurite	  extension,	  axon	  guidance,	  neuronal	  

development	  and	  synaptic	  plasticity	  for	  these	  receptors	  (Sano	  et	  al	  2011).	  This	  hypothesis	  led	  

Sano	  et	  al	  (2011)	  to	  generate	  GPRC5B	  and	  GPRC5C	  Lacz	  knockin	  mice	  and	  characterise	  their	  

behaviours.	  While	  the	  GPRC5B-‐/-‐	  mouse	  showed	  some	  behavioural	  abnormalities,	  the	  GPRC5C-‐/-‐	  

mouse	  exhibited	  none	  in	  the	  tests	  the	  group	  administered.	  They	  did	  link	  the	  receptor	  deletion	  to	  

affects	  in	  the	  regulation	  of	  the	  hematopoietic	  system,	  and	  to	  a	  rise	  in	  general	  indicators	  of	  hepatic	  

damage.	  The	  group	  also	  looked	  at	  Lacz	  staining	  of	  the	  brains	  from	  both	  mice,	  and	  the	  two	  

receptor	  proteins	  appeared	  to	  be	  present	  in	  distinct	  areas	  mostly,	  with	  some	  overlap	  in	  the	  

cerebellum	  and	  the	  hippocampus.	  In	  the	  sagittal	  sections	  they	  examined	  only	  GPRC5B	  was	  

present	  in	  the	  hypothalamus.	  While	  these	  results	  are	  slightly	  discouraging,	  the	  group	  did	  not	  test	  

the	  GPRC5C-‐/-‐	  mouse	  for	  any	  metabolic	  phenotype,	  which	  would	  be	  of	  more	  interest	  to	  us. 

With	  this	  in	  mind,	  we	  proceeded	  to	  do	  our	  own	  expression	  experiment	  looking	  at	  the	  distribution	  

of	  gprc5c	  in	  several	  tissues	  of	  the	  C57	  mouse,	  and	  we	  confirmed	  the	  presence	  of	  mRNA	  in	  

hypothalamus,	  brainstem,	  brown	  adipose	  tissue,	  white	  adipose	  tissue,	  adrenal	  gland	  and	  heart	  

with	  relatively	  higher	  levels	  in	  kidney,	  liver	  and	  skeletal	  muscle.	  We	  also	  conducted	  an	  experiment	  

where	  a	  group	  of	  C57	  male	  mice	  were	  maintained	  on	  a	  HED	  for	  8	  weeks	  (as	  well	  as	  a	  control	  

group	  on	  normal	  diet).	  Following	  the	  experiment	  several	  tissues	  were	  collected	  including	  plasma,	  

which	  indicated	  a	  higher	  fed-‐state	  plasma	  glucose	  level	  in	  the	  mice	  on	  HED.	  The	  qPCR	  analysis	  of	  

the	  tissues	  revealed	  that	  gprc5c	  mRNA	  expression	  was	  significantly	  down	  regulated	  in	  the	  
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hypothalamus,	  brown	  adipose	  tissue	  and	  heart	  and	  significantly	  up	  regulated	  in	  the	  liver	  in	  the	  

group	  on	  HED	  compared	  with	  that	  on	  control	  diet.	  As	  gprc5c	  expression	  appear	  to	  be	  regulated	  by	  

HED,	  these	  results	  support	  a	  hypothesis	  that	  gprc5c	  is	  involved	  in	  metabolism	  and	  may	  have	  a	  

potential	  role,	  similar	  to	  that	  proposed	  for	  pacap	  and	  bdnf,	  in	  protection	  against	  diet-‐induced	  

obesity.	  We	  went	  back	  to	  our	  BXD	  tissue	  and	  looked	  for	  mRNA	  expression	  of	  gprc5c	  in	  the	  

hypothalamus,	  brown	  adipose	  tissue	  and	  liver.	  In	  all	  three	  tissues	  a	  heterogeneity	  in	  expression	  

levels	  was	  apparent,	  although	  less	  so	  in	  the	  hypothalamus	  due	  to	  the	  loss	  of	  n-‐numbers	  

mentioned	  above.	  	  

