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Abstract

Energy balance is maintained via a homeostatic system involving both the brain and the periphery. A key component of this system is
the hypothalamus. Over the past two decades, major advances have been made in identifying an increasing number of peptides within the
hypothalamus that contribute to the process of energy homeostasis. Under stable conditions, equilibrium exists between anabolic peptides
that stimulate feeding behavior, as well as decrease energy expenditure and lipid utilization in favor of fat storage, and catabolic peptides
that attenuate food intake, while stimulating sympathetic nervous system (SNS) activity and restricting fat deposition by increasing lipid
metabolism. The equilibrium between these neuropeptides is dynamic in nature. It shifts across the day—night cycle and from day to day
and also in response to dietary challenges as well as peripheral energy stores. These shifts occur in close relation to circulating levels of
the hormones, leptin, insulin, ghrelin and corticosterone, and also the nutrients, glucose and lipids. These circulating factors together with
neural processes are primary signals relaying information regarding the availability of fuels needed for current cellular demand, in addition
to the level of stored fuels needed for long-term use. Together, these signals have profound impact on the expression and production of
neuropeptides that, in turn, initiate the appropriate anabolic or catabolic responses for restoring equilibrium. In this review, we summarize
the evidence obtained on nine peptides in the hypothalamus that have emerged as key players in this process. Data from behavioral,
physiological, pharmacological and genetic studies are described and consolidated in an attempt to formulate a clear statement on the
underlying function of each of these peptides and also on how they work together to create and maintain energy homeostasis.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction PVN also stimulated feeding, perhaps working in conjunc-
tion with norepinephring228]. The two other frequently
| am honored to be invited to write this review, celebrat- cited papers, published in 1985 and 1992 with Glenn Stan-
ing the 25th Anniversary of the journd®eptides. This invi- ley, further characterized the NPY-induced feeding response
tation was based on four of my earlier papers published in and showed that NPY stimulates the ingestion of carbohy-
Peptides, on the role of neuropeptides in feeding and obe- drate[388] and that NPY acts through a variant of the Y1
sity, which became some of the most cited papers publishedreceptor subtyp¢391].
in this journal over the past 25 years. The most frequently These papers were published at an exciting period in the
cited of these four papers was published in 1986 with Glenn field of neuroscience. At this point in time, the idea that
Stanley, then a postdoctoral fellow, as first aufl3®&9]. This peptides in the brain could have a neuromodulatory function
article demonstrated that repeated injections of neuropep-was just beginning to surface. Also, there was little under-
tide Y (NPY) into the paraventricular nucleus (PVN) of rats standing of the brain’s role in body weight regulation and
cause a marked increase in daily food consumption and bodyobesity. Thus, the possibility suggested by these four pa-
weight. Another of my frequently cited papers, published pers, that peptides in the hypothalamus are actively involved
in 1982 with a graduate student Linda Hor, demonstrated in the control of eating, nutrient balance and body weight,
that injection of the opioid peptidgg-endorphin, into the  is largely the reason for their frequent citation. They were
the start of an era that led in the 1990s to an explosion of
"% DOI of the original article: 10.1016/0196-9781(82)90102-4. research and to many remarkable accomplishments in this

* Corresponding author. Teks 1-212-327-8378; faxy1-212-327-8448,  field of study. In this invited review, it is my honor and
E-mail address; leivow@rockefeller.edu (S.F. Leibowitz). privilege to summarize this body of research and show the
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The information accumulated on each of these peptide sys-

Endorphinergic and a-noradrenergic systems tems is organized in seven different sections related to: (1)
in the paraventricular nucleus: Effects on eating the anatomical distribution of cell bodies, terminals and
behavior receptors; (2) endocrine signals that control its endogenous

expression patterns, including hormones that indicate en-

Sarah F. Leibowitz, Linda Hor ergy abundance (insulin and leptin) or energy insufficiency

(ghrelin and corticosterone); (3) signals related to diet and

Peptides 1983;3:421-28 circulating nutrients, glucose and lipids, that also modu-

late the endogenous peptide; (4) behavioral and metabolic

Abstract effects induced by central injections of the peptide; (5)

changes resulting from genetic mutations of the peptide; (6)
the relationship of the peptide to other systems involved in
feeding and body weight regulation; and (7) a concluding
statement summarizing possible key functions of the peptide
system. The evidence is fascinating in showing considerable
redundancy in the different peptides, as well as great di-
versity and specialization in their actions. Both redundancy
and diversity allow these peptide systems to be activated
under a variety of physiological states and environmental
conditions that occur over a lifetime and to function suc-
cessfully in maintaining energy and nutrient homeostasis.
In this review, we summarize a large body of information
and formulate specific conclusions suggesting how feeding
behavior and body weight are regulated, or deregulated, un-
der these different conditions. The main conclusions drawn
from this literature are schematically diagrammedrig. 1

Brain cannulated rats were injected with the opi
oid peptidep-endorphin B-EP) directly into the hy-
pothalamic paraventricular nucleus (PVN) where nore-
pinephrine (NE) is most effective in stimulating eating
behavior.B-Endorphin (1.0 nmole) reliably increased
food intake in satiated animals, and this response was
blocked by local administration of the selective opiate
antagonist naloxone. The eating induced®iP was
positively correlated in magnitude with the NE response
and, like NE, was antagonized by PVN injection of th
a-noradrenergic blocker phentolamine. Naloxone had
no effect on NE-induced eating, and the dopaminer-
gic blocker fluphenazine failed to alter eith@EP or
NE eating. When injected simultaneously, at maximally
effective dosesp-EP and NE produced an eating re
sponse which was significantly larger than either of the
responses elicited separately pyEP or NE and was
essentially equal to the sum of these two responses.
The evidence obtained in this study suggests haP
and NE stimulate food ingestion through their actig
on PVN opiate ané-noradrenergic receptors, respec
tively, and thaB-EP’s action is closely related to, and i
part may be dependent upon, the P¥hhoradrenergic
system for feeding control.

Keywords: Norepinephrinef3-Endorphin;a-Nora-
drenergic receptors; Opiate receptors; Naloxone;
Feeding behavior; Neuropeptides; Hypothalamy
Paraventricular nucleus

1]

2. Peptides that stimulate eating and body weight

>

2.1. Neuropeptide Y

Neuropeptide Y (NPY), first isolated in 198203,404]
is a 36-amino acid member of a highly conserved group
of peptides that are abundantly expressed in the hypotha-
lamus. This peptide, a potent stimulant of feed[Bd], is
expressed in neurons of the arcuate nucleus (ARC) that send
their dense projections to multiple areas of the hypothala-
mus. These include the PVN, ventromedial hypothalamus
(VMH), and perifornical area/lateral hypothalamus (PFLH).
It acts through different receptor subtypes, Y1R, Y5R and
possibly Y2R, to affect energy homeostadi87,410,445]
many advances that have been made in our understanding of Neurons synthesizing NPY in the ARC are highly re-
how neuropeptides control energy homeostasis. To join mesponsive to states of energy deficiency and higher metabolic
in preparing this review, | have asked Katherine Wortley, a demand[173,187,227,451]Their expression is stimulated
recent postdoctoral fellow in this lab who has published two by food deprivation, as well as during states of increased
important papers in this ar¢d52,453] exercise, cold and pregnancy. Elevated NPY expression is

In this review, we have chosen to focus on nine pep- similarly seen after administration of the adrenal steroid,
tides that have received the greatest attention over the pastorticosterone (CORT), which is released in states of nega-
20 years. These include five peptides that stimulate feed-tive energy balance and performs a function of maintaining
ing behavior, namely, NPY, agouti-related protein (AgRP), glucose availability. This steroid acts through glucocorticoid
melanin-concentrating hormone (MCH), galanin (GAL), type Il receptors to stimulate NPY gene expression, pep-
and the orexins, and four peptides that act to suppress feedtide synthesis, receptor activity, and NPY-induced feeding
ing, namely, pro-opiomelanocortin (POMC), galanin-like [12,268,390,407]It exhibits a strong, circadian peak at the
peptide (GALP), cocaine- and amphetamine-regulated tran-onset of the natural feeding period, when NPY expression
script (CART), and corticotropin-releasing factor (CRF). and synthesis rise, and gluconeogenesis and glycogenoly-
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Fig. 1. Hypothesized model of nine peptide systems in the hypothalamus involved in energy homeostasis. Signals shown at the bottom, which control
the expression and production of these peptides, are indicated with arrows as a stimulatory+4gffectirhibitory effect ). The behavioral and
physiological actions of these peptides are also shown. Hypothalamic areas represented are the paraventricular nucleus (PVN), perifptateahlarea
hypothalamus (PFLH), and arcuate nucleus (ARC). The nine peptides are: AgRP, agouti-related protein; CART, cocaine- and amphetamine-regulated
transcript; CRF, corticotropin-releasing factor; GAL, galanin; GALP, galanin-like peptide; MCH, melanin-concentrating hormone; NPY, nider¥pep

ORX, orexins; and POMC, pro-opiomelanocortin.

sis are elevated to support the utilization of carbohydrate anorexia induced by leptif804,372] Also, chronic admin-
[9,224,374,407] istration of this hormone, either centrally and peripherally,
Similar to CORT, the hormone, ghrelin, an endoge- stimulates food intake and increases weight gain and fat
nous ligand of the growth hormone secretogogue recep-mass by decreasing lipid utilizatidj289,416,417,456]A
tor (GHS-R) that is released primarily from the stomach relationship of ghrelin to NPY is demonstrated by the find-
[198], is an indicator of energy insufficiency that may af- ing that this hormone stimulates food intake most markedly
fect NPY expression. Levels of this hormone rise during when injected directly into the AR455], and it induces
fasting or before meal consumption, and they decline af- Fos expression most predominantly in NPY neurons of the
ter eating or with high-fat diet consumption and obesity ARC [289,436] where the GHS-R mRNA is expressed
[15,18,31,93,416,418]Also, ghrelin levels and GHS-R [137]. Also, ghrelin stimulates the activity of these neurons
mRNA in the ARC are reduced in juvenile, obesity-prone [89] and increases NPY expression in the ARC, while an-
rats[237]. A possible role for ghrelin acting through brain tibodies and antagonists of NPY or ablation of the ARC
GHS-R to reverse states of negative energy balance isblock ghrelin’s orexigenic effed289,400] Whereas these
suggested by evidence that central ghrelin administrationresults indicate that NPY may have a role in mediating
increases food consumption and c-Fos immunoreactivity in ghrelin-induced feeding, the evidence that NPY knock-
the PVN, a marker of neuronal activation, and it reverses out mice respond normally to a ghrelin receptor agonist
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suggests that other peptide systems are also likely to beculating hormones and nutrients suggest that the elevated
involved[417]. NPY is more likely attributed to the reduction in leptin or
These positive relations between NPY and CORT or rise in CORT on the low-energy diet, rather than to any
ghrelin contrast with the inverse relationships detected with change in the levels or metabolism of gluc¢482]. Other
the adiposity-related hormones, insulin and leptin. These studies allowing subjects to exhibit their natural choice of
hormones are both reduced in states of negative energydietary macronutrients are more informative and provide
balance, such as food deprivation, and they rise in closeevidence relating endogenous NPY to voluntary selection
relation to body fat, providing a signal of energy abundance of carbohydrate. For example, NPY mRNA and peptide im-
[24,318] They gain access to the brain through saturable munoreactivity in the ARC are found to peak at the onset of
transport mechanisms and act as humoral feedback reguthe natural feeding cycle, when carbohydrate is the highly
lators via specific receptors to modulate food intake and preferred macronutrient and carbohydrate stores are low
energy balance. Whereas these hormones are likely t0[9,179,374] They also rise dramatically around the time
function at multiple sites in the brain as well as the body, of weaning[184], when rats exhibit a strong preference
investigators have focused attention on the ARC, where for carbohydrate and have minimal body fa80]. Further,
insulin and leptin receptors and their intracellular signal- NPY peptide levels prior to the start of the active feeding
ing molecules are concentrated and the hormones act uporperiod are strongly, positively correlated with the amount
the insulin-receptor-substrate phosphatidylinositol 3-kinase of carbohydrate selected voluntarily by normal-weight rats
pathway[24,296] The importance of these hormones as with similar levels of leptin[33,179] They are unrelated,
adiposity signals to the brain is revealed by evidence that however, to shifts in fat consumption at this time, consis-
central injections of leptin or insulin, or hyperleptinemia tent with recent evidence that NPY expression is unaffected
produced by an adenovirus gene transfer of dbegene, by administration of Intralipid, which elevates circulating
reduce food intake, meal size and weight gain and stim- lipids [70]. Thus, endogenous NPY is positively linked to
ulate energy expenditure and sympathetic nervous systeman animal’s voluntary selection of carbohydrate, which is
(SNS) activity[24,99,451] Also, insulin- or leptin-deficient  likely to reflect a deficiency of carbohydrate stores.
animals are hyperphagic and obese, effects reversed by This relationship linking NPY to a need for carbohydrate
hormone administration. A close relationship to NPY is suggests that this peptide may be related to signals reflect-
indicated by studies showing that injections of insulin and ing a deficiency of glucose availability, stores or utilization.
leptin reduce NPY gene expression, peptide levels andThis is supported by evidence that NPY mRNA levels in
NPY-stimulated feeding3,186,360,435] This effect may the ARC are significantly elevated after pharmacological
be mediated by leptin and insulin receptors on NPY neu- blockade of glucose utilization with 2-deoxyglucose
rons [318] and may involve a direct, inhibitory effect of (2-DG) [13,365,366] which produces no change in cir-
these hormones on the firing of NPY neurd88]. It may culating leptin[22], and they are increased just prior to
contribute to the reduction in food intake and body weight the onset of the active feeding cycle, when glucose levels
induced by these hormones, as well as explain the enhance@nd stores are declinin@,407]. Further, NPY expression

