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Abstract. Thirty-five years ago, Lois and Theodore Zucker reported the discovery of 
a genetic mutation in the rat that resulted in juvenile-onset obesity, increased food 
intake, decreased energy expenditure, and insulin resistance. The mutation was called 
fatty (fa). The fatty gene is passed on to successive generations by an autosomal 
recessive mode of inheritance. In the intervening years, much work has been done 
to characterize the many abnormalities of this animal model of obesity. Nearly 10 
years ago, we reviewed the evidence for a central nervous system mechanism in the 
etiology of obesity in the fatty Zucker rat. Since that time, the discovery of novel 
peptides and genes has revolutionized the study of the etiology of genetically linked 
obesities. In this review, we update the evidence for a central nervous system mecha- 
nism of obesity in Zucker rats by focusing on the possible role of neuropeptide Y 
(NPY) and leptin in the etiology of obesity. We also discuss the role of glucocorticoids 
and insulin in the regulation of NPY. [P.S.E.B.M. 1997, Vol 2141 

he discovery of novel biological peptides and 
genes has revolutionized work concerning the eti- T ology of genetically linked obesities. This review 

will focus on recent evidence of a link between obesity in 
the Zucker rat and two important central nervous system 
(CNS) active peptides, neuropeptide Y and leptin. 

Earlier, we reviewed the evidence for a central ner- 
vous system mechanism of obesity in the Zucker fatty 
(fd'a) rat (1). In that report, we summarized the many 
peripheral changes in the obese Zucker rat that could 
be linked to a disruption of the central nervous system. 
For example, the increased rate of adipose cell lipogen- 
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esis in pair-fed obese rats was caused by extremely high 
levels of insulin secretion. This appears to be the result 
of increased parasympathetic activity. The increase in 
energetic efficiency of the Zucker rat was explained by 
a decrease in sympathetic output to brown fat in the 
obese rat. Hyperphagia was linked to a disrupted feed- 
ing mechanism in the brain. The decrease in bone and 
muscle growth that occurred in the pair-fed obese 
Zucker rats was linked to the decrease in growth hor- 
mone status and the CNS control of the pituitary release 
of growth hormone. This review will provide further 
details of the central nervous system mechanisms that 
are disrupted in the obese Zucker rat. Specifically, we 
will provide evidence that obese Zucker rats are insensi- 
tive to leptin, potentially an important endogenous in- 
hibitor of neuropeptide Y (NPY), and that elevated 
NPY activity is central to the alterations seen in obesity. 

Role of NPY in the Etiology of Obesity in 
Zucker (Jd'a) Rats 

Neuropeptide Y is a 36-amino acid peptide, first 
isolated in 1982 from porcine brain (2). NPY is one of 
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Table 1. Effects of Central NPY Administration That 
Are in Common with Abnormal Characteristics of 

Obese Zucker Rats 

1. 
2. 
3. 

4. 
5. 
6. 
7. 
8. 

9. 
10. 
11. 
12. 

Increased food intake 
Increased body fat accumulation 
Decreased sympathetic activity to brown adipose 
tissue 
Decreased heat production 
Increased de novo fatty acid synthesis 
Increased serum triglycerides 
Increased glucose utilization of white adipose tissue 
Increased lipoprotein lipase activity of white adipose 
tissue 
Increased serum insulin concentration 
Increased serum corticosterone concentration 
Decreased sexual behavior 
Altered circadian rhythms 

the most abundant neuropeptides in the mammalian 
brain, being found extensively throughout the central 
and peripheral nervous systems (3,4). NPY was origi- 
nally isolated based on its chemical structure. It has 
an amidated C terminus. As a result, NPY has been 
characterized, both biochemically (5 )  and molecularly 
(6), independent of any known physiological function. 

Studies examining the potential function(s) of NPY 
have suggested NPY to have cardiovascular, gastrointes- 
tinal, reproductive, endocrine, and behavioral effects 
(7). Many of the effects of central administration of 
NPY are similar to the abnormal characteristics of obese 
Zucker rats (Table I). 

