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ABSTRACT:	
  	
  Leptin	
  and	
  Y2	
  receptors	
  on	
  hypothalamic	
  NPY	
  neurons	
  mediate	
  leptin	
  
effects	
  on	
  energy	
  homeostasis;	
  however,	
  their	
  interaction	
  in	
  modulating	
  osteoblast	
  
activity	
  is	
  not	
  established.	
  Here,	
  direct	
  testing	
  of	
  this	
  possibility	
  indicates	
  distinct	
  
mechanisms	
  of	
  action	
  for	
  leptin	
  anti-­‐osteogenic	
  and	
  Y2−/−	
  anabolic	
  pathways	
  in	
  
modulating	
  bone	
  formation.	
  
	
  
Introduction:	
  Central	
  enhancement	
  of	
  bone	
  formation	
  by	
  hypothalamic	
  neurons	
  is	
  observed	
  in	
  
leptin-­‐deficient	
  ob/ob	
  and	
  Y2	
  receptor	
  null	
  mice.	
  Similar	
  elevation	
  in	
  central	
  neuropeptide	
  Y	
  
(NPY)	
  expression	
  and	
  effects	
  on	
  osteoblast	
  activity	
  in	
  these	
  two	
  models	
  suggest	
  a	
  shared	
  
pathway	
  between	
  leptin	
  and	
  Y2	
  receptors	
  in	
  the	
  central	
  control	
  of	
  bone	
  physiology.	
  The	
  aim	
  of	
  
this	
  study	
  was	
  to	
  test	
  whether	
  the	
  leptin	
  and	
  Y2	
  receptor	
  pathways	
  regulate	
  bone	
  by	
  the	
  same	
  or	
  
distinct	
  mechanisms.	
  
Materials	
  and	
  Methods:	
  The	
  interaction	
  of	
  concomitant	
  leptin	
  and	
  Y2	
  receptor	
  deficiency	
  in	
  
controlling	
  bone	
  was	
  examined	
  in	
  Y2−/−ob/ob	
  double	
  mutant	
  mice,	
  to	
  determine	
  whether	
  leptin	
  
and	
  Y2	
  receptor	
  deficiency	
  have	
  additive	
  effects.	
  Interaction	
  between	
  leptin	
  excess	
  and	
  Y2	
  
receptor	
  deletion	
  was	
  examined	
  using	
  recombinant	
  adeno-­‐associated	
  viral	
  vector	
  
overproduction	
  of	
  NPY	
  (AAV-­‐NPY)	
  to	
  produce	
  weight	
  gain	
  and	
  thus	
  leptin	
  excess	
  in	
  adult	
  Y2−/−	
  
mice.	
  Cancellous	
  bone	
  volume	
  and	
  bone	
  cell	
  function	
  were	
  assessed.	
  
Results:	
  Osteoblast	
  activity	
  was	
  comparably	
  elevated	
  in	
  ob/ob,	
  Y2−/−,	
  and	
  Y2−/−ob/ob	
  mice.	
  
However,	
  greater	
  bone	
  resorption	
  in	
  ob/ob	
  and	
  Y2−/−ob/ob	
  mice	
  reduced	
  cancellous	
  bone	
  
volume	
  compared	
  with	
  Y2−/−.	
  Both	
  wildtype	
  and	
  Y2−/−	
  AAV-­‐NPY	
  mice	
  exhibited	
  marked	
  
elevation	
  of	
  white	
  adipose	
  tissue	
  accumulation	
  and	
  hence	
  leptin	
  expression,	
  thereby	
  reducing	
  
osteoblast	
  activity.	
  Despite	
  this	
  anti-­‐osteogenic	
  leptin	
  effect	
  in	
  the	
  obese	
  AAV-­‐NPY	
  model,	
  
osteoblast	
  activity	
  in	
  Y2−/−	
  AAV-­‐NPY	
  mice	
  remained	
  significantly	
  greater	
  than	
  in	
  wildtype	
  AAV-­‐
NPY	
  mice.	
  
Conclusions:	
  This	
  study	
  suggests	
  that	
  NPY	
  is	
  not	
  a	
  key	
  regulator	
  of	
  the	
  leptin-­‐dependent	
  
osteoblast	
  activity,	
  because	
  both	
  the	
  leptin-­‐deficient	
  stimulation	
  of	
  bone	
  formation	
  and	
  the	
  
excess	
  leptin	
  inhibition	
  of	
  bone	
  formation	
  can	
  occur	
  in	
  the	
  presence	
  of	
  high	
  hypothalamic	
  NPY.	
  
The	
  Y2−/−	
  pathway	
  acts	
  consistently	
  to	
  stimulate	
  bone	
  formation;	
  in	
  contrast,	
  leptin	
  continues	
  to	
  
suppress	
  bone	
  formation	
  as	
  circulating	
  levels	
  increase.	
  As	
  a	
  result,	
  they	
  act	
  increasingly	
  in	
  
opposition	
  as	
  obesity	
  becomes	
  more	
  marked.	
  Thus,	
  in	
  the	
  absence	
  of	
  leptin,	
  the	
  cancellous	
  bone	
  
response	
  to	
  loss	
  of	
  Y2	
  receptor	
  and	
  leptin	
  activity	
  can	
  not	
  be	
  distinguished.	
  However,	
  as	
  leptin	
  
levels	
  increase	
  to	
  physiological	
  levels,	
  distinct	
  signaling	
  pathways	
  are	
  revealed.	
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INTRODUCTION	
  
	
  

Skeletal	
  tissue	
  is	
  constantly	
  being	
  remodeled	
  in	
  a	
  process	
  that	
  maintains	
  both	
  mechanical	
  
integrity	
  and	
  mineral	
  homeostasis.	
  Control	
  of	
  this	
  process	
  occurs	
  primarily	
  through	
  interactions	
  
between	
  endocrine	
  hormones,	
  local	
  growth	
  factors,	
  and	
  cytokines	
  that	
  orchestrate	
  the	
  activities	
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of	
  both	
  osteoclastic	
  and	
  osteoblastic	
  cells.	
  Recently,	
  however,	
  two	
  potent	
  bone	
  anabolic	
  models	
  	
  
have	
  been	
  described	
  that	
  involve	
  osteoblast	
  regulation	
  by	
  neurons	
  of	
  the	
  hypothalamus.	
  Both	
  
leptin	
  and	
  Y2	
  receptors	
  have	
  been	
  shown	
  to	
  modulate	
  osteoblast	
  activity,	
  with	
  inactivation	
  of	
  the	
  
gene	
  encoding	
  either	
  protein	
  leading	
  to	
  a	
  high	
  cancellous	
  bone	
  mass	
  phenotype	
  associated	
  with	
  
elevated	
  osteoblastic	
  activity	
  in	
  mice.	
  (1,	
  2)	
  Importantly,	
  the	
  involvement	
  of	
  hypothalamic	
  
activity	
  in	
  the	
  phenotypes	
  of	
  leptin-­‐deficient	
  ob/ob	
  and	
  Y2−/−	
  mice	
  has	
  been	
  experimentally	
  
shown.	
  The	
  high	
  bone	
  mass	
  of	
  leptin-­‐deficient	
  ob/ob	
  mice	
  was	
  corrected	
  after	
  central	
  leptin	
  
supplementation	
  using	
  microdoses	
  that	
  had	
  no	
  effect	
  on	
  bone	
  when	
  injected	
  peripherally.	
  (1)	
  
Conditional	
  deletion	
  of	
  hypothalamic	
  Y2	
  receptors	
  in	
  adult	
  mice	
  recapitulates	
  the	
  high	
  BMD	
  of	
  
germline	
  Y2−/−	
  mice.	
  (2)	
  
	
   From	
  these	
  studies,	
  it	
  is	
  clear	
  that	
  alterations	
  of	
  central	
  leptin	
  or	
  Y2	
  signaling	
  can	
  
influence	
  osteoblast	
  activity.	
  However,	
  the	
  extent	
  to	
  which	
  the	
  leptin	
  and	
  Y2	
  receptor	
  pathways	
  
interact	
  in	
  regulating	
  bone	
  has	
  not	
  been	
  resolved.	
  Leptin	
  and	
  Y2	
  receptors	
  have	
  been	
  shown	
  to	
  
interact	
  in	
  the	
  regulation	
  of	
  adipose	
  tissue,	
  with	
  Y2−/−ob/ob	
  double	
  knockout	
  mice	
  displaying	
  a	
  
significant	
  reduction	
  of	
  the	
  obesity	
  phenotype	
  characteristic	
  of	
  ob/ob	
  mice.	
  (3,	
  4)	
  Furthermore,	
  
ob/ob	
  and	
  Y2−/−	
  mice	
  share	
  key	
  characteristics,	
  with	
  similar	
  increases	
  in	
  osteoblast	
  activity,	
  
suggesting	
  a	
  commonality	
  of	
  mechanism.	
  In	
  addition,	
  neuropeptide	
  Y	
  (NPY)	
  levels	
  are	
  
significantly	
  elevated	
  in	
  the	
  hypothalamus	
  of	
  both	
  ob/ob(3,	
  5)	
  and	
  Y2−/−	
  mice.	
  (6)	
  These	
  
observations	
  support	
  a	
  mechanistic	
  link	
  between	
  leptin	
  and	
  Y2	
  in	
  the	
  regulation	
  of	
  bone	
  
physiology.	
  The	
  role	
  of	
  NPY	
  in	
  the	
  central	
  control	
  of	
  bone	
  formation	
  has	
  been	
  questioned,	
  
however,	
  because	
  no	
  skeletal	
  phenotype	
  was	
  observed	
  in	
  NPY	
  knockout	
  mice.	
  (7)	
  Notably,	
  these	
  
mice	
  also	
  lacked	
  an	
  obvious	
  phenotype	
  with	
  respect	
  to	
  food	
  intake	
  and	
  body	
  weight,	
  (8)	
  despite	
  a	
  
well-­‐documented	
  association	
  of	
  obesity	
  with	
  elevated	
  NPY	
  activity.	
  (9)	
  In	
  contrast,	
  when	
  the	
  
NPY−/−	
  mouse	
  was	
  crossed	
  onto	
  the	
  leptin-­‐deficient	
  ob/ob	
  mutant,	
  the	
  obese	
  phenotype	
  of	
  the	
  
ob/ob	
  was	
  dramatically	
  reduced.	
  (10)	
  This	
  suggests	
  that	
  elevated	
  central	
  NPYergic	
  activity	
  
contributes	
  to	
  the	
  obesity	
  phenotypes	
  but	
  that	
  loss	
  of	
  NPY	
  does	
  not	
  cause	
  lean	
  phenotypes.	
  
