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Abstract Unexplained weight loss during the latter stages of aging is commonly pre- 
ceded by a spontaneous diminution in food intake. Multiple etiologies of age-related 
anorexia in humans, ranging from social isolation to impaired gastrointestinal func- 
tion, have been proposed. The observation of this phenomenon in older laboratory 
animals suggests that physiological changes play a significant causal role. A con- 
tinually expanding body of information on the neurochemical control of food intake 
supports a contribution of altered neurochemistry to dysregulated feeding behavior. 
This review provides an update on the relationship between declining food intake 
during advanced age and physiological (specifically neurochemical) function. The 
complexity of the control of food intake as well as the variety of investigative methods 
used in this field of study render the identification of definitive causes difficult. Evi- 
dence presented here is evaluated and possible etiologic factors are suggested. 
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ging, especially in its advanced stages, is associated 
with declines in food intake and body weight in A both humans and laboratory animals (1-3). Longi- 

tudinal studies, including the third National Health and Nu- 
trition Examination Survey (NHANES 111), the New 
Mexico Aging Process Study, and the Baltimore Longitu- 
dinal Study of Aging show a progressive decrease in caloric 
intake with age (4-6). Data from NHANES I11 are summa- 
rized in Table I. This decline in energy intake is more than 
offset by reduced energy expenditure during middle age, 
and the adiposity percentage actually rises through the fifth 
and sixth decades of life (3). After age 70, energy balance 
often becomes negative, and losses in lean body mass and 
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body fat occur (7,8). Dietary intake studies involving elder- 
ly subjects frequently report inadequate caloric intake (9- 
12), and unintentional weight loss has been described in up 
to 35% of aged community-dwellers (13) and 70% of nurs- 
ing home residents (14). This decrease in eating, known as 
the “anorexia of aging,” appears to develop without defini- 
tive cause in otherwise healthy elderly persons and has been 
proposed to constitute a prelude to “natural” death (15). 

The concept that normal aging is associated with alter- 
ations in the homeostatic mechanisms influencing hunger, 
satiety, and food intake is supported by several studies. 
Roberts (16) demonstrated that older (mean age 68 years) 
versus younger (22.7 years) men were less able to appro- 
priately adjust their energy intake in response to dietary 
manipulation (i.e., the elderly did not return to energy bal- 
ance after under- or over-feeding as did the younger sub- 
jects). Consistent with this finding, Rolls (17) used a pre- 
loading method to show that elderly men (60-84 years) 
compensated less precisely for changes in caloric intake 
than did younger men (18-35 years). The older subjects in 
this study also reported less hunger and greater fullness 
compared to the younger group. Similarly, desire to eat after 
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Table 1. Mean Daily Kilocalorie (kcal)a Intake by Age 
Group (Third National Health and Nutrition 
Examination Survey, Phase 1,1988-1 991) 

Daily kcal intake 
Age group (yrs) Sample size - .-. ~ 

No. (SE? 

20-29 
30-39 
40-49 
50-59 
60-69 
70-79 
280 

1,682 2484 (* 44.4) 
1,526 2372 (* 43.4) 
1,228 21 46 (* 44.5) 

929 1967 (* 30.7) 
1,106 1822 (* 39.0) 

851 1624 (.c 25.3) 
609 1484 I+ 27.4) 

a Kilocalories derived from consumption of foods and beverages. 
Standard error. 

a test meal is diminished more in aged (70-84-year-old) 
versus younger (23-50-year-old) men and women (18). 

Although the phenomenon of age-related anorexia may 
be a physiologically "normal" manifestation of the aging 
process, it often results in undernutrition and secondary 
problems such as sarcopenia (19), impaired immunity (20). 
and physical frailty (21 j, all of which can substantially im- 
pact quality of life. Despite continued research in clinical 
and laboratory settings, the etiology of the anorexia of aging 
has been difficult to ascertain because declines in food in- 
take are often subtle and not recognized until confounding 
illnesses develop. The purpose of this review is to evaluate 
the evidence for a physiological (specifically neurochemi- 
cal) contribution to the anorexia of aging and to suggest 
possible etiologic factor(s). The influence of psychosocial 
state is beyond the scope of this paper and is addressed 
elsewhere (2, 3, 22, 23). The term senescence will be used 
to refer to the terminal stage of aging, when the rate of 
functional deterioration increases significantly and death 
follows shortly thereafter. Prior to addressing individual 
neurochemicals and briefly, chemosensory and gastric func- 
tion, a synopsis of the control of food intake will be dis- 
cussed. Mean or median life spans are indicated for those 
rodent strains for which sufficient longevity data exist. Con- 
cluding remarks include a description of the approach to 
research that our laboratories have found effective for elu- 
cidating potential processes underlying age-related anorexia. 

