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Abstract	  	  
	  
Aims/hypothesis.	  	  Hypothalamic	  neuropeptide	  Y	  is	  implicated	  in	  the	  aetiology	  of	  obesity	  
and	  insulin	  resistance	  because	  of	  its	  hyperinsulinaemic,	  hyperphagic	  effects.	  We	  
investigated	  the	  interaction	  of	  adrenal	  glucocorticoids	  and	  the	  parasympathetic	  nervous	  
system	  in	  the	  hyperinsulinaemia	  caused	  by	  neuropeptide	  Y	  infusion	  in	  rats.	  
Methods.	  	  Neuropeptide	  Y	  was	  intracerebroventricuarly	  given	  to	  normal	  or	  
adrenalectomised	  rats	  for	  3-‐6	  days	  with	  pair-‐feeding,	  with	  or	  without	  subcutaneous	  
dexamethasone	  infusion.	  We	  measured	  basal	  and	  intravenous	  glucose-‐induced	  
insulinaemia	  and	  the	  effect	  of	  prior	  atropine	  injection.	  	  
Results.	  Neuropeptide	  Y	  increased	  basal	  plasma	  insulin	  and	  C-‐peptide	  concentrations	  
(380	  ± ︎	  90	  and	  1000	  ±	  60	  pmol/l,	  vs190	  ±	  20	  and	  590±50	  pmol/lin	  controls,	  p	  <	  0.05).	  
Neuropeptide	  Y	  also	  increased	  the	  plasma	  concentrations	  of	  these	  hormones	  as	  early	  as	  
60	  s	  after	  glucose	  injection	  (1630	  ±	  170	  and	  3200	  ±	  170	  pmol/l	  for	  insulin	  and	  C	  
peptide,	  respectively,	  vs	  1080	  ±	  80	  and	  1860	  ±	  130	  pmol/l	  in	  controls,	  p	  <	  0.05).	  
Atropine	  reversed	  the	  effect	  of	  neuropeptide	  Y	  on	  basal	  plasma	  insulin	  and	  C-‐peptide	  
concentrations	  but	  had	  no	  effect	  on	  post-‐glucose	  plasma	  concentrations.	  The	  
hyperinsulinaemic	  effects	  of	  neuropeptide	  Y	  were	  prevented	  by	  adrenalectomy,	  but	  
were	  restored	  by	  dexamethasone	  infusion.	  Dexamethasone	  in	  itself	  did	  not	  statistically	  
significantly	  increase	  insulinaemia	  in	  adrenalectomised	  rats.	  As	  in	  intact	  rats,	  atropine	  
attenuated	  the	  basal	  hyperinsulinaemia	  of	  adrenalectomised	  rats	  that	  had	  been	  infused	  
with	  neuropeptide	  Y	  and	  dexamethasone	  but	  had	  no	  effect	  on	  post-‐glucose	  
hyperinsulinaemia.	  	  
Conclusion/interpretation.	  These	  data	  suggest	  firstly	  that	  neuropeptide	  Y	  infused	  
centrally	  induces	  basal	  hyperinsulinaemia	  in	  rats	  through	  glucocorticoid-‐dependant	  
parasympathetic	  activation	  to	  the	  pancreas.	  Secondly,	  neuropeptide	  Y	  potentiates	  
glucose-‐induced	  insulinaemia	  through	  a	  pathway	  dependant	  on	  adrenal	  glucocorticoids	  
that	  cannot	  be	  reversed	  by	  short-‐term	  blockade	  of	  the	  increased	  parasympathetic	  tonus.	  	  