Similarly,	
  in	
  bone,	
  it	
  is	
  possible	
  that	
  high,	
  but	
  not	
  low,	
  central	
  NPYergic	
  tonus	
  is	
  involved	
  in	
  
regulation	
  of	
  bone	
  physiology.	
  We	
  therefore	
  hypothesize	
  that	
  elevated	
  hypothalamic	
  NPY	
  
expression	
  may	
  be	
  a	
  common	
  mediator	
  of	
  the	
  high	
  BMD	
  phenotype	
  of	
  both	
  ob/ob	
  and	
  Y2−/−	
  
mice.	
  In	
  keeping	
  with	
  the	
  hypothesis	
  that	
  central	
  NPY	
  and	
  not	
  leptin	
  deficiency	
  is	
  the	
  common	
  
stimulator	
  of	
  osteoblastic	
  activity,	
  circulating	
  leptin	
  levels	
  vary	
  between	
  normal	
  in	
  Y2−/−	
  
mice(6)	
  and	
  absent	
  in	
  ob/ob,(11)	
  despite	
  both	
  exhibiting	
  elevated	
  osteoblast	
  activity.	
  In	
  this	
  
manner	
  the	
  leptin-­‐	
  and	
  Y2-­‐mediated	
  pathways	
  may	
  interact	
  through	
  a	
  shared	
  pathway,	
  possibly	
  
through	
  the	
  increase	
  in	
  central	
  NPY	
  expression.	
  
	
   In	
  contrast,	
  however,	
  there	
  is	
  evidence	
  from	
  Y2−/−Y4−/−	
  receptor	
  double	
  knockout	
  
mice	
  that	
  leptin-­‐related	
  pathways	
  may	
  mediate	
  osteoblast	
  function	
  by	
  a	
  pathway	
  distinct	
  from	
  
Y2	
  receptor	
  signaling.	
  Male	
  Y2−/−Y4−/−	
  double	
  knockout	
  mice	
  have	
  a	
  lean	
  phenotype	
  and	
  a	
  
significantly	
  reduced	
  serum	
  leptin	
  compared	
  with	
  wildtype	
  or	
  Y2−/−	
  mice.	
  (6)	
  These	
  male	
  mice	
  
also	
  display	
  a	
  significant	
  increase	
  in	
  cancellous	
  bone	
  volume	
  compared	
  with	
  Y2−/−	
  mice.	
  
Importantly,	
  female	
  Y2−/−Y4−/−	
  mice	
  that	
  did	
  not	
  display	
  a	
  reduction	
  in	
  serum	
  leptin	
  also	
  
lacked	
  the	
  additional	
  increase	
  in	
  cancellous	
  bone	
  volume	
  over	
  Y2−/−	
  mice	
  (P	
  Baldock,	
  A	
  
Sainsbury,	
  H	
  Hertzog,	
  and	
  E	
  Gardiner,	
  unpublished	
  observations,	
  2001),	
  suggesting	
  that	
  at	
  
reduced	
  but	
  still	
  physiological	
  levels	
  of	
  leptin,	
  there	
  may	
  be	
  a	
  stimulation	
  of	
  bone	
  formation	
  
induced	
  by	
  reduced	
  leptin	
  levels,	
  in	
  addition	
  to	
  that	
  associated	
  with	
  lack	
  of	
  Y2	
  signaling.	
  
This	
  study	
  therefore	
  investigated	
  the	
  hypothesis	
  that	
  the	
  control	
  of	
  osteoblast	
  activity	
  by	
  leptin	
  
and	
  Y2	
  receptor	
  deficiency	
  occur	
  by	
  distinct	
  pathways.	
  To	
  test	
  this	
  hypothesis,	
  osteoblast	
  activity	
  
was	
  examined	
  in	
  Y2	
  knockout,	
  leptin-­‐deficient	
  ob/ob,	
  and	
  Y2−/−ob/ob	
  double	
  mutant	
  mice.	
  This	
  
comparison	
  was	
  used	
  to	
  determine	
  the	
  extent	
  to	
  which	
  a	
  lack	
  of	
  Y2	
  receptors	
  would	
  alter	
  the	
  
leptin-­‐deficient	
  bone	
  anabolic	
  response	
  and	
  to	
  determine	
  whether	
  leptin	
  and	
  Y2	
  receptor	
  
deficiency	
  have	
  additive	
  affects	
  (suggesting	
  distinct	
  pathways)	
  or	
  not	
  (suggesting	
  common	
  
mechanisms).	
  To	
  further	
  study	
  the	
  interrelationship	
  among	
  leptin,	
  Y2,	
  and	
  NPY,	
  a	
  second	
  
contrasting	
  model	
  was	
  used	
  to	
  increase	
  circulating	
  leptin	
  while	
  still	
  maintaining	
  elevated	
  
hypothalamic	
  NPY.	
  This	
  high	
  leptin-­‐high	
  NPY	
  model	
  was	
  generated	
  by	
  constitutive	
  viral	
  
overexpression	
  of	
  NPY	
  in	
  the	
  hypothalamus,	
  resulting	
  in	
  increased	
  deposition	
  of	
  adipose	
  tissue	
  
and	
  consequently	
  leptin	
  production.	
  Thus,	
  the	
  high	
  leptin-­‐high	
  NPY	
  model	
  contrasted	
  with	
  the	
  
normal	
  leptin-­‐high	
  NPY	
  model	
  of	
  Y2−/−	
  and	
  the	
  no	
  leptin-­‐high	
  NPY	
  model	
  of	
  ob/ob.	
  Together,	
  
these	
  comparisons	
  studied	
  the	
  effect	
  of	
  consistently	
  elevated	
  hypothalamic	
  NPY	
  expression	
  in	
  
osteoblast	
  function	
  over	
  a	
  range	
  of	
  circulating	
  leptin	
  concentrations	
  and	
  the	
  role	
  of	
  Y2	
  receptors	
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in	
  the	
  leptin-­‐NPY-­‐bone	
  interaction.	
  
	
  

MATERIALS	
  AND	
  METHODS	
  
	
  
Animals	
  
	
   Y2−/−,	
  ob/ob,	
  and	
  Y2−/−ob/ob	
  mice	
  were	
  generated	
  as	
  previously	
  described.	
  (1,	
  3)	
  Mice	
  
were	
  maintained	
  on	
  a	
  mixed	
  C57	
  BL/6-­‐129/SvJ	
  background,	
  which	
  was	
  maintained	
  as	
  wildtype.	
  
Mice	
  received	
  chow	
  diet	
  and	
  water	
  ad	
  libitum.	
  Skeletal	
  phenotypes	
  were	
  assessed	
  in	
  16-­‐week-­‐old	
  
male	
  animals	
  for	
  comparison	
  of	
  germline	
  knockout	
  models	
  and	
  18-­‐week-­‐old	
  male	
  mice	
  for	
  viral	
  
overproduction	
  studies.	
  
	
  
Viral	
  overproduction	
  of	
  NPY	
  
	
   Recombinant	
  adeno-­‐associated	
  viral	
  vector	
  expressing	
  NPY	
  under	
  the	
  control	
  of	
  a	
  
neuron	
  specific	
  enolase	
  promoter	
  (AAV-­‐NPY)	
  was	
  bilaterally	
  injected	
  into	
  the	
  hypothalamic	
  area	
  
(coordinates	
  relative	
  to	
  Bregma:	
  posterior,	
  2.1	
  mm;	
  lateral,	
  ±0.4	
  mm;	
  ventral,	
  5.3	
  mm),	
  as	
  
previously	
  described.	
  (12)	
  Elevated	
  hypothalamic	
  NPY	
  action	
  stimulates	
  feeding,	
  energy	
  
homeostasis,	
  and	
  adipose	
  tissue	
  deposition,	
  thereby	
  leading	
  to	
  increased	
  leptin	
  expression.	
  (13,	
  
14)	
  One	
  microliter	
  of	
  vector	
  with	
  a	
  genomic	
  titer	
  of	
  1	
  ×	
  1012	
  genome	
  copies/ml	
  was	
  injected	
  into	
  
each	
  side	
  over	
  5	
  minutes	
  using	
  a	
  30-­‐gauge	
  cannula	
  connected	
  to	
  an	
  automated	
  syringe	
  pump.	
  
