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With ad libitum access to food, dairy cows eat
about 10-14 discrete meals/24 hours
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(Senn et al., Physiol. Behav. 58:229-236, 1995)
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Control of meal size by stimulatory and
inhibitory signals

éStimuIatory
signals

Intensity
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Eating time




[ Gastrointestinal

Metabolic
signals

signals

Orosensory signals

Adiposity signals

Other Signals — Learning/Memory

' Integration
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Steuerung von Mahlzeitgrosse
und -frequenz

® Orosensorische Signale

® Signale aus den Magen

® Signale aus dem Dunndarm
® Metabolische Signale

® Pankreashormone




Angeborene Praferenzen und Aversionen
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Positive Reaktion auf suss

Negative Reaktion auf bitter

(Berridge and Kringelbach, Psychopharmacology 2008)




Lernprozesse bei der Nahrungswabhl

Selektion und
Akzeptanz der \L
Nahrung

Moduliert durch:
- Intensitat
- Bekanntheitsgra

Angenehme Umgebung

. . Unangenehme Erinnerungen
Schone Erinnerungen, g g

Krankheit
Sattigungseffekt, Stressoren
Andere positive Effekte Nahrungsnoxen
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Die sensorisch-spezifische Sattigung

© & ®
S C h M dckhaftig...

Hunger/

Appetit q Essen q Sattigung
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Ghrelin

e gastric peptide with 28 amino
acids

e stimulates GH release in vivo and in vitro

e circulating levels increased by starvation and
reduced by refeeding

e stimulates food intake in animals and man, and
chronic administration leads to overweight in rodents

¢ |CV antighrelin IgG inhibited eating in rodents
e circulating levels decreased in obesity in rodents and man

e NPY and AgRP are central mediators of the
orexigenic effect
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Plasma ghrelin and growth hormone concentration increase in
relation to “real” feeding (solid line) and “pseudo“ feeding

(dotted line) in sheep
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(Sugino et al., Biochem. Biophys. Res. Comm. 295: 255-260, 2002)
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coeo
Short-term stimulatory effect of chronic IM ccce
ovine ghrelin on eating in sheep it
3
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(Melendez et al. Theriogenology 66: 1961-1968, 2006)
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Synergistic reduction of food intake in lactating cows causedby | 992°
ruminal infusions of sodium acetate (A, 9mol/3h), propionate (P, O
4mol/3h), and/or distension with a balloon (D, 10L/3h) °
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(Forbes, J. Anim. Sci. 74:3029-3035, 1996)
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CCK and gastric load have a synergistic effect
on gastric vagal afferent firing

A 1 mi gastric saline load

LU )

B 10 pmol i.a. CCK

AL

C 1 mi gastric saline load + 10 pmol i.a CCK

(Schwartz and Moran, Neurosci. Biobehav. Rev. 20: 47-56, 1996)
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Satiation
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Gut peptides which inhibit eating in
monogastric species:

e Amylin

o Apolipoprotein A-1V

e Enterostatin
Gastrin-releasing-peptide
Glucagon
Glucagon-like peptide-1 (GLP-1)
Glucagon-like peptide-2 (GLP-2)
Insulin
Neuromedin B
Neurotensin
Peptide YY(3-36)

6/9/2010 et 18



Physiological actions of CCK:

Stimulation of gallbladder contraction
Stimulation of pancreatic enzyme secretion
Stimulation of pancreatic endocrine secretion
Stimulation of pancreatic growth

Regulation of digestive enzyme gene expression
Inhibition of gastric emptying
Satiation

6/9/2010 19



Postprandial increase in plasma CCK in
steers fed supplemental fat
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The CCK-1 receptor antagonist MK-329 increases
food intake in heifers fed a high fat diet

Table 3
Quantity of dry matter consumed per given time before and after intravenous mjections of vehicle or MK-329
(70 wg'kg body weight) to dawry heiters fed low or high fat diets

Treatments” SEM Effects. P <
LV LM HV HM Diet MK® Diet*MK
Postinjection, hr - ---(kg) ----
—2°-0 2. 28 2.30 1.99 1.93 0.24 NS — —
1.08 .
2 J.a0 L. ). 5 .50 LY N I Jy
-2-22 3.45 s2.14 7.43 7.03 0.61 0.04 NS NS

* Treatments; LV = low fat + vehicle, LM = low fat + MK-329, HV = high fat + vehicle, and HM = high
fat + MK-329 (n = 4 for each treatment).