Central administration of NPY is one the most po- 
tent inducers of food intake known. The orexigenic ef- 
fect of NPY was first described by Clark et al. in 1984 
(8). Exogenous NPY administered into the cerebral ven- 
tricles or directly into various areas of the hypothalamus 
elicits robust intermittent feeding for several hours (8- 
10). The effect of NPY on feeding does not appear to 
develop tolerance (13). Multiple injections of NPY over 
a period of several days results in sustained overfeeding 
and increased body fat accumulation (12, 13). Appar- 
ently, NPY is able to override endogenous satiety sig- 
nals. As in obese Zucker rats, body fat accumulation 
caused by chronic NPY administration is not due en- 
tirely to the increase in food intake. NPY also decreases 
sympathetic activity to brown adipose tissue (14, 15). 
This decreases the production of heat, making animals 
more energy efficient. Obese Zucker rats pair-fed to the 
level of their lean counterparts gain more body fat than 
lean rats (16). This is believed to be due, at least in 
part, to a decrease in the sympathetic activity to brown 
adipose tissue in obese Zuckers (17, 18). 

Jeanrenaud and colleagues have recently examined 
the metabolic and hormonal effects of chronic central 
NPY administration in Sprague-Dawley rats and have 
also noted many similarities to obese Zucker rats (19- 
21). Chronic NPY infusion increases the activity of the 

lipogenic enzyme, acetyl coenzyme-A carboxylase, as 
well as de now fatty acid synthesis in both white adipose 
tissue and the liver. The latter effect most likely contri- 
butes to the increased serum triglyceride concentrations 
seen after NPY treatment. NPY increases both glucose 
utilization and lipoprotein lipase activity in white adi- 
pose tissue. Both factors would tend to promote lipid 
accumulation in fat cells. 

Central NPY administration also increases serum 
insulin (19, 22-24) and corticosterone concentrations 
(19,25,26). The elevation of serum insulin and cortico- 
sterone concentrations has long been known to be a 
characteristic of obese Zuckers (27, 28). Contrary to 
central administration, the direct effect of NPY on pan- 
creatic islets is to inhibit insulin release (22, 29). In- 
creased insulin release with central administration may 
be due to the NPY-induced decrease in sympathetic 
activity (14, 15). Central NPY appears to stimulate di- 
rectly the hypothalamic-pituitary-adrenal axis. NPY- 
containing nerve terminals are in close association with 
CRH cell bodies in the PVN (26). The injection of NPY 
into the PVN causes a rapid increase in serum ACTH 
and corticosterone levels (26). NPY also increases the 
content of CRH (30) and the level of CRH gene expres- 
sion (31), suggesting that NPY increases CRH synthesis. 
NPY may also act in synergy with CRH to enhance the 
release of ACTH from the anterior pituitary (32). 

The prevention of hyperphagia by pair-feeding does 
not reverse any of the above metabolic or hormonal 
changes induced by NPY (19), indicating that NPY per 
se is responsible for these effects and they are not sec- 
ondary effects of hyperphagia. If NPY treatment is 
ceased, the abnormalities are normalized (21), which 
shows that the continued presence of high NPY levels 
is required in order to maintain these abnormalities. 

An early observation of NPY was that ICV adminis- 
tration will inhibit sexual behavior in rats (33). The data 
suggest that NPY selectively depresses sexual motiva- 
tion. The inhibitory effect of NPY on copulatory behav- 
ior has since been confirmed and the effect has been 
shown not to be secondarily related to increased feeding 
(34). Obese Zucker rats have a reduced reproductive 
capacity (35) and display a decrease in sexual behavior 
(36). In studies using artificial insemination, sperm de- 
rived from obese rats are normal in their capacity to 
fertilize eggs (36). Thus, obese rats, like rats injected 
with NPY, appear to have dminished sexual motivation. 
It is this effect that appears to be the primary cause 
of their decreased reproductive capacity (36). 