NPY expression seen after food deprivat{d®5,451]and is markedly affected by acute administration of glucose,
in normal-weight obesity-prone rats that are less sensitive showing an inverse relation to circulating levels. Within
to the inhibitory effect of leptin on NPY235,236] Col- the first 30-60 min after glucose injection, NPY is initially

lectively, these findings illustrate the homeostatic principle suppressed as glucose levels are significantly elevated; after
of negative feedback, whereby a rise in insulin and leptin 90 min, however, this effect is reversed, leading to a stim-
with food consumption and weight gain suppresses the ex-ulation of NPY as glucose levels drop to baselii&,434]
pression of anabolic peptides like NPY that would promote These shifts in NPY, which occur in the absence of changes
further weight gain. in leptin, are consistent with a physiological role for NPY
In addition to these hormones, there is evidence that di- in stimulating spontaneous meals, which in animals and
etary nutrients, as well as circulating and even intracellular humans are invariably preceded by a decline in glucose
nutrients, can affect the expression of peptides involved in 10-30 min before meal initiatiof60,61] Thus, together
eating behavior, shunting fuels from short-term availabil- with the above studies of carbohydrate selection, these re-
ity to long-term storagd298,362] A variety of evidence  sults establish a close relationship of NPY to signals reflect-
suggests that NPY is closely related to glucose and itsing disturbances in glucose levels and glucose utilization.
metabolism, as well as to dietary carbohydrate. In chronic A mechanism mediating these changes is suggested by
studies with rats given a single diet, the expression of evidence that glucokinase, a sensor of glucose utilization, is
NPY in the ARC is consistently higher in subjects on a expressed in NPY neurons of the ARE55]. These NPY
low-energy, high-carbohydrate diet compared to a high-fat neurons are found to be “glucose sensitive,” excited by a
diet, with the change more closely related to the rise in decline in glucose levels and glucose utilizatid3,283]
carbohydrate rather than the decline in f&28,432,441] possibly through the Nia-K™—ATP pump or ATP-activated
Whereas these chronic, single-diet studies link endogenousK™ channel[238]. The intracellular processes in the hy-
NPY to dietary carbohydrate, further measurements of cir- pothalamus that signal changes in glucose availability may
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involve the enzyme, malonyl coenzyme A (Cofg44], baseline eating or body weigli116,173,325,410] Also,
which switches substrate oxidation from lipids to excess glu- mice deficient in the Y1 or Y5 receptors, through which
cose, and also the hexosamine biosynthetic pathway, whichNPY may act to promote hyperphagia and weight gain, ac-
is activated by glucose fl299]. A role for malonyl CoA is tually exhibit a mild form of obesity210,262] While these
suggested by evidence that this enzyme is reduced in statepatterns may be explained by a compensatory rise in other
of energy deficiency344] that stimulate NPY in the ARC, feeding-stimulatory peptides in these mutant mj227],
and it is elevated by gluco$d46] that reduces NPY expres- there is additional evidence for more specific changes in
sion. It is also increased by C75, a compound that enhanceNPY or Y1 receptor-deficient mice that are consistent with
glucose utilization while inhibiting fatty acid synthase and this peptide’s known actions in states of negative energy bal-
that suppresses NPY gene expres$in®,371,454] Thus, ance. This phenotype includes a decrease in fasting-induced
in states of reduced glucose stores and utilization and arefeeding [21,364] diabetes-induced hyperphagja76],
physiological need for dietary carbohydrate, a decline in and weight gain in leptin-deficienob/ob mice [117,321]
intracellular malonyl CoA may provide an important signal and a reduction in respiratory quotient, reflecting decreased
for stimulating NPY expression, acting either directly or utilization of carbohydrate relative to lipids as a source of
indirectly through its effects on glucose utilization. oxidizable substratef864]. Also, mice deficient in the Y1
Consistent with these investigations of endogenous NPY receptor show a marked reduction in refeeding after a fast
is evidence from central injection studies suggesting a role [311,312] while mice with NPY overexpression exhibit
for NPY, in states of negative energy balance, in stimulating an obese phenotype accompanied by overeating, hyper-
the ingestion and metabolism of carbohydrate, to maintain glycemia, and hyperinsulinemia, as well as with increased
glucose homeostasis while promoting fat synthesis with weight gain and Y1 receptor expressif83]. This obese
available carbohydrate. These actions of exogenous NPYphenotype in NPY transgenic mice is evident only on a
[39,187,221,224,337,386]include a potent, stimulatory sucrose-loaded dief183], consistent with the proposed
effect on feeding behavior, with a preferential increase in role for NPY in gearing excess carbohydrate substrates
the ingestion of carbohydrate under conditions when this towards lipogenesis. This is in contrast to a fat-rich diet,
macronutrient is preferred or neede@4,239,388,408,440]  which reveals no effect on body weight or food intake in
This suggests a positive feedback loop, whereby this NPY knockout mice compared to wildtype contr¢l65].
peptide’s immediate function is not only to replenish car- The recent finding in Y2/Y4 double knockout mice of a
bohydrate stores but to generate excess carbohydrate thamharkedly lean phenotype and reduced brown fat mass, de-
may be geared towards fat storage. This is supported byspite significant hyperphagia, suggests a possible function
evidence that NPY injection stimulates the release of both for these receptor subtypes in energy metabo[i348].
CORT, which controls circulating glucose levels, and in-  These effects of NPY are likely to involve connections
sulin[221,231,349] which function together to promote de to other neural systems involved in energy homeostasis
novo lipogenesi$163,274] Injection of NPY produces an  [186,187,445] These may include reciprocal connections
increase in respiratory quotient, which reflects reduced fat with systems that inhibit feeding, such as, the melanocortins
utilization in favor of carbohydratf270]. Further, repeated in the ARC, CRF in the PVN, and serotonin (5-HT) in the
NPY injections stimulate carbohydrate intake more than fat midbrain. There is evidence that NPY axons colocalizing
intake and produce a greater increase in body fat accrual,y-amino butyric acid (GABA) project to and inhibit POMC
along with metabolic disturbances, than would be expected cells of the ARC[88], indicating that NPY may produce its
based on the elevated food intake al¢hé7,329,387,389] anabolic effects by suppressing the melanocortin system.
Exogenous ghrelin, which stimulates NPY neurons, sim- Further connections may also involve peptides that stimu-
ilarly increases food intake and respiratory quotient late feeding, including the orexins and MCH in the PFLH
[416,417] suggesting the involvement of NPY in its actions. [187]. The demonstration that NPY neurons in the ARC co-
Moreover, acute injections of NPY antisera and receptor express the peptide, AgRP, an endogenous antagonist of the
antagonists invariably reduce food intak&37,233,391) feeding-inhibitory melanocortin system, suggests another
while chronic antisense oligodeoxynucleotides to NPY avenue of communication between NPY and other known
MRNA suppress endogenous NPY production and weight peptides controlling feedingp1,77,445]
gain [10]. The NPY-induced metabolic changes, reflecting In summary, these investigations demonstrate that NPY
enhanced parasympathetic nervous system activity and re-neurons in the ARC are stimulated under conditions of neg-
duced sympathetic activation, include a reduction in energy ative energy balance, including after food deprivation, on a
expenditure and thermogenesis, decreased glucose uptaklw-energy diet, before the onset of the natural feeding cy-
in muscle, and a diversion of excess energy and glucosecle, or in weanling animals with little body fat. As shown
towards fat synthesis in white adipose tis§Li£0,308] in Fig. 1, this peptide rises in response to changes in vari-
In light of the above evidence, the results obtained ous hormones, including elevated levels of glucocorticoids
in NPY or NPY receptor transgenic and knockout mice and ghrelin and reduced levels of leptin and insulin. It also
models are somewhat surprisifit0,307,410] The NPY responds positively to signals related to a need for carbo-
knockout and overexpressing mice show little change in hydrate, decline in glucose levels, or disturbance in glucose
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utilization. The function of endogenous NPY during food pression is higher in rats on a low-energy diet compared to
scarcity or in states of low carbohydrate stores is to promote a fat-rich diet[431,466] Also, it is increased under condi-
food intake, reduce fat oxidation in favor of carbohydrate, tions where glucose utilization is reduced, such as after in-
and stimulate de novo lipogenesis. These NPY effects arejection of 2-DG[366] or in streptozotocin-induced diabetes
facilitated by local GABA neurons that simultaneously re- [327]. Recent studies in this lab demonstrate that endoge-
duce the firing of melanocortin neurons in the ARC and their nous AgRP similar to NPY is suppressed by a single injec-

catabolic actions. tion of glucose, while this effect is subsequently reversed
into a stimulation as glucose levels decline toward baseline
2.2. Agouti-related protein [71]. These responses to changes in glucose contrast with the

lack of change in AgRP after administration of Intralipid,

The peptide, agouti-related protein (AgRP), is expressed which increases circulating lipid§0]. Thus, AgRP shows
primarily in the ARC[51,142] in neurons that also produce a clear, inverse relation to glucose levels and metabolism.
NPY [25,51] It forms part of the central melanocortin sys- As with NPY, central injection of AQRP has a potent stim-
tem (see below), which comprisesmelanocyte stimulat-  ulatory effect on food intakfL41], similar to the response in-
ing hormone ¢-MSH), an agonist of both the melanocortin  duced by a synthetic melanocortin receptor antag§d¥].
receptor-3 (MC3-R) and melanocortin receptor-4 (MC4-R), This stimulatory effect of a single AQRP injection, apparent
in addition to AgRP, an endogenous, competitive antagonistwithin 4 h of administration, lasts up to 6 daji11,342] a
of these receptorfs5,119,150,293,303,339T his peptide longer duration than that observed with NPY. This long-term
was discovered by its homology to the agouti protein, which effect does not involve the MC4-RL41], suggesting that
is expressed in the skin and regulates coat pigmentation inAgRP may produce long-term changes to the neural path-
rodents. Although the C-terminal region of agouti and AgRP, ways downstream of this receptor. Chronic administration
which are sufficient for melanocortin receptor binding, are of AgRP, like NPY, also increases daily food intake and
approximately 40% identical, they bind to distinct sets of decreases oxygen consumption and the capacity of brown
melanocortin receptors, with agouti binding to MC1-R and adipose tissue to expend energy, effects which lead to in-
MC4-R and AgRP binding to MC3-R and MC4{B03,461] creased body fat accrual and leptin levi&80,381] While
Emerging evidence suggests that, in addition to antagoniz-these peptides have somewhat different effects on c-Fos im-
ing the effect ofa-MSH at the MC3-R and MC4-R, AQRP  munoreactivity in extra-hypothalamic argd<0,449] they
suppresses the basal activity of the MC4-R, which charac- are additive in their effects on feedifjg449] and are sug-
terizes this peptide as an inverse agofis0]. Whereas im- gested to send similar types of signals that reinforce one an-
munohistochemical studies show that AgRP cell bodies are other, possibly through the inhibition of a Gs-coupled recep-
restricted to the ARC, AgRP fibers project to many brain tor by AgRP and the activation of a Gi-coupled receptor by
areas and multiple areas within the hypothalamus, includ- NPY [448]. Both peptides appear to mediate the orexigenic
ing the PVN and PFLH, and all of these AgRP terminals effect of ghrelin[289]. Thus, they may represent redundant
contain NPY[25,51] components of a parallel circuit, possibly explaining why