Control	
  groups	
  were	
  injected	
  with	
  vehicle	
  alone	
  (AAV-­‐empty)	
  in	
  the	
  hypothalamus,	
  and	
  an	
  
additional	
  control	
  group	
  was	
  injected	
  with	
  AAV-­‐NPY	
  or	
  AAV-­‐empty	
  vector	
  in	
  the	
  hippocampus,	
  a	
  
brain	
  region	
  functionally	
  removed	
  from	
  the	
  neural	
  pathways	
  of	
  the	
  hypothalamus	
  (coordinates	
  
relative	
  to	
  Bregma:	
  posterior,	
  1.7	
  mm;	
  lateral,	
  ±0.8	
  mm;	
  ventral,	
  2.2	
  mm}.	
  The	
  efficacy	
  of	
  vector	
  
injection	
  and	
  expression	
  was	
  confirmed	
  by	
  detection	
  of	
  NPY	
  transcripts	
  using	
  in	
  situ	
  
hybridization	
  on	
  brain	
  slices.	
  (15)	
  The	
  efficacy	
  of	
  viral	
  NPY	
  expression	
  to	
  induce	
  a	
  functional	
  
response	
  was	
  confirmed	
  by	
  the	
  resultant	
  weight	
  gain,	
  a	
  characteristic	
  response	
  to	
  elevated	
  
hypothalamic	
  NPY	
  production.	
  (13)	
  
	
  
Tissue	
  collection	
  and	
  analysis	
  
	
   Germline	
  knockout	
  mice	
  were	
  collected	
  at	
  16	
  weeks	
  of	
  age	
  in	
  groups	
  of	
  6–10.	
  AAV-­‐
injected	
  animals	
  were	
  collected	
  at	
  18	
  weeks	
  of	
  age,	
  3	
  weeks	
  after	
  viral	
  injection,	
  which	
  was	
  at	
  15	
  
weeks	
  of	
  age.	
  Groups	
  of	
  10–12	
  mice	
  per	
  genotype	
  and	
  virus	
  were	
  killed	
  by	
  cervical	
  dislocation	
  
and	
  decapitation.	
  Trunk	
  blood	
  was	
  collected,	
  and	
  plasma	
  was	
  frozen	
  at	
  −20	
  C	
  for	
  later	
  analysis,	
  
with	
  leptin	
  levels	
  measured	
  by	
  radioimmunoassay	
  (Linco	
  Research,	
  St	
  Louis,	
  MO,	
  USA).	
  The	
  brain	
  
was	
  removed	
  and	
  immediately	
  frozen	
  on	
  dry	
  ice.	
  White	
  adipose	
  tissue	
  (WAT)	
  deposits	
  (right	
  
inguinal,	
  right	
  epididymal,	
  right	
  retroperitoneal,	
  and	
  mesenteric)	
  were	
  collected	
  and	
  weighed.	
  
Both	
  femora	
  were	
  excised	
  and	
  fixed	
  in	
  4%	
  paraformaldehyde	
  at	
  4°C	
  for	
  16	
  h.	
  
The	
  right	
  femora	
  were	
  bisected	
  transversely	
  at	
  the	
  midpoint	
  of	
  the	
  shaft.	
  Distal	
  halves	
  were	
  
embedded	
  undecalcified	
  in	
  methyl-­‐methacrylate	
  (APS	
  Chemicals,	
  Sydney,	
  Australia)	
  and	
  5-­‐μm	
  
sagittal	
  sections	
  were	
  cut	
  using	
  a	
  Jung	
  RM2055	
  semiautomatic	
  microtome	
  (Leica	
  Microsystems,	
  
Sydney,	
  Australia)	
  stained	
  for	
  mineralized	
  bone	
  using	
  a	
  modified	
  von	
  Kossa	
  technique	
  and	
  
analyzed	
  for	
  cancellous	
  bone	
  volume,	
  trabecular	
  thickness,	
  and	
  number	
  (Bioquant,	
  R&M	
  
Biometrics,	
  Nashville,	
  TN,	
  USA)	
  as	
  described	
  previously.	
  (2)	
  Osteoblast	
  parameters	
  (osteoblast	
  
surface	
  and	
  osteoblast	
  number)	
  were	
  measured	
  using	
  Masson's	
  trichrome-­‐stained	
  sections	
  at	
  
x400	
  magnification,	
  with	
  osteoid	
  surface	
  and	
  osteoid	
  thickness	
  measured	
  on	
  the	
  same	
  sections	
  at	
  
x1000	
  magnification.	
  Osteoid	
  volume	
  was	
  calculated	
  as	
  the	
  product	
  of	
  mean	
  osteoid	
  surface	
  and	
  
mean	
  osteoid	
  thickness	
  for	
  each	
  section.	
  Unlike	
  the	
  germline	
  knockout	
  comparison,	
  in	
  which	
  
calcein	
  (20	
  mg/kg)	
  and	
  demeclocycline	
  (30	
  mg/kg)	
  were	
  injected	
  10	
  and	
  3	
  days	
  before	
  tissue	
  
collection,	
  respectively,	
  tetracycline	
  labels	
  were	
  not	
  included	
  in	
  the	
  AAV	
  study	
  to	
  eliminate	
  any	
  
possible	
  adverse	
  interaction	
  of	
  the	
  tetracycline	
  with	
  AAV	
  activity.	
  Osteoclast	
  surface	
  and	
  
osteoclast	
  number	
  were	
  measured	
  at	
  x400	
  from	
  sections	
  stained	
  for	
  TRACP	
  activity	
  as	
  described	
  
previously.	
  (2)	
  All	
  cancellous	
  measurements	
  were	
  conducted	
  in	
  a	
  sample	
  area	
  bordering	
  the	
  
epiphyseal	
  growth	
  plate,	
  beginning	
  0.25	
  mm	
  distal	
  to	
  the	
  mineralization	
  zone	
  to	
  exclude	
  primary	
  
spongiosa	
  and	
  extending	
  proximally	
  4.2	
  mm,	
  encompassing	
  all	
  the	
  cancellous	
  bone	
  within	
  the	
  
cortices,	
  as	
  described	
  previously.	
  (2)	
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Statistical	
  analyses	
  
	
   Differences	
  between	
  genotypes	
  in	
  the	
  germline	
  knockout	
  comparisons	
  were	
  made	
  by	
  
one-­‐way	
  ANOVA	
  for	
  genotype,	
  with	
  subsequent	
  Fisher's	
  posthoc	
  tests	
  for	
  those	
  variables	
  that	
  
returned	
  significant	
  results.	
  The	
  NPY	
  overexpression	
  studies	
  were	
  assessed	
  by	
  two-­‐way	
  ANOVA	
  
for	
  genotype	
  and	
  injection,	
  again	
  with	
  Fisher's	
  posthoc	
  tests	
  where	
  appropriate.	
  Results	
  for	
  
change	
  in	
  body	
  weight	
  were	
  compared	
  among	
  viral-­‐injected	
  groups	
  by	
  repeated-­‐measures	
  
ANOVA	
  followed	
  by	
  Fisher's	
  posthoc	
  tests.	
  StatView	
  version	
  4.5	
  (Abacus	
  Concepts,	
  Berkeley,	
  CA,	
  
USA)	
  was	
  used	
  for	
  all	
  statistical	
  analyses,	
  and	
  p	
  <	
  0.05	
  was	
  accepted	
  as	
  being	
  statistically	
  
significant	
  for	
  both	
  ANOVA	
  and	
  posthoc	
  analyses.	
  
	
  

RESULTS	
  
Y2−/−	
  ob/ob	
  double	
  knockout	
  mice	
  
	
   Cancellous	
  bone	
  volume	
  was	
  significantly	
  elevated	
  in	
  Y2−/−,	
  ob/ob,	
  and	
  Y2−/−ob/ob	
  
mice	
  compared	
  with	
  wildtype	
  mice	
  (Fig.	
  1A),	
  with	
  greater	
  trabecular	
  thickness	
  in	
  all	
  three	
  
models	
  (Fig.	
  1B).	
  Trabecular	
  number,	
  elevated	
  compared	
  with	
  wildtype	
  in	
  Y2−/−,	
  was	
  not	
  
elevated	
  in	
  either	
  ob/ob	
  or	
  Y2−/−ob/ob	
  mice	
  (Fig.	
  1C),	
  consistent	
  with	
  the	
  significantly	
  greater	
  
cancellous	
  bone	
  volume	
  in	
  Y2−/−	
  mice	
  compared	
  with	
  ob/ob	
  or	
  Y2−/−ob/ob.	
  Importantly,	
  the	
  
enhanced	
  trabecular	
  number	
  and	
  bone	
  volume	
  in	
  Y2−/−	
  compared	
  with	
  wildtype,	
  ob/ob,	
  and	
  
Y2−/−ob/ob	
  mice	
  was	
  not	
  associated	
  with	
  a	
  greater	
  osteoblast	
  activity,	
  because	
  mineral	
  
apposition	
  rate	
  was	
  similarly	
  elevated	
  in	
  all	
  three	
  mutant	
  models	
  compared	
  with	
  wildtype	
  mice	
  