This	  heterogeneity	  led	  us	  to	  investigate	  how	  these	  new	  mRNA	  traits	  fit	  into	  our	  initial	  

correlational	  mapping	  network.	  The	  new	  network	  is	  rather	  more	  complex,	  with	  the	  new	  traits	  

having	  many	  correlations	  with	  the	  initial	  biometric	  traits	  collected	  from	  our	  BXD.	  This	  again	  

supports	  our	  previous	  hypothesis	  of	  the	  integral	  role	  hypothalamic	  pacap	  and	  bdnf	  play	  in	  energy	  

metabolism,	  and	  also	  confirms	  gprc5c	  as	  a	  candidate	  receptor	  involved	  in	  energy	  balance	  

maintenance	  in	  the	  hypothalamus,	  brown	  adipose	  tissue	  and	  liver.	  However,	  it	  is	  unclear	  whether	  

these	  candidate	  genes,	  which	  are	  associated	  with	  metabolic	  trait	  variation,	  are	  directly	  (and	  

individually)	  causal	  to	  the	  phenotype	  (i.e.	  cis-‐genes),	  whether	  they	  are	  regulated	  by	  other	  genes	  

(i.e.	  trans-‐genes)	  in	  the	  genome	  (so	  called	  ‘master’	  genes),	  or	  whether	  they	  interact	  with	  external	  

dietary	  environment.	  This	  will	  need	  further	  study	  to	  be	  established	  and	  could	  be	  achieved	  by	  

maintaining	  BXD	  mice	  on	  different	  diets.	  

After	  challenging	  our	  BXD	  mice	  with	  HED	  we	  saw	  variance	  in	  all	  the	  traits	  we	  collected.	  This	  was	  

aided	  as	  the	  parental	  strains	  behind	  the	  BXD	  mice,	  C57BL/6	  and	  DBA/2J,	  differ	  in	  their	  

susceptibility	  to	  HED	  induced	  obesity	  (Svenson	  et	  al	  2007)	  and	  regional	  fat	  storage	  patterns	  

(Funkat	  et	  al	  2004).	  In	  one	  study	  of	  males	  from	  29	  BXD	  lines	  that	  were	  kept	  on	  HED	  for	  16	  weeks,	  

the	  DBA/2J	  mice	  gained	  more	  weight	  than	  the	  C57BL/6	  mice	  (Dogan	  et	  al	  2013).	  The	  DBA/2J	  also	  

had	  more	  than	  two-‐fold	  higher	  relative	  contents	  of	  total	  fat,	  saturated	  fat,	  unsaturated	  fat,	  

collagen	  and	  lipid	  to	  protein	  ratio	  in	  the	  adipose	  tissue,	  with	  similar	  results	  found	  in	  the	  liver.	  

Additionally,	  the	  Funkat	  et	  al	  (2004)	  study	  showed	  that	  the	  DBA/2J	  mouse	  exhibited	  decreased	  

spontaneous	  and	  voluntary	  activity	  as	  well	  as	  a	  reduction	  in	  resting	  energy	  expenditure	  compared	  

to	  the	  C57BL/6	  mouse	  after	  a	  period	  of	  6	  weeks	  on	  normal	  diet,	  while	  also	  gaining	  more	  weight.	  

But	  only	  the	  spontaneous	  activity	  patterns	  of	  the	  C57BL/6	  mice	  were	  affected	  by	  a	  course	  of	  HED.	  

What	  is	  clear	  from	  these	  studies	  is	  that	  the	  two	  mouse	  strains	  behind	  the	  BXD	  have	  different	  
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basal	  physical	  activity	  patterns	  and	  respond	  differently	  to	  HED,	  leaving	  the	  BXD	  system	  a	  good	  

model	  for	  investigating	  metabolic	  disease	  and	  underlying	  pathology.	  	  

The	  main	  disadvantage	  with	  our	  pilot	  study	  is	  its	  size.	  When	  using	  the	  BXD	  system	  to	  study	  

complex	  disease	  that	  are	  largely	  dependent	  on	  environmental	  factors,	  the	  study	  size	  needs	  to	  be	  

adapted	  in	  order	  to	  detect	  traits	  of	  low	  heritability.	  Andreux	  et	  al	  (2012)	  performed	  a	  power	  

analysis	  that	  indicated	  that	  when	  using	  20	  BXD	  lines	  with	  four	  animals	  per	  line,	  loci	  will	  be	  

detected	  that	  are	  responsible	  for	  50%	  or	  more	  of	  the	  variation	  of	  a	  moderately	  heritable	  trait.	  To	  

achieve	  identification	  of	  the	  less	  heritable	  traits	  loci,	  studies	  with	  >40	  lines	  are	  required,	  and	  so	  

will	  detect	  loci	  responsible	  for	  as	  low	  as	  30%	  of	  the	  variance.	  In	  our	  pilot	  study,	  we	  only	  used	  16	  