Studies of endogenous peptides reveal a close functionalmice with a deficiency of NPY but an intact melanocortin
relationship between AgRP and the NPY neurocircuit. In system exhibit only minor defects in their eating behavior
addition to coexisting neurons of the ARC, the endogenous and leptin signaling116].
expression of these peptides is similarly modulated under In genetic studies, the overexpression of Agp gene
various physiological condition®75,466] This is evident in transgenic mice produces a phenotype similar to NPY.
in states of negative energy balance or increased energy deThe mice exhibit hyperphagia and obesity, in addition to
mand, such as food deprivation or during lactation, which increased body length, hyperinsulinemia, late-onset hy-
have reduced leptin and insulin levels and increased ghrelinperglycemia, and pancreatic-islet hyperplagi®2,303]
or CORT levels and which stimulate AgRP together with These features are similar to those seen in mice that ec-
NPY [77,142,275] Also, AgRP like NPY is suppressed by topically express thegouti gene[52,195] as well as in
ADX and stimulated by CORT replaceme[ii6,256,354) MC4-R-deficient mice[170]. However, AgRP-deficient
and it shows a strong circadian rhythm, rising with CORT at mice, similar to NPY-deficient or AQRP and NPY double
the onset of the nocturnal feeding cy¢g52]. Conversely, knockout mice, are normophagic and exhibit normal body
both AgRP and NPY are suppressed under conditions ofweight and body composition under ad libitum feeding
positive energy balance, when leptin and insulin levels are conditions [325], indicating that these anabolic peptides
elevated and ghrelin levels are reduced. This is revealed inin the ARC do not function tonically when food is freely
obese animals compared to lean subjects or in animals in-available. They do act, however, under conditions where
jected with leptin[108,466] and it is also seen after insulin  food is scarce. This is revealed by the finding that AgRP
injection in streptozotocin-induced diabetic rf827]. knockout mice, like NPY mutants, have impaired reflexive

Results obtained with manipulations of diet and circulat- hyperphagia in response to a 24-h f§78]. This sup-
ing nutrients and their metabolism reveal further similarities ports the physiological data implicating AgRP in processes
between these two peptides. As with NPY, AgRP gene ex- geared towards restoring energy homeostasis when food
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sources are low. This peptide may act in balance with the ing aspects of motivated behaviors. The specific function
melanocortina-MSH at the MC4-R but may also affect of this peptide remained obscure until the discovery, with
additional targets besides this reced@s3]. RT-PCR differential display, that MCH is overexpressed in
The idea of an antagonism between the AgRP/NPY sys- leptin-deficientob/ob mice[326], suggesting a role in body
tem and the melanocortins in controlling eating and body weight regulation.
weight is strengthened by evidence showing changes in Studies of endogenous MCH in the PFLH provide sup-
endogenous AgRP that are opposite to those seen with theport for this peptide’s role in feeding and body weight
melanocortin peptides. Electrophysiological studies suggestregulation[191,317] The expression of MCH is stimulated
that AgRP neurons interact with POMC neurons in the ARC by fasting [326]. Although fasting reduces leptin levels
through GABA. AgRP/NPY axons that colocalize GABA and leptin injection suppresses MCH as well as MCHR1
project onto ARC POMC cells and inhibit their neural ac- mRNA [38,199,347] this fasting-induced increase in MCH
tivity [88], supporting the idea that AQRP/NPY neurons expression can be seenab/ob mice with leptin deficiency,
produce anabolic effects by suppressing the melanocortinunder ad libitum feeding or fasted conditiof&26]. Also,
system. Circulating factors impacting on the ARC may act rats that become obese on a fat-rich diet and have markedly
indirectly through these local GABA-containing AQRP/NPY  elevated levels of leptin show no difference in MCH mRNA
neurons to affect POMC cell firing. One such example is compared to lean rafd25,412] This indicates that MCH
leptin, which inhibits the firing of AQRP/NPY neurons and expression is regulated by other factors in addition to leptin.
reduces the release of GABA onto POMC neurons, leading Consistent with this idea, MCH gene expression is respon-
to their disinhibition[88]. Conversely, ghrelin stimulates sive to glucocorticoid status, reduced in ADX rats and
NPY/AgRP neurons, inducing an increase in GABA release stimulated by dexamethasorig22]. It is also responsive
and inhibition of POMC neuron§39]. This neurocircuit to Bz, which suppresses MCH mRNA in ovariectomized
leads one to expect effects of AGRP, as well as NPY, that areanimals and blocks the deprivation-induced increase in
opposite in nature to those induced by the melanocortins. MCH [284,285] Similar to the effects of fasting, MCH is
This is generally found to be the case, as described below. increased by exposure to a cold environn{@i#] and also
Taken together, this evidence demonstrates that AgRP inby injection of Bz-adrenergic receptor agonists that cause
the ARC is similar to NPY in being stimulated by condi- anorexia[284,285]
tions of energy deficiency, which involve increased levels of ~ There is limited evidence regarding the sensitivity of
ghrelin and CORT and reduced levels of leptin and insulin MCH neurons to dietary or circulating nutrients. This pep-
(Fig. 1. This endocrine profile is evident in subjects at the tide has yet to be tested with respect to the effects of a
onset of the active phase, after food deprivation, in states ofhigh-fat or high-carbohydrate diet on gene expression. Nor
low glucose utilization, or on low-energy diets. Under these has it been linked to changes in circulating levels of glucose
conditions, increased production of AgRP is required to or lipids. The only available evidence indicates that MCH
stimulate food intake, reduce lipid oxidation in favor of car- responds to a deficiency in fat oxidation or synthesis but
bohydrate, and promote fat synthesis. The effects mediatedis insensitive to changes in glucose availability or its uti-
by these peptides are facilitated by local GABA neurons, lization. The expression of MCH in the PFLH is stimulated
which reduce the firing of melanocortin neurons in the ARC by administration of the fatty acid oxidation inhibitor, mer-
that induce catabolic effects. These two parallel systems, captoacetat§365,366] or the fatty acid synthase inhibitor,
AgRP and NPY, which are activated under similar conditions C75 [371]. It is unresponsive, however, to injection of
and have comparable effects, very likely evolved to ensure 2-DG, as well as of goldtioglucose, a toxic form of glucose
the signaling of hunger during food scarcity and to enable [26,28,134,365]
the body to endure long periods of negative energy balance. These results obtained with measurements of endogenous
MCH reveal clear differences between this peptide in the
2.3. Melanin-concentrating hormone PFLH and the peptides in the ARC. Whereas MCH is similar
to NPY and AgRP in being stimulated by food deprivation
There exist neurons in the area of the PFLH and zona and inhibited by leptin, it differs in being unaffected by ghre-
incerta that synthesize the orexigenic peptide, MCH, a lin administratiof413]and stimulated by insulifL9] or the
cyclic 19-amino acid neuropeptide originally isolated from fatty acid synthase inhibitor, C7[314,371] which have a
salmon pituitarie$288,423] This peptide acts via a specific  potent, inhibitory effect on NPY/AgRP mRNA. Also, MCH
receptor, MCHR1, which has a typical seven transmem- expression remains unaltered in obese compared to lean rats
brane domain region seen with G-protein coupled receptorson a high-fat die{125,412] which have reduced NPY and
[66,350] Whereas the peptide is expressed predominantly AGQRP mRNA along with elevated insulin and leptin, and itis
in the PFLH regior{317], the MCHRL1 is broadly expressed suppressed during pregnancy and lactai@®], conditions
[158,350] It is evident in the ARC and VMH, where it  thatinvariably increase NPY mRNA. Further differences are
may have a role in feeding and energy homeostasis, but it isevident in the failure of MCH to respond to a decline in glu-
more heavily expressed in extrahypothalamic areas, whichcose availability or utilizatiorf26,28,134,365]which has a
process olfactory information and are involved in reward- potent stimulatory effect on NPY, and in the increased MCH
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expression after pharmacological blockade of fat oxidation important role in regulating energy expenditure and activity
[365,366] which has no impact on NPY. These marked dif- level than food intake.
ferences between MCH and the ARC peptides suggest that While endogenous MCH clearly responds differently
they function under different physiological conditions, with from the orexigenic peptides in the ARC in a variety of
MCH responsive to states of fatty acid deficiency. physiological conditions, there is evidence that it performs
The involvement of endogenous MCH in the control specific functions within the NPY signaling cascade. Inves-
of feeding behavior and energy homeostasis is supportedtigations show reciprocal connections between NPY- and
by the finding that central administration of this peptide MCH-containing fibers of the ARC and PFLF0], and
potentiates feeding326,341] an effect that occurs when chronic infusion of MCH activates NPY mRNA in the ARC
injected into the ARC and PVM.,340] This MCH-induced [98]. Also, the MCH-induced feeding response is blocked
feeding response, however, is relatively small and of short by an NPY Y1 receptor antagonifi4], and it stimulates
duration compared to that of NP[L09]. There is evidence the release of NPY1]. However, mice lacking the MCH
that MCH may have a greater impact on metabolic pro- or MCHR1 genes show no change in NPY gene expression
cesses that contribute to weight gain. This is indicated by [78,370] and combination injection studies consistently
the finding that blockade of MCH expression by antisense demonstrate additive effects of these two peptides on food
MCH oligonucleotide in cold-exposed rats, while having intake at maximum dosef@8]. Thus, the MCH feeding
little impact on feeding, causes a loss in body weight to- pathway may function in relation to other peptide systems in
gether with an increase in brown fat mass and uncoupling addition to NPY. Whereas chronic MCH administration has
protein 1 (UCP1) expressioi314]. It also suppresses the no impact on the expression of the orex[@8], these two
release of the thyroid stimulating hormofi®3], while en- peptide systems are anatomically associated in the PFLH,
hancing the secretion of CORIL92]. In pharmacological  albeit in distinct neuronal populatiorj27], and they have
studies with chronic MCH, an initial report with repeated reciprocal synaptic connectiofs36]. Further, they respond
ventricular injections of this peptide in rats showed little similarly in a positive direction to insulin and associated hy-
change in daily food intake and body weidB¢1]. How- poglycemig[19,133,279Jand in a negative direction to lep-
ever, subsequent studies with chronic infusions of MCH tin [32,347] Also, they are both reduced in pregnancy and
or MCHRL1 agonist reveal hyperphagia, together with in- lactation as well as in a pituitary grafted rat model of chronic
creased caloric efficiency, weight gain, lipogenic activity hyperprolactinemi§l26], although they show different pat-
and body fat masg98,174,369] Also, the infusion of terns in obesity-prone animals on a high-fat diet, which com-
MCH in mice produces the hyperphagic obese phenotype pared to obesity-resistant subjects exhibit no change in MCH
on a high-fat diet more than a lab chow diet, in associ- butarise in orexin MRNA412,453] The similar location of
ation with a decrease in body temperature and reducedthese peptides in the PFLH has led investigators to suggest
fatty acid oxidation and thermogenesis in brown adipose that they may both have a role in communicating the hedonic
tissue[130,174] Conversely, chronic administration of an or rewarding aspects of the feeding procg€0,353] This
MCHR1 antagonist produces a decrease in body weight, postulate is countered, however, by the evidence that these
due to both a reduction in food intake and increase in lateral hypothalamic peptides stimulate food intake through
energy expenditurgl21,369] Together, these findings indi-  different neural and behavioral circuits, with the orexins but
cate that MCH acts through metabolic as well as behavioral not MCH dependent on the activation of opioid receptors
mechanisms. and functionally active in stimulating the consumption of a
A physiological role for MCH in energy homeostasis is fat-rich diet[82]. A relationship of MCH to the melanocortin
strongly supported by genetic studies. Transgenic mice thatsystem, acting in a downstream fashion, is suggested by
overexpress MCH in the PFLH, while maintaining normal evidence that neurons containing MCH in the PFLH receive
weight and normal feeding on a standard diet, exhibit hyper- projections from melanocortin neurons in the ARBD,115]
phagia, hyperleptinemia, hyperglycemia and insulin resis- and that MCH production is subject to tonic inhibition from
tance on a high-fat diet compared to wild-type animals, with the melanocortinfl45]. Also, MCH knockout mice exhibit
the obesity possibly secondary to the hyperphdg4]. a reduction in POMC expressi§870], which may reflect a
Moreover, targeted ablation of the MCH gene leads to a thin compensatory downregulation in the absence of MCH and
phenotype, associated with hypophagia and an increase irmay also contribute to the lean phenotype of this mutant.
metabolic ratg¢370], and it attenuates the marked obesity of ~ Thus, these results suggest that MCH neurons in the PFLH
ob/ob mice, through an increase in basal energy expenditurehave an important role in energy homeostaBig.(1). Stud-
and locomotor activity level rather than food intald63]. ies of MCH gene expression reveal similarities as well as
Mice lacking functional MCHR1 gain less weight than wild-  differences to the orexigenic peptides of the ARC. MCH is
type littermates on a high-fat diet, due to an increase in similar to NPY and AgRP in being activated during states of
metabolic rate and thermogenesis that is secondary to in-negative energy balance and increased metabolic demand.
creased locomotor activityr8,264] The additional finding, It differs from these peptides, however, in functioning inde-
that these mice become leaner despite a significant increas@endently of leptin under certain conditions and being unre-
in food intake, supports the idea that MCH plays a more sponsive to nutrient-sensing signals indicative of decreased
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glucose availability and utilization. In restoring energy bal- suppressed by an inhibitor of fat oxidation that has no ef-
ance, it also differs in having a stronger effect on the output fect on NPY[257,433]and GAL unaffected by an antago-
than input side of the equation, with a relatively small feed- nist of glucose oxidation that potentiates NPM3]. These

ing response outweighed by its strong, anabolic effects thatdifferences between the peptide systems suggest that they
include a decrease in energy expenditure, activity level, fat may function through distinct mechanisms and in different