Overview of Neurochemical Control of 
Food Intake 

Food intake involves an extensive array of effectors and 
proposed mechanisms that are not completely understood. 
Neural and chemical signals originating in the brain and 
periphery are thought to interact within the brain and result 
in feeding behavior and regulatory energy expenditure that 
maintain energy balance. Although early lesion experiments 
identified the importance of the hypothalamus in the control 
of food intake (24), other brain areas, such as the nucleus of 
the solitary tract (25-27), nigrostriatal tract (28), and limbic 
system (27) have since become recognized for their role in 

feeding. As investigations continue to elucidate the central 
integration of sensory input from the vagus nerve, endocrine 
messages from peripheral tissues, information on nutrient 
metabolite concentrations, and neurotransmitter signals 
from various brain regions, considerable data have accumu- 
lated regarding a number of chemical modulators of hunger 
and satiety. Many neurochemicals have been implicated in 
the control of food intake. These include neuropeptide Y 
(NPY) (29), neurotensin (30), cholecystokinin (CCK) (3 l), 
leptin (32) ,  galanin (33), the orexins (34), melanocyte- 
stimulating hormone (35), melanin-concentrating hormone 
(36), agouti-related peptide (37), and corticotropin-releasing 
hormone (38). However, few of these factors have been 
studied in relation to the aging process, and still fewer have 
been investigated for their potential role in the age-related 
decline in food intake. Included in this latter group are NPY, 
leptin, CCK, and endogenous opioids. An examination of 
the roles of each of these in the control of food intake and 
what, if any, age-related changes in their function are ob- 
served is helpful in narrowing the list of candidate effectors 
in the anorexia of aging. 

Neuropeptide Y :  Neurotransmitter Pathways 
One function of NPY is to facilitate energy balance by 

mediating food intake-stimulating signals within a complex 
interconnected neural pathway (39). Neuroanatomical map- 
ping studies have shown that NPY-producing neurons are 
located in the brain stem, cortex, and arcuate nucleus (ARC) 
of the basal hypothalamus and innervate various hypotha- 
lamic sites, including the paraventricular nucleus (PVN) 
(40). Experiments indicate that NPY synthesis in the ARC 
and release in the PVN increase when feeding occurs either 
normally or after food restriction (41, 42). Among the sig- 
nals that regulate NPY synthesis and release are insulin, 
leptin, and glucocorticoids (4347). Neuropeptide Y exerts 
its feeding-stimulatory effects most potently through Y and 
Y, receptors, which belong to the family of G protein- 
coupled receptors (48, 49). Intrahypothalamic injection of 
NPY (particularly into the paraventricular and perifornical 
areas) elicits a marked increase in eating (50-53), whereas 
immunoneutralization of hypothalamic NPY or blocking its 
receptor suppresses the hyperphagic response to food depri- 
vation (29, 54). 

Neuropeptide Y also acts within the brain to influence 
peripheral metabolic systems in ways that favor energy stor- 
age. That is, NPY modulates activity of the sympathetic 
nervous system and hypothalamic-pituitary axis to stimulate 
lipogenic enzymes in adipose tissue and the liver, enhance 
glucose uptake at abpose, and reduce brown adipose tissue 
thermogenesis (46, 55, 56). Because of its powerful effects 
to reestablish energy balance after reductions in food intake 
and body weight, NPY has been investigated as a potential 
factor in age-related anorexia. Due to the invasive experi- 
mental procedures currently required to determine hypotha- 
lamic NPY concentrations, research has relied mostly upon 
animal models rather than human subjects. Rats provide an 
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excellent model for investigating the anorexia of aging be- 
cause they undergo a similar syndrome of age-related de- 
creases in food intake and body weight (1, 57-62). 

Effects of Age on Feeding Responses to Neu- 
ropeptide Y. One of the first investigations demonstrat- 
ing an age-related decline in hypothalamic NPY function 
that was associated with reduced food intake was conducted 
by Pich et al. (63). Using two groups of male Sprague- 
Dawley rats (3-month-old and 24-month-old), and two feed- 
ing states (24-hr food-deprived and satiated), the effects of 
intraparaventricular NPY injection were measured. The 
feeding response elicited by NPY at 30, 90, and 240 min 
postinjection was attenuated in the older compared to 
younger satiated and food-deprived rats, but no age differ- 
ence was seen at 22 hr after injection. Lower levels of NPY 
immunoreactivity within the PVN were found in older ver- 
sus younger animals. Pich’s group proposed that the im- 
paired sensitivity to exogenous NPY and the reduction of 
NPY in the same nucleus in aged rats suggested that NPY 
deficiency in the PVN may be one factor responsible for 
age-related anorexia. However, a limitation in interpreting 
results from studies such as these that use only two age 
groups, one of which may still be in its rapid growth state, 
is the inability to determine if differences between the 
groups develop early in adulthood or arise abruptly upon 
advanced age. Comparing responsiveness to NPY between 
animals in late adulthood and senescence would help clarify 
the role of NPY in age-related anorexia. 

