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INTRODUCTION
Feeding behavior is a complicated process to regulate the 
body weight. The body weight is determined by balance 
between calorie intake mainly by feeding and energy 
consumption including exercise, body temperature and 
metabolism. Obesity derived from excess of  food intake 
results in the metabolic syndrome, diabetes mellitus and 
associated cardiovascular diseases. Since hyperphagia 
contributes onset and progression of  the metabolic syn-
drome and so on, central feeding regulation is an impor-
tant issue to be clarified[1,2].

Feeding behavior is regulated strictly by more than 
20 appetite-related neuropeptides which are expressed 
in feeding center in central hypothalamus[1-4]. The main 
regulation to control feeding are the opposing controls 
between the orexigenic NPY (neuropeptide Y)/AgRP 
(agouti-related protein) neurons and the anorexigenic 
POMC (proopiomelanocortin)/CART (cocaine-am-
phetamine-regulated transcript) neurons, which originate 
from the arcuate nucleus (ARC) to the paraventricular 
nucleus (PVN)[3-6]. The main pathway of  two opposite 
neuron groups obtain and integrate nutritional informa-
tions, and communicate information regarding nutrient 
status and energy stores to the second-order neurons of  
feeding regulation in PVN[3,5,6]. Among these appetite-
related neuropeptides, NPY is the endogenous, strongest 
orexigenic neuropeptide and fasting induces the most re-
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Abstract
Neuropeptide Y (NPY) is a potent neurotransmitter 
for feeding. Besides NPY, orexigenic neuropeptides 
such as agouti-related protein (AgRP), and anorexi-
genic neuropeptides such as α-melatonin stimulating 
hormone (MSH) and cocaine-amphetamine-regulated 
transcript (CART) are also involved in central feeding 
regulation. During fasting, NPY and AgRP gene expres-
sions are up-regulated and POMC and CART gene ex-
pressions are down-regulated in hypothalamus. Based 
on the network of peptidergic neurons, the former are 
involved in positive feeding regulation, and the latter 
are involved in negative feeding, which exert these 
feeding-regulated peptides especially in paraventricular 
nucleus (PVN). To clarify the compensatory mecha-
nism of knock-out of NPY system on feeding, change 
in gene expressions of appetite-related neuropeptides 
and the feeding behavior was studied in NPY Y5-KO 
mice. Food intake was increased in Y5-KO mice. Fast-
ing increased the amounts of food and water intake 
in the KO mice more profoundly. These data indicated 
the compensatory phenomenon of feeding behavior 
in Y5-KO mice. RT-PCR and ISH suggested that the 
compensation of feeding is due to change in gene ex-
pressions of AgRP, CART and POMC in hypothalamus. 
Thus, these findings indicated that the compensatory 
mechanism involves change in POMC/CART gene ex-
pression in arcuate nucleus (ARC). The POMC/CART 
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markable increase in NPY gene expression in hypothala-
mus, indicating its principal and physiological relevance 
in feeding regulation[3-7].

We have been studying the regulatory mechanism 
of  NPY gene expression in hypothalamus, so as to 
elucidate the mechanism of  feeding-related regulation 
of  NPY gene expression[8-11]. Leptin is an anti-obesity 
hormone derived from adipose tissue and reduces the 
NPY gene expression in hypothalamus. This inhibition 
of  NPY gene expression by leptin is shown to be due 
to activation of  SOCS3 in the NPY neurons in arcuate 
nucleus[11]. 

In contrast the NPY receptors have been classified 
into at least 6 subclasses (Y1-y6). Y1, Y2, Y4, Y5, and y6 
receptors have been cloned and Y1, Y2 and Y5 recep-
tors are mainly involved in central feeding regulation in 
hypothalamic ARC and PVN[12-19]. NPY-induced marked 
induction of  feeding behavior intracerebroventricular 
(icv) is mediated through mainly Y1 and Y5 receptors 
in mammalians[13,15,16]. Interestingly, although activation 
of  Y1 and Y5 receptors is involved in NPY-induced 
hyperphagia, the Y1-KO (knockout) and Y5-KO mice 
develop the late-onset obesity with increase in food in-
take and adiposity, while NPY-KO mice did not change 
the feeding behavior or body weight[17,20]. This implies a 
compensatory mechanism in feeding behavior in these 
KO mice, which is important for understanding the 
long-term treatment with the current Y1 and Y5 recep-
tor antagonists for anti-obesity drugs. In addition the 
compensation against the orexigenic NPY system has 
not been elucidated to date yet. Therefore, first we chose 
the Y5-KO mice to investigate the central compensa-
tory mechanism for knockout of  NPY system, since 
the expression of  Y5 receptor is much restricted in the 
brain[16,18,21]. Then we characterized change in the feed-
ing behavior and gene expressions of  various appetite-
related neuropeptides in the hypothalamus of  the NPY 
Y5-KO mice.