Not only do obese Zucker rats show alterations in 
feeding and ambulatory activity, but they also display 
disruptions in the light : dark cycle of these behaviors. 
Lean rats show a higher percentage of their activity 
during the dark period. However, in obese rats, as the 
obesity progresses, more ingestive and ambulatory ac- 
tivity is shifted toward the light period (37). This disrup- 
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tion of light : dark activity is not due to a disappearance 
of the circadian rhythm, but rather to a shift and/or a 
decrease in amplitude of the circadian cycle (38). The 
suprachiasmatic nucleus (SCN) is believed to play a role 
in determining light : dark periodicity. NPY-containing 
cells from the intergeniculate leaflet project to the ven- 
trolateral portion of the SCN. Transitions from light to 
dark or vice versa have been found to be associated 
with an increase in the content of NPY in the SCN 
(39-41). This suggests that NPY may have a role in 
the process of photic entrainment of circadian rhythms. 
Other data suggest that NPY may also be involved in 
nonphotic shifts of the circadian rhythm (42-44). Injec- 
tions of exogenous NPY into the SCN have been shown 
to shift activity rhythms of hamsters (42.45). This effect 
is not secondary to an increase in motor activity (42). 

The above illustrates some of the similarities be- 
tween the abnormal characteristics of obese Zucker rats 
and the effects of exogenous NPY administration. These 
similarities provide indirect evidence consistent with the 
idea that elevated NPY activity may be causative of the 
obesity in Zucker rats. More direct evidence comes from 
the finding that NPY content is elevated in obese Zucker 
rats. Several studies have found the content of NPY in 
various hypothalamic nuclei to be elevated in obese 
Zucker rats. These include the acruate, paraventricular, 
suprachiasmatic, and medial preoptic areas (46-50). 
These areas are known to be involved with the regula- 
tion of feeding, autonomic nervous system activity, en- 
trainment to circadian rhythms, and reproduction. Phe- 
notypic differences in NPY content have been found 
in the arcuate nucleus and suprachiasmatic nuclei in 
animals at 30 days of age (just after weaning), but not 
at 16 days of age (49, 50). Since obese Zucker rats do 
not begin to overeat until after weaning (51,52), these 
data suggest an association between elevated endoge- 
nous levels of NPY and hyperphagia in obese animals. 

Alone, changes in tissue content of a neuropeptide 
can be difficult to interpret. since content is determined 
by both synthesis and release. In addition to an elevated 
tissue content of NPY, obese Zucker rats also have 
increased gene expression of NPY in the arcuate nucleus 
of the basomedial hypothalamus (53-55). The arcuate 
nucleus is an important site of NPY synthesis for the 
hypothalamus (56). This is an important finding because, 
together with the content data, it suggests that NPYergic 
activity is elevated in the hypothalamus of obese Zucker 
rats. One study has suggested that hypothalamic NPY 
gene expression is not increased until after 11 weeks of 
age (57). This would argue against NPY's having a role 
in the development of obesity. Others, however, have 
found elevated NPY gene expression in younger obese 
Zucker rats. One study found elevated NPY gene ex- 
pression in 5-week-old obese Zucker rats (58), while 
another found elevated NPY gene expression in 6- to 
9-day-old animals (59). The latter finding is impressive 

because these animals are in a pre-obese state. Increases 
in NPY gene expression precede changes in body com- 
position or circulating insulin (59). This indicates that 
changes in NPY gene expression occur very early in the 
life of obese Zucker rats, and supports a role for altered 
NPY activity in the development of obesity. 

Obese Zucker rats have an altered responsiveness 
to exogenous NPY. In one study, obese Zucker rats 
failed to show a feeding response to third-ventricular 
injections of NPY, even with doses up to 30 pg (60). 
Lean animals, on the other hand, reliably responded to 
doses as low as 3 pg. This could suggest that in obese 
rats, NPY receptors are already saturated by high levels 
of endogenous NPY. Alternatively, it could suggest a 
decrease in NPY responsiveness with a threshold re- 
sponse of greater than 30 pg. Others have found obese 
Zucker rats to have a decrease in responsiveness to 
NPY (61, 62). Though in these two studies obese rats 
responded as lean rats did to high doses of NPY, they 
showed a diminished feeding response to low doses. It 
was suggested that the diminished threshold response 
in obese rats may be due to either high endogenous 
levels of NPY or to a decreased number of NPY recep- 
tors. Indeed, McCarthy et al. reported a decrease in 
the number of hypothalamic NPY receptors in obese 
Zucker rats, suggesting that NPY receptors may be 
downregulated (61). These studies further support the 
idea of increased NPY activity in obese Zucker rats. 