(Fig.	
  1D).	
  Rather,	
  the	
  greater	
  cancellous	
  bone	
  volume	
  in	
  Y2−/−	
  was	
  consistent	
  with	
  greater	
  bone	
  
resorption	
  in	
  the	
  ob/ob	
  and	
  Y2−/−ob/ob	
  models	
  compared	
  with	
  Y2−/−	
  or	
  wildtype,	
  evident	
  in	
  
the	
  increased	
  osteoclast	
  surface	
  (Fig.	
  1E).	
  The	
  wildtype	
  level	
  of	
  bone	
  resorption	
  in	
  the	
  Y2−/−	
  
mice	
  is	
  consistent	
  with	
  the	
  eugonadal	
  status	
  of	
  these	
  animals(2,	
  15)	
  compared	
  with	
  the	
  
hypogonadal	
  status	
  of	
  ob/ob	
  and	
  Y2−/−ob/ob	
  models.	
  (3)	
  	
  
	
  
	
  

	
  
	
  
Hypothalamic	
  NPY	
  overexpression	
  mediated	
  by	
  viral	
  vector	
  
	
   Bilateral	
  injection	
  of	
  AAV-­‐NPY	
  resulted	
  in	
  a	
  marked	
  overproduction	
  of	
  NPY	
  transcripts	
  in	
  
the	
  hypothalamus	
  of	
  these	
  mice.	
  This	
  expression	
  was	
  localized	
  to	
  the	
  injection	
  site	
  (Fig.	
  2),	
  with	
  
no	
  obvious	
  signs	
  of	
  axonal	
  transport.	
  Injection	
  of	
  AAV-­‐NPY	
  into	
  the	
  hippocampus	
  caused	
  no	
  
changes	
  in	
  bone	
  or	
  adipose	
  tissue	
  measurements,	
  confirming	
  the	
  restricted	
  localization	
  of	
  the	
  
virally	
  expressed	
  product	
  and	
  the	
  specificity	
  of	
  the	
  hypothalamic	
  circuit	
  in	
  the	
  NPY-­‐regulated	
  
bone	
  and	
  adipose	
  tissue	
  pathways.	
  Body	
  weight,	
  serum	
  leptin	
  (Figs.	
  3A	
  and	
  3B),	
  cancellous	
  bone	
  
volume	
  (Fig.	
  3C),	
  and	
  osteoblast	
  and	
  osteoclast	
  indices	
  (Figs.	
  3D-­‐3H)	
  were	
  unchanged	
  between	
  
AAV-­‐NPY	
  and	
  AAV-­‐empty	
  injected	
  wildtype	
  mice	
  in	
  these	
  hippocampal	
  injected	
  control	
  groups.	
  	
  	
  

at 18 weeks of age, 3 weeks after viral injection, which was
at 15 weeks of age. Groups of 10–12 mice per genotype and
virus were killed by cervical dislocation and decapitation.
Trunk blood was collected, and plasma was frozen at −20 C
for later analysis, with leptin levels measured by radioim-
munoassay (Linco Research, St Louis, MO, USA). The
brain was removed and immediately frozen on dry ice.
White adipose tissue (WAT) deposits (right inguinal, right
epididymal, right retroperitoneal, and mesenteric) were col-
lected and weighed. Both femora were excised and fixed in
4% paraformaldehyde at 4°C for 16 h.

The right femora were bisected transversely at the mid-
point of the shaft. Distal halves were embedded undecalci-
fied in methyl-methacrylate (APS Chemicals, Sydney, Aus-
tralia) and 5-!m sagittal sections were cut using a Jung
RM2055 semiautomatic microtome (Leica Microsystems,
Sydney, Australia) stained for mineralized bone using a
modified von Kossa technique and analyzed for cancellous
bone volume, trabecular thickness, and number (Bioquant,
R&M Biometrics, Nashville, TN, USA) as described previ-
ously.(2) Osteoblast parameters (osteoblast surface and os-
teoblast number) were measured using Masson’s tri-
chrome–stained sections at ×400 magnification, with
osteoid surface and osteoid thickness measured on the
same sections at ×1000 magnification. Osteoid volume was
calculated as the product of mean osteoid surface and mean
osteoid thickness for each section. Unlike the germline
knockout comparison, in which calcein (20 mg/kg) and
demeclocycline (30 mg/kg) were injected 10 and 3 days be-
fore tissue collection, respectively, tetracycline labels were
not included in the AAV study to eliminate any possible
adverse interaction of the tetracycline with AAV activity.
Osteoclast surface and osteoclast number were measured at
×400 from sections stained for TRACP activity as described
previously.(2) All cancellous measurements were conducted
in a sample area bordering the epiphyseal growth plate,
beginning 0.25 mm distal to the mineralization zone to ex-
clude primary spongiosa and extending proximally 4.2 mm,
encompassing all the cancellous bone within the cortices, as
described previously.(2)

Statistical analyses
Differences between genotypes in the germline knockout

comparisons were made by one-way ANOVA for geno-

type, with subsequent Fisher’s posthoc tests for those vari-
ables that returned significant results. The NPY overex-
pression studies were assessed by two-way ANOVA for
genotype and injection, again with Fisher’s posthoc tests
where appropriate. Results for change in body weight were
compared among viral-injected groups by repeated-
measures ANOVA followed by Fisher’s posthoc tests. Stat-
View version 4.5 (Abacus Concepts, Berkeley, CA, USA)
was used for all statistical analyses, and p < 0.05 was ac-
cepted as being statistically significant for both ANOVA
and posthoc analyses.

RESULTS

Y2−/− ob/ob double knockout mice

Cancellous bone volume was significantly elevated in
Y2−/−, ob/ob, and Y2−/− ob/ob mice compared with wildtype
mice (Fig. 1A), with greater trabecular thickness in all three
models (Fig. 1B). Trabecular number, elevated compared
with wildtype in Y2−/−, was not elevated in either ob/ob or
Y2−/− ob/ob mice (Fig. 1C), consistent with the significantly
greater cancellous bone volume in Y2−/− mice compared
with ob/ob or Y2−/− ob/ob. Importantly, the enhanced tra-
becular number and bone volume in Y2−/− compared with
wildtype, ob/ob, and Y2−/− ob/ob mice was not associated
with a greater osteoblast activity, because mineral apposi-
tion rate was similarly elevated in all three mutant models
compared with wildtype mice (Fig. 1D). Rather, the greater
cancellous bone volume in Y2−/− was consistent with
greater bone resorption in the ob/ob and Y2−/− ob/ob mod-
els compared with Y2−/− or wildtype, evident in the in-
creased osteoclast surface (Fig. 1E). The wildtype level of
bone resorption in the Y2−/− mice is consistent with the
eugonadal status of these animals(2,15) compared with the
hypogonadal status of ob/ob and Y2−/− ob/ob models.(3)

Hypothalamic NPY overexpression mediated by
viral vector

Bilateral injection of AAV-NPY resulted in a marked
overproduction of NPY transcripts in the hypothalamus of
these mice. This expression was localized to the injection
site (Fig. 2), with no obvious signs of axonal transport. In-
jection of AAV-NPY into the hippocampus caused no

FIG. 1. Cancellous bone phenotype in Y2ob mice. (A) Cancellous bone volume. (B) Trabecular thickness. (C) Trabecular number.
(D) Mineral apposition rate. (E) Osteoclast surface. Both ob/ob and Y2−/− mice have greater cancellous bone volume and trabecular
thickness associated with increased mineral apposition rate; only Y2−/− have greater trabecular number. The combined Y2−/− ob/ob
mice resemble the ob/ob with respect to cancellous bone volume and architecture and intermediate with respect to mineral apposition
rate, and consistent with the hypogonadal state, increased osteoclast surface. Data are mean ± SE, n ! 6–14; ap < 0.05 vs. wildtype, bp
< 0.05 vs. ob/ob, cp < 0.05 vs. Y2/ob.
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   Consistent	
  with	
  the	
  known	
  role	
  of	
  NPY	
  in	
  regulation	
  of	
  energy	
  homeostasis,	
  AAV-­‐
mediated	
  overexpression	
  of	
  NPY	
  in	
  the	
  hypothalamus	
  resulted	
  in	
  significantly	
  increased	
  body	
  
weight	
  in	
  wildtype	
  and	
  Y2−/−	
  mice.	
  This	
  increase	
  was	
  detected	
  within	
  the	
  first	
  week	
  
postinjection	
  and	
  rose	
  steadily	
  thereafter	
  and	
  was	
  similar	
  in	
  AAV-­‐NPY-­‐injected	
  wildtype	
  and	
  
Y2−/−	
  mice	
  (Fig.	
  4A).	
  The	
  body	
  weights	
  of	
  AAV-­‐empty-­‐injected	
  wildtype	
  and	
  Y2−/−	
  mice	
  did	
  not	
  
change	
  significantly	
  over	
  the	
  course	
  of	
  the	
  experiment.	
  The	
  weight	
  gain	
  in	
  AAV-­‐NPY-­‐injected	
  
groups	
  was	
  consistent	
  with	
  greater	
  WAT	
  deposition;	
  WAT	
  mass	
  increased	
  significantly	
  after	
  
vector	
  injection	
  in	
  wildtype	
  and	
  Y2−/−	
  mice,	
  respectively	
  (Fig.	
  4B).	
  This	
  increase	
  in	
  fat	
  mass	
  was	
  
associated	
  with	
  greater	
  serum	
  leptin	
  in	
  NPY-­‐overexpressed	
  groups	
  (Fig.	
  4C).	
  	