Additional investigations have sought to determine an 
effect of age on NPY-related functions. Although initially 
focusing on reproductive senescence and the role of de- 
creased positive testicular feedback on NPY synthesis, the 
experimental results of Gruenewald er al. (64) led them to 
propose a connection between decreased NPY levels and 
the age-associated decline in food intake. More recently, 
these investigators tested the hypothesis that the NPY- 
mediated ability to increase food intake and maintain body 
weight after short-term fasting is impaired with aging (58). 
Fasting and fed levels of preproNPY (ppNPY) mRNA were 
compared in 3-, 12-, and 24-month-old male Brown Norway 
(BN) rats. Whereas fasting was associated with increases in 
ppNPY mRNA in all groups, this response was attenuated 
with progressive age, with significant differences demon- 
strated between the two older groups and the youngest rats. 
The 24-month-old rats exhibited significantly slower rates 
of body weight recovery to prefasting levels during refeed- 
ing compared to the 12- and 3-month-old rats. A causal 
relationship was suggested between the age-associated re- 
duction in ppNPY mRNA response to fasting and the 
blunted food intake response to fasting. The authors ad- 
dressed the possibility that lower energy requirements in 
aged versus younger rats may have contributed to the re- 
duced levels of NPY in the former: less food intake would 
be required to maintain stable body weight. The signifi- 
cantly slower recovery of body weight after fasting in the 
oldest versus middle-aged versus young rats, and the inabil- 

ity of many of the 24-month-old animals to fully recover 
prefasting weight suggest an impairment in homeostasis, 
rather than reduced caloric needs with aging. Yet the ques- 
tion of whether or not reduced NPY gene transcription is 
related to the anorexia of advanced age is difficult to answer 
from this study since the mean life span, a commonly used 
benchmark for senescence, of the BN rat (29 months) (65, 
66) is considerably greater than the oldest experimental 
group. Moreover, the reduction in ppNPY mRNA began in 
middle-aged rats and did not show significant change there- 
after. It is likely that the results of this investigation are 
more applicable to developmental aspects of aging rather 
than to senescence. 

Effects of Age on Levels of Neuropeptide Y and 
Related Neutomodulators. A number of other re- 
searchers have demonstrated age-related changes in NPY 
concentrations within the rat brain. Kowalski et al. (67) 
found that while changes in corticotropin-releasing hor- 
mone, methionine (met)-enkephalin, and P-endorphin con- 
centrations varied with age depending on brain area, NPY 
levels were more consistently decreased throughout the 
brain (frontal cortex, hypothalamus, and hippocampus) in 
male Wistar rats (26 c 18 c 4-months-old). These investi- 
gators concluded that the NPY pepidergic system is one of 
the most vulnerable to aging and that physiological func- 
tions that involve NPY, such as the sensori-motor axis and 
cognition, are preferentially impaired during aging. Kowal- 
ski er al. suggested that, given the close relationship be- 
tween NPY and dopamine (DA), as well as their synaptic 
and biochemical similarities (68,69), the alterations in NPY 
may be linked to the decreased dopaminergic activity seen 
in the aged rat brain (7C72). This proposed correlation is 
supported by studies showing that intrahypothalamic NPY 
administration results in perturbations in the turnover of 
dopamine (73, 74). Similar to Kowalski’s group, Cha et al. 
(75) found severe loss of cerebral cortex NPY neurons in 
aged (20-29-month-old) compared to young (4-6-month- 
old) Sprague-Dawley rats (gender not specified) and sug- 
gested a connection with age-related impairments in dopa- 
minergic activity. 

The role and function of dopamine in the central control 
of food intake continues to be defined (76). Yet common 
age-related alterations in dopamine and NPY could be ex- 
pected to have a profound impact on feeding. If dopamine 
suppresses feeding, as studies have shown (7&78), the re- 
lease of inhibitory constraint on dopamine activity exerted 
by NPY (secondary to reduced levels of NPY) may con- 
tribute to age-related anorexia. This would be particularly 
important if the effects of age on the dopaminergic system 
are relatively mild compared to those on the NPY pathway. 