FEEDING BEHAVIOR IN WILD-TYPE 
C57BL/6N MICE
NPY is the endogenous neuropeptide with most orexi-
genic potency in hypothalamus, and its injection icv or 
direct injection into PVN in hypothalamus produces 
marked increase in feeding behavior in rodents[13-16]. 
Fasting or central glucoprivation evoked by 2-deoxy-
glucose (2DG) induces eating with simultaneous increase 
in orexigenic NPY and AgRP gene expressions in ARC, 
followed by augmented NPY peptide release[7,8]. Since 
this fasting-induced food intake is significantly inhibited 
by selective Y1 or Y5 antagonists, the induction is medi-
ated through Y1 and Y5 receptors (apparently, mainly 
through Y1 receptors in mice)[13,16]. This NPY/AgRP 
neurons are essential for feeding in adult mice[22].

In our experiments with male 10-wk-old wild-
type mice, fasting for 48 h increased daily food intake 
and daily water intake by 53% and 50%, respectively 
(Figure 1). The increase in food intake followed by 

the concomitant increase in the orexigenic NPY 
and AgRP gene expressions and decrease in the an-
orexigenic POMC gene expression in ARC[4]. RT-
PCR indicated that NPY and AgRP gene expression 
is increased remarkably and galanin gene expression 
is increased moderately, while orexin, MCH, CART 
or POMC mRNA did not change significantly. These 
findings suggested that fasting-induced food intake 
is involved markedly in NPY/AgRP gene expression 
and moderately in galanin gene expression in ARC in 
wild-type mice. NPY and AgRP coexist in the same 
neurons in ARC, and NPY and AgRP gene expres-
sions were increased simultaneously and remarkably by  
fasting[4,7,8]. 

In contrast to the concept that the NPY system plays 
a pivotal role in central feeding regulation, the following 
studies have performed that in the NPY-KO and NPY 
Y1-KO mice their body weights or feeding behaviors 
did not change or that in NPY Y5-KO mice the body 
weight and food intake increased conversely[17,18,20]. This 
suggested the existence of  a compensatory mechanism 
other than the NPY system. The existence of  multiple 

Figure 1  Fasting (48 h)-induced change in food intake (A) and water intake 
(B) in NPY Y5-KO mice. Fasting (48 h)-induced change in daily amounts of food 
intake and water intake in Y5-KO mice was measured and compared with those 
in wild-type (C57BL/6N) mice at 10 wk old. aP < 0.05 (unpaired Student’s t test).
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feeding-regulatory systems is very important for the ho-
meostasis of  body weight. Therefore, we tried to eluci-
date the compensatory system except for NPY by using 
NPY Y5-KO mice.

COMPENSATORY FEEDING BEHAVIOR IN 

NPY Y5-KO MICE
As shown in Figure 2, growth curve of  wild-type and 
NPY Y5-KO mice from 4 to 69 wk old. Although NPY 
is an orexigenic peptide, obviously Y5-KO mice have 
obese phenotype. From 4 to 40 wk old, the body weight 
of  Y5-KO mice was twice as much as that of  wild-

type mice. The increase was observed in both male and 
female gender but more remarkably in female gender. 
Because NPY is related with regulation of  release of  
female gonadotropins from pituitary glands, and because 
female in human being tends to be fatty after menopause, 
activation through Y5 receptors may be involved in 
suppression of  onset and progression of  obesity in 
female.

As shown in Figure 3, when Y5-KO mice were freely 
fed, their daily food intake and daily water intake were 
significantly higher than those of  wild-type mice at any 
age. This suggested that overeating in Y5-KO mice pro-
duced obesity of  the mice. Next, we measured the fast-
ing (48 h)-induced change in food intake in Y5-KO mice 
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Figure 2  Growth curves of wild-type (C57BL/6N) and NPY Y5-KO mice from 4 to 69 wk old. Data are the mean ± SE. From 4 to 40 wk old, the body weight of 
Y5-KO mice was twice as much as that of wild-type mice.

Figure 3  Change in feeding and drinking in NPY Y5-KO mice. Daily amounts of food intake (A) and water intake (B) in Y5-KO mice were measured and compared 
with those in wild-type (C57BL/6N) mice at the same age (from 11 to 69 wk old). aP < 0.05, bP < 0.01 (unpaired Student’s t test). M: Male; F: Female.
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Figure 4   Effect of fasting 
on  appet i te - re la ted  gene 
expression in hypothalamus. 
Fasting (48 h)-induced change 
in gene expression of appetite-
re la ted  genes  (A :  NPY;  B : 
AgRP; C: CART; D: POMC) 
in Y5-KO mice was measured 
i n  t h e  h y p o t h a l a m u s  a n d 
change in signal intensity was 
quantitated in panel E at 10 
wk old.  3v:  Third ventr ic le; 
NPY: neuropeptide Y; AgRP: 
agouti-related protein; MCH: 
melanin-concentrating hormone; 
CART: cocaine-amphetamine-
regulated transcript; POMC: 
proopiomelanocortin.
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(Figure 1A). Compared with fasting-induced food intake 
in wild-type mice, obviously fasting-induced feeding was 
augmented by about 2 times. The fasting-induced water 
intake in Y5-KO mice was significantly increased follow-
ing increase in food intake (Figure 1B). Thus, obesity in 
NPY Y5-KO mice is probably due to overeating ad libi-
tum and on fasting.