® MK-329 or vehicle.

€ Feeding was at —2 hr.

(Choi et al., Dom. Anim. Endocrinol. 19:159-175, 2000)

6/9/2010 21



ICV CCK AB increases food intake in sheep
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Lateral Cerebral Ventricular Injection of
CCK=antibody in Satiated Sheep
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(Della-Fera et al., Science 212:687-689, 1981)

— Argues for a physiological satiety effect of CCK in ruminants !
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Vagotomy and splanchnic nerve blockade with anesthetic
block the hypophagic effect of intraportal propionate
infusion in sheep

1500 intact 1, vVagotomized

300 I

Food intake (g)

100

Pre End Post Pre End Post
infusion infusion infusion Infusion

[ 1 Saline I Na-propionate (1.2 mmol/min x 3h)
Splanchnic nerve blocked with anesthetic and propionate infused

(Anil & Forbes, Proc. Nutr. Soc. 46:125-133, 1987)
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Satiation

Vagal and splanchnic

CNS
integr

/hepatic-
sensors for
propionate
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Synergistic reduction of food intake by IV propionate

and CCK in sheep
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(Farningham et al., Physiol. Behav. 54:437-442, 1993)
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Evidence for a physiological
control of body (fat) mass:

The body weight of adult individuals remains surprisingly
constant over long periods of time

If body weight in adult individuals (and thus body fat) is
forced away from its normal level, compensatory changes
in food intake and energy expenditure are induced

Several lines of evidence suggest that this compensation is

more effective when body weight is decreased (instead of
increased)

6/9/2010 28
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When leptin entered the picture...
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Positional cloning of the mouse obese
gene and its human homologue

Yiying znang Ricardo Proenca Marg‘herlta Maffei’, Marisa Barone

Lori Leopold ' & Jeffrey M. Frledman

* Howard Hughes Medical Institute, T The Rockefetler Univarsity, 1230 York Avenue, New York, Mew York 10021, USA

The mechanisms that balance food intake and energy expenditure determine who will be obese
and who will be lean. One of the molecules that regulates energy balance in the mouse is the
obese (ob) gene. Mutation of ob results in profound obesity and type Il diabetes as part of a
syndrome that resembles morbid obesity in humans. The ob gene product may function as part
of a signalling pathway from adipose tissue that acts to regulate the size of the body fat depot.

¢ s the commonest nutritional disorder Western
More three i

encess of their ideal body we

with type 1 diabetes, hypermension, hy 3 amd certdin
: Although obesity 15 often considered 1o be a psycho-
prresblem, there is evidenee that body weight is physs
cally regulated .

The molecular pathogenesis of obesity 12 unknown. To den-
tify components of the physiologienl system controlling body
weight, we have applied positional cloning technologies in an
atiempt 10 wsolate mouse obesity genes. Five single-gene mutas
tions in mice that resul an obese -|s|mnu|_n.|a: have been
described”. The first of the r obesity
mikitation {ob ], was sdentified in 19507, ab is 4 single gene mut
tion that results in profound obesity and type 11 diabeles as
part of @ syndrome that resembles morbid obesity in humans”.
ither the primary defect nor the site of synthesis of the ef
pene product is known, Crossscinculation experiments between
mutant and wild- -Lype mice suggest that b mice are defic
a bload-horne Aor that  repulstes nutrent intake  and
metabolism®, but the nature of this putative factor has not been
determined
We report the cloning and sequencing of the mouse of gene
d its humin homologue. b encode 4. 5-kilobase (kby
posc tissue messenger RNA with a highly conserved 167-
amin
seuence is 84% identical between human cll)d m
fentures of u seereted protein, A nonsense mul
105 hus been found in the onginal con,
mouse straim, which exprosses o twen
secomd o mutant, the co-isogenic
' stein, does not synthesize ob RNA. These dita
suggest that the ob gene product muy function us parl of o
iling pathway from wdipose ssae Chat ses o oregalate o
of the body far depot.