BXD	  lines	  and	  we	  did	  not	  have	  four	  mice	  in	  each	  of	  these	  lines.	  This	  may	  have	  limited	  the	  number	  

of	  loci	  we	  have	  discovered,	  but	  also	  probably	  led	  to	  the	  relatively	  broad	  QTL	  containing	  many	  

genes.	  Another	  limitation	  to	  our	  study	  is	  that	  we	  only	  used	  male	  mice.	  As	  highlighted	  in	  the	  

Andreux	  et	  al	  (2012)	  study,	  where	  they	  performed	  an	  intraperitoneal	  glucose	  tolerance	  test	  on	  

both	  male	  and	  female	  mice	  fed	  on	  a	  normal	  diet,	  the	  AUC	  for	  the	  males	  was	  significantly	  higher	  

than	  for	  the	  females	  (although	  still	  positively	  correlated)	  and	  the	  males	  AUC	  was	  linked	  to	  body	  

weight	  and	  body	  composition,	  which	  was	  not	  seen	  in	  the	  females.	  The	  authors	  go	  on	  to	  say	  that	  

the	  variation	  they	  saw	  in	  glucose	  tolerance	  is	  determined	  by	  genetics	  and	  partly	  dependent	  on	  

sex,	  which	  is	  supported	  by	  the	  fact	  that	  they	  identified	  both	  common	  and	  distinct	  loci	  in	  both	  

sexes	  when	  mapping	  QTLs	  for	  glucose	  levels.	  They	  also	  state	  that	  nearly	  half	  of	  the	  metabolic	  

phenotypes	  they	  studied	  differed	  between	  the	  sexes.	  So,	  to	  attain	  a	  thorough	  picture	  of	  the	  

complex	  network	  underlying	  metabolic	  disease,	  studies	  including	  both	  sexes	  will	  be	  required.	  

However,	  that	  said	  our	  belief	  is	  still	  that	  the	  power	  of	  using	  the	  BXD	  lines	  is	  that	  we	  can	  change	  

the	  environment	  in	  a	  controlled	  manner,	  e.g.	  by	  using	  different	  diets	  and,	  thus,	  interrogate	  real	  

gene	  x	  environment	  interactions,	  which	  is	  impossible	  in	  large-‐scale	  human	  studies.	  	  

We	  did	  identify	  several	  loci	  in	  our	  BXD	  study	  even	  though	  we	  had	  a	  small	  sample	  size	  and	  this	  lead	  

to	  the	  identification	  of	  several	  genes	  of	  potential	  interest,	  especially	  the	  orphan	  G	  protein-‐

coupled	  receptors,	  such	  as	  GPRC5C.	  The	  real	  test	  for	  the	  significance	  of	  these	  findings	  is	  whether	  

the	  results	  can	  be	  replicated	  in	  a	  study	  with	  a	  bigger	  panel	  of	  BXD	  lines,	  and	  if	  so	  might	  also	  be	  

found	  to	  contribute	  to	  obesity-‐related	  diseases	  in	  humans.	  All	  in	  all,	  this	  pilot	  study	  has	  illustrated	  

the	  usefulness	  of	  the	  BXD	  system	  as	  a	  powerful	  resource	  for	  hypothesis	  generation	  and	  validation	  

in	  metabolic	  disease,	  and	  has	  left	  us	  with	  candidate	  genes	  to	  take	  our	  research	  further.	  
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6.5 Summary	  

We	  utilised	  a	  systems	  genetics	  approach	  to	  investigate	  the	  genetic	  networks	  underlying	  obesity	  

and,	  by	  challenging	  BXD	  mice	  with	  HED	  in	  a	  pilot	  experiment,	  we	  generated	  biometric	  traits	  

describing	  metabolic	  phenotypes.	  These	  traits	  were	  used	  in	  QTL	  analysis	  to	  identify	  loci	  encoding	  

for	  several	  genes	  of	  interest,	  including	  an	  orphan	  receptor	  of	  specific	  interest	  (GPRC5C).	  Joint	  

mapping,	  where	  our	  traits	  were	  seen	  to	  correlate	  with	  each	  other	  and	  with	  traits	  recorded	  in	  

other	  labs,	  supporting	  the	  role	  of	  PACAP	  and	  BDNF	  in	  body-‐weight	  management.	  GPRC5C	  was	  

further	  investigated	  and	  its	  mRNA	  was	  found	  to	  be	  widely	  distributed	  in	  peripheral	  tissues,	  but	  