Neuropeptide Y Regulation by Leptin 
How might the mutated fatty (fa) gene in obese 

Zucker rats lead to increased NPY activity? Recent 
studies concerning the molecular genetics of the ob and 
db mutations together with the classic parabiotic studies 
of obese animals provide a clue. Hervey showed that a 
normal rat would become anorexic when parabiosed to 
a rat made hyperphagic by lesioning the ventromedial 
hypothalamus (VMH) (63). It was proposed that as the 
VMH-lesioned rat becomes obese, it produces a factor 
that crosses the parabiotic union and inhibits food intake 
in the normal rat. The lesion renders the satiety factor 
ineffective in the lesioned animal. Parabiotic studies 
have also been used to examine two forms of genetic 
obesity in mice, obese (ob) and diabetic (db) .  Like the 
Zucker rat, both mouse models are characterized by 
early-onset obesity, hyperphagia, and hyperinsulinemia 
(64). Coleman and Hummel showed that, like the VMH- 
lesioned rat, when a diabetic (db/db) mouse is parabio- 
sed to a normal mouse the normal mouse loses weight 
and dies of apparent starvation (65). This suggests that 
thc diabetic (db/db)  mouse is producing a satiety/anti- 
obesity factor, but is unable to respond to it. In contrast, 
other researchers showed that when an obese (ob/ob) 
mouse is parabiosed to a normal mouse, the rate of 
weight gain does not decrease in the normal mouse; 
rather, body weight is decreased in the obese (ob/ob) 
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mouse (66-68). Hausberger first suggested that the 
obese (ob/ob) mouse is missing an anti-obesity factor 
that can be supplied by the normal mouse (66). Further 
work by Coleman showed that when the obese (ob/ob) 
mouse is parabiosed to a diabetic (db/db) mouse the 
obese ( M o b )  mouse loses weight and dies of apparent 
starvation (69). Together, these data are consistent with 
the idea that obesity in these two mouse models are 
caused by a common factor, Obese (ob/ob) mice appear 
unable to produce a satietylanti-obesity factor, though 
they are responsive to it. Diabetic (db/db) mice, on the 
other hand, produce the satiety/anti-obesity factor but 
are unresponsive to it. 

The genetic mutation of the obese (ob/ob) mouse 
has been cloned (70). The defective gene codes for a 
16-kDa protein that appears to be expressed exclusively 
in white adipose tissue. The ob gene product has been 
termed leptin (71). Several groups have reported that 
recombinant leptin decreases food intake and body 
weight in obese (oblob) mice (71-75). Because low 
doses of leptin are more effective when injected into 
the cerebroventricles of the brain, it appears that lepin 
has a central site of action (73,75). Indeed, a saturable 
unidirectional transport system across the blood brain 
barrier has been identified for leptin which has an entry 
rate similar to other blood-borne regulatory compounds 
(76). Leptin is secreted into the blood, and its concentra- 
tion reflects the amount of body fat (77, 78). Thus, it 
appears that leptin provides the brain with information 
concerning the amount of fat stored in the body. In 
addition to decreasing food intake, leptin also increases 
body temperature, suggesting that changes in metabo- 
lism also play a role in decreasing body weight (72). As 
would be expected from the work of Coleman, diabetic 
(db/db) mice fail to response to recombinant leptin (71, 
73,7.5). Moreover, diabetic (db/db) mice have elevated 
endogenous levels of leptin (71,77) and increased leptin 
gene expression (77). A similar increase in circulating 
leptin levels (77) and gene expression of leptin in white 
adipose tissue have been found in obese humans (77, 
79, 80). 

Recent studies have cloned the leptin receptor and 
have shown it to map to the location of the db mutation 
(81-83). At least six alternative splicing forms of the 
leptin receptor mRNA have been identified (82). Dia- 
betic (db/db) mice have a longer fragment length of 
one of these forms (Ob-Rb). A guanidine to thymidine 
point mutation causes a 106-bp insertion that results 
in truncation of the cytoplasmic domain of the lep- 
tin receptor (82). This likely results in defective signal 
transduction. 