For the positional cloning of mutant geres Mrem mammals, it
is necessary o obtain genet

il deteet the mul

seribe the

successful wie of this approach to identify the ob gene.
Genetic and physical pping of ob
The tirst o mutation {carried on the conpenic CSTRLR) ob ah

s | MYy and
omaome & el

ELEE

i

1) was Tound prosimal to the A

! faaweF) loci om proximal mouse ¢
secoad oo ic allcke of ob has been identified in the
ke-Dac mowse strain (5. Lane, personl commumication )

+ To whim corespandence shauld be agdressed,

MATURE - ¥OL 372 - 1 DECEMBER 1594

We previously positioned ob relative 1o a series of molecular
romosome b oand mapped the of gene chose

1o a restrietion-ira
DaRek 13, dermved T
Found that Paxd in the progimal region of mouse chromosome
6 15 nighily Bnked 1o of drel. ). Both loci were initally wsed
o type a total of B35 informative meioses derived from both
nlerspesific and miersubspecific mowse grosses that were segre-
ganing of. Paxd was mapped proximal ie ef and was recombi-
nant in two animals (117 and 420 in Fig 1) ne recombination
bevween DORCkLd and ob was detectad among the first $33
meinses scored”.

Toisolate the ol gene we cloned the DMNA in the region of
Favd and DERck 13 (Fig. 1), using both probes 1o start the
truction of .|p|13-|\.a1|nnp|l11l1 region of ob, Yeust artificial
chromosomes (Y ACs) corresponding 1o Paxd amd DeRck13
were isolated and characterized. Centromeric and telomeric cnds
of each YAC were recovered. and ends mapping closer to af
wsd fo seresn for mew YACs YAC ends were recoverad using
either wvectorette polymerase chain reaction (PC or the
plasmid end-reseue techn One of the ends (labelled (1)
in Fig, 1) ol a DoRckI 3 \ '\( GOTADGSY, was recombinant in
animal positioning ob between this YAC end and Paxd
We unithle to recover any Y ACs 1mk|ng the ends of Y ACs
YHISIAS and Y02ALSST |].|Is..IILl|1 | J'UI)L\J
fiehd ped clectrophor
kb gap separating the two Y e this gap,
usedd both YAC ends o isolate a set of mowse P clones
Analysis of the ends of these P clones showed that they ove
pin e YAC u\n[ll( ~ T kb, Tlu_
o the b locus wis 2.2 megabuases (Mb)
and of was localized to Ir‘c S kb between the distal end of
YACHIEWS (labelled (3) m Fig, 1) and the dstal end of
YAC9W02AN65Y (labelled (1) in Fig. 1)

To position ab more precisely. we genotyped an additional
T metoses derived from both o CSTBLE) ahjsh = DBA )
intercroas and backeross”. The tvping of the intraspecific crosses
requined the development of informative single-strand length
pulymerphisms (5 ) Toe hoth D&Rck13 and Paxd. Sequenc-
i T the Povd gene itscll revealed a microsatellite sequence, and
P onear D6Rck |3, DORCK 39, was ihennified by sequencing
eosmid subelones from Y AC vWI2ADG53 (2 Y AC solated with
DHRck13) PCR amplification of genomic DNA with primers
Runking these micrasatellites revenled polymorphisms among
the various progenitor strains of the genctic crosses. Mo addi-
tiomil recombinants betwesn of and Paxd were identified after
typing the obese heu.'krrnu. nd intercross progeny from the

‘.