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Neuropeptide	  Y	  (NPY)	  is	  one	  of	  several	  neuropeptides	  involved	  in	  body	  energy	  
homeostasis	  through	  actions	  within	  the	  hypothalamus.	  It	  could	  contribute	  to	  the	  
development	  of	  obesity	  and	  insulin	  resistance	  when	  hypothalamic	  concentrations	  
remain	  high.	  High	  hypothalamic	  NPY-‐ergic	  activity	  has	  been	  reported	  in	  rodent	  genetic	  
obesity	  syndromes	  [1-‐4],	  in	  which	  the	  leptin	  or	  leptin	  receptor	  gene	  is	  not	  functional	  [5,	  
6].	  In	  these	  rodents,	  the	  lack	  of	  leptin-‐mediated	  inhibition	  of	  NPY	  expression	  and	  
secretion	  [1]	  is	  thought	  to	  be	  responsible	  for	  the	  associated	  increase	  in	  brain	  NPY	  
expression.	  Although	  other	  peptides	  could	  be	  involved,	  further	  evidence	  suggests	  that	  
NPY	  has	  a	  causative	  role	  in	  the	  aetiology	  of	  obesity	  because	  central	  infusion	  of	  
exogenous	  NPY	  to	  normal	  rodents	  leads	  to	  defects	  characteristic	  of	  obesity	  including	  
hyperphagia,	  accelerated	  body	  weight	  gain,	  hypercorticosteronaemia,	  
hyperinsulinaemia,	  muscle	  insulin	  resistance	  and	  increased	  triglyceride	  storage	  in	  white	  
adipose	  tissue	  [7-‐13].	  These	  hormonal	  and	  metabolic	  perturbations	  are	  present	  even	  
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when	  NPY-‐induced	  hyperphagia	  is	  prevented	  [8,	  9,	  13],	  showing	  that	  hyperphagia	  is	  not	  
necessary	  for	  central	  NPY	  to	  produce	  its	  obesity-‐like	  effects.	  Neuropeptide	  Y	  most	  
probably	  regulates	  body	  adiposity	  in	  concert	  with	  other	  important	  hypothalamic	  
peptides,	  such	  as	  agouti-‐related	  peptide,	  alpha	  melanocyte	  stimulating	  hormone	  and	  
corticotropin	  releasing	  hormone	  [14].	  	  

Because	  central	  NPY	  could	  be	  involved	  in	  the	  pathogenesis	  of	  insulin	  resistance	  
and	  obesity,	  and	  hyperinsulinaemia	  is	  probably	  a	  causative	  factor	  in	  the	  metabolic	  
defects	  of	  obesity	  and	  the	  associated	  Type	  II	  (non-‐insulin-‐dependent)	  diabetes	  mellitus	  
[15-‐17]	  and	  could	  contribute	  to	  overeating	  [18],	  we	  wished	  to	  understand	  the	  
mechanisms	  by	  which	  central	  infusion	  of	  NPY	  leads	  to	  systemic	  hyperinsulinaemia.	  	  
	   It	  was	  previously	  shown	  that	  adrenalectomy	  prevented	  development	  of	  basal	  
hyperinsulinaemia	  and	  the	  associated	  obese	  and	  insulin	  resistant	  syndrome	  induced	  by	  
long-‐term	  central	  NPY	  infusion	  in	  rats	  [19,	  20].	  Furthermore,	  prior	  vagotomy	  totally	  
prevented	  development	  of	  the	  basal	  and	  substrate-‐induced	  hyperinsulinaemia	  caused	  
by	  long-‐term	  central	  NPY	  infusion	  [13],	  indicating	  that	  central	  NPY	  increases	  
insulinaemia	  in	  rats	  by	  activation	  of	  the	  vagus	  nerve.	  Because	  both	  of	  these	  procedures	  
(adrenalectomy	  and	  vagotomy)	  completely	  block	  NPY-‐induced	  hyperinsulinaemia,	  it	  is	  
possible	  that	  both	  interventions	  are	  acting	  on	  a	  common	  pathway.	  	  
	   The	  aim	  of	  this	  work	  was	  to	  test	  the	  hypothesis	  that	  adrenal	  glucocorticoids	  are	  
necessary	  for	  the	  hyperinsulinaemic	  effects	  of	  central	  NPY	  because	  they	  permit	  NPY-‐
induced	  activation	  of	  parasympathetic	  efferent	  (vagal)	  fibres	  to	  the	  pancreas.	  To	  explore	  
this	  possibility,	  we	  examined	  the	  insulinaemic	  responses	  to	  3-‐6	  days	  of	  
intracerebroventricular	  (ICV)	  NPY	  infusion	  in	  control	  rats,	  adrenalectomised	  rats	  and	  
adrenalectomised	  rats	  that	  had	  received	  replacement	  glucocorticoid	  in	  the	  form	  of	  
subcutaneous	  dexamethasone	  infusion.	  The	  contribution	  of	  parasympathetic	  activation	  
to	  hyperinsulinaemia	  was	  investigated	  in	  these	  groups	  of	  rats	  by	  injection	  of	  atropine	  
methyl	  nitrate,	  which	  blocks	  muscarinic	  receptors	  in	  the	  peripheral	  but	  not	  the	  central	  
nervous	  system	  [21].	  	  