Neuropeptide Y has been found to coexist with norepi- 
nephrine (NE) in neurons of the hypothalamus, brainstem 
(79), and tracts of the locus coeruleus innervating the hy- 
pothalamus (80). Various experiments have demonstrated a 
relationship between NPY and a,-adrenoceptors in these 
brain areas, including the alteration of NPY action by a,- 
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adrenoceptor antagonists (81,82) and the modulation of NE 
activity and noradrenoreceptor number by NPY (83-86). 
These findings have led to the suggestion that NPY acts in 
concert with or through NE to influence food intake (79, 80, 
85). Huguet et al. (87) found a reduction in hypothalamic 
NPY concentrations accompanied by decreased density of 
a,-adrenoceptors coupled with increased binding affinity of 
3H-rauwolscine in 34- versus 4-month-old Wistar rats (gen- 
der not specified). No difference was found in NE concen- 
trations between the younger and older rats. Considering the 
data demonstrating that both NPY and a,-adrenoceptor ago- 
nists/antagonists act through a G protein-adenylate cyclase 
system (491, Huguet’s group proposed that age-related al- 
terations in functional activities that involve the actions of 
NPY and NEI such as feeding, reflect disorganization in 
signal transduction (87). Because the functions of NPY in- 
clude the presynaptic modulation of release of neurotrans- 
mitters, including catecholamines, age-related changes in 
NPY may result in modified synaptic transmission, espe- 
cially catecholaminergic transmission. The homeostatic 
control that NPY and catecholamines exert upon food intake 
may thus be altered. 

Serotonin (5-HT) is another neurotransmitter that ap- 
pears to be integrated into the NPY network of food intake 
control. Serotonin administration directly into the PVN sup- 
presses feeding with a selective reduction in carbohydrate 
consumption (88, 89), an action contrary to NPY’s effects 
(90). Neurons containing NPY have close anatomical asso- 
ciations with neurons containing 5-HT, and a functional 
interaction has been demonstrated (91, 92). Dryden et nl. 
(93) treated rats with acute and chronic administrations of 
methysergide, a 5-HT receptor antagonist, and found sig- 
nificant elevations of NPY in the ARC and PVN with cor- 
responding increased food intake. It was concluded that 
NPYergic and serotoninergic innervations in the hypothala- 
mus interact to regulate food intake, and that increased NPY 
release may mediate the hyperphagic effect of 5-HT recep- 
tor blockade. A logical extension of these results is that a 
physiological (versus pharmacological) reduction of 5-HT 
receptor signaling, secondary to impaired receptor integrity 
or reduced ligand concentrations, would allow NPY levels 
to rise and induce food intake. Yet the anorexia of aging 
occurs during a period in life when 5-HT signaling is de- 
creased. Meal-induced serotonin release within the PVN of 
the hypothalamus is reduced in old (12-month-old) versus 
young (4-month-old) lean and obese male Zucker rats (1 2- 
month mean life span for obese Zucker) (71). Additionally. 
Slotkin et al. (94) found that 5-HT transporter expression 
was attenuated in aged rat brain, and Woods et al. (72) 
reported increased 5-HT turnover in various brain areas of 
aged (24-month-old) male Fischer 344 (F344) rats (mean 
life span of 24-26 months) (66). These experiments suggest 
that aging is associated with decreased serotonergic signal 
transduction. The reciprocal increase in hypothalamic NPY 
levels that occurs in young rats when 5-HT signal is low 
may be attenuated in older rats and result in impaired feeding. 

Not all investigators have observed age-related changes 
in NPY function. Li et al. (95) found no significant differ- 
ences in hypothalamic NPY mRNA levels in male F344xBN 
rats (median life span of 33 months) aged 3, 24, and 31 
months. Yet the fact that the two older groups displayed 
similar levels of food intake per kg67 body weight, adipos- 
ity, leptin mRNA, and body weight indicates that the oldest 
animals were not exhibiting signs of age-related anorexia. In 
providing possible explanations for the disagreement be- 
tween their findings and those of Gruenewald and col- 
leagues, Li’s group noted the differences in the times at 
which the rats were sacrificed. Since NPY mRNA displays 
a circadian rhythm (41, 43), and aging is known to be as- 
5ociated with altered rhythmicity (96-98), age-related 
changes in  NPY mRNA levels may be observable only dur- 
ing qpecific points in the rhythm (e.g., the predark peak). 
Such considerations should also be applied when comparing 
data from experiments measuring other peptides that are 
synthesized and/or released according to a circadian rhythm 
(e.g., leptin, CCK, opioids) (99-101). 