As with diabetic (db/db) mice, obese ( fu/ fa)  Zucker 
rats parabiosed to lean rats cause weight loss in the lean 
rats (84). The reduction in body weight is due to a 
reduction in body fat. Obese Zucker rats have been 
found to have elevated plasma concentrations of leptin 

(77) and increased leptin gene expression in white adi- 
pose tissue (77, 8.5). Thus, as with the diabetic (db/db) 
mouse, the Zucker (fa@) rat appears to overproduce 
but not respond to leptin. A study using linkage analysis 
has previously suggested that the fatty (fa) mutation of 
the obese Zucker (fu/fu) rat is homologous with the db 
mutation of the diabetic (db/db) mouse (86). Recent 
genetic maps have shown that the fa mutation and the 
leptin receptor are within at least 600 kb of each other 
(83), further suggesting that the fa mutation is a muta- 
tion of the gene for the leptin receptor. Two recent 
studies have found a point mutation in the gene for the 
leptin receptor in obese Zucker rats (87, 88). A single 
adenine to cytosine transversion results in a glutamine to 
proline substitution at residue 269 of the leptin receptor. 
The site of the mutation is highly conserved, being pres- 
ent in all isoforms of the leptin receptor. It was suggested 
that this mutation does not alter leptin binding, but 
rather may interfere with dimer formation (87). This 
step could be essential in signal transduction. The above 
data suggest that the fa mutation of obese Zucker rats 
is a point mutation in the gene of the leptin receptor 
which prevents the animal from responding to circulat- 
ing leptin. 

As with obese (fulfu) Zucker rats, obese (ob/ob) 
and diabetic (db/db) mice have elevated levels of hypo- 
thalamic NPY gene expression (89, 90). This is consis- 
tent with the idea that the increase in NPY gene expres- 
sion is related to a functional lack of leptin. High-affinity 
leptin binding has been found in the hypothalamus (75), 
as well as other areas such as the choroid plexus (81). 
The OB-Rb form of the leptin receptor mRNA (the 
isoform abnormally spliced in diabetic (db/db) mice) is 
highly expressed in the hypothalamus (82). Autoradiog- 
raphy has shown intravenously administered [lzI]leptin 
to bind to the arcuate nucleus and median eminence of 
the hypothalamus (76). These data suggest that leptin 
may have a hypothalamic site of action in close proxim- 
ity to a major site of NPY synthesis. 

Leptin treatment in obese (ob/ob) mice has been 
found to decrease NPY gene expression in the arcuate 
nucleus (7.5, 91). This appears to be a specific effect of 
leptin and not a secondary effect due to an alteration 
in food intake or body weight (91). Leptin has been 
also found to decrease glucocorticoid-stimulated hypo- 
thalamic NPY relase in vitro (75). Leptin has no effect 
on NPY gene expression in diabetic (db/db) mice (75, 
91), again indicating the unresponsiveness of diabetic 
(db/db) mice to leptin. These findings suggest that leptin 
functions, at least in part, by inhibiting NPY synthesis 
and release. Because obese (ob/ob) mice do not produce 
functional leptin, NPY activity is not attenuated re- 
sulting in elevated NPY activity. Because obese ( fa / fa )  
Zucker rats and diabetic (db/db) mice do not respond to 
circulating leptin, these mutations also lead to increased 
NPY activity. A chronic increase in NPY activity would 
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be expected to increase food intake, decrease energy 
expenditure, and create an internal milieu that promotes 
body fat accumulation. 

Recently, NPY-deficient mice were developed from 
embryonic stem cells in which the NPY gene was dis- 
rupted (92). In these mice, there was no detectable NPY 
mRNA in the brain. Interestingly, except for an in- 
creased susceptibility to seizures. these mice developed 
normally. Food intake, body weight, and body fat were 
normal as were serum glucose, insulin and corticoste- 
rone concentrations. This may indicate that when an 
animal develops in the absence of NPY, other redundant 
systems are able to compensate for the lack of NPY. 
Alternatively, the effect of NPY may be unidirectional. 
A relative lack of NPY activity may not have much of 
an effect on the regulation of food intake and body 
weight compared with the control state, whereas a rela- 
tive increase in NPY activity may have a great effect. 
It was noted that NPY-deficient mice are initially more 
sensitive to the food inhibiting effects of acute leptin 
treatment. This indicates that some of leptin’s effect can 
be independent of NPY. It also suggests that NPY is 
able to affect leptin responsiveness. 