also	  present	  in	  the	  hypothalamus.	  The	  receptor	  mRNA	  was	  regulated	  by	  HED	  in	  normal	  C57	  mice	  

in	  the	  hypothalamus,	  liver	  and	  brown	  adipose	  tissue,	  indicating	  a	  possible	  role	  for	  GPRC5C	  similar	  

to	  PACAP	  and	  BDNF.	  In	  our	  BXD	  mice,	  expression	  of	  pacap	  and	  bdnf	  in	  the	  hypothalamus	  and	  

gprc5c	  in	  the	  hypothalamus,	  liver	  and	  brown	  adipose	  tissue	  fit	  into	  the	  previous	  joint	  mapping	  of	  

our	  biometric	  traits,	  further	  supporting	  the	  hypothesis.	  This	  study	  has	  highlighted	  the	  usefulness	  

of	  the	  BXD	  system	  to	  identify	  candidate	  genes,	  and	  how	  we	  can	  go	  about	  testing	  these	  candidates	  

to	  validate	  the	  results.	  We	  suggest	  that	  the	  BXD	  model,	  as	  the	  largest	  and	  best-‐characterised	  

recombinant	  inbred	  murine	  system,	  will	  become	  an	  important	  part	  in	  the	  future	  study	  of	  complex	  

disease	  such	  as	  obesity.	  
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Chapter	  7. Summary	  of	  conclusions	  
and	  future	  work	  	  
The	  hypothalamus	  is	  an	  established	  regulatory	  hub	  with	  regards	  to	  energy	  homeostasis.	  While	  the	  

Arc	  has	  been	  extensively	  researched	  and	  substantial	  emphasis	  has	  been	  put	  on	  its	  role	  in	  energy	  

balance,	  the	  VMN	  is	  still	  poorly	  understood.	  In	  the	  Arc,	  the	  discovery	  of	  the	  NPY/AgRP	  and	  POMC	  

neuronal	  pathways	  have	  lead	  to	  significant	  advances	  in	  the	  field,	  but	  the	  lack	  of	  neuronal	  markers	  

for	  the	  VMN	  has	  contributed	  to	  slow	  progress	  in	  understanding	  of	  the	  role	  the	  nucleus	  plays	  in	  

energy	  balance.	  However,	  the	  anorexic	  acting	  PACAP	  and	  BDNF	  have	  been	  proposed	  as	  potential	  

candidates,	  amongst	  others,	  and	  mRNA	  of	  both	  neuropeptides	  is	  seen	  to	  be	  up	  regulated	  in	  diet-‐

induced	  obesity	  (DIO)-‐resistant	  mice,	  indicating	  that	  they	  could	  be	  responsible	  for	  signalling	  in	  the	  

VMN,	  especially	  in	  terms	  of	  countering	  the	  effects	  of	  an	  obesogenic	  diet.	  In	  this	  thesis,	  we	  looked	  

closer	  at	  how	  metabolic	  manipulation	  regulates	  pacap	  and	  bdnf	  transcripts	  in	  the	  VMN.	  We	  also	  

evaluated	  the	  effect	  of	  leptin	  and	  glucose	  on	  VMN	  PACAP	  neurons.	  The	  effect	  of	  PACAP	  on	  

feeding	  and	  c-‐Fos	  brain	  activation	  was	  also	  investigated,	  as	  well	  as	  the	  downstream	  targets	  of	  

PACAP	  signalling.	  Finally,	  we	  utilised	  a	  systems-‐genetics	  approach	  to	  identify	  new	  neuronal	  

marker	  candidates	  for	  the	  VMN	  and	  other	  tissues,	  which	  may	  be	  implicated	  in	  energy	  

homeostasis.	  

7.1 Pacap	  and	  bdnf	  transcripts	  are	  differentially	  regulated	  in	  the	  
VMN	  in	  response	  to	  metabolic	  manipulation	  

Changes	  in	  the	  hypothalamic	  expression	  of	  genes	  involved	  in	  energy	  homeostasis	  have	  been	  seen	  

previously	  following	  stimuli	  such	  as	  fasting	  or	  leptin	  administration	  (Schwartz	  et	  al	  2000).	  The	  

VMN	  has	  an	  established	  role	  in	  glucose	  (Oomura	  1983,	  Silver	  &	  Erecinska	  1998)	  and	  leptin	  sensing	  