oxidation and thermogenesis. physiological states or conditions.
Marked differences between GAL and NPY are also
2.4. Galanin seen in studies examining the effects of diet as well as

anti-metabolites that block nutrient metabolism. One main

Galanin (GAL) is a 29-amino acid peptide that was orig- finding demonstrated in a number of studies and animal
inally isolated from the small intestine and is widely dis- models is that GAL gene expression and peptide production
tributed throughout the hypothalamus and well conserved in the PVN, but not the ARC, are positively related to the
amongst species, including rats and humgis138,405] amount of fat consume{B,223,225,30Q] This peptide is
It is expressed in a number of neuronal populations within stimulated by a high-fat diet and rises indirectly in relation
the hypothalamus, including the PVN, its medial parvo- to body fat accrual on a high-fat diet, despite an increase
cellular and lateral magnocellular areas, the PFLH, ARC in leptin. This is in contrast to NPY in the ARC, which is
and other hypothalamic nuclei. These neurons send pro-unaffected or reduced by fat consumption and declines in
jections throughout the hypothalamus, where GAL recep- relation to body fat, presumably due to an increase in leptin.
tor subtypes, GALR1 and GALRZ2, exigit38,221,408,457] In recent studies, GAL in the PVN is shown to be strongly,
This peptide is suggested to have a causal role as a growthpositively related to circulating levels of triglycerides, in
and prolactin-releasing factor to the lactotroph, especially in addition to measures of fat uptake and oxidation in muscle
states of high estrogen exposure, and also as a neuritogeni§226]. This relationship is robust, seen in different models
factor in adult sensory neurorid57]. There is additional  of dietary obesity. Of particular note is the finding that it is

evidence, reviewed below and elsewh@@,222,223] sug- also evident under conditions of acute exposure to a high-fat
gesting arole for GAL in feeding behavior and energy home- diet, for 1 day or even 2h, indicating its independence
ostasis. of changes in body fat and leptif226]. Fat-preferring,

Studies of endogenous GAL demonstrate marked differ- obesity-prone rats exhibit higher levels of GAL mRNA and
ences between this peptide system and that of NPY andproduction in the PVN[90] while NPY is reduced, and
AgRP in terms of their responsiveness to endocrine andthese rats are more responsive than obesity-resistant rats to
physiological signals. This is seen in their responses to thethe feeding-stimulatory effects of GAL but not NH246].
adrenal steroid, CORT, which has little impact on or tran- A direct relationship between GAL and the metabolism of
siently inhibits GAL gene expression in PVN neurons and fat is suggested by evidence that pharmacological blockade
has no effect on GAL's feeding respondd,154,407]but of fat oxidation reduces PVN GAL expression while sup-
which has a potent stimulatory effect on NPY and AgRP and pressing fat intakg433], and it stimulates the expression
on NPY-induced feeding. MoreoverElone or in com- of GALRL1 in the PVNJ[131]. In contrast to NPY, GAL
bination with P has a strong stimulatory effect on GAL in shows little change after injection of 2-D{#33]. These
the PVN and median eminen¢é0,46,124,273]which is studies of endogenous GAL suggest that this peptide func-
not seen with NPY in the ARC. Whereas insulin suppressestions specifically under dietary conditions rich in fat and
both GAL and NPY[401,435] these peptides in the ARC responds to signals related to the metabolism of fat rather
show markedly different responses to leptin. This hormone, than carbohydrate.
while producing a strong inhibition of NPY gene expres- Injection studies reveal a number of effects of GAL on
sion and release, produces little or no change in basal GAL behavioral, endocrine and metabolic actions, which are
expression in the ARC, GAL release from hypothalamic ex- mediated via distinct GAL receptor subtypes, GALR1 and
plants, and GAL-induced CRF release, and it causes only aGALR2 [138,211,221,408] The first behavioral investi-
small suppression of PVN GAL mRNA36,80,368] This gation of GAL revealed a stimulatory effect on feeding
differential responsiveness to leptin, possibly due to the low behavior[212]. As shown in subsequent studies, this re-
concentration of leptin receptors on GAL neurd®@], may sponse is smaller and of shorter duration than that induced
explain their different responses to food restriction, which by NPY [109,186] revealing further differences between
reduces leptin levels and has little impact on or suppressesthese peptides. While GAL has little impact on an animal’s
GAL mRNA [30,45,186,224] while markedly enhancing  macronutrient preference, whether for carbohydrate or fat, a
NPY gene expression. It may also be related to the additionalvariety of evidence links this peptide’s feeding-stimulatory
finding that PVN GAL mRNA rises in obese rats which response to dietary fat, similar to the positive relation
have elevated leptifiL04,234,323]a physiological state as- established for endogenous GAL. In contrast to NPY,
sociated with a suppression of NPY. As described below, GAL-elicited feeding is stronger and more prolonged in
differential responses of GAL and NPY are also found in subjects maintained on a high-fat compared to low-fat
relation to disturbances in nutrient metabolism, with GAL diet or in subgroups or strains of rats that naturally prefer
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fat, and it is greatly attenuated when fat is removed from low-fat diets[464]. Whereas endogenous GAL is invari-
the diet[8,23,223,287,406]Further, GAL-induced but not  ably stimulated in rats that become obese on a high-fat diet
NPY-induced feeding is suppressed by the pentapeptide,[30,225,310] it is noteworthy that this peptide shows no
enterostatin, and also by the GAL antagonist, M40, both change in rats that develop obesity on a high-carbohydrate
of which reduce the consumption of ff85,196,229,244] diet[104]. This evidence further supports the idea that GAL
This effect of enterostatin is associated with increased c-Fosfunctions to restore nutrient balance only under dietary con-
immunoreactivity in the PVN where GAL neurons are ditions with a high-fat content.
concentrated287]. Also, repeated PVN injections of anti- To date, studies with GAL mutants indicate that mice with
sense oligonucleotides to GAL mRNA produce a marked deletions of the GAL gene or GAL receptor genes or that
reduction in fat ingestion and weight gain, in conjunction overexpress GAL are able to defend their food intake and
with a decline in PVN GAL level§84,229] Whereas both  body weight when fed ad libitum on a low-fat diet or even
GAL and NPY reduce energy expenditure and inhibit SNS fasted on this dief91,457] Whereas this suggests that GAL
activity [269,286] GAL’'s endocrine and gastrointestinal may not have a major role under these conditions, this lack of
effects are, in some cases, diametrically opposite to those ofresponse in GAL mutants, as with animals receiving chronic
NPY [197,200,407] They include a suppression of insulin, GAL injections, may be attributed to other factors, such as
CORT and vasopressin release and an increase in gastrithe lack of sufficient dietary fat or the activation of compen-
acid secretion. satory mechanisms that help maintain nutrient homeostasis.
While GAL has no effect on respiratory quotief269] Since GAL is believed to function specifically when dietary
in contrast to the marked increase induced by NPY, other fat is in excess, GAL mutants may exhibit disturbances in
results from this laj464] reveal an effect of GAL on car- feeding and body fat accrual only when maintained on a
bohydrate and fat metabolism in muscle. Acute PVN in- high-fat diet or when given diets allowing animals to ex-
jection of GAL, but not NPY, stimulates the activity of press their natural preferences for fat as compared to car-
the enzyme phosphofructokinase in muscle, which reflects bohydrate or protein. Studies to date have only examined
increased capacity to metabolize carbohydf8#5]. This GAL mutants on standard lab chow diets. As for the activa-
response is accompanied by a decrease in the activity oftion of compensatory mechanisms, the evidence obtained so
B-hydroxyacyl-CoA dehydrogenase, reflecting a reduced ca-far in GAL knockouts shows increased sensitivity to the in-
pacity to metabolize fat. Since endogenous GAL and the hibitory effects of chronic leptin treatment on body weight
GAL-induced feeding response are both stimulated by a and fat mass, suggesting that endogenous GAL plays a role
high-fat diet and are elevated in animals selecting a fat-rich in counteracting these actiofi4]. These mice also exhibit
diet as described above, this finding that GAL favors carbo- disturbances in leptin-induced release of CORT during fast-
hydrate over fat metabolism suggests that this peptide maying, indicating disturbances in neuroendocrine homeostasis
be activated to compensate for or reverse the metabolic ef-under stressful metabolic conditions.
fects of a high-fat diet, which include a reduction in carbo-  To perform its functions of stimulating feeding and main-
hydrate metabolisrif291]. It may also contribute to the hy-  taining carbohydrate balance, there is evidence that GAL
perphagia on a high-fat diet, which may result in part from may act through other peptide systems. The opioids are
a need to consume sufficient carbohydrate to replenish liverthought to have some role in mediating GAL-induced feed-
glycogen level$306]. Consistent with this proposed role for  ing, as suggested by immunohistochemical results and the
GAL in maintaining carbohydrate balance on fat-rich diets finding that naloxone attenuates the GAL feeding response
is the finding that PVN GAL expression, together with the [105]. Another study suggests that the stimulation of food
selection of dietary fat, are both reduced in animals treated intake by GAL may also involve the release of endogenous
with a pharmacological agent that blocks fat oxida{#33]. NPY [36]. Further evidence focuses attention on a rela-
The consequences of excess GAL stimulation may be seertionship of GAL to the melanocortins, which as described
under specific conditions. Studies published to date indicatebelow inhibit feeding on a high-fat diet and stimulate the
that chronic ventricular infusion of GAL has little effect on  oxidation of fat. A possible inhibitory effect of GAL on
daily food intake and weight gain in rgt383]. Whereas this ~ the melanocortins is suggested by evidence that POMC
negative result may be due to a variety of factors including neurons in the ARC are innervated by GAL fibdi68]
the activation of compensatory mechanisms for maintaining and possess GALR1 receptor mRN#R2]. Also, GAL has
body weight, there is evidence that it reflects, in part, desen-direct inhibitory action on ARC neurons expressing the
sitization to the effects of repeated GAL injection and also GALR1 mRNA [320], and it specifically modulates the se-
the lack of sufficient dietary fat to reveal GAL's actions. A cretory activity of POMC neurongl1]. A corollary of this
significant increase in food intake and body weight can be hypothesis links GAL to leptin, a potent stimulant of the
seen with chronic GAL injections specifically in mice that melanocorting6,409] The possibility that GAL counteracts
are deficient in endogenous GAL64]. Moreover, GAL in- leptin’s stimulatory effects on fat metabolism is supported
jected directly into the PVN can significantly increase body by the finding that GAL knockout compared to wildtype
fat accrual, leptin levels and adipose lipoprotein lipase in control mice show increased sensitivity to the inhibitory ef-
rats on a high-fat diet but not in subjects on moderate- or fects of chronic leptin treatment on body fat accri@4].
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The decrease in fat pad mass in these leptin-treated GALA levels[32] and the activity of orexin neurorid59], there
knockout mice, despite little change in food intake, indicates is little evidence for a direct interaction between leptin and
that this effect is primarily metabolic, reflecting perhaps the the orexin peptides under physiological conditions. The
opposite effects of GAL and leptin on SNS activig7]. orexins, in contrast to NPY and AgRP, remain stable or
The finding that GAL knockout mice respond normally to are actually increased in conditions or states with markedly
food deprivation confirms the proposal that GAL, in con- elevated leptin, including overfeeding and dietary obesity
trast to NPY and AgRP, is not a critical component in the [32,58,396,453,458]Also, while NPY-induced feeding is
metabolic response to starvation, at least in the short term. completely inhibited by leptin or by anorectic peptides
In summary, GAL-expressing neurons in the PVN have closely linked to leptin, the orexin feeding response is only
very different properties and functions from other orexigenic partially suppressed by these compounds, suggesting the
peptides Fig. 1. In contrast to NPY, AGRP and MCH, this additional involvement of leptin-insensitive pathwd#65].
peptide is unresponsive to food deprivation and to changesin Rather than leptin as a key regulator, there is accumulat-
leptin, CORT, glucose utilization and dietary carbohydrate. ing evidence to suggest that orexin neurons in the PFLH are
This indicates that GAL is not essential under conditions controlled by changes in circulating nutrients and diet that
where food is scarce or on low-energy, high-carbohydrate di- link short-term feeding behavior to long-term body weight
ets. In contrast, GAL functions in close relation to dietary fat, control. They are stimulated when plasma glucose falls and
and it mediates specific functions allowing animals to adapt food is withheld, and they are inhibited by glucose and
to conditions of positive energy balance and excess fat. It is signals related to the ingestion of fopt8,57,58,133,459]
stimulated by a high-fat diet and an increase in circulating Building on evidence that neurons in the PFLH are “glucose
lipids, and it rises during the first half of the nocturnal feed- sensitive,” i.e., stimulated by a decline in gluc$3@], there
ing cycle as fat intake naturally rises. The function of this are reports indicating that some of these neurons express
peptide on a high-fat diet is to restore carbohydrate balance,orexin mRNA, which is stimulated by insulin-induced hy-
through behavioral and metabolic actions, under conditions poglycemig133,279]and by ghrelin which rises during hy-
where carbohydrate intake and metabolism are suppressedpoglycemia[413,414] and that orexin neurons may be the
same as those containing “prolactinlike-immunoreactivity”
2.5. Orexins which are similarly activated by hypoglycemif833].
Based on evidence linking the orexins to arousal and the
The orexins, also referred to as hypocretins, are a re-sleep—wake cycle, these findings have led to the proposal
cently identified class of neuropeptidgs7,351] Orexin that this peptide system has a function in mediating hypo-
A and orexin B, sharing 46% identity, are coded by the glycemic arousal induced by fastifig59].
same gene and are localized in neurons of the PFLH. These In addition to being stimulated by a decline in glucose,
orexin-expressing neurons lie adjacent to, but do not over- orexin neurons are also found to respond, in the opposite
lap, the cell population that produces M{HB0,115,315] direction, to circulating fat. This is suggested by a recent
Orexin neurons project within the hypothalamus, including report showing orexin mRNA in the PFLH to be stimu-
to the ARC and PVN, as well as throughout the bij2i®0]. lated by the consumption of a high-fat diet as compared to
Two orexin receptors, Ox-1 and Ox-2, have been describeda low-fat diet and to rise even further in association with
to date and display similar widespread expression patternsobesity on a high-fat diet, which is characterized by hyper-
as orexin axon§l159,415] lipidemia [453]. This increase in orexin expression is pos-
As with MCH and GAL, the orexin peptides in the itively related to levels of circulating triglycerides, leading
PFLH are regulated differently in many respects from the to the proposal that the orexins respond similarly to GAL
orexigenic systems in the AR227]. Whereas they are and that these peptides, and perhaps others, form a class of
similar to NPY/AgRP in being stimulated by food de- “fat-stimulated” peptides that are responsive to lipids in the
privation [58,277,351] glucocorticoids[393], and ghrelin blood [232,453] Injection of Intralipid that raises triglyc-
[218,305,459]diametrically opposite changes in these pep- eride levels also stimulates orexin mRNA in the PFLH, sim-
tides are detected in response to insulin, which stimulatesilar to GAL in the PVN, and this effect occurs in the ab-
orexin mRNA[133,279]while inhibiting NPY and AgRP, sence of changes in leptin, supporting a specific role for
and also in genetically obes#/ob mice, which exhibit a  the circulating nutrient§453]. Consistent with this rela-
decrease in orexin mRNA278,458]in contrast to an in-  tionship of the orexins to circulating lipids is the circa-
crease in NPY and AgRP. Further, orexin gene expressiondian rhythm of orexin peptides, which like GAL show peak
is reduced during pregnancy and lactat{d26], states of levels several hours after the onset of the natural feeding
increased energy demand that stimulate NPY, and theircycle [265,463] when rats exhibit a natural rise in their
rhythm across the circadian cycle differs, with the orexins preference for dietary fa374]. Taken together, these re-
showing increased activity during the first half of the dark ports demonstrate that the orexin neurons are positively re-
phase[265,463] rather than prior to dark onset for NPY. lated to circulating lipids, while inversely related to glu-
Also, whereas leptin receptors are found to exist on orexin cose. They suggest a possible contribution of this peptide
neurong143,167,447gnd exogenous leptin reduces orexin system to the increased activity as well as the acute hy-
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perphagia associated with consumption of a high-fat diet expenditure, due to reduced locomotor activity, foraging be-
[55,453] haviors and metabolic rate. It is consistent with the results
Central injection studies demonstrate that orexin peptides,showing that orexin/ataxin-3 transgenic mice with ablated
with orexin A more effective than orexin B, stimulate food orexin neurons fail to exhibit the increased wakefulness
intake, possibly through activation of both Ox-1 and Ox-2 and arousal induced by food deprivatigtb9]. Thus, rather
receptorg351]. This effect, localized to the PFLH and PVYN than arising from greater hunger per se, the stimulatory
[394], is apparent only during the light peri¢ti53] and, as effect of the orexins on food intake may be attributed, in
with MCH and GAL, is considerably smaller and of shorter part, to an increase in wakefulness and locomotor activity