Materials and methods  

Animals. Procedures were approved by the Animal Experimentation Ethics Committee of the 
Garvan Institute and St Vincent's Hospital and are in keeping with the National Health and 
Medical Research Council of Australia's guidelines on animal experimentation. Male Wistar 
rats (Animal Resources Centre, Perth, Australia) were housed under conditions of controlled 
temperature (23°C) and illumination (0600-1800hours) on sawdust bedding. They were 
allowed free access to standard laboratory chow (Norco Stockfeeds, South Lismore, 
Australia) and water, unless otherwise stated.  

Placement of long-term ICV and jugular cannulae in normal rats.  At 11 weeks of age (body 
weight 384 ± 3 g, n = 16) rats were anaesthetised with intraperitoneal ketamine and xylazine 
(60 mg/kg and 10 mg/kg, Parke-Davis, Australia and Bayer, Leverkusen, Switzerland) for 
cannulation of the right lateral cerebral ventricle [22] and jugular vein. Rats received 
intramuscular procaine penicillin and benzathine penicillin (45 mg/kg and 35 mg/kg, 
Duplocillin, Intervet, Sydney, Australia) and subcutaneous analgesic (Temgesic, 25 mg/kg, 
Reckitt and Coleman, Hull, UK) and were left to recover pre-surgery weights (7-10 days) in 
individual cages, with daily handling. The drinking response to ICV injection of angiotensin 
II (25 ng in 5 µl saline, Auspep, Melbourne, Australia) was tested. Only rats that drank 
approximately 8 mls or more in the 30 min after injection ( ~ 90 % of the animals) were used 
for further studies.  

Long-term ICV infusion of NPY in normal rats.  At 12-13 weeks of age, rats were 
anaesthetised by halothane for implantation of subcutaneous osmotic minipumps (model 
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2001, Alza, Palo Alto, Calif., USA) for ICV infusion of porcine NPY (15 µg/day, Auspep, 
Melbourne, Australia) or vehicle (0.04 mol/l phosphate-buffered saline, pH 7.4, with 0.2 % 
bovine serum albumin and 0.01 % ascorbic acid) [22]. These two groups of rats were 
abbreviated as normal + vehicle (330 ± 7 g) and normal + NPY (334 ± 6 g, n = 8 rats per 
group, NS). To prevent NPY-induced hyperphagia, all animals were given and consumed 32 
g/day of chow, which is the amount they ate spontaneously before NPY infusion.  

Measurement of basal and glucose-stimulated insulin and C- peptide plasma concentrations 
in normal rats.  The effect of atropine methyl nitrate (1.0 mg/kg, Sigma, St Louis, Mo., USA) 
to block muscarinic stimulation of insulin release was verified in pilot studies (n = 6). 
Intravenous carbachol injection (0.033 mg/kg) increased insulinaemia from 290 ± 30 pmol/l 
to 1360 ± 160 pmol/l 10 min after injection (p < 0.001). This effect was prevented by bolus 
intravenous injection of atropine 20 min before the carbachol injection (170 ± 30 pmol/l, 
p<0.001 vs carbachol, p>0.05 vs basal). Experiments in ICV-infused rats were commenced 
between 1030 and 1200 hours, 2 to 3 h after removal of food. After 3-4 days of ICV infusion, 
rats were connected to an extension cannula to enable blood sampling in the freely moving 
state. A basal blood sample was taken and an intravenous glucose bolus was injected (300 
mg/kg), followed by removal of blood samples for 20 min. Erythrocytes were returned to the 
animal. After 2 days of recovery the above procedure was repeated but atropine (1.0 mg/kg) 
was intravenously injected as a bolus 20 min before the glucose injection (normal + vehicle + 
atropine; normal + NPY + atropine). An additional basal sample was taken immediately 
before atropine injection. All plasma samples were stored at -20 °C until assay. Incremental 
areas under the insulin and C-peptide curves were calculated (by subtracting baseline values) 
between zero and 5 min after glucose injection and referred to as glucose-stimulated 
incremental insulin or C-peptide concentrations.  