(Elmquist	  et	  al	  1997,	  Irani	  et	  al	  2008),	  however,	  relatively	  few	  studies	  have	  examined	  the	  effect	  on	  

regulation	  of	  gene-‐expression	  in	  response	  to	  different	  nutritional	  states	  in	  the	  VMN.	  Fasting	  has	  

previously	  been	  shown	  to	  down	  regulate	  pacap	  and	  bdnf	  mRNA	  (Hawke	  et	  al	  2009,	  Mounien	  et	  al	  

2008,	  Xu	  et	  al	  2003),	  and	  we	  took	  these	  investigations	  further	  by	  including	  a	  high-‐fat	  diet	  (HED)	  

stimulus	  as	  well	  as	  a	  48-‐hour	  fast.	  We	  hypothesised	  that	  PACAP	  and	  BDNF	  might	  be	  involved	  in	  

protection	  against	  the	  development	  of	  diet-‐induced	  obesity,	  as	  their	  mRNAs	  were	  up	  regulated	  in	  

DIO-‐resistant,	  but	  not	  DIO-‐prone	  mice	  following	  HED	  diet,	  seen	  previously	  in	  the	  lab	  (Hawke	  
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2009a).	  Our	  findings	  did	  not	  fully	  support	  this	  hypothesis,	  but	  we	  determined	  that	  metabolic	  

manipulation	  differentially	  regulates	  pacap	  and	  bdnf	  transcripts	  in	  the	  VMN	  of	  outbred	  mice.	  The	  

findings	  did	  also	  further	  support	  the	  role	  of	  PACAP	  and	  BDNF	  as	  important	  signalling	  molecules	  in	  

the	  VMN	  and	  the	  energy	  homeostasis	  circuitry.	  The	  presence	  of	  several	  bdnf	  transcripts	  in	  the	  

VMN,	  and	  their	  differential	  regulation,	  indicates	  that	  the	  transcripts	  play	  distinct	  roles	  in	  the	  

response	  to	  metabolic	  manipulation.	  For	  example,	  the	  literature	  suggests	  that	  roles	  in	  synaptic	  

plasticity	  and	  expression	  maintenance	  are	  determined	  by	  transcript	  size	  and	  location.	  

It	  is	  not	  yet	  clear	  what	  regulates	  pacap	  and	  bdnf	  in	  the	  VMN,	  but	  hormonal	  inputs	  (e.g.	  from	  

leptin)	  or	  neuronal	  inputs	  (possibly	  originating	  in	  the	  Arc)	  are	  likely	  to	  play	  a	  role.	  However,	  the	  

VMN	  has	  all	  the	  sensing	  capabilities	  to	  suggest	  it	  is	  not	  receiving	  the	  control	  from	  outside,	  but	  

instead	  it	  is	  likely	  to	  be	  a	  hub	  for	  integration,	  perhaps	  in	  parallel	  with	  the	  Arc.	  Another	  possibility	  

is	  the	  presence	  of	  a	  ‘master	  gene’,	  which	  drives	  the	  expression	  of	  some	  genes,	  while	  inhibiting	  the	  

expression	  of	  others.	  The	  transcription	  factors	  SF-‐1	  or	  FOXO1	  are	  promising	  possibilities,	  as	  both	  

are	  present	  in	  the	  VMN	  and	  are	  necessary	  to	  maintain	  energy	  homeostasis	  (Kim	  et	  al	  2012,	  Kim	  et	  

al	  2011).	  Finally,	  pacap	  and	  bdnf	  could	  be	  subject	  to	  epigenetic	  modulation,	  with	  SIRT1	  being	  one	  

potential	  candidate	  for	  the	  regulation	  of	  histone	  acetylation	  and,	  therefore,	  rates	  of	  transcription	  

(Li	  2013).	  	  

7.2 PACAP	  neurons	  in	  the	  VMN	  are	  glucose	  inhibited	  

As	  described	  previously,	  one	  strong	  potential	  candidate	  for	  an	  important	  VMN	  phenotype,	  are	  

neurones	  containing	  PACAP.	  Here	  we	  aimed	  to	  establish	  whether	  PACAP	  neurons	  in	  the	  VMN	  are	  

involved	  in	  metabolic	  sensing	  of	  circulating	  leptin	  and	  glucose.	  Previous	  research	  has	  shown	  that	  

when	  the	  leptin	  receptor	  is	  specifically	  knocked	  out	  in	  VMN-‐specific	  SF-‐1	  cells,	  obesity	  is	  induced	  

(Dhillon	  et	  al	  2006),	  and	  as	  we	  have	  shown	  previously	  in	  the	  lab,	  PACAP	  strongly	  co-‐localises	  with	  