duration than the eating response produced by N9 that is optimal for food-seeking behavior. This hypothesis
The finding that orexin A produces a stronger feeding re- is further strengthened by the finding that orexin A stim-
sponse on a high-fat diet compared to a low-fat &] ulates food intake during the light period, when animals

provides further support for the idea that endogenous orex-are normally resting, but has no effect during the nocturnal
ins contribute to the hyperphagia induced by a high-fat diet. feeding period153].
The stimulatory effect of the orexins on locomotor activ- Evidence suggests that the orexins, through their stimu-
ity, grooming and searching behaviors substantiates theirlatory effect on food-seeking behavior, act as downstream
proposed role in states of increased vigilance and arousaleffector molecules of the NPY/AgRP systems, which re-
[139,171]that occur, for example, during periods of fasting inforces signals related to hunger. In the hypothalamus,
and high-fat diet consumption. The orexin peptides addi- neuroanatomical studies suggest the existence of recipro-
tionally affect energy metabolism, as demonstrated by their cal synaptic contacts between orexin cells in the PFLH
stimulatory effect on metabolic rate independent of an in- and neurons in the ARC that express NPY and AgRP
crease in food intake or locomotor activif53]. Further, [50,115,123,167] Central injections studies show that
they elevate sympathetic tone, as revealed by an increaserexin A stimulates Fos expression in NPY neur(e0]
in blood pressure and heart rate, autonomic efferent nerveand, conversely, that NPY induces Fos expression in orexin
activity and plasma catecholamines, and gastric acid se-neurong292]. Consistent with this evidence are behavioral
cretion and luteinizing hormone release, effects generally and pharmacological studies indicating the involvement of
seen at lower doses than those required to stimulate feedingNPY receptors in mediating the feeding response induced
[76,324,352,373]The finding that orexins act on medullary by orexin peptided469,175,460]and a role for the orex-
neurons to increase sympathetic nerve activity raises theins, like NPY, in mediating the orexigenic effect of ghrelin
possibility that this peptide system underlies the increased[413], as well as the behavioral and metabolic responses
sympathetic activation and risk of high blood pressure as- to hypoglycemia as described above. In addition to NPY,
sociated with obesit{345]. Thus, in addition to controlling  the orexin neurons are anatomically linked to POMC neu-
feeding and energy metabolism, the orexins act at differentrons in the ARC[123,135] Through this connection and
levels of the neuroaxis, through extensive projections to the their relationship to circulating lipids, the orexins may
forebrain and spinal corf®5,96,127,290,315}0 modulate be involved in mediating the high-fat diet-induced in-
hypothalamic regulatory systems involved in arousal and crease in activity-based energy expenditure attributed to the
both neuroendocrine and autonomic processes. These physmelanocorting55]. This suggests a possible function for
iological mechanisms may underlie the anti-obesity effects the increased orexin expression observed on a fat-rich diet
of an orally active orexin receptor antagor{382]. [453], in addition to the hyperphagia generally seen on this
Genetic studies support a role for the orexins in control diet.
of feeding behavior as well as activity level. Prepro-orexin  In conclusion, these results indicate that orexin neurons
knockout mice and mice harboring the toxic ataxin-3 gene in the PFLH are highly responsive to changes in circulat-
attached to the orexin promoter, which eliminates orexin ing and dietary nutrientd~{g. 1). They have similar proper-
neurons, show hypophagia and inactivity compared to con- ties to NPY/AgRP-expressing neurons in the ARC, in being
trol littermates[147,447] This inactivity may contribute to  stimulated by negative energy balance, such as after food
the unexpected, late-onset obesity exhibited by these micedeprivation, when glucose levels are declining and CORT
[147,447] Similar to mice and dogs with null mutations and ghrelin levels are elevated. They are also similar to
of the Ox type-2 receptor gene, these knockout mice show GAL-expressing neurons in the PVN, in being stimulated by
phenotypes similar to narcolepsy, a human sleep disorderdietary fat and circulating lipids and in exhibiting a natural
[73,147,245,446] Characterized by excessive sleepiness rise during the first half of the circadian feeding cycle when
and abnormal sleep—wake regulation, narcolepsy is a slowlyfat ingestion normally increases. In both states of energy
progressive disease associated with a gradual loss of orexirdeficiency and of elevated fat consumption, the orexin pep-
neurons in the PFLH with aging. Interestingly, human tides may provide a critical link between energy homeostasis
narcolepsy is accompanied by increased body mass indexand brain mechanisms coordinating sleep/wakefulness and
[166,294,357] This evidence substantiates the idea that the motivated behaviors. They may function to increase arousal
obese phenotype of orexin knockout and orexin/ataxin-3 and locomotor activity that facilitates food-seeking behav-
transgenic mice reflects an underlying decrease in energyior under conditions of fasting and in association with the
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activity-based energy expenditure and hyperphagia inducedserotonergic receptor, 5-HER, and agonists of this recep-

by fat-rich diets.

3. Peptide systems that reduce feeding and body weight
3.1. Central melanocortin system

Pro-opiomelanocortin (POMC) is a 267-amino acid pre-

tor as well as the 5-HT-releasing agemtfenfluramine, de-
polarize and induce fos-immunoreactivity in POMC neurons
[157]. In contrast to the stimulatory actions of leptin, insulin
and 5-HT agonists, the gut hormone, ghrelin, inhibits POMC
neurons, possibly by stimulating NPY/GABA neurons that
increase the frequency of inhibitory currents onto POMC
neurong89]. The relationship of glucocorticoids to POMC
remains unclear, with some studies showing no change in

cursor protein that is synthesized in the ARC as well as the POMC expression after ADX and others revealing a de-
anterior pituitary. The posttranslational processing of POMC crease after ADX that is reversed by steroid replacement

results in a number of peptides with very different biological
activities. In the anterior pituitary, it is processed predom-
inantly to adrenocorticotropin-releasing hormone (ACTH)
as well as top-lipoprotein. In the ARC, ACTH is fur-
ther processed to produeeMSH, whereag-lipoprotein is
cleaved tg3-endorphin. Immunohistochemical studies show
that -MSH terminals form a separate but parallel popu-
lation to AgRP terminald51]. The biological actions of

[313,354,355,427,438]

Whereas few investigations of POMC have been con-
ducted in relation to diet and nutrient metabolism, the
available evidence indicates that the melanocortin system
is relatively unresponsive to these signals. The expression
of POMC in the ARC is unaffected by consumption of a
high-fat diet[83,149,412] Moreover, it is unaltered by com-
pounds that block the metabolism of glucose or of lipids

the melanocortin peptides are mediated by interactions with[366]. These findings distinguish POMC from the orexi-

at least five G-protein coupled receptors, with the MC3-R

genic systems described above and also from the CART

and MC4-R heavily expressed in the brain. Whereas the peptide, which as described below colocalizes extensively

MC3-R is localized to the hypothalamus and limbic sys-
tem and richly expressed in the ARC including on POMC
neurons, the MC4-R is more widely distributed throughout

the brain and is highly expressed within the hypothalamus,

specifically in neurons of the PVN and PFI[247,280,338]

with POMC [113] and is markedly stimulated by high-fat
diet consumptionj437,452]

Targeted POMC gene delivery into the basal hypothala-
mus of leptin-insensitivda/fa rats, resulting in increased
melanocortin signaling, causes a reduction in food intake

Evidence described below indicates that the melanocortinand adiposity[242]. Consistent with these findings, cen-
peptides act through these receptors to exert a net catabolidral injections ofa-MSH or synthetic analogues with in-

action.

creased potency produce a robust suppression of food intake

There is considerable evidence relating the melanocortinsin obesity-prone and genetically obese mig&6,444,462]

to circulating leptin and suggesting a role for this peptide

AgRP knockout mice are more susceptible to the anorectic

system in mediating leptin’s effects on energy balance. The effects of the synthetic melanocortin peptide, MT3I78],

expression of POMC mRNA in ARC neurons displays a di-

supporting the concept that melanocortin peptides compete

urnal rhythm, with nadir levels reached at the onset of the with AQRP at the MC4-R. These peptides also increase
feeding cycle when leptin levels are low and peak levels at metabolic rate and sympathetic outfl¢wb,107] and they

the end of the cycl§392]. The possibility that leptin stimu-

attenuate the cold-induced decline in body temperature in

lates these cells is supported by the findings that POMC neu-ob/ob mice [120]. Chronic administration of these peptides

rons express the leptin recep{@®] and that this hormone

induces a transient decrease in food intake but a sustained

rapidly induces c-Fos and SOCS-3 expression in POMC reduction in body weighi180,316] Further, continuous in-

neurons[112], while stimulating POMC expressidi359].
Leptin-deficienbb/ob mice exhibit a substantial reduction in
POMC throughout the ARC, which is restored by leptin re-
placemen{409]. Dietary obesity with elevated leptin is also
accompanied by an increase in POMC mRINA 2,466]

fusion of a-MSH decreases intra-abdominal fat mass and
improves insulin action on glucose uptake and production
[297]. In contrast to the effects ak-MSH, inhibition of
MC4-R produces hyperphagia, increased fat mass, and hy-
perinsulinemia, and it ameliorates the catabolic actions of

whereas states of food deprivation or lactation that have both leptin and insulirf132,297,303] Thus, the actions of
lower leptin levels are associated with reduced POMC gene a-MSH at the MC4-R favor enhanced SNS activity together

expressiolfi6,258,354,384]Leptin stimulates-MSH secre-
tion from hypothalamic slice preparatiofi®94] and induces

with reduced food intake, which ultimately lead to a restric-
tion of weight gain. There is recent evidence suggesting that

a concentration-dependent depolarization of POMC neuronsB-MSH may also act at the MC4-R to control feed{ig48].