Experiments with adrenalectomised rats.  Rats were bilaterally adrenalectomised at 10-11 
weeks of age (body weight 358 ± 3g, n = 36) under ketamin and xylazine anaesthesia. Rats 
were given a local analgesic subcutaneously (Marcaine, 5 mg/kg, Astra Pharmaceuticals, 
North Ryde, Australia) and allowed to recover pre-surgery weights (7-10 days). Drinking 
water was supplemented with 0.9% NaCl. Long-term ICV and jugular cannulae were 
implanted as described for normal rats and a single dose of dexamethasone (25 µg/rat, 
Oradexon, Organon, Pfaffikon, Switzerland) was injected subcutaneously to aid recovery. 
Correct placement of the ICV cannula was verified as described for normal rats. Blood 
samples were taken 10 days after surgery and only rats with negligible plasma corticosterone 
concentrations ( < 25 ng/ml) were used. At 13-14 weeks of age, NPY (15 µg/day) or vehicle 
were ICV infused by osmotic minipump. Half of the rats in each group (NPY-infused or 
vehicle-infused) received an additional minipump for the subcutaneous infusion of 
dexamethasone (DEX) at 7.5 µg ⋅ kg-1 ⋅ day-1.   The four groups of adrenalectomised (ADX) 
rats were ADX + vehicle (415 ± 13 g); ADX + NPY (429 ± 16 g); ADX + DEX (398 ± 12 g); 
ADX + NPY + DEX (412 ± 11 g, n = 4-7 rats per group, NS). All animals were given and 
consumed 32 g/day of chow, an amount equivalent to their spontaneous food intake measured 
before infusion. After 3-4 days of ICV infusion, basal and glucose-stimulated insulinaemia 
were measured as for normal rats. After 2 days of recovery this procedure was repeated, with 
bolus intravenous injection of atropine methyl nitrate (1.0 mg/kg) 20 min before glucose.  

Plasma hormone and metabolite measurements. Plasma glucose concentrations were 
determined with the Trace Scientific (Melbourne, Australia) glucose oxidase method and 
plasma insulin and C-peptide concentrations were assayed with Linco Research (St Louis, 
Mo., USA) radioimmunoassay kits. Corticosteronaemia was measured with a 
radioimmunoassay kit from ICN Biomedicals (Costa Mesa, Calif., USA).  
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Statistical analysis. For all statistical analyses, p less than 0.05 was accepted as being 
statistically significant. Results were assessed by one-way ANOVA, one-way ANOVA with 
repeated measures or by three-way ANOVA as appropriate, followed by Fisher's post-hoc 
tests, using StatView version 4.5 (Abacus Concepts, Calif., USA).  

Results  

Effect	  of	  muscarinic	  blockade	  on	  NPY-‐induced	  hyperinsulinaemia	  in	  normal	  rats.	  Basal	  
plasma	  concentrations	  of	  insulin	  and	  C-‐peptide	  were	  significantly	  increased	  in	  normal	  
rats	  infused	  ICV	  with	  NPY	  for	  3	  -‐	  6	  days	  (pair-‐fed	  with	  controls)	  compared	  with	  normal	  
control	  rats	  (Fig.	  1).	  These	  NPY-‐induced	  increases	  returned	  to	  normal	  20	  min	  after	  
intravenous	  atropine	  injection.	  Atropine	  itself	  did	  not	  affect	  the	  basal	  plasma	  insulin	  and	  
C-‐peptide	  concentrations	  of	  normal	  rats	  infused	  with	  vehicle	  (Fig.	  1).	  There	  was	  no	  
difference	  in	  glycaemia	  between	  normal	  +	  vehicle	  and	  normal	  +	  NPY-‐infused	  rats	  (Table	  
1)	  nor	  did	  atropine	  have	  any	  effect	  on	  the	  basal	  glycaemia	  of	  these	  rats	  (data	  not	  
shown).	  	  