SF-‐1	  (Hawke	  et	  al	  2009).	  We	  utilised	  a	  transgenic	  mouse	  model	  where	  leptin	  receptor	  deletion	  is	  

driven	  by	  pacap	  expression	  to	  study	  whether	  leptin	  is	  having	  a	  physiological	  role	  through	  PACAP	  

neurons.	  From	  our	  findings	  this	  is	  not	  made	  clear,	  which	  leaves	  open	  the	  question	  of	  what	  are	  the	  

roles	  of	  PACAP	  neurons	  in	  the	  VMN	  in	  terms	  of	  metabolism?	  Further,	  attempts	  have	  been	  made	  

here	  to	  characterise	  that	  a	  subtype	  of	  VMN	  neurons	  that	  contain	  PACAP,	  using	  the	  Adcyap1-‐eGFP	  

and	  PACAP-‐i-‐cre	  X	  Z/EG	  transgenic	  mouse	  lines.	  These	  were	  used	  to	  study	  the	  responsiveness	  of	  

PACAP	  neurons	  to	  fluctuations	  in	  glucose	  availability.	  We	  were	  not	  able	  to	  induce	  c-‐Fos	  in	  PACAP	  

cell	  in	  the	  VMN	  following	  hypoglycaemia	  using	  systemic	  2DG.	  However,	  currently	  we	  do	  not	  know	  
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whether	  this	  is	  because	  the	  neurons	  do	  not	  show	  a	  c-‐Fos	  response	  or	  because	  the	  genetic	  

background	  of	  the	  reporter	  mouse	  strain	  is	  not	  particularly	  susceptible	  to	  the	  2DG	  stimulus	  (Lewis	  

et	  al	  2006).	  However,	  progress	  has	  been	  made	  in	  both	  experimental	  procedures	  and	  findings	  that	  

will	  work	  towards	  characterisation	  of	  the	  VMN	  in	  relation	  to	  energy	  homeostasis.	  Important	  steps	  

forward	  have	  been	  made	  by	  electrophysiological	  and	  Ca2+-‐imaging	  techniques,	  highlighting	  the	  

value	  of	  our	  two	  transgenic	  reporter	  strains.	  	  

7.3 The	  anorectic	  effects	  of	  PACAP	  and	  downstream	  targets	  

PACAP	  has	  a	  well-‐established	  anorexic	  action	  when	  administered	  centrally	  (Hawke	  et	  al	  2009,	  

Mizuno	  et	  al	  1998b,	  Morley	  et	  al	  1992,	  Mounien	  et	  al	  2008),	  though	  the	  receptors	  and	  

downstream	  effectors,	  or	  how	  it	  relates	  to	  normal	  physiology	  is	  currently	  unknown.	  Here	  we	  

attempted	  to	  dissect	  the	  target	  pathways	  through	  which	  the	  effect	  of	  PACAP	  is	  propagated.	  

PACAP	  binds	  to	  three	  receptors	  with	  equal	  affinity:	  the	  VPAC1	  and	  VPAC2	  receptors,	  which	  are	  

shared	  with	  the	  related	  peptide	  VIP,	  and	  the	  PAC1	  receptor	  (Vaudry	  et	  al	  2009).	  While	  central	  VIP	  

elicited	  a	  very	  small	  reduction	  in	  food	  intake,	  findings	  here	  confirmed	  that	  a	  small	  dose	  of	  PACAP	  

has	  a	  robust	  effect	  on	  feeding.	  When	  experiments	  were	  repeated	  in	  VPAC1	  and	  VPAC2	  receptor	  

knockout	  animals,	  PACAP	  was	  found	  to	  elicit	  the	  same	  effect	  as	  in	  wild-‐type	  controls,	  which	  

implicates	  the	  PAC1	  receptor	  in	  the	  anorexic	  effect	  of	  PACAP.	  These	  results	  compliment	  earlier	  

findings,	  where	  the	  PAC1	  receptor	  was	  found	  to	  mediate	  the	  thermogenic	  effect	  of	  PACAP	  and	  

that	  the	  PAC1	  receptor	  is	  likely	  mediating	  some	  of	  leptin’s	  metabolic	  actions	  (Hawke	  et	  al	  2009).	  

Of	  note,	  the	  VPAC2	  receptor	  has	  been	  found	  to	  mediate	  PACAP’s	  endogenous	  glucose-‐increasing	  

properties	  (Yi	  et	  al	  2010).	  