[88]. This is possibly mediated by a non-specific cation chan-

Mice with a mutation in the coding region of the

nel, as well as a simultaneous reduction in the frequency POMC-derived peptides, despite having defective adrenal

of inhibitory currents from local NPY/GABA neurorj88].

Hypothalamic POMC neurons also express insulin recep-

tors, and insulin is like leptin in stimulating POMC mRNA
expressiorf35,152] Similarly, POMC neurons express the

development and low circulating glucocorticosteroids, de-
velop hyperphagia and obesity, which are reversed by ad-
ministration ofa-MSH [462]. A similar phenotype is seen

in humans with a genetic POMC mutation resulting in a de-
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ficiency of a-MSH [208]. In rodents, targeted disruption of
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jection of melanocortin agonistgl50]. Further, measure-

the MC4-R gene, which diminishes the anorectic effects of ments of endogenous NPY and AgRP expression reveal op-

the melanocortin agonist MTI[R61], similarly causes hy-
perphagia, increased fat mass, and hyperinsulin¢hTial.

posite patterns to those detected with POMC. For example,
POMC gene expression is increased in rats with dietary obe-

A developmental study suggests that the magnitude of thissity [412], while NPY is generally reduced. Also, the cir-
response is attenuated by a compensatory increase in POM@adian rhythm of POMC, with peak expression at the end
MRNA and a decrease in NPY expression in these MC4-R of the dark cycld392], is diametrically opposite to that of

knockout mice[439]. Spontaneous MC4-R mutations in
humans are also linked to morbid obedit$2,421] As re-
vealed by a study in MC4-R-null mutant mice, this receptor
in addition to decreasing food intake may have a function,
independent of leptin, in mediating high-fat diet-induced
thermogenesis and increased physical acti@g]. A simi-

NPY mRNA, which peaks towards the end of the light cy-
cle. This evidence supports the idea that the melanocortin
and NPY systems interact antagonistically in the control of
energy balance, although their functional relationship may
differ somewhat in lean versus obese animals, with an in-
tact leptin-signaling system required for the effect of C75

lar role for the MC3-R in energy balance is suggested by the on POMC but not on NPY/AgRP neurof®71].
findings that mice lacking this receptor have increased body Together, the evidence indicates that POMC gene expres-

fat and that mice lacking both MC3-R and MC4-R weigh
more than mice lacking only the MC44{84,74] Similar to
MC4-R-deficient mice, MC3-R-deficient mice also show in-
dications of reduced activity and impairment in their ability
to increase lipid utilization on a high-fat difg4]. However,
in contrast to the MC4-R knockout mice, MC3-R knock-

sion is stimulated under conditions of positive energy bal-
ance Fig. 1). These include excess caloric intake, elevated
leptin and insulin levels, and reduced levels of ghrelin, but
they do not include conditions of high-fat diet consumption.
Under basal conditions, a primary role of the POMC gene
product,a-MSH, in the hypothalamus is to provide a pos-

out mice are hypophagic and display a normal anorectic itive, tonic input via central melanocortin receptors on the

response to MTI[74]. Thus, whereas both receptors medi-

SNS. During negative energy balance, increased levels of

ate pathways regulating energy expenditure and adiposity,AQRP compete withx-MSH and reduce its actions at the
only the MC4-R receptor appears to mediate the anorecticMC4-R. Under conditions of positive energy balance, in-

effect of the melanocortins. The profound obesity induced

creased release of-MSH serves to attenuate food intake

by these genetic mutations indicates that POMC-derived and to further increase SNS activity to promote metabolic
peptides, acting on central melanocortin receptors, mediateeffects that restrict weight gain during excess caloric in-

a tonic effect on the SNS under basal, freely-feeding condi-

tions. This contrasts with the AgRP-deficient mice, which

take. As described below, possible downstream targets of the
melanocortin signaling pathway may include GALP, CART

as described above exhibit a phenotype only in response toand CRF, which mediate specific aspects of the day-to-day

periods of food deprivation.

regulation of energy balance.

There is some evidence that the melanocortin system has
arole in mediating disease-associated cachexia. Stimulation3.2. Galanin-like peptide

of MC4-R by melanocortin peptides reproduces some im-
portant features of cachexia, namely, a decrease in food in-

A 60-amino acid peptide structurally related to galanin,

take and body weight and increase in metabolic rate. Thesereferred to as galanin-like peptide (GALP), was recently
effects induced by lipopolysaccharide, which stimulates cy- isolated and cloned from porcine hypothalani3@1]. This

tokine release, are lost in MC4-R knockout mif260],
which are also resistant to cancer-associated cacfz6@a
This is in contrast to MC3-R knockout mice, which are ac-

peptide shares sequence homology with GAL, and it binds
with high-affinity to GAL receptors. However, clear dif-
ferences exist between these peptides. Whereas GAL acts

tually more susceptible to the cachexia in disease modelsvia both receptor subtypes, GALR1 and GALR2, GALP

[259]. Since the MC3-R on POMC neurons is thought to act
as an inhibitory autorecept§t 78], some of the features of
these MC3-R mice may be mediated by facilitatetISH
release.

appears to be selective for GALR214]. In contrast to
GAL, GALP is expressed almost exclusively in the ARC
[214], and these GALP-synthesizing neurons project to the
PVN but not the lateral hypothalam{297]. Relatively few

The melanocortin system appears to be closely related toGALP-containing fibers are evident in the external zone of

the NPY neurocircuit. The POMC and NPY neurons are
concentrated in the ARC, projecting to similar nuclei in
the hypothalamu§51], and NPY axons project onto ARC

POMC cells and inhibit their neuronal activity through the
release of GABA[88]. Moreover, as described above, the
melanocortin antagonist, AgRP, colocalizes with NPY and,
similar to NPY, stimulates food intake and promotes body
fat accrual[380]. Pharmacological studies demonstrate a
complete suppression of NPY’s orexigenic effect with in-

the median eminence, suggesting that GALP, unlike GAL,
does not serve as a hypophysiotropic hormone.

Further differences between these peptides can be seen in
their expression patterns under different conditions. Whereas
GAL mRNA in the ARC is not altered by leptin admin-
istration or food deprivation as described above, GALP in
the ARC is clearly a target for leptin. The leptin receptor is
expressed in the majority of GALP neurons, which consti-
tute a novel neuronal population that is distinct from other



SF. Lebowitz, K.E. Wortley/ Peptides 25 (2004) 473-504

leptin-receptor expressing neurons in this nucl¢@7].
Also, GALP-synthesizing neurons are stimulated by intrac-
erebroventricular infusion of leptin, and their expression in
the ARC is markedly reduced in leptin-deficiatifob mice,
as well as indo/db obese mice and Zucker obese rats with
a dysfunctional leptin recept$t81,182,206,209]Food de-
privation, which lowers leptin levels, reduces the rapid entry
of circulating GALP into the braifl189].

Studies with manipulations of diet or circulating nutrients
and their metabolism have yet to be performed with GALP.
Thus, it is not known whether GALP is similar to GAL in
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GALP neurons that differ from those produced by leptin
and the melanocortins. These may include the acute stimu-
lation of food intake and suppression of thyroid-stimulating
hormone, effects similarly produced by GAL, and a stimu-
lation of NPY release, an effect not seen with G67].
Further evidence, indicating that GALP may function inde-
pendently of the melanocortin systems and under different
conditions, is provided by the finding that food depriva-
tion, which suppresses POMC mRNAS8], has relatively
little impact on GALP expressiof209]. Preliminary evi-
dence, showing GALP-containing axon terminals in direct

its responsiveness to the consumption of a high-fat diet or contact with orexin- and MCH-containing neurons in the

to changes in the levels or oxidation of circulating lipids.

PFLH [399], suggests that this peptide may act, in part, by

The only evidence available relative to glucose is that the modulating orexigenic systems.

deprivation-induced reduction in entry of GALP into the
brain is reversed by administration of glucd489].

Taken together, this evidence indicates that GALP-expres-
sing neurons in the ARC may be another feeding-inhibitory

Central injections reveal further differences between the system that, like the melanocortins, is stimulated by states of

effects of GALP and GAL. With equimolar doses, these

positive energy balance and arise in lep&ig( 1). This pep-

peptides produce distinct patterns of cellular activation in tide produces catabolic effects, including a reduction in food
the hypothalamus, as revealed by Fos expreqd4ip,219] intake and stimulation of thermogenesis, which help limit
Whereas GAL induces a significantly greater number of weight gain. However, GALP can also function indepen-
Fos-positive nuclei in the PVN than GALP, there is a greater dently of the melanocortins and generate different responses.
effect of GALP in the ARC, median eminence and other This peptide, for example, has an acute, feeding-stimulatory
areas surrounding the ventricles. This differential neuronal effect and suppresses thyroid-stimulating hormone, similar
activation may underlie the different behavioral and physi- to effects produced by its structurally-related peptide, GAL.
ological effects of these peptides. While central GALP in-
jection similar to GAL has an acute stimulatory effect on 3.3. Cocaine- and amphetamine-regulated transcript
feeding in rat4206,217,267,367]this effect is not seen in
mice [206]. Moreover, the long-term impact of this peptide Cocaine- and amphetamine-regulated transcript (CART)
in rats and mice appears to be a dose-dependent suppressiomnas originally identified by differential display polymerase
of food intake and body weigHR06]. Whereas the acute chain reaction as a novel mRNA stimulated after acute ad-
orexigenic effect of GALP may involve the GALR1 recep- ministration of psychomotor stimulantk03]. The predicted
tor as suggested for GA[63,138,211,221,224the recep- protein product of CART mRNA has a leader sequence
tor mediating GALP’s feeding-inhibitory effect may be the and several pairs of basic amino acids, suggesting that it is
GALR2, for which GALP has far greater agonist potency processed and secreted. The mature peptide contains sev-
[214]. Alternatively, it may involve a novel GALP receptor. eral cleavage sites, indicating that CART may be posttran-
In addition to stimulating feeding, acute GALP treatment scriptionally processed into long and short fragments, with
produces an increase in body temperaf@d]. both forms of CART peptide found in the rat and only the
These central injection studies, revealing GALP’s short-form peptide found in humarj402,103] Whereas
feeding-inhibitory and hyperthermic effects and its respon- dense expression of CART mRNA exists in multiple areas
siveness to leptin, have led to the proposal that GALP is outside the hypothalami$69], the most abundant expres-
a downstream effector of leptin’s actions in the hypotha- sion of this peptide is found in the hypothalamu€9],
lamus possibly involving the melanocortins. This idea is suggesting a role for this peptide in energy balance. Im-
supported by evidence that GALP coexpresses with POMC munohistochemical evidence shows CART peptides in var-

in some neurons of the AR[398] and that leptin stimulates
the release of GALP from hypothalamic explaf868].
Moreover, central GALP administration in leptin-deficient

ious nuclei of the hypothalamus, including the ARC, PVN
and PFLH[203]. Further, CART-immunoreactivity is found
in the pituitary and adrenal glaf@03], suggesting a role

ob/ob mice decreases food intake and body weight, with the in the hypothalamo—pituitary—adrenal (HPA) axis function,
change in body weight being of longer duration, and it in- and also in sympathetic gangli206], indicative of a role
creases core body temperature and UCP1 mRNA in brownin the sympathoadrenal axis. To date, no receptor for CART
adipose tissufl46]. These effects suggest that leptin’s acti- has been identified.

vation of the SNS, resulting in increased energy expenditure Investigations of the endogenous peptide show that CART
and thermogenesis, may be partially mediated by GALP. expression is regulated by leptia07]. It is stimulated by