  	
  
	
  

	
  
	
  

changes in bone or adipose tissue measurements, confirm-
ing the restricted localization of the virally expressed prod-
uct and the specificity of the hypothalamic circuit in the
NPY-regulated bone and adipose tissue pathways. Body
weight, serum leptin (Figs. 3A and 3B), cancellous bone
volume (Fig. 3C), and osteoblast and osteoclast indices
(Figs. 3D–3H) were unchanged between AAV-NPY and
AAV-empty injected wildtype mice in these hippocampal
injected control groups.

Consistent with the known role of NPY in regulation of
energy homeostasis, AAV-mediated overexpression of
NPY in the hypothalamus resulted in significantly increased
body weight in wildtype and Y2−/− mice. This increase was
detected within the first week postinjection and rose stead-
ily thereafter and was similar in AAV-NPY–injected wild-
type and Y2−/− mice (Fig. 4A). The body weights of AAV-
empty–injected wildtype and Y2−/− mice did not change
significantly over the course of the experiment. The weight
gain in AAV-NPY–injected groups was consistent with
greater WAT deposition; WAT mass increased significantly
after vector injection in wildtype and Y2−/− mice, respec-
tively (Fig. 4B). This increase in fat mass was associated
with greater serum leptin in NPY-overexpressed groups
(Fig. 4C).

In keeping with our previous observations of uninjected
mice, cancellous bone volume was significantly greater in
AAV-empty Y2−/− mice compared with AAV-empty wild-
type; however, this difference was abolished by AAV-NPY
injection (Fig. 5A). This decrease in cancellous bone vol-
ume in AAV-NPY–injected Y2−/− mice was accompanied
by significantly reduced trabecular thickness, whereas
AAV-NPY administration to wildtype mice was associated
with significantly increased trabecular number (Figs. 5B
and 5C) that did not induce a significant rise in cancellous
bone volume.

Osteoblast activity was estimated using osteoid param-
eters. Consistent with the greater cancellous bone volume,
osteoid width in AAV-empty injected mice was 2-fold
greater in Y2−/− than wildtype mice (Fig. 5D), AAV-NPY
significantly reduced osteoid width in both wildtype and
Y2−/− groups. Importantly, however, osteoid width and thus
osteoblast activity(16) remained greater in Y2−/− compared
with wildtype animals in both AAV-NPY–injected and

AAV-empty–injected groups. Similarly, osteoid volume in
Y2−/− was significantly greater than wildtype in both AAV-
empty and AAV-NPY groups, respectively (Fig. 5E). There
were no significant effects of genetic or viral treatment on
osteoblast or osteoclast number (Figs. 5F and 5G). Osteo-
clast surface, however, was significantly elevated in AAV-
NPY Y2−/− mice compared with AAV-empty Y2−/− mice,
with no difference observed in wildtype groups (Fig. 5H).

DISCUSSION

Leptin and Y2 receptors are coexpressed on neurons of
the hypothalamus, and there is clear evidence that both
receptors mediate regulatory circuits that inhibit bone for-
mation.(1,2) This study examined the relationship between
these leptin-sensitive and Y2 receptor–mediated bone re-
sponses in mice. In the presence of normal levels of leptin,
as in Y2−/− mice, osteoblastic function was regulated
through a Y2-dependent circuit, with lack of Y2 receptor
activity consistently associated with elevated bone forma-
tion. At the high leptin levels induced by viral overexpres-
sion of NPY, the distinction between the leptin- and Y2-
regulated pathways was enhanced, with osteoblast activity
suppressed by NPY overexpression and concomitant leptin
elevation but stimulated by lack of Y2 activity. Conversely,
in the absence of leptin, as in ob/ob mice, the leptin- and
Y2-mediated anabolic pathways could not be distinguished
(i.e., bone formation was enhanced in the ob/ob mice and
concurrent deletion of Y2 receptor did not further elevate
osteoblast function). Elevated hypothalamic NPY levels
were a common feature of all anabolic models. Reduction
of osteoblast activity by leptin in the NPY overexpression
model occurred despite the constitutively high NPY, sug-
gesting that the leptin anti-osteogenic pathway is not me-
diated by increased hypothalamic expression of NPY. Im-
portantly, the consistent stimulation of osteoblast activity
after loss of Y2 signaling, despite suppression of osteoblast
activity by increasing leptin levels, indicates that the path-
way by which the Y2 receptor regulates bone formation is
functionally distinct from the leptin anti-osteogenic path-
way.

The effect of leptin deficiency on Y2−/−-mediated control
of osteoblast function was evaluated by crossing Y2−/− and
leptin-deficient ob/ob mice. Interestingly, the cancellous
bone volumes of ob/ob and Y2−/− ob/ob models were indis-
tinguishable from one another but reduced compared with
Y2−/− mice. This reduction, however, was associated with
greater bone resorption in the ob/ob and Y2−/− ob/ob mod-
els, consistent with their hypogonadal status relative to
wildtype or Y2−/− mice.(3,15) More importantly, parameters
of osteoblast function were not different between all three
anabolic models, indicating that deletion of Y2 receptor
signaling did not convey additional osteoblastic stimulation
in the absence of leptin. The comparable elevation of os-
teoblast activity in Y2−/−, ob/ob, and Y2−/− ob/ob mice is
associated with similar neuropeptide changes in the hypo-
thalamic regions of these mice, most notably a significant
increase in NPY expression.(3,5,6) Central leptin signaling
inhibits NPY production in leptin-responsive NPYergic hy-
pothalamic neurons.(17) Furthermore, Y2 receptors, abun-

FIG. 2. Viral overexpression of NPY in the hypothalamus. Co-
ronal brain sections showing in situ PCR for NPY mRNA expres-
sion after injection of empty or NPY-expressing AAV.
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dant on these NPY neurons, also inhibit production of
NPY.(18) Therefore, a lack of either leptin or Y2 signaling
would result in increased hypothalamic NPY, as observed
in both ob/ob and Y2−/− ob/ob leptin-deficient models(3,5)

and in both germline(6) and hypothalamus-specific Y2−/−

models.(2) The comparable level of osteoblast activity in
these models suggests that the hypothalamic elevation of
NPY and not the absence of leptin or Y2 signaling, per se,
may be a critical determinant in the observed increases in
osteoblast function. Alternately, considering the possibility
that distinct osteoblast stimulatory pathways may be acti-
vated by leptin deficiency and Y2 deletion, the lack of ad-
ditive effects in the Y2−/− ob/ob compound mutant model
may indicate the involvement of a shared osteoblast regu-
latory system.

To address these hypotheses, experimental elevation of
hypothalamic NPY by injection of NPY-expressing recom-
binant virus into wildtype and Y2−/− mice achieved concur-
rent elevation of leptin and hypothalamic NPY signaling.
Although removed from normal physiological regulation
using this constitutive expression system, NPY effects on
energy homeostasis were in keeping with characteristic re-
sponses, notably increased body weight, adiposity(8,9) and,
in turn, elevated circulating leptin levels.(19) The speed and
magnitude of the change in body weight indicated the po-
tency of these hypothalamic pathways and made possible
the relatively brief study design, thereby reducing the po-
tential for development of central leptin resistance.(18) The
surprising result of stable bone volume in the wildtype

AAV-NPY mice despite such significant decreases in pa-
rameters of osteoblast function may relate to this short ex-
perimental duration compared with a previous study in
which loss of bone followed more prolonged NPY infu-
sion.(1)

The reduction in osteoblast activity with increased leptin
and NPY levels in AAV-NPY–injected mice is consistent
with a central anti-osteogenic action of leptin in cancellous
bone.(20) This is evident in the decrease in osteoblast activ-
ity from the leptin-deficient ob/ob mice to the normal leptin
wildtypes and the further decrease in the high leptin wild-
type AAV-NPY mice. Notably, in contrast to this consis-
tent relationship between leptin and osteoblast function,
hypothalamic NPY levels are not consistently changed
across these models, with high hypothalamic NPY in both
ob/ob and AAV-NPY models, suggesting that NPY does
not regulate the leptin anti-osteogenic pathway. NPY activ-
ity can not be definitively ruled out of the Y2−/− pathway,
however, with high NPY levels, a consistent feature in all
Y2-deficient models studied to date. It is interesting to note
that NPY−/− mice lack a bone phenotype,(7) which has been
taken as evidence for a lack of a role in bone. This lack of
response induced by a reduction in NPY in both bone and
adipose(8) is reminiscent of the actions of agouti-related
protein, another neuropeptide expressed in the hypothala-
mus, which induces obesity in transgenic mice, with no ef-
fect in knockout models.(21) Thus, it may be that bone does
not respond to NPY reduction but rather to NPY increase
alone.

FIG. 3. Femoral cancellous bone 3 weeks after injection into the hippocampus of either empty or NPY-expressing AAV (empty or
NPY) in wildtype mice. (A) Body weight. (B) Serum leptin. (C) Cancellous bone volume. (D) Osteoid width. (E) Osteoid volume. (F)
Osteoblast number. (G) Osteoclast number. (H) Osteoclast surface. NPY overexpression does not alter energy homeostasis or can-
cellous bone volume or cell activity. Data are mean ± SE, n ! 6–7; there were no significant differences between empty and NPY
virus-injected groups.