A	  functional	  mapping	  study	  showed	  neuronal	  activation	  in	  the	  paraventricular	  nucleus	  (PVN)	  and	  

the	  central	  amygdala,	  two	  areas	  that	  express	  corticotrophin-‐releasing	  hormone	  (CRH)	  (Makino	  et	  

al	  1994)	  and	  the	  PAC1	  receptor	  (Hashimoto	  et	  al	  1996,	  Joo	  et	  al	  2004,	  Nomura	  et	  al	  1996).	  As	  

central	  PACAP	  injection	  alters	  expression	  levels	  of	  CRH	  mRNA	  in	  the	  PVN	  (Grinevich	  et	  al	  1997,	  

Mounien	  et	  al	  2008),	  these	  findings	  point	  towards	  a	  connection	  between	  the	  PACAP	  and	  CRH	  

systems.	  

Although	  central	  injection	  of	  exogenous	  PACAP	  acts	  as	  a	  powerful	  anorexigen,	  this	  may	  not	  be	  a	  

normal	  physiological	  function.	  Indeed,	  we	  have	  shown	  that	  high	  doses	  of	  exogenous	  PACAP	  cause	  

non-‐appetitive	  behaviours	  (Hawke	  et	  al	  2009),	  which	  could	  indicate	  nausea	  or	  aversion.	  This	  

might	  be	  supported	  by	  our	  current	  finding	  that	  PACAP-‐induced	  hypophagia	  is	  at	  least	  partially	  
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dependent	  in	  CRH	  receptor	  signalling,	  which	  could	  indicate	  non-‐selective	  activation	  of	  the	  HPA	  

axis.	  In	  these	  experiments,	  antagonists	  of	  CRH,	  melanocortin	  and	  oxytocin	  receptors	  were	  co-‐

injected	  centrally	  with	  PACAP.	  Both	  of	  the	  two	  CRH	  receptor	  antagonists	  tested,	  astressin	  and	  α-‐

helical	  CRH,	  were	  able	  to	  significantly	  attenuate	  the	  degree	  of	  hypophagia	  in	  response	  to	  central	  

PACAP	  injection.	  In	  contrast,	  while	  the	  inverse	  agonist	  of	  melanocortin	  4	  receptor,	  AgRP,	  

completely	  abolished	  the	  feeding	  response	  of	  PAPAC,	  there	  was	  no	  effect	  of	  the	  true	  antagonist,	  

SHU9119.	  Hence,	  the	  in	  vivo	  evidence	  for	  a	  role	  of	  POMC	  cells/melanocortin	  signalling	  

downstream	  of	  PACAP	  remains	  ambiguous.	  One	  explanation	  is	  that	  AgRP	  is	  simply	  inhibiting	  the	  

neurones	  on	  which	  PACAP	  itself	  is	  acting.	  The	  effect	  of	  leptin	  on	  VMN	  neurons,	  which	  co-‐express	  

PACAP,	  and	  on	  Arc	  neurons	  that	  express	  POMC	  are	  non-‐convergent	  (Dhillon	  et	  al	  2006),	  and	  given	  

that	  impairment	  of	  PACAP	  signalling	  disrupts	  carbohydrate	  and	  lipid	  metabolism,	  glucose	  handling	  

and	  brown	  adipose	  tissue	  thermogenesis	  (Adams	  et	  al	  2008,	  Gray	  et	  al	  2001,	  Gray	  et	  al	  2002,	  

Hashimoto	  et	  al	  2000),	  a	  leptin-‐sensitive	  role	  in	  these	  metabolic	  functions	  may	  be	  more	  important	  

physiologically	  than	  appetite	  regulation.	  

7.4 Identification	  of	  a	  new	  target,	  GPRc5c,	  and	  confirmation	  of	  old	  in	  
hypothalamic	  signaling	  in	  obesity	  

We	  utilised	  a	  systems	  genetics	  approach	  to	  investigate	  the	  genetic	  networks	  underlying	  obesity.	  