	  
	   Increases	  in	  plasma	  insulin	  and	  C-‐peptide	  concentrations	  elicited	  by	  intravenous	  
glucose	  injection	  in	  normal	  rats	  were	  further	  significantly	  increased	  by	  NPY	  infusion	  for	  
3-‐6	  days	  in	  rats	  pair-‐fed	  with	  vehicle-‐infused	  control	  rats	  (Fig.	  2).	  This	  NPY-‐induced	  
increase	  reached	  statistical	  significance	  as	  early	  as	  1	  min	  after	  glucose	  injection	  (p	  <	  
0.05	  vs	  normal	  +	  vehicle).	  There	  was	  no	  difference	  in	  glycaemia	  between	  normal	  +	  
vehicle	  and	  normal	  +	  NPY	  rats	  after	  glucose	  injection	  (Table	  1).	  The	  incremental	  areas	  
under	  the	  curves	  from	  Fig.2	  were	  calculated	  between	  0-‐5	  min	  (Table	  2)	  and	  were	  
significantly	  greater	  in	  NPY-‐infused	  than	  in	  vehicle-‐infused	  control	  rats.	  Atropine,	  
injected	  20	  min	  before	  glucose,	  did	  not	  reduce	  the	  enhanced	  incremental	  insulin	  and	  C-‐
peptide	  concentrations	  measured	  in	  normal	  +	  NPY-‐infused	  rats	  nor	  did	  it	  affect	  the	  
glucose-‐induced	  concentrations	  of	  either	  insulin	  or	  C-‐peptide	  in	  normal	  +	  vehicle-‐
infused	  rats.	  Atropine	  had	  no	  effect	  on	  glycaemia	  after	  glucose	  injection	  in	  normal	  +	  
vehicle	  and	  normal	  +	  NPY	  rats	  (data	  not	  shown).	  	  
	  
Effects	  of	  glucocorticoid	  replacement	  and	  muscarinic	  blockade	  on	  NPY-‐induced	  changes	  in	  
insulinaemia	  in	  adrenalectomised	  rats.	  There	  was	  no	  significant	  difference	  in	  basal	  or	  
stimulated	  glucose	  concentrations	  among	  the	  four	  groups	  of	  adrenalectomised	  rats	  used	  
in	  these	  experiments	  (Table	  1).	  Figure	  3	  illustrates	  the	  effects	  of	  3-‐6	  day	  ICV	  NPY	  
infusion	  in	  adrenalectomised	  rats	  (either	  with	  or	  without	  concomitant	  subcutaneous	  
infusion	  of	  dexamethasone)	  on	  basal	  insulinaemia	  and	  on	  glucose-‐stimulated	  
incremental	  insulin	  concentrations.	  Whereas	  giving	  NPY	  to	  normal	  rats	  resulted	  in	  a	  
significant	  basal	  hyperinsulinaemia	  (Fig.1)	  and	  an	  increase	  in	  glucose-‐induced	  insulin	  
concentrations	  (Fig.	  2,	  Table	  2),	  these	  effects	  of	  NPY	  were	  totally	  prevented	  by	  prior	  
adrenalectomy	  (ADX	  +	  NPY,	  Fig.	  3).	  Supplementing	  adrenalectomised	  rats	  with	  
subcutaneous	  dexamethasone	  for	  3-‐6	  days	  restored,	  however,	  the	  ability	  of	  NPY	  to	  
induce	  basal	  and	  glucose-‐induced	  hyperinsulinaemia	  (ADX	  +	  NPY	  +	  DEX)	  relative	  to	  ADX	  
+	  vehicle	  rats	  (Fig.	  3).	  Atropine	  attenuated	  the	  basal	  hyperinsulinaemia	  of	  ADX	  +	  NPY	  +	  
DEX	  rats	  to	  levels	  that	  were	  similar	  to	  ADX	  +	  DEX	  rats	  (Fig.3).	  Atropine	  had	  no	  effect	  on	  
the	  basal	  insulinaemia	  of	  any	  other	  group	  of	  rats	  (data	  not	  shown).	  Although	  there	  was	  a	  
tendency	  towards	  a	  decrease,	  atropine	  did	  not	  significantly	  reduce	  the	  enhanced	  
glucose-‐induced	  integrated	  insulin	  concentrations	  of	  ADX	  +	  NPY	  +	  DEX	  rats	  (Fig.	  3),	  or	  
affect	  any	  the	  other	  groups	  of	  animals	  (data	  not	  shown).	  	  