Results from research on other forms of anorexia can 
offer insights into the potential role of NPY in the decline in 
food intake during advanced age. Using mice homozygous 
for the anorexia mutation (am) ,  Broberger et al. (102) in- 
vestigated if hypothalamic neurochemical changes could be 
found in this genetic model of starvation. Although immu- 
nohistochemistry revealed no significant differences in con- 
centrations of CCK, galanin, and 5-HT between anx/anx 
and wild-type mice, signifkant alterations in NPY were 
seen: high levels of NPY were found w i h n  perikarya in the 
ARC of the a d a n x  mouse compared with low levels in the 
control mice. In contrast, NPY within nerve terminals of the 
PVN, ARC, and other hypothalamic nuclei showed a con- 
comitant decrease in concentration in a d a m  mice com- 
pared with control animals. Interestingly, in situ hybridiza- 
tion demonctrated no change between the groups in the 
levels of ppNPY mRNA within the ARC. The authors con- 
cluded that NPY synthesis in the ARC is normal in the 
unx/anx mouse, but that impaired axonal transport of NPY 
causes an accumulation in perikarya and a deficit in termi- 
nals. This then prevents the generation of a signal to in- 
crease food intake in response to negative energy balance 
and results in death by starvation. Given the selective dis- 
ruption in the NPY neuropathway in this model for an- 
orexia, and the absence of change in levels of other modu- 
lators of food intake (including leptin), it is reasonable to 
believe that alterations in NPY may play a role in anorexia 
near the end of life. 

It is important to consider the contrary findings of ap- 
parently normal food intake and energy balance in NPY 
knockout (-/-) mice (103, 104). In contrast to the acute 
intervention studies described earlier, NPY knockout mice 
exhibit fasting-induced hyperphagia and leptin-induced hy- 
pophagia. These observations imply that the current under- 
standing of NPY’s contribution to the control of food intake 
may be less than previously proposed, or that alternate path- 
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ways can effectively compensate for the absence of NPY. 
Targeted gene mutation has revealed that processes of gene 
transcription and intracellular signal transduction are able to 
substitute certain protein factors for others that are absent 
(105, 106). It should be recognized that this compensatory 
action is displayed by animals who have from conception 
lost the ability to synthesize the gene product. For vital 
systems, such as feeding and energy homeostasis, there are 
often redundant circuits that act as safeguards. An embryo 
could develop these substitute pathways to remain viable in 
terms of energy regulation. Perhaps in NPY -/- mice, the 
effectors of food intake that normally function in parallel 
with or downstream from NPY (e.g., NE, DA, and dynor- 
phin) have developed the ability to respond directly to those 
signals that influence NPY. This adaptation may not be 
possible beyond the animal’s developmental period, or even 
less so during advanced ages. 

Although the preponderance of data provides evidence 
for an age-related decline in the NPY feeding system, a 
clear correlation between a significant loss in NPY function 
and anorexia near the end of life has yet to be elucidated. 
Critical to resolving this issue are future studies comparing 
endogenous NPY secretion and potency in animals before 
and after they have entered senescence, when food intake is 
significantly reduced. 

Leptin 
Leptin is secreted from adipose tissue and acts on the 

brain to inhibit feeding and stimulate thermogenesis (44). 
The leptin receptor (Oh-R) gene encodes at least five splice 
variants, including Oh-Rb, which is expressed at a high 
level in the hypothalamus (107). Most evidence suggests 
that at least some of the effects of leptin are mediated by 
inhibition of NPY gene transcription. Wang et al. (108) 
injected leptin into the lateral ventricle of fasted rats and 
noted inhibition of food intake accompanied by reduced 
NPY concentrations in the ARC, PVN, and dorsomedial 
hypothalamus. Similar findings of leptin’s suppression of 
NPY levels have been reported by several investigators 
(109-1 12). When functional leptin or its Oh-Rb receptor is 
lacking, as in the obese (ob/ob) or diabetic (dh/dh) mouse, 
respectively, NPY signaling is enhanced (107, 1 13). Wang 
et al. (108) also showed that chronic intracerebroventricular 
NPY administration in rats resulted in elevated serum leptin 
levels, although independent effects of feeding (hyperpha- 
gia) and increased insulin levels on leptin were not deter- 
mined. 

Because circulating leptin levels are positively corre- 
lated with adiposity (1 14, 115), and the percentage of body 
fat tends to increase through middle age (95, 116, 117), an 
independent primary effect of age on serum leptin concen- 
tration has been investigated. At least two studies in humans 
demonstrated that after adjustment for body fat, a significant 
inverse relationship between serum leptin and age exists 
(1 18, 11 9). Experiments in humans and rodents have shown 
serum leptin concentrations to increase with age in parallel 

with body fat, and to fall with the decline in adiposity during 
advanced age (1, 117, 120). Findings from our laboratories 
indicate that near the end of their life spans, male and fe- 
male F344 rats exhibit decreased serum leptin concentra- 
tions concomitant with lower carcass fat (121). Conversely, 
in studying the strength of the relationship between leptin 
and adiposity with advancing age, Moller’s group (122) 
showed that beyond age 45 years, increased body fat is not 
paralleled by elevated serum leptin levels. These data, 
which led to the authors’ suggestion that leptin deficiency 
results in obesity in middle-aged and older adults, could also 
indicate that the suppressed appetite near the end of life is 
not associated with elevated serum leptin levels. Similarly, 
Cederholm et al. (123) found no correlation between serum 
leptin and adiposity in malnourished elderly (mean age 74 
years) patients with chronic nonmalignant illnesses. These 
investigators proposed that leptin levels were altered in the 
patients because their adipose stores had become depleted to 
such a degree that leptin secretion was impaired or, that 
their poor nutritional status had caused a lack of serum 
leptin carrier protein (124, 125). 