By	  challenging	  BXD	  mice	  with	  HED	  in	  a	  pilot	  experiment,	  we	  generated	  biometric	  traits	  describing	  

metabolic	  phenotypes.	  These	  traits	  were	  used	  in	  QTL	  analysis	  to	  identify	  loci,	  which	  overlapped	  

several	  annotated	  genes	  of	  potential	  interest,	  including	  an	  orphan	  G-‐protein-‐coupled	  receptor	  

(GPRC5C).	  Joint	  mapping	  also	  revealed	  that	  our	  traits	  correlated	  with	  each	  other	  and	  with	  traits	  

recorded	  in	  other	  labs,	  for	  example,	  supporting	  the	  role	  of	  PACAP	  and	  BDNF	  in	  body-‐weight	  

management.	  GPRC5C	  was	  further	  investigated	  and	  its	  mRNA	  was	  found	  to	  be	  widely	  distributed	  

in	  peripheral	  tissues,	  but	  also	  present	  in	  the	  hypothalamus.	  The	  receptor	  mRNA	  was	  regulated	  by	  

HED	  in	  normal	  C57	  mice	  in	  the	  hypothalamus,	  liver	  and	  brown	  adipose	  tissue,	  indicating	  a	  possible	  

role	  for	  GPRC5C	  in	  metabolism.	  In	  fact,	  similar	  to	  PACAP	  and	  BDNF,	  in	  our	  BXD	  mice,	  expression	  of	  

gprc5c	  in	  the	  hypothalamus	  was	  inversely	  correlated	  to	  body	  weight	  gain.	  	  The	  expression	  of	  

gprc5c	  in	  the	  hypothalamus,	  liver	  and	  brown	  adipose	  tissue	  also	  fitted	  into	  joint	  correlation	  

mapping	  of	  all	  our	  biometric	  traits,	  further	  supporting	  the	  hypothesis.	  	  

7.5 Future	  work	  
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The	  identification	  of	  the	  regulator	  of	  pacap	  and	  bdnf	  transcript	  expression	  in	  the	  VMN	  could	  

potentially	  lead	  to	  breakthrough	  discoveries	  in	  the	  field	  of	  obesity	  research,	  especially	  if	  it	  is	  

dysfunctional	  in	  individual	  animals	  that	  are	  prone	  to	  diet-‐induced	  obesity,	  while	  still	  effective	  in	  

those	  that	  are	  resistant.	  The	  use	  of	  the	  BXD	  model	  might	  be	  crucial	  here,	  as	  well	  as	  investigations	  

into	  the	  epigenetic	  regulation	  of	  pacap	  and	  bdnf.	  

Further	  work	  confirming	  the	  hypothesis	  that	  PACAP	  VMN	  neurons	  are	  glucose	  inhibited	  is	  

warranted,	  and	  is	  required	  to	  fully	  clarify	  the	  role	  of	  PACAP	  in	  the	  CRR	  to	  hypoglycaemia.	  It	  would	  

also	  be	  interesting	  to	  use	  these	  techniques	  in	  order	  to	  study	  PACAP	  neuron	  response	  to	  leptin,	  

ghrelin	  and	  PYY	  as	  well	  as	  other	  nutritional	  signals,	  for	  example	  lipids,	  and	  to	  see	  if	  these	  effects	  

are	  mediated	  by	  a	  common	  cellular	  effector,	  such	  as	  AMPK.	  

The	  final	  chapter	  of	  this	  thesis	  has	  highlighted	  the	  usefulness	  of	  the	  BXD	  system	  to	  identify	  

candidate	  genes,	  and	  how	  we	  can	  go	  about	  testing	  these	  candidates	  to	  validate	  the	  results.	  We	  

suggest	  that	  the	  BXD	  model,	  as	  the	  largest	  and	  best-‐characterised	  recombinant	  inbred	  murine	  

system,	  will	  become	  an	  important	  part	  in	  the	  future	  study	  of	  complex	  disease	  such	  as	  obesity.	  

7.6 Final	  remarks	  
This	  thesis	  project	  has	  demonstrated	  a	  robust	  way	  of	  identifying	  new	  candidate	  genes	  involved	  in	  

energy	  homeostasis	  in	  several	  tissues,	  using	  a	  systems-‐genetics	  approach.	  The	  role	  of	  these	  genes	  

can	  then	  be	  validated	  using	  techniques	  described	  in	  the	  preceding	  chapters	  which	  used	  pacap	  as	  

an	  examplar:	  evaluation	  of	  target	  regulation	  in	  response	  to	  a	  change	  in	  metabolic	  status;	  

examination	  of	  the	  neurons	  expressing	  the	  candidate	  genes	  and	  their	  sensitivity	  to	  circulating	  

nutritional	  signals;	  if	  known	  ligands	  are	  available,	  investigate	  whether	  an	  injection	  elicits	  a	  

response;	  and	  finally	  manipulate	  the	  gene	  expression	  in	  specific	  neuronal	  populations.	  In	  addition,	  

the	  effect	  of	  up-‐	  or	  downregulation	  of	  gene	  cell	  expression	  could	  be	  investigated.
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