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Discussion	  	  
	  
The	  aim	  of	  this	  work	  was	  to	  study	  the	  interaction	  between	  adrenal	  glucocorticoids	  and	  
the	  parasympathetic	  nervous	  system	  in	  mediating	  hyperinsulinaemia	  during	  long-‐term	  
central	  (ICV)	  NPY	  infusion	  in	  rats.	  Our	  principal	  findings	  were	  that	  NPY-‐induced	  basal	  
hyperinsulinaemia	  was	  prevented	  by	  adrenalectomy,	  was	  restored	  by	  glucocorticoid	  
supplementation	  and	  could	  be	  subsequently	  reversed	  by	  short-‐term	  parasympathetic	  
blockade	  with	  atropine.	  The	  results	  suggest	  that	  adrenal	  glucocorticoids	  and	  para-‐	  
sympathetic	  activation	  work	  in	  concert	  to	  mediate	  hyperinsulinaemia	  during	  central	  
NPY	  infusion.	  	  
	   It	  was	  reported	  previously	  [9,	  10,	  13]	  that	  ICV	  NPY	  infusion	  for	  several	  days	  in	  
normal	  rats	  (pair-‐fed	  with	  controls	  to	  prevent	  NPY-‐induced	  hyperphagia)	  increased	  
basal	  insulinaemia.	  Such	  hyperinsulinaemia	  could	  be	  mediated	  by	  an	  increase	  in	  insulin	  
secretion	  or	  a	  decrease	  in	  insulin	  clearance	  or	  both.	  Insulin	  clearance	  is	  known	  to	  be	  
altered	  in	  states	  of	  insulin	  resistance	  in	  man	  [23]	  and	  could	  conceivably	  be	  perturbed	  by	  
central	  NPY	  infusion,	  which	  causes	  muscle	  insulin	  resistance	  in	  rats	  [11-‐13].	  For	  these	  
reasons,	  we	  also	  measured	  plasma	  concentrations	  of	  C	  peptide,	  which	  offer	  a	  more	  
accurate	  index	  of	  beta-‐cell	  output	  than	  insulinaemia	  [24].	  That	  basal	  C-‐peptide	  
concentrations	  were	  also	  increased	  by	  ICV	  NPY	  infusion	  in	  this	  study	  suggests	  that	  
central	  NPY	  stimulates	  basal	  insulin	  secretion.	  	  
	   The	  NPY-‐induced	  increases	  in	  basal	  plasma	  insulin	  and	  C-‐peptide	  
concentrations,	  once	  established,	  returned	  completely	  to	  normal	  20	  min	  after	  short-‐
term	  parasympathetic	  muscarinic	  blockade	  with	  atropine.	  In	  support	  of	  our	  data,	  long-‐
term	  vagotomy	  has	  been	  shown	  to	  prevent	  the	  development	  of	  NPY-‐induced	  basal	  
hyperinsulinaemia	  in	  rats	  [13].	  This	  collectively	  suggests	  that	  central	  NPY	  initiates	  and	  
maintains	  increased	  basal	  insulin	  output	  by	  a	  continuous	  increase	  in	  vagal,	  muscarinic	  
tonus	  in	  the	  pancreas.	  	  