Neuropeptide Y Regulation by Glucocorticoids 
Neuropeptide Y and obesity are also influenced by 

other hormones, such as glucocorticoids. It has long 
been known that many of the abnormal characteristics 
of obese Zucker rats can be reversed or attenuated by 
adrenalectomy (93-95). The effects of adrenalectomy 
are reversed by corticosterone treatment, suggesting 
that glucocorticoids are necessary for the expression of 
obesity. If, as is our contention, obesity in the obese 
Zucker rat is mediated, at least in part, by chronically 
elevated NPY activity, then it would appear that in- 
creased NPY activity or the responsiveness to NPY may 
be dependent on circulating glucocorticoids. This ap- 
pears to be the case. Adrenalectomy has been shown 
to suppress NPY-induced feeding (96,97), while cortico- 
sterone replacement normalizes feeding response (97). 
This suggests that the response to exogenous NPY is 
dependent on the presence of circulating glucocorti- 
coids. The mechanism by which glucocorticoids affect 
NPY responsiveness is not known. Consensus sequences 
for glucocorticoid-responsive elements have been found 
within the 5’-flanking region of the Yl-receptor gene 
(98). Moreover, chronic glucocorticoid treatment in- 
creases Y1-receptor gene expression (99) and peptide 
YY binding (100) within the arcuate nucleus, suggesting 
that circulating glucocorticoids may influence NPY re- 
ceptor populations. Glucocorticoids may also have an 
indirect effect on NPY responsiveness through alter- 
ations in hypothalamic corticotropin-releasing hormone 
(CRH) levels. Inhibition of endogenous CRH activity 
by injections of the CRH receptor antagonist, a-helical 
CRH9-.,, , into the paraventricular nucleus (PVN) (101) 

or by the destruction of CRH-containing cells in the 
PVN by immunotargeted cytotoxins (102) result in an 
enhanced feeding response to exogenous NPY. These 
data suggest that CRH in the PVN exerts an inhibitory 
effect on the response to NPY. Adrenalectomy, by at- 
tenuating feedback inhibition of glucocorticoids, results 
in increased levels of CRH in the PVN that could attenu- 
ate NPY responsiveness. 

Other evidence suggests that glucocorticoids may 
influence NPY synthesis. In the hypothalamus and 
brainstem there is a close association between NPY- 
containing neurons and glucocorticoid receptors (103, 
104). In the arcuate nucleus, a major site of NPY synthe- 
sis, all NPY immunopositive neurons also contain gluco- 
corticoid receptors (104). Early work with cell cultures 
showed that dexamethasone can increase NPY gene 
expression in neuronal cell lines (105) and NPY levels 
in aggregating fetal brain cells (106). Other investigators 
have shown in vivo dexamethasone administration to 
increase NPY levels in the arcuate and/or paraventricu- 
lar nucleus (PV) (107-109). Other studies did not find 
an increase in NPY content with the glucocorticoid, 
bethamethasone (110), or corticosterone (loo), but did 
observe a decrease in NPY content in the arcuate nu- 
cleus and/or PVN with adrenalectomy. Adrenalectomy 
has been found to decrease NPY gene expression in the 
arcuate nucleus in some studies (111, 112), suggesting 
that NPY synthesis is supported by endogenous levels 
of corticosterone. Other studies have not found a de- 
crease in NPY gene expression with adrenalectomy, but 
have shown an increase in gene expression with gluco- 
corticoid treatment (99, 100, 113). This difference with 
adrenalectomy may reflect methodological differences 
in the time between adrenalectomy and sample collec- 
tion or differences between the time of day of sample 
collection. Overall, these data support a stimulatory role 
of glucocorticoids in NPY activity. 

The mechanism by which glucocorticoids stimulate 
NPY synthesis is not known. Glucocorticoids may have 
a direct effect on NPY synthesis. Three consensus gluco- 
corticoid response elements have been located within 
the 5’-flanking region of the NPY gene (114). Transfec- 
tion studies have shown this region of the NPY gene to 
confer glucocorticoid inducibility of a reporter gene. 
Other evidence suggests that there may also be an indi- 
rect effect of glucocorticoids on CRH levels that could 
affect NPY synthesis. Exogenous CRH administration 
has been shown to decrease NPY gene expression in 
obese Zucker rats (115). This suggests that adrenalec- 
tomy could decrease NPY gene expression by increasing 
hypothalamic CRH levels secondarily to decreased 
feedback inhibition from lower glucocorticoid levels. 