It should be noted, however, that not all GALP neurons in leptin administration or by hyperleptinemia induced by
the ARC express the leptin recep{887]. Thus, there may  adenovirus-leptin treatment, and it is reduced in genetically
be effects involving this subpopulation of leptin-insensitive obesefa/fa rats and leptin-deficienbb/ob mice with im-
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paired leptin signaling5,207,437] It is also suppressed in  lated by consumption of a high-fat digt52], this peptide
the ARC in states of food deprivation, that decrease levels may mediate the thermogenic effect produced by fat con-
of leptin [6,336], and it is enhanced by chronic exposure sumption. It may also have a role in the thermogenic effect
to cold [201]. There is evidence that leptin administration of cold stress, which elevates levels of CORT402] that,
activates CART-expressing neurons in the ARC, which in- in turn, may stimulate the expression of CARB54,427]
nervate sympathetic preganglionic neurons in the thoracic Studies in genetically modified rodents provide further
spinal cord and possibly carry out the functions of leptin support for a role of CART in thermoregulation. Using
involving SNS activation[113]. Hypothalamic CART is stereotaxically targeted gene transfer, rats receiving a CART
also modulated by insulin and glucocorticoid status. It is transgene in the ARC compared to control rats exhibit
reduced in streptozotocin-induced diabetic rg43] and an increase in food intake and a rise in UCP1 mRNA in
also in ADX animals, an effect reversed by dexamethasonebrown adipose tissuR01]. This overexpression of CART
administration[354,427] Thus, CART responds in a posi- is thought to mimic a state of chronic cold exposure, leading
tive fashion to insulin and the glucocorticoids, in addition to a compensatory increase in food intake and consequent
to leptin. weight gain[201]. Whereas CART-deficient mice have nor-
Additional evidence shows that CART also changes in mal body weight when maintained on a standard chow diet,
response to the consumption of fat and an increase in circu-they exhibit an increase in food intake, weight gain and fat
lating lipids. The expression of CART in the ARC and PVN mass when challenged with a high-fat diet at wearirg.
is stimulated in rats on a high-fat diet compared to a low-fat These findings suggest that CART may play an important
diet and also in rats that become obese compared to thoseole in mediating thermoregulation, a process tightly cou-
that remain lean on a high-fat digit37,452] These changes pled to food intake, and that the lack of CART impairs
may be attributed, in part, to the rise in leptin on a high-fat dietary-induced thermogenesis, resulting in greater body
diet, with levels of this hormone positively correlated with fat accrual on a fat-rich diet. The evidence that CART is
the level of CART mRNA[452]. However, preliminary ev-  stimulated by a high-fat diet and rises further with obesity
idence from this lab demonstrates that CART can be stimu- on a high-fat die{452] underscores the importance of this
lated by administration of Intralipid, which produces arise in peptide’s thermogenic effect in limiting body fat accrual
triglyceride levels without a change in leptin. Thus, whereas under conditions of excess dietary fat. This peptide may
these results confirm a positive association between leptinact through activation of pathways innervating sympathetic
and CART under physiological conditions, they demonstrate preganglionic neurons in the thoracic spinal cf3].
that CART is additionally responsive to circulating lipids, There is evidence supporting a relationship of CART to
which also rise with body fat accrual on a high-fat diet. other hypothalamic peptides involved in energy homeostasis,
Central injection studies support a role for CART in with which CART coexists. In the ARC, virtually all CART
energy balance. Acute intracerebroventricular administra- neurons express POM[13], in addition to the long-form
tion of CART peptide dose-dependently decreases food leptin receptof114]. This supports a close relationship of
intake in rodents and reduces feeding stimulated by NPY CART to the melanocortin system in stimulating thermoge-
[207,213,425] Consistent with a tonic inhibitory effect of nesis and energy expenditure and in mediating the metabolic
endogenous CART on feeding is evidence showing that and feeding-inhibitory actions of leptin. In light of evidence
chronic ventricular administration of this peptide lowers that CART but not POMC is stimulated by a fat-rich diet,
food intake and causes weight loss in lean and ofsfe this specific function of CART itself may be exhibited only
rats [215] and that antibodies against CART cause an in- under certain conditions involving diets with a high-fat con-
crease in nocturnal feedirjg07]. It should be noted, how-  tent. This idea is supported by evidence for a high degree
ever, that intraventricular administration of CART peptides of co-expression in PVN neurons of CART with the orexi-
can disturb locomotor activity2,215] and, under certain  genic peptide, GAL, which is stimulated by dietary [&a®],
conditions, induce a conditioned taste averdidgh both of and by the finding that ventricular injection of CART re-
which may cause a suppression of food intake. Thus, theduces GAL production in the PVN while having no effect on
possibility of a stimulatory effect of hypothalamic CART NPY or AgRP, which are unresponsive to dietary[#48].
on feeding needs to be consider@. This phenomenon  Other studies reveal colocalization of CART with MCH in
has been substantiated by a follow-up study, which revealsthe PFLH[49], in addition to thyrotropin-releasing hormone
a significant increase in daytime feeding in response to in the PVNJ[49].

daily injections of CART into the ARQ201]. Other effects Together, the evidence demonstrates that CART neurons,
induced by central CART administration include an inhi- particularly in the ARC, respond to a variety of conditions
bition of gastric acid secretion and gastric emptyj&g2], (Fig. 1. As with the melanocortins, they are stimulated un-

increased levels of circulating free fatty aciff¥s2], and der conditions of positive energy balance, in association with
stimulation of UCP1, 2 and 3 in brown and white adipose a rise in leptin, and they function to restrict food intake and
tissue and muscle, respectivg®01,429] These findings  activate the SNS, thereby preventing excess body fat accrual.
suggest that CART, like leptin, may have a role in stimulat- The CART neurons, however, differ from the melanocortins
ing thermogenesis. Based on evidence that CART is stimu-in other respects. They fail to exert tonic effects under basal
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conditions and, instead, are stimulated by short-term signalsrelated to the activation of the HPA axis, and this effect is

related to dietary fat and a rise in circulating lipids. They

generally unaffected or further enhanced by the administra-

also respond to conditions of negative energy balance, suchtion of insulin [67,68,335,377]Physiological studies show

as cold exposure, possibly in relation to circulating CORT.
The function of CART under these latter conditions may

that CRF is also stimulated in states of positive energy bal-
ance, such as involuntary overfeedii3$1]. However, it is

be to stimulate the SNS and increase thermogenesis to disteduced in states of negative energy balance, such as food
sipate excess calories on a high-fat diet or maintain body deprivation[118], and also in states of increased energy de-

temperature during periods of cold exposure.

3.4. Corticotropin-releasing factor

The corticotropin-releasing factor system in mammals

comprises CRF, at least two different CRF receptor sub-
types, a CRF-binding protein (CRF-BP) and endogenous

CRF receptor ligands such as the urocortid32]. CRF,

a 41-amino acid peptide, is widely expressed in the brain,

mand, such as during pregnancy or lactafib®l,428] ex-
ercise[411], and cold exposurgl51]. In light of its close
relation to the diurnal cycle and its rise toward the end of
the active phase, these expression studies suggest that PVN
CRF may exert its inhibitory effect on feeding primarily
during the later hours of the feeding period.

There are a few studies relating PVN CRF to diet and
circulating nutrients. This peptide system, similar to POMC
but different from CART, shows little change in response

and CRF-synthesizing neurons are abundant in the medialto excess fat consumptidi2,272,356] It is highly respon-

parvocellular division of the PVN, where they control the
pituitary—adrenal axis, exerting powerful regulatory effects
on the release of ACTH and glucocorticoi@81,442] Uro-
cortins belong to the CRF family of peptides and are ho-
mologous to CRF, but they show a different pattern of dis-
tribution in the brain161,332] In the hypothalamus, uro-
cortin I, a 40-amino acid peptide, is expressed primarily

sive, however, to changes in glucose levels or its utilization.
This is revealed in an in vitro study, which shows a rise in
peptide concentrations as glucose levels drop and a decline
in CRF as glucose levels rise, an effect reversed by 2-DG
[443]. Increased CRF expression in the PVN in vivo is seen
in response to both insulin-induced hypoglycemia and 2-DG
administration[67,309,334] Thus, with a drop in glucose,

in the lateral hypothalamus and supraoptic nucleus, with CRF production may be increased to stimulate the release of

urocortin-containing neurons projecting to the VM881].
Urocortins Il and Il are more recently identified members
of the family [240,330] In the mouse brain, urocortin Il is

glucocorticoids, whose major function is to maintain glucose
levels within narrow limits. The importance of this relation-
ship in maintaining normal eating patterns is suggested by

expressed in the ARC and the magnocellular division of the the finding that sucrose drinking restores the disturbances

PVN, whereas urocortin Il expression is found in the rostral
perifornical area lateral to the PV[240,241,330,332|CRF
and urocortin peptides function through two G-protein cou-
pled receptors, CRFand CRFE [331]. CRF and urocortin |
bind with high affinity to the CRE[332,422] In contrast,
urocortins 1l and Il bind with much higher affinity than

CRF to CRE and are suggested to be the endogenous lig-

ands of this receptd241,332] In addition to binding to two

in food intake, weight gain and sympathetic neural activity
induced by ADX[216].

Central administration of CRF produces changes in
food intake and metabolism that favor a state of negative
energy balanc¢l4,111,129,173,331,343The specific ef-
fects of acute CRF injections into the medial hypothalamus
or PVN include a marked suppression of spontaneous or
fasting-induced feeding. This is coupled with stimulation

receptors, CRF and urocortins also bind to CRF-BP, which of sympathetic outflow and resting oxygen consumption,
is expressed in association with CRF-expressing cell groupswhich increases lipolysis and energy expenditure and raises

in many brain areas including the hypothalanji8i%9] and

blood glucose while inhibiting insulin secretion. Central

has important modulating actions on CRF and urocortins urocortin | administration also suppresses feeding, and

[34,332]
The expression of CRF in the PVN is controlled by cir-
culating CORT. Across the diurnal cycle, CRF mRNA and

this effect is strongest in the PVN and more potent and
longer-lasting than that of CRI®4,205,385,430] Also,
chronic central administration of either CRF or urocortin

peptide levels exhibit a nadir at dark onset when CORT lev- | causes a sustained reduction in caloric intake and body
els rise, and a peak at the end of the feeding cycle as CORTweight [92]. The metabolic effects of these two peptides

levels decling56,276] Also, CRF expression is increased
in states of glucocorticoid insufficiency, such as after ADX,

appear to differ. Whereas both CRF and urocortin | stim-
ulate energy expenditure and urocortin | increases UCP1

and this effect is reversed by glucocorticoid replacement mRNA in brown adipose tissuy@02,332] chronic CRF but

[87,424] This ADX state is associated with a decline in eat-
ing and body weight and impaired recovery of weight loss

not urocortin | increases brown adipose tissue mass and
raises circulating levels of CORT and lipids while reduc-

after food deprivation, and it prevents the development of ing glucose[92]. Additional evidence suggests that CRF

essentially all forms of obesif$7,129] This supports a per-
missive role for the glucocorticoids, perhaps in conjunction
with insulin, in promoting body fat accrufl63,274] In di-

mediates the anorectic effects of these ligands, while CRF
mediates their metabolic effects. This is supported by the
findings that both urocortin 1 and CRF-induced anorexia

abetic rats, CRF expression in the PVN is increased, perhapsare attenuated by an antisense oligonucleotide to QRIE
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not to CRFK [379] and that mice lacking the CRFeceptor to vehicle controlg44]. Conversely, CRE knockout mice,
show a blunted response to the feeding-inhibitory effects which show urocortin I-induced anorexia during the first
of urocortin[86]. Also, selective antagonists of the CRF 4 h after administration, fail to exhibit any further anorectic
receptor block the suppressive effects of urocortins and response at 6h and have normal cumulative food intake
CRF on food intake and body weigf2,332] A role for at 10h post-injectior{86]. Thus, the feeding-suppressive
endogenous CRF or urocortin | in energy balance is further effect of urocortin | may actually have two phases, with
supported by evidence showing an increase in feeding afteran early phase mediated by the GRFeceptor and the
pharmacological blockade of CRF receptors, expressionlong-term phase mediated by the CREceptor.
or synthesig156,173,331]Jand a reduction in food intake This role of CRF in inducing anorexia and weight loss
and body weight with chronic administration of CRF or a may involve the NPY, melanocortin and CART systems, act-
CREF-BP inhibitor that increases CRF/urocortin availability ing in a downstream fashion. The CRF neurons in the hy-
in the hypothalamugl55]. pothalamus colocalize both the NPY Y5 recepts®] and