	   It	  is	  most	  likely	  that	  NPY	  increases	  actual	  parasympathetic	  output	  to	  the	  
pancreas,	  because	  the	  hyperinsulinaemic	  effect	  of	  NPY	  is	  only	  observed	  after	  central	  but	  
not	  after	  intravenous	  infusion	  [25]	  or	  in	  vitro	  application	  [26,	  27].	  Furthermore,	  other	  
gastro-‐intestinal	  effects	  of	  central	  NPY	  infusion	  can	  be	  prevented	  by	  vagotomy	  or	  
atropine	  [28],	  consistent	  with	  an	  NPY-‐induced	  increase	  in	  parasympathetic	  output	  to	  
the	  gastrointestinal	  tract	  by	  a	  central	  effector	  site.	  	  
	   Our	  data	  show	  that	  several	  days	  of	  central	  NPY	  infusion	  in	  normal	  rats	  
potentiates	  the	  secretion	  of	  insulin	  and	  C	  peptide	  in	  response	  to	  glucose	  stimulation.	  
Previous	  reports	  showed	  that	  long-‐term	  ICV	  NPY	  infusion	  in	  normal	  rats	  potentiated	  
insulinaemia	  measured	  at	  about	  2	  min	  [10]	  and	  the	  incremental,	  integrated	  insulin	  
response	  between	  0	  and	  60	  min	  after	  glucose	  injection	  [13].	  The	  contribution	  of	  possible	  
NPY-‐induced	  changes	  in	  insulin	  clearance	  to	  these	  increases	  in	  insulinaemia	  could	  not,	  
however,	  be	  discounted.	  In	  this	  study,	  the	  incremental	  increase	  in	  plasma	  insulin	  and	  C-‐
peptide	  concentrations	  were	  enhanced	  as	  early	  as	  60	  s	  after	  glucose	  injection	  in	  NPY-‐
infused	  compared	  with	  vehicle-‐infused	  normal	  rats	  and	  we	  conclude	  that	  central	  NPY	  
potentiates	  secretion	  of	  beta-‐cell	  insulin	  products	  in	  response	  to	  intravenous	  glucose	  
injection.	  	  
	   Once	  glucose-‐induced	  insulin	  hypersecretion	  had	  been	  established	  by	  several	  
days	  of	  central	  NPY	  infusion,	  it	  could	  not	  be	  reversed	  by	  short-‐term	  parasympathetic,	  
muscarinic	  blockade,	  indicating	  that	  it	  was	  mediated	  by	  different	  mechanisms	  to	  those	  
eliciting	  basal	  hyperinsulinaemia.	  One	  possible	  explanation	  is	  that	  exposure	  of	  
pancreatic	  islets	  to	  high	  parasympathetic	  tonus	  during	  ICV	  NPY	  infusion	  primes	  the	  beta	  
cells	  to	  glucose	  stimulation,	  even	  after	  parasympathetic	  input	  has	  been	  abolished	  by	  
atropine.	  Such	  carbachol-‐induced	  glucose	  sensitisation	  has	  been	  shown	  in	  isolated	  islets	  
for	  up	  to	  45	  min	  after	  removal	  of	  cholinergic	  agonists	  from	  the	  perifusion	  medium	  [29].	  
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This	  mechanism	  is	  also	  consistent	  with	  a	  previous	  finding	  that	  bilateral	  vagotomy	  before	  
long-‐term	  ICV	  NPY	  infusion	  in	  rats	  was	  able	  to	  prevent	  development	  of	  the	  exaggerated	  
insulinaemic	  response	  to	  glucose	  [13],	  showing	  involvement	  of	  the	  parasympathetic	  
system	  in	  development	  of	  this	  NPY	  effect.	  Similarly,	  atropine	  when	  given	  to	  adult	  obese	  
fa/fa	  rats	  was	  unable	  to	  completely	  return	  the	  enhanced	  glucose-‐mediated	  insulin	  
secretion,	  characteristic	  of	  these	  rats,	  to	  normal	  [30,	  31]	  but	  did	  completely	  reverse	  this	  
defect	  when	  given	  to	  preweaning	  fa/fa	  pups	  [31,	  32],	  in	  which	  long-‐term	  defects	  leading	  
to	  glucose	  hyperresponsiveness,	  such	  as	  increased	  beta-‐cell	  mass,	  are	  not	  yet	  observed	  
[33,	  34].	  	  