: li
was distal Lo ol and recombined with ofi in a singk obese animal
425
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Criteria for an adiposity signal:

® directly proportional to fat mass

® circulating in the blood

® access to the brain

® predictable effects on food intake and metabolism

6/9/2010 31
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Receptors in: ( X XX
« Hypothalamus : : o
(arcuate, lateral, pd

ventromedial and

dorsomedial nuclei) Saturable transport

 Hindbrain (AP, NTS, DMX) into brain
» Choroid plexus
Leptin
IMetaboIism « molecular weight: 16°000
* in plasma bound to protein(s)
lFood intake « positively correlated with BMI
* half life about 25min

Production in adipose tissue
(subcutaneous > mesenteric)
in relation to adipocyte size
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Plasma leptin concentration is directly
related to body fat in ruminants

9T v=0.42x +2.56,
R2=0.83, P<0.001 .
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Body fat (% of empty body weight)

(Ingvartsen et al., Dom. Anim. Endocrinol. 21:215-250, 2001)
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Adiposity signals o3¢

Insulin

Metabolism
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Leptin (10ung ICV) enhances the eating-inhibitory
effect of CCK (1nmol/kg IP)

- |+
4] o
L § 'l L L L I

-
o
L i | L i

MEAN 30 MINUTE DIET INTAKE (ml)

VEH/VEH CCK/NVEH VEH/LEP CCK/LEP
TREATMENT

(Emond et al., Am. J. Physiol. 276:R1545-R1549, 1999)
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Vagal afferents
transmitting the
CCK satiety

signal

Insulin | Leptin
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Acc: N. accumbens 00

Arc: Arcuate nucleus 0000
AP: Area postrema o006
BST: Bed nucleus of the stria terminalis X X X
CeA: Central area of the amygdala 000606
LHA: Lateral hypothalamic area e
NST: N. of the solitary tract o

PVN: Paraventricular nucleus
Thal: Thalamus

------ AAcc| | [Thal]

L S
N ~J

\ | Hypothalamus
o (LHA, VMH, PVN)
(Arc)
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Anabolic and catabolic neuropeptide pathways in the
hypothalamus and their modulation by leptin and insulin

anabolic
pathways

strong
activation

No

low

3rd ventricle . Leptin/
6/9/2010 Insulin

/‘ activation

catabolic
pathways

strong
activation

strong

activation
*
®an
“

~high
Leptin/
Insulin

(' 3rd ventricle
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Current concept of connectivity of NPY/AgRP and | g25°
POMC neurons in the hypothalamus oo

5-HT: Serotonin
a-MSH: alpha-melanocyte stimulating hormone

GABA: gamma-amino butyric acid

Ins-R: Insulin receptor MC4R
LEPD: Leptin receptor-b
MC4R: Melanocortin-4 receptor

6/9/2010 41



Regulation of hypothalamic AMPK by hormonal
and nutrient signals

FOOD |

NTAKE |
Lipoic acid
Melanocortin
agonist
AgRP

HYPOTHALAMUS | 4 MF' K

Refeeding LTI
Hyperglycemiu '
Fasting
Hrpngiy:emlu
Erhr'aiin Lap*rin
‘* 3 J 1‘.1:_.'{ - -
ey -
v |
Ay ADIPOSE CELL

w (Kahn et al., Cell Metabol. 1:15-25, 2005)

6/9/2010 42



YY X
. 0000
Crosstalk between AMPK und mTOR in the 000
. . o0
hypothalamic control of hunger and satiety °
J Energy availability
(¥ glucose utilization
and fatty acid oxidation)
Leptin Leptin
0 @ 0 ‘(y
AMP kinase » mTOR
@
Ghrelin

6/9/2010

D YO
Food Intake

MmTOR = mammalian target of rapamycin
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H.-R. Berthoud / Neuroscience and Biobehavioral Reviews 26 (2002) 393—28
Approach Food —— Digestion/Absorption — Metabolite Utilization
A \ \ | / / Fuel Oxidation
:.; al DE-::I Gust, Pre- and Postabsorptive // / Storage &
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e N NV 4 F T
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N
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Pleasure |:'> \ \ / \l il‘
Emotional value motor . /
. Autonomic &
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Social context O O Endocrine _ -
l l Adjustments
L Start / Stop Ingestion
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obese db/db mouse

obese ob/ob mouse

Parabiosis

ob/ob mouse
stops eating

6/HReman 1973) 57



Leptin receptor

Leptin
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Hypothalamus with orexigenic and

anorexigenic peptides

Eat: No Eat: Yes

Hypothalamus

6/9/2010 Ghrelin, PYY (?),
Leptin, Insulin, Glucose, LCFA (?)