To deny the possibility that obesity might be due to 
decrease in energy consumption, the decrease rate in 
body weight was studied during fasting (48 h) in Y5-
KO mice. The body weght loss in 2 d of  Y5-KO mice 
was almost the same to that in wild-type mice (data not 
shown). This indicated that the energy consumption rate 
is not changed in Y5-KO mice, but the obesity in Y5-
KO mice is simply due to increased food intake ad libitum 
and on fasting.

CHANGE IN GENE EXPRESSION OF 
APPETITE-RELATED PEPTIDES IN 
HYPOTHALAMUS
The compensatory feeding behavior might be due to 
change in gene expressions of  appetite-related neuro-
peptides other than NPY. Therefore, the change in gene 
expression of  feeding-regulating peptides in hypothala-
mus was investigated, first, when NPY Y5-KO mice 
were fed freely. Under ordinary conditions in NPY Y5-
KO mice the NPY and AgRP gene expressions were 
diminished probably due to disuse[4]. The decrease in 
NPY and AgRP gene expression which expresses in the 
same neuron group in ARC may be due to increased 
leptin level following obesity in Y5-KO mice. The gene 
expression of  orexin, MCH, or CART was not changed 
in hypothalamus; but the POMC gene expression was 
significantly decreased by RT-PCR and ISH, suggesting 
that the synthesis of  anorexigenic POMC-derived pep-
tides such as -MSH is decreased. This decrease in POMC 
gene expression appears to be the principal cause of  the 
compensatory overeating.

AUGMENTATION OF FASTING-INDUCED 
CHANGE IN GENE EXPRESSION IN NPY 
Y5-KO MICE
Fasting for 48 h produces augmented the fasting-induced 
food intake, with the concomitant increase in the orexi-
genic NPY and AgRP gene expressions and decrease 
in the anorexigenic POMC gene expression in ARC in 
wild-type mice[4]. Obviously the fasting-induced feeding 
behavior is augmented in Y5-KO mice (Figure 1). Next 
we investigated whether changes in gene expressions of  
appetite-regulated neuropeptides in hypothalamus are 
involved in 48 h-fasting-induced induced feeding behav-
ior (Figure 4). NPY and AgRP gene expressions were 
induced by 48 h-fasting more profoundly in NPY Y5-
KO mice than those in wild-type mice (Figure 4A and 
B). In contrast, CART and POMC gene expression were 
conversely decreased more markedly by fasting in Y5-KO 

mice. In contrast orexin and MCH (melanin-concentrating 
hormone) gene expressions were not changed by fasting 
in the mouse hypothalamus (Figure 4E). Thus, the aug-
mentation of  fasting-induced feeding behavior in NPY 
Y5-KO mice was accompanied by the concomitant fast-
ing-induced changes in NPY/AgRP (both increase) and 
POMC/CART (both decrease) gene expression. Because 
the NPY system probably dysfunctions in NPY Y5-KO 
mice, the concomitant increase in AgRP gene expres-
sion and decrease in POMC and CART gene expression 
are the cause of  fasting-induced augmentation of  feed-
ing behavior in NPY Y5-KO mice. The compensatory 
mechanism of  feeding is probably due to overfunction of  
compensation by POMC and partly CART gene expres-
sions which results in the late-onset obesity in Y5-KO  
mice.

CONCLUSION
Feeding behavior and energy balance are regulated in 
complicated manner by networks of  neurons with clas-
sical neurotransmitters and appetite-related peptides. In 
this article, we showed that the compensatory feeding 
behavior occurs in NPY Y5-KO mice when the NPY 
system is probably inhibited, so that the late-onset obe-
sity has appeared. This is probably due to the compensa-
tory change in POMC gene expression. At present the 
mechanism of  compensatory change in POMC/AgRP 
gene expression is still unknown, and remains to be clari-
fied. This compensatory mechanism is not dependent 
on the technical procedure of  knockout mice. Questions 
regarding when the compensatory mechanism was been 
completed, and whether the compensation might occur 
essential only in adult brain[22,23].

The investigation about the regulation of  NPY, 
AgRP and POMC gene expression in hypothalamic nu-
clei is useful for elucidation of  central feeding regulation 
and also for development of  novel anti-obesity drugs in 
future.
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