FIG. 4. Body weight and WAT mass and
leptin after injection of either empty or NPY-
expressing AAV (empty or NPY) in the hy-
pothalamus of wildtype and Y2−/− mice. (A)
Change in body weight. (B) WAT mass. NPY
overexpression leads to a marked increase in
body weight and WAT mass, overcoming the
decrease in WAT by Y2 receptor deletion.
Data are mean ± SE, n ! 4–6; ap < 0.05 vs.
wildtype, bp < 0.05 vs. AAV-empty.
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dant on these NPY neurons, also inhibit production of
NPY.(18) Therefore, a lack of either leptin or Y2 signaling
would result in increased hypothalamic NPY, as observed
in both ob/ob and Y2−/− ob/ob leptin-deficient models(3,5)

and in both germline(6) and hypothalamus-specific Y2−/−

models.(2) The comparable level of osteoblast activity in
these models suggests that the hypothalamic elevation of
NPY and not the absence of leptin or Y2 signaling, per se,
may be a critical determinant in the observed increases in
osteoblast function. Alternately, considering the possibility
that distinct osteoblast stimulatory pathways may be acti-
vated by leptin deficiency and Y2 deletion, the lack of ad-
ditive effects in the Y2−/− ob/ob compound mutant model
may indicate the involvement of a shared osteoblast regu-
latory system.

To address these hypotheses, experimental elevation of
hypothalamic NPY by injection of NPY-expressing recom-
binant virus into wildtype and Y2−/− mice achieved concur-
rent elevation of leptin and hypothalamic NPY signaling.
Although removed from normal physiological regulation
using this constitutive expression system, NPY effects on
energy homeostasis were in keeping with characteristic re-
sponses, notably increased body weight, adiposity(8,9) and,
in turn, elevated circulating leptin levels.(19) The speed and
magnitude of the change in body weight indicated the po-
tency of these hypothalamic pathways and made possible
the relatively brief study design, thereby reducing the po-
tential for development of central leptin resistance.(18) The
surprising result of stable bone volume in the wildtype

AAV-NPY mice despite such significant decreases in pa-
rameters of osteoblast function may relate to this short ex-
perimental duration compared with a previous study in
which loss of bone followed more prolonged NPY infu-
sion.(1)

The reduction in osteoblast activity with increased leptin
and NPY levels in AAV-NPY–injected mice is consistent
with a central anti-osteogenic action of leptin in cancellous
bone.(20) This is evident in the decrease in osteoblast activ-
ity from the leptin-deficient ob/ob mice to the normal leptin
wildtypes and the further decrease in the high leptin wild-
type AAV-NPY mice. Notably, in contrast to this consis-
tent relationship between leptin and osteoblast function,
hypothalamic NPY levels are not consistently changed
across these models, with high hypothalamic NPY in both
ob/ob and AAV-NPY models, suggesting that NPY does
not regulate the leptin anti-osteogenic pathway. NPY activ-
ity can not be definitively ruled out of the Y2−/− pathway,
however, with high NPY levels, a consistent feature in all
Y2-deficient models studied to date. It is interesting to note
that NPY−/− mice lack a bone phenotype,(7) which has been
taken as evidence for a lack of a role in bone. This lack of
response induced by a reduction in NPY in both bone and
adipose(8) is reminiscent of the actions of agouti-related
protein, another neuropeptide expressed in the hypothala-
mus, which induces obesity in transgenic mice, with no ef-
fect in knockout models.(21) Thus, it may be that bone does
not respond to NPY reduction but rather to NPY increase
alone.

FIG. 3. Femoral cancellous bone 3 weeks after injection into the hippocampus of either empty or NPY-expressing AAV (empty or
NPY) in wildtype mice. (A) Body weight. (B) Serum leptin. (C) Cancellous bone volume. (D) Osteoid width. (E) Osteoid volume. (F)
Osteoblast number. (G) Osteoclast number. (H) Osteoclast surface. NPY overexpression does not alter energy homeostasis or can-
cellous bone volume or cell activity. Data are mean ± SE, n ! 6–7; there were no significant differences between empty and NPY
virus-injected groups.

FIG. 4. Body weight and WAT mass and
leptin after injection of either empty or NPY-
expressing AAV (empty or NPY) in the hy-
pothalamus of wildtype and Y2−/− mice. (A)
Change in body weight. (B) WAT mass. NPY
overexpression leads to a marked increase in
body weight and WAT mass, overcoming the
decrease in WAT by Y2 receptor deletion.
Data are mean ± SE, n ! 4–6; ap < 0.05 vs.
wildtype, bp < 0.05 vs. AAV-empty.
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   In	
  keeping	
  with	
  our	
  previous	
  observations	
  of	
  uninjected	
  mice,	
  cancellous	
  bone	
  volume	
  
was	
  significantly	
  greater	
  in	
  AAV-­‐empty	
  Y2−/−	
  mice	
  compared	
  with	
  AAV-­‐empty	
  wildtype;	
  
however,	
  this	
  difference	
  was	
  abolished	
  by	
  AAV-­‐NPY	
  injection	
  (Fig.	
  5A).	
  This	
  decrease	
  in	
  
cancellous	
  bone	
  volume	
  in	
  AAV-­‐NPY-­‐injected	
  Y2−/−	
  mice	
  was	
  accompanied	
  by	
  significantly	
  
reduced	
  trabecular	
  thickness,	
  whereas	
  AAV-­‐NPY	
  administration	
  to	
  wildtype	
  mice	
  was	
  associated	
  
with	
  significantly	
  increased	
  trabecular	
  number	
  (Figs.	
  5B	
  and	
  5C)	
  that	
  did	
  not	
  induce	
  a	
  significant	
  
rise	
  in	
  cancellous	
  bone	
  volume.	
  	
  	
  
	
   Osteoblast	
  activity	
  was	
  estimated	
  using	
  osteoid	
  parameters.	
  Consistent	
  with	
  the	
  greater	
  
cancellous	
  bone	
  volume,	
  osteoid	
  width	
  in	
  AAV-­‐empty	
  injected	
  mice	
  was	
  2-­‐fold	
  greater	
  in	
  Y2−/−	
  
than	
  wildtype	
  mice	
  (Fig.	
  5D),	
  AAV-­‐NPY	
  significantly	
  reduced	
  osteoid	
  width	
  in	
  both	
  wildtype	
  and	
  
Y2−/−	
  groups.	
  Importantly,	
  however,	
  osteoid	
  width	
  and	
  thus	
  osteoblast	
  activity(16)	
  remained	
  
greater	
  in	
  Y2−/−	
  compared	
  with	
  wildtype	
  animals	
  in	
  both	
  AAV-­‐NPY-­‐injected	
  and	
  AAV-­‐empty-­‐
injected	
  groups.	
  Similarly,	
  osteoid	
  volume	
  in	
  Y2−/−	
  was	
  significantly	
  greater	
  than	
  wildtype	
  in	
  
both	
  AAV-­‐empty	
  and	
  AAV-­‐NPY	
  groups,	
  respectively	
  (Fig.	
  5E).	
  There	
  were	
  no	
  significant	
  effects	
  of	
  
genetic	
  or	
  viral	
  treatment	
  on	
  osteoblast	
  or	
  osteoclast	
  number	
  (Figs.	
  5F	
  and	
  5G).	
  Osteoclast	
  
surface,	
  however,	
  was	
  significantly	
  elevated	
  in	
  AAV-­‐NPY	
  Y2−/−	
  mice	
  compared	
  with	
  AAV-­‐empty	
  
Y2−/−	
  mice,	
  with	
  no	
  difference	
  observed	
  in	
  wildtype	
  groups	
  (Fig.	
  5H).	
  
	
  

DISCUSSION	
  
	
  

	
   Leptin	
  and	
  Y2	
  receptors	
  are	
  coexpressed	
  on	
  neurons	
  of	
  the	
  hypothalamus,	
  and	
  there	
  is	
  
clear	
  evidence	
  that	
  both	
  receptors	
  mediate	
  regulatory	
  circuits	
  that	
  inhibit	
  bone	
  formation.	
  (1,	
  2)	
  