Evidence has suggested that glucocorticoids act 
through the Type I1 corticosteroid receptor subtype to 
increase NPY synthesis and activity. Dexamethasone or 
RU362, two synthetic glucocorticoids that act through 
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Type I1 corticosteroid receptors, increase NPY levels 
and NPY gene expression (105-109, 113). The Type I 
receptor agonist, on the other hand, appears to have no 
effect (1 13). In addition, the Type I1 receptor antagonist 
mimics the effect of adrenalectomy on NPY-induced 
feeding, whereas the Type I receptor antagonist is with- 
out effect (116). It is of interest that antagonism of 
Type I1 corticosteroid receptors has also been found to 
prevent hyperphagia and decrease body fat in obese 
Zucker rats (117). Potentially these effects in obese 
Zucker rats could be mediated through attenuation of 
elevated NPY synthesis and activity. Direct observation 
of the effects of Type I1 receptor antagonism on NPY 
gene expression in obese Zucker rats, however, has pro- 
duced equivocal results. Though treatment with the 
Type I1 receptor antagonist did appear to equalize NPY 
gene expression in lean and obese Zucker rats, no sig- 
nificant effect was noted because, in this particular ex- 
periment, no difference in NPY gene expression was 
found between the phenotypes in the control group (54). 

Obese Zucker rats have been found to have ele- 
vated serum concentrations of corticosterone in the 
morning resulting in relatively high corticosterone con- 
centrations throughout the day (28,118,119). High lev- 
els of corticosterone, like those found at the peak of 
the circadian cycle or during stress, interact with Type 
I1 corticosteroid receptors. This receptor subtype is 
found in abundance in the arcuate nucleus (104). There- 
fore, a sustained elevation in the serum corticosterone 
serum concentration would result in greater interaction 
with Type I1 receptors and may contribute to the in- 
creased NPY synthesis and activity found in obese 
Zucker rats. 

Neuropeptide Y Regulation by Insulin 
As opposed to the stimulatory action of glucocorti- 

coids, insulin appears to inhibit NPY activity and NPY 
synthesis. High levels of hypothalamic NPY are found 
in rats made diabetic by streptozotocin treatment (120- 
123). It is of interest to note that diabetic animals are 
also hyperphagic. Both the elevated NPY levels and 
hyperphagia are reversed by insulin treatment (1 22, 
123). Streptozotocin-induced diabetes increases the in 
v i m  release of NPY from the PVN as well as the in 
vivo release of NPY as determined by push-pull cannula 
(124). The increase in NPY content with streptozotocin 
treatment is mirrored by an increase in gene expression 
in the arcuate nucleus (125, 126), suggesting that low 
insulin concentrations increase NPY synthesis. The in- 
crease in NPY gene expression can be reversed by either 
peripheral (125) or central (126) insulin treatment. An 
elevation in NPY content in the PVN and arcuate nu- 
cleus has also been found in spontaneously diabetic 
(BB) rats (123). 

Insulin treatment reverses the increase in NPY con- 
tent in the PVN and NPY gene expression in the arcuate 

nucleus associated with fasting (127). Since fasting is 
associated with a decrease in serum insulin levels, this 
suggests that increased NPY synthesis during fasting 
is dependent on low insulin levels. Interestingly, other 
evidence suggests that increased hypothalamic NPY 
during fasting is also dependent on the presence of glu- 
cocorticoids (128). 

Though obese Zucker rats do not express frank 
diabetes, they are insulin resistant. This suggests that 
rather than serum insulin levels per se, it is glucose 
availability or utilization in specific brain areas that may 
be the important factor in insulin’s regulation of NPY 
activity. Studies that have examined the response of 
NPY gene expression in hyperinsulinemic-euglycemic 
rats support this view (129). Moreover, 2-deoxyglucose 
treatment, which decreases glucose utilization and in- 
creases food intake, is associated with an increased con- 
tent (130) and gene expression (131) of NPY in the 
arcuate nucleus. 