	   Our	  results	  show	  that	  the	  stimulatory	  effects	  of	  NPY	  on	  basal	  and	  glucose-‐
induced	  insulinaemia	  were	  both	  absent	  in	  adrenalectomised	  rats	  and	  were	  restored	  by	  
subcutaneous	  dexamethasone	  infusion.	  In	  support	  of	  the	  necessary	  role	  of	  adrenal	  
glucocorticoids	  in	  NPY-‐induced	  hyperinsulinaemia,	  the	  basal	  hyperinsulinaemia	  in	  NPY-‐
infused	  rats	  has	  shown	  a	  similar	  and	  selective	  dependence	  on	  adrenal	  glucocorticoids	  
[19,	  20].	  	  
	   We	  have	  tested	  the	  hypothesis	  that	  adrenal	  glucocorticoids	  are	  necessary	  for	  the	  
parasympathetically	  mediated	  hyperinsulinaemia	  induced	  by	  long-‐term	  central	  NPY	  
infusion	  in	  rats.	  We	  showed	  that	  short-‐term	  muscarinic	  blockade	  with	  atropine	  
statistically	  significantly	  attenuated	  the	  basal	  hyperinsulinaemia	  of	  adrenalectomised	  
rats	  that	  had	  been	  infused	  with	  central	  NPY	  and	  peripheral	  glucocorticoids	  for	  several	  
days.	  This	  shows	  that	  the	  basal	  hyperinsulinaemia	  of	  these	  rats	  involved	  a	  
glucocorticoid-‐dependent	  increase	  in	  parasympathetic,	  muscarinic	  tonus	  in	  the	  
endocrine	  pancreas.	  Basal	  hyperinsulinaemia	  induced	  by	  NPY	  seems	  to	  occur	  by	  the	  
same	  mechanism	  as	  that	  shown	  in	  genetically	  obese	  fa/fa	  rats.	  Hyperinsulinaemia	  in	  
fa/fa	  rats	  can	  be	  prevented	  by	  pre-‐weaning	  adrenalectomy	  but	  was	  restored	  by	  24-‐h	  
peripheral	  replacement	  corticosterone	  and	  was	  restored	  to	  normal	  by	  atropine	  [35].	  	  
Available	  evidence	  suggests	  that	  glucocorticoids	  were	  acting	  centrally	  to	  permit	  the	  
hyperinsulinaemic	  effects	  of	  NPY	  inadrenalectomised	  rats.	  That	  NPY-‐induced	  basal	  
hyperinsulinaemia	  was	  antagonised	  by	  atropine	  would	  suggest	  that	  dexamethasone	  
(type	  II	  adrenal	  steroid	  receptor	  agonist)	  was	  acting	  in	  concert	  with	  NPY	  within	  the	  
central	  nervous	  system	  to	  activate	  parasympathetic	  efferent	  fibres.	  Type	  II	  adrenal	  
steroid	  receptor	  immunoreactivity	  and	  mRNA	  have	  been	  detected	  within	  the	  brain,	  
including	  areas	  anatomically	  linked	  to	  the	  vagus	  nerve	  such	  as	  the	  lateral	  and	  
ventromedial	  hypothalamic	  nuclei	  [36-‐39].	  These	  areas	  show	  expression	  of	  various	  NPY	  
receptor	  sub-‐types	  [40]	  and	  could	  thus	  be	  involved	  in	  glucocorticoid	  regulation	  of	  NPY's	  
effects	  on	  insulin	  output.	  	  
	   These	  data	  collectively	  suggest	  that	  NPY	  infused	  centrally	  induces	  sustained	  
basal	  hyperinsulinaemia	  in	  rats	  by	  continuously	  increased	  parasympathetic	  activity	  in	  
the	  pancreas	  and	  this	  effect	  is	  dependent	  on	  adrenal	  glucocorticoids,	  possibly	  acting	  
within	  the	  brain.	  Adrenal	  glucocorticoids	  are	  also	  necessary	  for	  the	  potentiation	  of	  
glucose-‐induced	  insulinaemia	  by	  long-‐term	  central	  NPY	  infusion	  but	  this	  effect	  cannot	  
be	  reversed	  by	  short-‐term	  blockade	  of	  the	  increased	  parasympathetic	  output.	  	  
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