In addition to controlling basal and stress-induced acti- the MC4-R[251] and, thus, may provide an anatomical ba-
vation of the HPA axis, CRF system has been implicated sis for communication between the NPY and melanocortin
in mediating the integrated physiological and behavioral re- systems in the ARC and PVN. Consistent with this idea,
sponses of stress, including a suppression of feeding, whichCRF mRNA expression in the PVN is stimulated by cen-
are largely independent of the adrenal system and involve atral administration of a melanocortin agonist, in association
direct action on brain receptors. This is supported, for ex- with increased levels of CORT, and this effect is inhibited by
ample, by evidence showing that central blockade of CRF an MC4-R antagonig251]. Also, an antagonistic relation-
can reverse stress-induced anorg#@4,419] The effects ship between CRF and NPY is demonstrated by a variety of
of CRF on metabolism and energy balance, as well as gas-findings. This includes evidence that CRF and urocortin |
tric emptying, may also involve alterations in immune sig- administration reduces both NPY-elicited feeding and NPY
nals, particularly cytokinefl72,343] This is suggested by  expression29,430] that ADX which enhances CRF also
the similarity of their effects and by the stimulatory effect suppresses NPY mRNA, an effect reversed by glucocorti-
of cytokines on CRF release and HPA axis. It is further sup- coids[12,62,144] and that CRF antagonists increase NPY
ported by evidence showing the essential role of CRF in the feeding[156,271] These studies support the idea that CRF
hypophagic effect of interleukin-1 and its impact on fever, acts, in part, by inhibiting endogenous NPY and that a re-
thermogenesis and ACTH release. This communication be-duction in CRF mediates the stimulatory effect of glucocor-
tween CRF and the cytokines may be bi-directional, as sug-ticoids on NPY. A further relationship of CRF to CART is
gested by the effects of CRF on immune and inflammatory suggested by evidence that central administration of CART
response§20,328] Thus, the role of this peptide in energy peptide stimulates c-Fos immunoreactivity in CRF cells of
balance must be evaluated in a broader context, as an intethe PVN[426], indicating that CRF may mediate the anorec-
grator of the physiological responses to stress in relation totic effect of CART. Consistent with these associations be-
immunity and infection. tween CRF and the ARC systems responsive to leptin is a

Genetic studies with CRF knockout mice show no distur- variety of evidence indicating a role for CRF in mediating
bances in basal or stress-induced inhibition of food intake leptin’s actions. In addition to their similar behavioral and
[281,395] or in their anorectic responses to lipopolysac- metabolic effects, the anorectic effect of leptin is attenuated
charide, interleukin-g or n-fenfluramine[395]. However, by CRF antagonists, and central leptin injection increases
CRF-BP-deficient mice show a decrease in weight gain CRF mRNA and peptide content as well as GRfene ex-
together with reduced food intak&88], and, conversely, pression[266,295,331,358,420eptin also facilitates the
transgenic mice with widespread expression of CRF-BP passage of peripheral urocortin | into the brain, potentiating
exhibit increased weight gain, especially in female mice its anorectic actiorfl190]. A role for leptin in the relation-
[250]. Further, in CRE knockout mice similar to transgenic  ship between CRF and NPY is supported by evidence for a
mice over-expressing CRF-BP in the anterior pituitary, the negative feedback loop between leptin and glucocorticoids
circadian rhythm of food intake is disturbed compared to [62]. Studies also suggest an interplay between CRF and
wildtype mice, with more food ingested during the light serotonergic pathways, showing that serotonergic agonists
and less during the dark peri¢83,282] This effect in the stimulate Fos expression in CRF neurg#3,176]and that
CRF. knockout mice is completely reversed by CORT re- CRF blockade attenuates the thermogenic effects of sero-
placement, suggesting a potentially important role of CRF tonergic agent§43,220]
acting through the CRFFreceptors in signaling a circadian In summary, the CRF neurons in the PVN are well known
rhythm of feeding behavior. Studies of CRr CRFR, for being controlled by circulating CORT and downregu-
knockout mice have shed light on some of the anorec- lated at the start of the active phase as CORT levels rise
tic characteristics of urocortin 1. Whereas CRIEhockout (Fig. 1). This circadian rhythm helps to regulate food intake
mice are unresponsive to the acute anorectic effect of cen-and activity level across the day—night cycle, which is deter-
tral urocortin | during the initial 1.5 h, they exhibit normal mined by peptides like NPY and AgRP that increase at the
anorexia after 3h and up to 11 h post-injection compared onset of the natural feeding cycle. However, CRF also has
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catabolic effects that involve restraining caloric intake and in circulating nutrients, both glucose and lipids. The orex-
activating the SNS. Whereas CRF unlike the melanocortins ins sense negative energy balance predominantly through
does not appear to exert a critical tonic, inhibitory effect a decrease in circulating glucose, as well as an increase in
on sympathetic activity, it does respond to states of positive CORT and ghrelin, and they act to stimulate feeding by
energy balance and, thus, may function downstream of theincreasing arousal and food-seeking behavior. They also
melanocortins, as well as the CART peptides. sense positive energy balance induced by a high-fat diet and
rise with circulating lipids, possibly contributing to the hy-
perphagia and activity-based energy expenditure associated
4. Conclusion with a fat-rich diet.
The anorectic peptides function predominantly during pe-
The study of eating behavior and obesity from the per- riods of fuel overflow, and their goals are to restrict excessive
spective of the brain is clearly a burgeoning field. There body fat accrual by limiting food intake and upregulating
are many exciting discoveries, including the revelation of SNS activity. The POMC-derived peptide:MSH, provides
peptides for eating and satiety that were hitherto unknown. an importanttonic input to these pathways, as reflected by
Technological advances have allowed investigators to de-the obesity exhibited by POMC-deficient mice. This distin-
fine the specific functions of the different peptides in energy guishes POMC from the other anorectic peptides, GALP,
homeostasisHig. 1). It is clear that they exhibit consider- CART and CRF, which appear to have less critical inputs to
able diversity as well as redundancy in their actions and are energy balance under basal conditions. In states of positive
involved not only in the stimulation or inhibition of food in-  energy balance, the actions®@fMSH are increased further,
take but also in more intricate behavioral and physiological and both CART and GALP in the ARC are recruited to help
processes. These include, for example, the circadian rhythmreduce feeding (although it should be noted that both pep-
of meals, the arousal of food-seeking behavior, and the reg-tides can also stimulate feeding) and activate the SNS to a
ulation of energy expenditure as well as nutrient metabolism level that restricts weight gain during excess caloric intake.
in different tissues. The signals that trigger the recruitment of CART and GALP
The orexigenic peptides, NPY and AgRP in the ARC, and increase POMC gene expression include elevated in-
function predominantly during states of fuel shortage, sulin and leptin levels and decreased levels of ghrelin, as
specifically reduced carbohydrate stores, and increasedwell as increased dietary fat in the case of CART. Under
metabolic demand, and their goal is to restore carbohydratenegative energy balance, the actionsaeMSH are inhib-
balance as well as promote fat synthesis. They sense theséed by a rise in AgRP, which suppresses the activity of
states through hormones, namely, an increase in CORT andhis peptide at the MC4-R. Another anorectic peptide CRF
ghrelin and a decrease in leptin and insulin. They also re- is also upregulated under conditions of positive energy bal-
spond positively to changes in circulating nutrients and their ance. This peptide has a close association with circulating
metabolism, specifically a decline in the levels, storage and CORT and changes in glucose metabolism, and it plays an
utilization of glucose. In addition to a potent stimulatory important role in mediating the circadian rhythm of food in-
effect on food intake, these peptides replenish carbohy- take and activity. It may also act as a downstream mediator
drate stores and stimulate the utilization of excess glucoseof a-MSH and CART to exert catabolic effects, including
to produce anabolic effects including de novo lipogene- feeding inhibition and SNS activation.
sis. Whereas MCH in the PFLH also responds to negative These findings illustrate how hypothalamic peptides do
energy balance, this peptide, unlike NPY and AgRP, can far more than just modulate food intake and have numer-
function independently of leptin and is unresponsive to ous other functions that contribute to energy balance, un-
ghrelin and nutrient-sensing signals indicative of reduced der different conditions and in different physiological states.
glucose availability and oxidation. With a relatively small It is clear that weight gain and body fat accrual can be
effect on food consumption, its primary actions appear to increased through multiple mechanisms in addition to in-
be metabolic in nature, geared towards reducing activity creased food consumption, including a stimulation of fat
level, energy expenditure, fat oxidation and thermogenesis.synthesis or carbohydrate utilization and a reduction in fat
The GAL neurons in the PVN differ from the orexigenic oxidation and energy expenditure. We recognize, therefore,
peptides in the ARC, in being unaffected by negative en- that the terms ‘orexigenic’ and ‘anorectic’ are insufficient to
ergy balance and unrelated to changes in leptin, CORT, describe the physiological functions of these peptides. This
glucose utilization or dietary carbohydrate. Instead, GAL is is further exemplified by the finding that both orexigenic
highly responsive to dietary fat and circulating lipids. It has (NPY/AgRP) and anorectic (CART) peptides in the ARC
a specific function of stimulating carbohydrate metabolism can function together, paradoxically, in unique situations
in muscle, under conditions of excess dietary fat that com- such as cold exposure, with CART possibly acting more as
promise the utilization as well as intake of carbohydrate. a ‘thermoregulatory’ peptide that can enhance thermogene-
Whereas the orexin neurons in the PFLH respond to nega-sis both in response to a high-fat diet and to cold. Genetic
tive energy balance similar to NPY/AgRP and MCH, they studies using knockout and transgenic mice have provided
show clear differences in being highly sensitive to changes a valuable contribution to the validation of the physiologi-
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cal functions of these peptides. Fasting studies in knockout [5] Ahima RS, Hileman SM. Postnatal regulation of hypothalamic
models, for example, have demonstrated that peptides such ~ neuropeptide expression by leptin: implications for energy balance
as NPY and AgRP contribute to energy balance not by reg- _ nd body weight regulation. Regul Pept 2000;92(1-3):1-7.

. . . . [6] Ahima RS, Kelly J, ElImquist JK, Flier JS. Distinct physiologic and
UIat'ng basal food intake but by protecting the animal from neuronal responses to decreased leptin and mild hyperleptinemia.

perturbations in energy balance. Endocrinology 1999;140(11):4923-31.

Collectively, the studies reviewed in this paper have ad- [7] Aja S, Robinson BM, Mills KJ, Ladenheim EE, Moran TH. Fourth
vanced our understanding of the complex systems involved ventricular CART reduces food and water intake and produces a
in energy homeostasis at the level of the hypothalamus. Such ;indltloned taste aversion in rats. Behav Neurosci 2002;116(5):918—
complex regulation is made possible by the large number of :

. Fl) fi ﬁ d pt bolit );h t g. lat [8] Akabayashi A, Koenig JI, Watanabe Y, Alexander JT, Leibowitz
circula mg. ormones an me abolites a manipula e_ neu- SF. Galanin-containing neurons in the paraventricular nucleus: a
ronal function and by the diverse anatomical and functional neurochemical marker for fat ingestion and body weight gain. Proc
relationships that exist between the different peptides within Natl Acad Sci USA 1994;91(22):10375-9.
the hypothalamus. It is also made possible by neural mecha- [9] Akabayashi A, Levin N, Paez X, Alexander JT, Leibowitz SF.
nisms, not reviewed here, that extend from the gut and other ~ Hypothalamic neuropeptide Y and its gene expression: relation to

. . . . . light/dark cycle and circulating corticosterone. Mol Cell Neurosci
peripheral organs to the hindbrain and forebrain. A major 1094:5(3):210-8
miscalculation at any step within this complex circuit can [10] Akabayashi A, Wahlestedt C, Alexander JT, Leibowitz SF. Specific

lead to overeating and obesity. Whereas the unfolding beauty inhibition of endogenous neuropeptide Y synthesis in arcuate
and intricacy of the neural and humoral systems involved is nucleus by antisense oligonucleotides suppresses feeding behavior
athing of awe, its application in modern times is impossible and insulin secretion. Brain Res Mol Brain Res 1994;21(1/2):55-61.

without parallel appreciation of the enormous impact of the [111 Akabayashi A, Watanabe Y, Gabriel SM, Chae HJ, Leibowitz SF.
Hypothalamic galanin-like immunoreactivity and its gene expression

gnwronment, in terms of food availability and d|e.t composr. in relation to circulating corticosterone. Brain Res Mol Brain Res
tion. The complex systems of energy homeostasis evolved in 1994;25(3/4):305-12.

an environment of scarcity. Thus, in a society where food is [12] Akabayashi A, Watanabe Y, Wahlestedt C, McEwen BS, Paez X,
super-abundant and diets are rich in fat or carbohydrate, one Leibowitz SF. Hypothalamic neuropeptide Y, its gene expression

needs socio-political help in coping with problems of body and receptor_ activity: rela_tion to circulating corticosterone in

. . . . adrenalectomized rats. Brain Res 1994;665(2):201-12.
weight regulation. An understanding of the neuroscience of [13] Akabayashi A, Zaia CT, Siva |, Chae HJ, Leibowitz SF.
eating behavior and obesity, while critical to the discovery Neuropeptide Y in the arcuate nucleus is modulated by alterations
and development of future anti-obesity agents, must bring in glucose utilization. Brain Res 1993;621(2):343-8.
with it a sensible food distribution and education system. [14] Arase K, York DA, Shimizu H, Shargill N, Bray GA. Effects of
Otherwise, it will just be science for the sake of treatment, corticotropin-releasing factor on food intake and brown adipose
without all the benefits that could accrue from prevention of gssue thermogenesis in rats. Am J Physiol 1988;255(3 Pt 2):E255~
overeating. '

[15] Ariyasu H, Takaya K, Hosoda H, lwakura H, Ebihara K, Mori K,
et al. Delayed short-term secretory regulation of ghrelin in obese
animals: evidenced by a specific RIA for the active form of ghrelin.
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