This	
  study	
  examined	
  the	
  relationship	
  between	
  these	
  leptin-­‐sensitive	
  and	
  Y2	
  receptor-­‐mediated	
  
bone	
  responses	
  in	
  mice.	
  In	
  the	
  presence	
  of	
  normal	
  levels	
  of	
  leptin,	
  as	
  in	
  Y2−/−	
  mice,	
  osteoblastic	
  
function	
  was	
  regulated	
  through	
  a	
  Y2-­‐dependent	
  circuit,	
  with	
  lack	
  of	
  Y2	
  receptor	
  activity	
  
consistently	
  associated	
  with	
  elevated	
  bone	
  formation.	
  At	
  the	
  high	
  leptin	
  levels	
  induced	
  by	
  viral	
  
overexpression	
  of	
  NPY,	
  the	
  distinction	
  between	
  the	
  leptin-­‐	
  and	
  Y2-­‐regulated	
  pathways	
  was	
  
enhanced,	
  with	
  osteoblast	
  activity	
  suppressed	
  by	
  NPY	
  overexpression	
  and	
  concomitant	
  leptin	
  
elevation	
  but	
  stimulated	
  by	
  lack	
  of	
  Y2	
  activity.	
  Conversely,	
  in	
  the	
  absence	
  of	
  leptin,	
  as	
  in	
  ob/ob	
  
mice,	
  the	
  leptin-­‐	
  and	
  Y2-­‐mediated	
  anabolic	
  pathways	
  could	
  not	
  be	
  distinguished	
  (i.e.,	
  bone	
  
formation	
  was	
  enhanced	
  in	
  the	
  ob/ob	
  mice	
  and	
  concurrent	
  deletion	
  of	
  Y2	
  receptor	
  did	
  not	
  
further	
  elevate	
  osteoblast	
  function).	
  Elevated	
  hypothalamic	
  NPY	
  levels	
  were	
  a	
  common	
  feature	
  of	
  
all	
  anabolic	
  models.	
  Reduction	
  of	
  osteoblast	
  activity	
  by	
  leptin	
  in	
  the	
  NPY	
  overexpression	
  model	
  
occurred	
  despite	
  the	
  constitutively	
  high	
  NPY,	
  suggesting	
  that	
  the	
  leptin	
  anti-­‐osteogenic	
  pathway	
  
is	
  not	
  mediated	
  by	
  increased	
  hypothalamic	
  expression	
  of	
  NPY.	
  Importantly,	
  the	
  consistent	
  
stimulation	
  of	
  osteoblast	
  activity	
  after	
  loss	
  of	
  Y2	
  signaling,	
  despite	
  suppression	
  of	
  osteoblast	
  
activity	
  by	
  increasing	
  leptin	
  levels,	
  indicates	
  that	
  the	
  pathway	
  by	
  which	
  the	
  Y2	
  receptor	
  regulates	
  
bone	
  formation	
  is	
  functionally	
  distinct	
  from	
  the	
  leptin	
  anti-­‐osteogenic	
  pathway.	
  
	
   The	
  effect	
  of	
  leptin	
  deficiency	
  on	
  Y2−/−-­‐mediated	
  control	
  of	
  osteoblast	
  function	
  was	
  
evaluated	
  by	
  crossing	
  Y2−/−	
  and	
  leptin-­‐deficient	
  ob/ob	
  mice.	
  Interestingly,	
  the	
  cancellous	
  bone	
  
volumes	
  of	
  ob/ob	
  and	
  Y2−/−ob/ob	
  models	
  were	
  indistinguishable	
  from	
  one	
  another	
  but	
  reduced	
  
compared	
  with	
  Y2−/−	
  mice.	
  This	
  reduction,	
  however,	
  was	
  associated	
  with	
  greater	
  bone	
  
resorption	
  in	
  the	
  ob/ob	
  and	
  Y2−/−ob/ob	
  models,	
  consistent	
  with	
  their	
  hypogonadal	
  status	
  
relative	
  to	
  wildtype	
  or	
  Y2−/−	
  mice.	
  (3,	
  15)	
  More	
  importantly,	
  parameters	
  of	
  osteoblast	
  function	
  
were	
  not	
  different	
  between	
  all	
  three	
  anabolic	
  models,	
  indicating	
  that	
  deletion	
  of	
  Y2	
  receptor	
  
signaling	
  did	
  not	
  convey	
  additional	
  osteoblastic	
  stimulation	
  in	
  the	
  absence	
  of	
  leptin.	
  The	
  
comparable	
  elevation	
  of	
  osteoblast	
  activity	
  in	
  Y2−/−,	
  ob/ob,	
  and	
  Y2−/−ob/ob	
  mice	
  is	
  associated	
  
with	
  similar	
  neuropeptide	
  changes	
  in	
  the	
  hypothalamic	
  regions	
  of	
  these	
  mice,	
  most	
  notably	
  a	
  
significant	
  increase	
  in	
  NPY	
  expression.	
  (3,	
  5,	
  6)	
  Central	
  leptin	
  signaling	
  inhibits	
  NPY	
  production	
  
in	
  leptin-­‐responsive	
  NPYergic	
  hypothalamic	
  neurons.	
  (17)	
  Furthermore,	
  Y2	
  receptors,	
  abundant	
  
on	
  these	
  NPY	
  neurons,	
  also	
  inhibit	
  production	
  of	
  NPY.	
  (18)	
  Therefore,	
  a	
  lack	
  of	
  either	
  leptin	
  or	
  Y2	
  
signaling	
  would	
  result	
  in	
  increased	
  hypothalamic	
  NPY,	
  as	
  observed	
  in	
  both	
  ob/ob	
  and	
  
Y2−/−ob/ob	
  leptin-­‐deficient	
  models(3,	
  5)	
  and	
  in	
  both	
  germline(6)	
  and	
  hypothalamus-­‐specific	
  
Y2−/−	
  models.	
  (2)	
  The	
  comparable	
  level	
  of	
  osteoblast	
  activity	
  in	
  these	
  models	
  suggests	
  that	
  the	
  
hypothalamic	
  elevation	
  of	
  NPY	
  and	
  not	
  the	
  absence	
  of	
  leptin	
  or	
  Y2	
  signaling,	
  per	
  se,	
  may	
  be	
  a	
  
critical	
  determinant	
  in	
  the	
  observed	
  increases	
  in	
  osteoblast	
  function.	
  Alternately,	
  considering	
  the	
  
possibility	
  that	
  distinct	
  osteoblast	
  stimulatory	
  pathways	
  may	
  be	
  activated	
  by	
  leptin	
  deficiency	
  
and	
  Y2	
  deletion,	
  the	
  lack	
  of	
  additive	
  effects	
  in	
  the	
  Y2−/−ob/ob	
  compound	
  mutant	
  model	
  may	
  
indicate	
  the	
  involvement	
  of	
  a	
  shared	
  osteoblast	
  regulatory	
  system.	
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   To	
  address	
  these	
  hypotheses,	
  experimental	
  elevation	
  of	
  hypothalamic	
  NPY	
  by	
  injection	
  
of	
  NPY-­‐expressing	
  recombinant	
  virus	
  into	
  wildtype	
  and	
  Y2−/−	
  mice	
  achieved	
  concurrent	
  
elevation	
  of	
  leptin	
  and	
  hypothalamic	
  NPY	
  signaling.	
  Although	
  removed	
  from	
  normal	
  
physiological	
  regulation	
  using	
  this	
  constitutive	
  expression	
  system,	
  NPY	
  effects	
  on	
  energy	
  
homeostasis	
  were	
  in	
  keeping	
  with	
  characteristic	
  responses,	
  notably	
  increased	
  body	
  weight,	
  
adiposity(8,	
  9)	
  and,	
  in	
  turn,	
  elevated	
  circulating	
  leptin	
  levels.	
  (19)	
  The	
  speed	
  and	
  magnitude	
  of	
  
the	
  change	
  in	
  body	
  weight	
  indicated	
  the	
  potency	
  of	
  these	
  hypothalamic	
  pathways	
  and	
  made	
  
possible	
  the	
  relatively	
  brief	
  study	
  design,	
  thereby	
  reducing	
  the	
  potential	
  for	
  development	
  of	
  
central	
  leptin	
  resistance.	
  (18)	
  The	
  surprising	
  result	
  of	
  stable	
  bone	
  volume	
  in	
  the	
  wildtype	
  AAV-­‐
NPY	
  mice	
  despite	
  such	
  significant	
  decreases	
  in	
  parameters	
  of	
  osteoblast	
  function	
  may	
  relate	
  to	
  
this	
  short	
  experimental	
  duration	
  compared	
  with	
  a	
  previous	
  study	
  in	
  which	
  loss	
  of	
  bone	
  followed	
  
more	
  prolonged	
  NPY	
  infusion.	
  (1)	
  
	
   The	
  reduction	
  in	
  osteoblast	
  activity	
  with	
  increased	
  leptin	
  and	
  NPY	
  levels	
  in	
  AAV-­‐NPY-­‐
injected	
  mice	
  is	
  consistent	
  with	
  a	
  central	
  anti-­‐osteogenic	
  action	
  of	
  leptin	
  in	
  cancellous	
  bone.	
  (20)	
  
This	
  is	
  evident	
  in	
  the	
  decrease	
  in	
  osteoblast	
  activity	
  from	
  the	
  leptin-­‐deficient	
  ob/ob	
  mice	
  to	
  the	
  
normal	
  leptin	
  wildtypes	
  and	
  the	
  further	
  decrease	
  in	
  the	
  high	
  leptin	
  wildtype	
  AAV-­‐NPY	
  mice.	
  