. Glucose
LCFA (?)

AgRP: Agouti-related peptide
BDNF: Brain-derived neurotropic factor
CART: Cocaine and
amphetamine-regulated transcript
CRH: Corticotrophin releasing hormone
DMH: Dorsomedial hypothalamus
GRP: Gastrin releasing peptide

LCFA: Long-chain fatty acids

MCH. Melanin-concentrating hormone
NPY: Neuropeptide Y

OT: Oxytocin

POMC: Pro-opio-melanocortin

PYY: Peptide YY 60



000
0000
Major nodes in the central nervous system control of ccce
eating os
Polymodal [ Amygdala
Association [l CeA/BNST

Forebrain Cortex

At Accumb. shell

orbitofrontal
infralimbic

- 3'.-_ -------- HypﬂthalamLIE

....ufﬁ:QQQ;; LHA / PVN { ARC

.5;21-5:;155.;;155 Hindbrain  [*::
NTS /PBN |

Z'iﬁ'i?-'f'Eiﬁ'i???'ﬁ'i?if-'?'fi?i; Ret. formation

The central processor circuit includes at least certain areas in the cortex, amygdala, hypothalamus,
and caudal medulla. At least some of the subnuclei within these four brain areas exhibit direct reciprocal
anatomical connections with each other, thus allowing rapid and continuous information exchange.

6/9/2010 (Berthoud, Neurosci. Biobehav. Rev. 26: 393-428, 2002) 61



The AMP-activated protein kinase (AMPK) is an
ubiquitous sensor of cellular energy status

Brain
i ‘\1-\ i
A2 Skeletal muscle
e

R

HYPOTHALAMUS
Food intake
A Exercise

SNS

Heart

L -

‘/

ERoYY nc;iiutlpo:‘:ki;r:i:mdnhnn, Fatty acid uptake and oxidation,
' Glucose uptake,

Enjien \ / Mitochondrial biogenesis

Leptin,

Adjponectin AMPK =

Resistin ? /

Fatty acid synthesis,

“II,'..|pon5|s Fatty acid synthesis,

- Cholesterol synthesis,
Eluconeogenesis

Insulin

Insulin secretion

2)

o

Pancreatic  cell

Adipose cell ’ |

Liver

s/dahn et al., Cell Metabol. 1:15-25, 2005)
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P-AMPK in the hypothalamus is reduced by 55:
leptin and increased by ghrelin o

Saline Leptin Saline Leptin

——— i G P-AMPK

o M

Saline Ghrelim Saline Ghrelin

T e — - A NP

AR A To] AMPK

Andersson et al., J. Biol. Chem. 279:12005-12008, 2004
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Leptin increases hypothalamic mTOR activity (A)
and reduces food intake through activating mTOR (B)
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(Cota et al., Science 312:927-930, 2006)

MTOR = mammalian target of rapamycin

6/9/2010
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Effect of 3 h IV propionate infusion on food intake
in sheep

300 -

200 -

100 -

3 h food intake {(qg)

0 | | | | |
0-0 0.5 1-0 1.5 2.0 25
Propionate (mmol/min)

(Farningham & Whyte, Br. J. Nutr. 70:37-46, 1993)
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Factors that affect rumen fill:

Particle size

Chewing frequency and effectiveness

Particle fragility

Indigestible NDF fraction

Rate of fermentation of potentially digestible NDF
Characteristics of reticulo-ruminal contractions

(Allen, J. Anim. Sci. 74:3063-3075, 1996)
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