The discrepancy among these results involving aging 
and leptin may reflect variation in the time of sample col- 
lection. Leptin secretion displays a circadian rhythm in hu- 
mans and rodents that is entrained to meal timing (99, 109, 
126, 127). Both the known and unknown (due to lack of 
specification) differences among the studies with respect to 
times of blood draw render comparisons difficult. Although 
the question of whether or not enhanced leptin potency con- 
tributes to age-related anorexia remains to be answered, the 
available data indicate that circulating leptin levels in older 
animals and humans are relatively low and presumably 
should allow NPY levels to rise and stimulate food intake. 
The absence of an appropriate increase in food intake in 
these subjects suggests dysregulation in the leptin-NPY 
feeding pathway. In conjunction with the suggested NPY 
investigations, it will be important to determine if sensitiv- 
ity to leptin at the site of feeding control is altered in the 
anorectic elderly. 

Cholecystokinin (CCK) 
The satiety hormone CCK is thought to act centrally on 

the brain feeding system and peripherally by slowing gastric 
emptying and activating visceral sensory nerves (1 28). Pro- 
tein and fat ingestion causes CCK to be secreted from the 
intestine as well as the hypothalamus, although the mecha- 
nisms of the latter are not fully understood (129, 130). Cho- 
lecystokinin also aids in coordinating digestion by causing 
the simultaneous contraction of the gallbladder and relax- 
ation of the sphincter of Oddi to release bile into the proxi- 
mal intestine and by stimulating pancreatic enzyme secre- 
tion (131). At least two types of CCK receptors are known 
to exist: CCK,, which is predominantly in the gastrointes- 
tinal tract, and CCK,, which is predominantly in the brain 
(128). A number of investigators have sought to reveal al- 
terations in this relatively well-established modulator of 
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food intake in an attempt to explain changes in feeding. 
Theoretically, a greater level of or sensitivity to CCK may 
inhibit food intake, such as observed in the anorexia of 
aging. However, studies of the relationship of age to food 
intake are not in agreement regarding peripheral and central 
concentrations and potency of CCK in laboratory animals 
and humans. Basal and postprandial plasma CCK levels 
were similar in young (mean age 29 years) and aged (mean 
age 80 years) healthy subjects (132). Using cerebral cortex 
synaptosomes and perfused intestine to study central and 
peripheral CCK release, respectively, Miyasaka et al. (133) 
examined basal and stimulated CCK release in older (25- 
29-month-old) and younger (5-8-month-old) male and fe- 
male Wistar rats and found no significant effect of age 
except a decreased CCK release in response to the highest 
dose of stimulant in the older males. In  other experiments, 
Miyasaka et al. ( 134) and Ohta er 01. ( 135) reported signifi- 
cantly lower levels of CCK mRNA in cerebral cortex and 
small intestine of older (24-29-month-old) versus younger 
(3-8-month-old) male. but not female, Wistar rats. This. 
along with the finding of higher CCK levels in the cerebral 
cortex. led the authors to conclude that aging impairs central 
and peripheral CCK release, resulting i n  accumulation of 
CCK within tissue and subsequent inhibition of further syn- 
thesis. The authors acknowledge that because middle-agcd 
animals were not included in the study, it is possible that the 
changes in CCK release begin earlier in adulthood. Poston 
et a/. ( 136) similarly found increased intestinal CCK con- 
centrations in 3-year-old versus I -year-old and 1 -month-old 
guinea pigs, but these elevated levels were accompanied by 
decreased pancreatic and gallbladder CCK receptor sensi- 
tivity. Similarly, Khalil et rrl. (137) observed that compa- 
rable gallbladder contraction in response to fat ingestion in 
younger (22-42-year-old) and older (60-84-year-old) men 
and women was associated with significantly higher plasma 
CCK levels in the aged group, suggesting attenuated re- 
sponsiveness to CCK. A comparable study by Masclee et rrl. 
(138) revealed corresponding results. These findings sug- 
gest an age-related enhancement, rather than impairment. in 
CCK release in conjunction with receptor downregulation. 
When comparing CCK fractions between elderly (65-86- 
year-old) men and women with idiopathic senile an- 
orexia (in the absence of recognizable organic or mental 
disorder) and control subjects, Martinez el crl. (139) found 
that the anorectics had higher plasma levels of one of two 
CCK prohormone products measured. However, no signifi- 
cant differences were observed in CCK measurements taken 
from cerebral spinal fluid. Although plasma CCK probably 
does not cross the blood-brain barrier to act on central ner- 
vous system receptors, it can act upon the vagus nerve that 
transmits signals from the periphery to brain neurons in- 
volved in the control of feeding (140). Given this, and ex- 
perimental results showing that peripheral administration of 
CCK into rats suppresses food intake ( 14 1,  142), elevated 
plasma CCK could induce premature satiation. 