Notably,	
  in	
  contrast	
  to	
  this	
  consistent	
  relationship	
  between	
  leptin	
  and	
  osteoblast	
  function,	
  
hypothalamic	
  NPY	
  levels	
  are	
  not	
  consistently	
  changed	
  across	
  these	
  models,	
  with	
  high	
  
hypothalamic	
  NPY	
  in	
  both	
  ob/ob	
  and	
  AAV-­‐NPY	
  models,	
  suggesting	
  that	
  NPY	
  does	
  not	
  regulate	
  the	
  
leptin	
  anti-­‐osteogenic	
  pathway.	
  NPY	
  activity	
  can	
  not	
  be	
  definitively	
  ruled	
  out	
  of	
  the	
  Y2−/−	
  
pathway,	
  however,	
  with	
  high	
  NPY	
  levels,	
  a	
  consistent	
  feature	
  in	
  all	
  Y2-­‐deficient	
  models	
  studied	
  to	
  
date.	
  It	
  is	
  interesting	
  to	
  note	
  that	
  NPY−/−	
  mice	
  lack	
  a	
  bone	
  phenotype,	
  (7)	
  which	
  has	
  been	
  taken	
  
as	
  evidence	
  for	
  a	
  lack	
  of	
  a	
  role	
  in	
  bone.	
  This	
  lack	
  of	
  response	
  induced	
  by	
  a	
  reduction	
  in	
  NPY	
  in	
  
both	
  bone	
  and	
  adipose(8)	
  is	
  reminiscent	
  of	
  the	
  actions	
  of	
  agouti-­‐related	
  protein,	
  another	
  
neuropeptide	
  expressed	
  in	
  the	
  hypothalamus,	
  which	
  induces	
  obesity	
  in	
  transgenic	
  mice,	
  with	
  no	
  
effect	
  in	
  knockout	
  models.	
  (21)	
  Thus,	
  it	
  may	
  be	
  that	
  bone	
  does	
  not	
  respond	
  to	
  NPY	
  reduction	
  but	
  
rather	
  to	
  NPY	
  increase	
  alone.	
  
	
   Despite	
  the	
  decrease	
  in	
  osteoblast	
  activity	
  in	
  both	
  AAV-­‐NPY-­‐injected	
  groups,	
  osteoid	
  
width	
  and	
  volume	
  remained	
  significantly	
  greater	
  in	
  Y2−/−	
  animals	
  compared	
  with	
  wildtype.	
  
Thus,	
  a	
  lack	
  of	
  Y2	
  signaling	
  was	
  associated	
  with	
  a	
  stimulation	
  of	
  osteoblast	
  activity,	
  even	
  in	
  the	
  
presence	
  of	
  increased	
  serum	
  leptin	
  levels	
  and	
  high	
  central	
  NPYergic	
  tonus.	
  Similarly,	
  in	
  the	
  
Y2−/−	
  model,	
  bone	
  formation	
  was	
  stimulated	
  in	
  association	
  with	
  high	
  central	
  NPYergic	
  tonus	
  but	
  
normal	
  serum	
  leptin	
  levels.	
  Taken	
  together,	
  these	
  findings	
  reveal	
  a	
  pathway	
  modulated	
  by	
  Y2	
  
receptors	
  acting	
  to	
  stimulate	
  osteoblast	
  activity	
  distinct	
  from	
  leptin.	
  Whereas	
  circulating	
  leptin	
  
levels	
  clearly	
  influence	
  the	
  baseline	
  ambient	
  osteoblast	
  activity	
  on	
  which	
  the	
  Y2	
  pathway	
  acts,	
  
once	
  stimulated,	
  the	
  Y2-­‐mediated	
  pathway	
  is	
  independent	
  of	
  leptin.	
  Furthermore,	
  the	
  absence	
  of	
  
leptin	
  seems	
  to	
  influence	
  the	
  Y2	
  pathway	
  in	
  a	
  different	
  manner.	
  The	
  lack	
  of	
  additive	
  effects	
  in	
  
Y2−/−ob/ob	
  mice,	
  despite	
  the	
  stimulation	
  seen	
  in	
  other	
  Y2−/−	
  models,	
  suggests	
  several	
  
possibilities.	
  A	
  permissive	
  level	
  of	
  leptin	
  may	
  be	
  necessary	
  for	
  activation	
  of	
  the	
  Y2-­‐dependent	
  
anabolic	
  pathway	
  to	
  be	
  detected,	
  or	
  both	
  pathways	
  may	
  share	
  a	
  similar	
  feedback	
  mechanism	
  that	
  
acts	
  to	
  control	
  the	
  levels	
  of	
  cancellous	
  bone	
  formation.	
  However,	
  the	
  synergistic	
  increase	
  in	
  bone	
  
volume	
  in	
  the	
  previously	
  published	
  Y2−/−Y4−/−	
  model	
  that	
  has	
  significantly	
  greater	
  cancellous	
  
bone	
  volume	
  compared	
  with	
  the	
  Y2−/−	
  model	
  shows	
  that	
  greater	
  increases	
  in	
  bone	
  accretion	
  are	
  
possible	
  and	
  indicates	
  that	
  the	
  former	
  may	
  be	
  the	
  case.	
  In	
  terms	
  of	
  the	
  role	
  central	
  NPYergic	
  
tonus	
  has	
  on	
  the	
  activity	
  of	
  this	
  Y2-­‐dependent	
  pathway,	
  the	
  reduction	
  of	
  osteoblast	
  activity	
  in	
  the	
  
high	
  NPY	
  AAV-­‐NPY-­‐injected	
  groups	
  indicates	
  that	
  elevation	
  in	
  NPY	
  in	
  the	
  hypothalamus	
  is	
  not	
  
expressly	
  associated	
  with	
  enhanced	
  osteoblast	
  activity.	
  Again,	
  the	
  greater	
  osteoblast	
  activity	
  in	
  
Y2−/−	
  AAV-­‐NPY	
  mice	
  compared	
  with	
  wildtype	
  AAV-­‐NPY	
  mice	
  occurred	
  under	
  elevated	
  NPY	
  
conditions;	
  thus,	
  as	
  with	
  previous	
  models,	
  NPY	
  activity	
  can	
  not	
  be	
  excluded	
  from	
  the	
  Y2−/−	
  
pathway.	
  
	
   This	
  study	
  indicates	
  the	
  presence	
  of	
  and	
  distinct	
  actions	
  resulting	
  from	
  the	
  leptin-­‐	
  and	
  
Y2-­‐dependent	
  circuits	
  in	
  the	
  hypothalamus.	
  In	
  terms	
  of	
  the	
  ambient	
  level	
  of	
  osteoblast	
  activity	
  in	
  
these	
  models,	
  bone	
  formation	
  seems	
  to	
  be	
  inhibited	
  by	
  leptin	
  as	
  serum	
  levels	
  of	
  this	
  hormone	
  
increase.	
  In	
  contrast,	
  the	
  pathway	
  stimulated	
  by	
  loss	
  of	
  Y2	
  signaling	
  seems	
  to	
  be	
  purely	
  
stimulatory,	
  elevating	
  osteoblast	
  activity	
  by	
  ∼2-­‐fold.	
  Thus,	
  at	
  increased	
  leptin	
  levels,	
  these	
  two	
  
pathways	
  act	
  in	
  opposition.	
  Whereas	
  the	
  Y2−/−	
  pathway	
  involved	
  in	
  this	
  regulation	
  is	
  likely	
  to	
  
involve	
  the	
  sympathetic	
  nervous	
  system,	
  (22)	
  an	
  indirect	
  pathway,	
  although	
  unlikely	
  based	
  on	
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current	
  experimental	
  data,	
  cannot	
  be	
  absolutely	
  ruled	
  out.	
  
	
   In	
  summary,	
  both	
  Y2-­‐	
  and	
  leptin-­‐regulated	
  pathways	
  modulate	
  osteoblast	
  activity	
  in	
  the	
  
cancellous	
  bone	
  of	
  the	
  distal	
  femur.	
  The	
  leptin	
  pathway	
  acts	
  both	
  to	
  stimulate	
  bone	
  formation	
  
when	
  serum	
  leptin	
  levels	
  are	
  absent	
  and	
  to	
  suppress	
  bone	
  formation	
  when	
  present	
  in	
  excess,	
  
independent	
  of	
  central	
  NPY	
  tonus.	
  In	
  contrast,	
  the	
  pathway	
  activated	
  by	
  Y2	
  deletion	
  functions	
  
only	
  to	
  stimulate	
  osteoblasts,	
  and	
  to	
  date,	
  has	
  been	
  observed	
  only	
  when	
  hypothalamic	
  NPY	
  is	
  
elevated.	
  Under	
  normal	
  physiological	
  conditions,	
  with	
  leptin	
  present,	
  a	
  lack	
  of	
  Y2	
  receptor	
  
signaling	
  acts	
  to	
  increase	
  osteoblast	
  activity	
  2-­‐fold.	
  The	
  Y2-­‐mediated	
  increase	
  is	
  evident	
  
independent	
  of	
  the	
  serum	
  leptin	
  concentration.	
  However,	
  in	
  the	
  absence	
  of	
  leptin,	
  these	
  two	
  
pathways	
  are	
  not	
  additive,	
  suggesting	
  that	
  a	
  permissive	
  level	
  of	
  leptin	
  may	
  be	
  necessary	
  for	
  
activation	
  of	
  the	
  Y2-­‐dependent	
  anabolic	
  pathway.	
  In	
  conclusion,	
  the	
  pathways	
  whereby	
  serum	
  
leptin	
  and	
  Y2	
  receptors	
  influence	
  osteoblast	
  activity	
  seem	
  to	
  be	
  both	
  common	
  and	
  distinct	
  
components	
  and	
  likely	
  represent	
  alternate	
  but	
  related	
  mechanisms.	
  These	
  findings	
  support	
  Y2-­‐
regulated	
  pathway	
  as	
  a	
  novel	
  target	
  for	
  anabolic	
  bone	
  therapy.	
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