The number of insulin receptors is decreased in 
the brains of obese Zucker rats (132). Central insulin 
administration inhibits NPY gene expression in food- 
deprived lean rats but not in food-deprived obese rats 
(126). Additionally, obese rats, unlike lean rats, do not 
decrease their food intake in response to insulin treat- 
ment (133). Those data suggest an impairment of the 
action of central insulin in obese Zucker rats, which 
could contribute to the increased NPY activity found 
in obese Zucker rats. 

Interaction between Glucocorticoids and Insulin 
Glucocorticoids and insulin appear to interact with 

each other to affect NPY activity and feeding. The in- 
crease in NPY activity observed with dexamethasone 
treatment is reversed by the concomitant administration 
of insulin (109). Glucocorticoids cause a greater increase 
in feeding in STZ-induced diabetic animals than in ani- 
mals with normal insulin status (134). Elevated cortico- 
sterone levels are required to fully increase NPY levels 
and food intake in diabetic animals (135). In insulin- 
intact animals, elevated serum corticosterone levels 
stimulate insulin secretion, which in turn attenuates fur- 
ther elevations in NPY gene expression and food intake 
(135). Since obese Zucker rats are insulin resistant and 
have elevated levels of corticosterone, they would be 
expected to fully express NPY activity and feeding. 

Figure 1 shows a schematic of the proposed relation- 
ships among leptin, glucocorticoids, and insulin in the 
regulation of NPY activity. Leptin is secreted from white 
adipose tissue in proportion to the amount of fat. Nor- 
mally, leptin inhibits NPY activity, which would tend to 
decrease food intake and increase energy expenditure. 
These effects would lead to an appropriate decrease 
in body fat (Fig. 2). However, because the fatty (fa) 
mutation of obese Zucker rats alters the leptin receptor, 
the signal from leptin is not transduced, and NPY activ- 
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Figure 1. Proposed relationships among leptin, corticosterone, and 
insulin in the regulation of neuropeptide Y (NPY) activity. Leptin 
interacting with its receptor leads to an inhibition of NPY activity. 
Mutations that result in a defect in leptin (oblob) or the leptin receptor 
(db/db, fa/fa) lead to an increase in NPY activity. Increases in NPY 
activity lead to an increase in serum cotticosterone and insulin con- 
centrations. High levels of corticosterone, interacting with type I1 
corticosteroid receptors, cause a further increase in NPY activity. 
High levels of corticosterone also increase serum insulin concentra- 
tions. Low concentrations of serum insulin or insulin resistance 
increase NPY activity. Under normal conditions, insulin inhibits 
NPY activity. 

Leptin receptor dpl 
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Leptin 
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(+I Body fat 
Figure 2. Proposed relationships among leptin, neuropeptide Y 
(NPY) activity, food intake, energy expenditure, and body fat. Leptin 
interacting with its receptor leads to an inhibition of NPY activity. 
Mutations that result in a defect in leptin (ob/ob) or the leptin receptor 
(dbldb, f a h )  lead to an increase in NPY activity. Increases in NPY 
activity increase food intake and decrease energy expenditure. Both 
processes promote the accumulation of body fat. Leptin is synthe- 
sized and secreted from fat in proportion to the amount of body fat. 

ity becomes chronically increased. Elevated NPY activ- 
ity increases serum corticosterone and insulin concen- 
trations (Fig. 1). Chronically high serum corticosterone 
concentrations would lead to more interaction with 
Type I1 corticosteroid receptors in the arcuate nucleus 
and promote further increases in NPY activity. Elevated 
serum corticosterone concentrations would also stimu- 
late a further increase in serum insulin levels, possibly by 
increasing insulin resistance. Normally, elevated insulin 
levels would decrease NPY activity. However, the devel- 
oping insulin resistance of obese Zucker rats would pre- 
vent the inhibition of NPY, allowing NPY activity to 
increase further. The result of these interactions is a self- 
sustaining increase in NPY activity. Chronic elevation of 

NPY activity would lead to an increase in food intake, 
decrease in energy expenditure, and provide an internal 
milieu that promotes the accretion of body fat. 

The above is a working hypothesis that is consistent 
with much of the existing literature. More work is 
needed to better define the relationships among leptin, 
glucocorticoids, and insulin in the regulation of neuro- 
peptide Y. This will enhance the understanding of the 
etiology of obesity in the Zucker rat and possibly lead 
to a better understanding of some forms of obesity in 
humans. 
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