Unlike the data supporting an age-related decrease in 

CCK potency, other studies demonstrate increased periph- 
eral and central sensitivity to CCK in the aged. Voigt et ul. 
(143) investigated the effects of intraperitoneal CCK on 
food intake under two different feeding conditions in 
younger (2-month-old) and older (23-month-old) male 
Wistar rats. In food-deprived animals, CCK reduced feeding 
similarly in both age groups, whereas under fixed (meal) 
feeding conditions, the highest dose of CCK significantly 
reduced food intake only in the oldest rats. An explanation 
offered by the authors for the age difference is that age- 
related deficits in learning and memory, which presumably 
are needed to adapt to a fixed feeding schedule, render the 
older rats more susceptible to the hypophagic effect of 
CCK. That an age effect was not observed in both experi- 
mental feeding conditions is consistent with the complexity 
of the control of food intake and suggests that mechanisms 
were able to compensate for enhanced sensitivity to CCK in 
these aged rats. Silver et al. (144) also demonstrated a 
greater sensitivity to CCK in 25- versus 8-month-old male 
C57BW6Nnia mice (median life span of 27 months) (66). 
Younger mice ate significantly more than baseline whereas 
older mice showed a nonsignificant tendency toward en- 
hanced feeding in response to intraperitoneal injection of an 
antagonist to peripheral CCK receptors. 

These data do not show advanced age to be consistently 
associated with higher levels of and/or greater sensitivity to 
CCK. Under experimental conditions of chronic CCK ad- 
ministration, food intake and body weight are not signifi- 
cantly changed (145), apparently because the resulting re- 
duction in meal size is compensated for by increased meal 
frequency (1 46). Although satiety factors such as CCK are 
powerful effectors of individual meal size, they are thought 
to have limited independent influence on long-term energy 
balance (147). Although we have begun experiments on the 
role of CCK potency in aged anorectic rats, these studies 
have not progressed enough to determine if CCK plays a 
Yignificant role in the etiology of this anorexia. 

Endogenous Opioids 
The sensory pleasure response to food, particularly fats 

and sweets, is thought to be mediated, in part, by endog- 
enous opiates, including dynorphin, P-endorphm, and the 
enkephalins (57, 148). Opioids enhance feeding by direct 
action on central nervous system structures that are known 
to contribute to the control of food intake (hypothalamus, 
amygdala, and nucleus accumbens) (149). Injection of opi- 
oids into the cerebroventricles of animals results in in- 
creased food intake, and blocking opioid receptors causes 
reduced feeding in animals and humans (150-152). Inter- 
actions occur between opioids and other neuropeptides 
(e.g., NPY) and neurotransmitters (e.g., DA) during the 
modulation of food intake behavior (153, 154). 

It has been proposed that the anorexia of aging involves 
impairments in the opioid feeding system. Gosnell et al. 
(57) evaluated the feeding responses to naloxone (an opioid 
antagonist) and butorphanol (an opioid agonist) in F344 rats 
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aged 2, 12,22, and 28 months. They found that low doses 
of naloxone resulted in decreased food intake in 2- and 
12-month-old rats, but not the 22- and 28-month-old ani- 
mals. Although the two older age groups responded simi- 
larly to all antagonist treatments, after injection of agonist, 
the 28-month-old animals ate significantly more compared 
to baseline than did the 22-month-old group. The role of 
opioids on long-term energy balance is obscured by studies 
showing that chronic opioid antagonist administration in 
rats has no effect on food intake or body weight within days 
of beginning treatment (155, 156). Evidence for an age- 
related decline in hypothalamic opioid concentrations is 
provided by Forman et al. (157), who reported decreased 
P-endorphin content in 19-23-month- versus 3-5-month- 
old male Sprague-Dawley rats, and by Dupont et al. (158), 
who demonstrated lower levels of enkephalins in male Spra- 
gue-Dawley rats aged 24-26 months compared to 4-5 
months. Plasma and CSF P-endorphin concentrations are 
lower in humans with idiopathic senile anorexia (aged 7& 
86 years) compared to normal-weight controls (139). How- 
ever, following treatment with megestrol acetate (an appe- 
tite stimulant) in the anorectic individuals, significant in- 
creases in CSF P-endorphin levels were observed without 
improvements in food intake or body weight. 

Several investigators have found no significant age- 
related changes in opioid concentrations within brain areas 
associated with the control of feeding. Levels of hypotha- 
lamic met-enkephalin and P-endorphin were not signifi- 
cantly different among 3-, 8-, and 23-month-old male 
Sprague-Dawley rats (153). In male Sprague-Dawley rats of 
ages 3, 12, and 22 months, Wang et al. (159) examined the 
effect of aging and lighddark cycle on levels of brain neu- 
ropeptides and found no differences in hypothalamic con- 
centrations of P-endorphin, leucine (leu)-enkephalin, or 
met-enkephalin with the exception of lower daytime met- 
enkephalin levels in the oldest rats. Additional reports exist 
indicating an absence of an age effect on levels of hypotha- 
lamic P-endorphin and met-enkephalin in male Sprague- 
Dawley rats beyond the age of sexual maturity (160-162). 
Furthermore, recent results from our laboratories provide 
indirect evidence for a functional feeding reward system 
during advanced aging. When offered a choice of a basal 
semipurified diet [65% total kcal carbohydrate (32.5% su- 
crose, 32.5% cornstarch); 22% fat; 13% protein] and a 
high-fat, high-sucrose (palatable) diet [5 1% total kcal fat; 
36% carbohydrate (100% sucrose), 13% protein], older (25- 
29+ months) male F344 rats maintained a preference for the 
palatable diet throughtout their natural life spans (1) .  The 
contribution of opioid system dysfunction to the anorexia of 
aging remains to be clearly defined. 

Chemosensory and Gastrointestinal Function 
Because the actions of certain neurochemicals, such as 

opioids and CCK, involve the transmission of signals gen- 
erated by oronasal and gastrointestinal stimuli, respectively, 
a brief discussion of these processes as they relate to feeding 

and aging is warranted. Substantial attention has been di- 
rected toward elucidating sensory and gastrointestinal sig- 
nals that could explain reductions in appetite and body 
weight during advanced age. Diminutions in these systems 
have the potential to adversely affect energy balance by 
reducing food intake. Research has tended to focus upon 
age-related changes in olfaction, taste, and gastric function. 
Many early reports showing significant declines in sensory 
and gastric function with age used tissue from persons with 
unknown medical histories or patients with diagnosed pa- 
thologies (163-166); however, more recent investigations 
have attempted to exclude diseased subjects from study. 
Even so, in researching taste and smell, the methodologies 
employed include a large subjective component that could 
complicate direct comparisons of perceived sensations among 
various age groups. 

Many investigations have demonstrated that the density 
and basic structure of taste buds and papillae are maintained 
in healthy old humans and animals (167-169). Whereas 
evidence supports the conclusion that taste and smell thresh- 
olds are elevated with age (170, 171), the impact of these 
deficits on food intake is uncertain. Changes in thresholds 
do not reliably predict changes in perception of more con- 
centrated stimuli, such as those experienced during daily 
eating (172, 173). Furthermore, we are unaware of investi- 
gations that directly demonstrate a causal relationship be- 
tween diminished sensory function, reduced hedonic re- 
sponse, and changes in feeding in older individuals (148, 
174). Studies on independently living elderly are not con- 
sistent: Griep et al. (175) observed a correlation between 
lower energy intake and poor odor perception, whereas 
Duffy et al. (176) showed no impairment in appetite or food 
enjoyment as a result of significant olfactory losses. Even 
flavor enhancement of foods for elderly (average age 85 
years) subjects with deficits in taste and smell does not 
improve food intake enough to affect body weight or body 
mass index (1  77). Until longitudinal data characterizing 
sensory changes and their relationship to food intake across 
the life span become available, there is insufficient evidence 
to support a major role of smell or taste deficits in contrib- 
uting to anorexia at advanced ages. 

The existence of age-related changes in gastric function 
is controversial, largely due to the confounding influence of 
atrophic gastritis, an acquired disease that is prevalent in the 
elderly (1 78). Atrophic gastritis results in hypochlorhydria 
or achlorhydria that impairs gastric emptying (179). Numer- 
ous studies showing reduced gastric secretion and emptying 
with age did not exclude the presence of atrophic gastritis or 
its causative bacterium, Helicobacter pylori (H. pylori) 
(165, 166, 180). At least two investigations using human 
subjects in whom gastric disease was strictly excluded dem- 
onstrated no age-related decrease in gastric acid secretion 
(1 8 1,182). Interpreting the contrary findings of Clarkston et 
al. (1 8 )  and Horowitz et al. (1 83), showing gastric emptying 
rates to be slower in elderly versus younger humans, is not 
straightforward since neither study indicates that the ab- 
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sence of gastric disease was confirmed (e.g., by endoscopy 
or biopsy). In addition, Horowitz concluded that the 
changes in gastric emptying were small, within the normal 
range found in younger controls, and were unlikely to be of 
clinical significance. 

Studies on aging rats have produced similarly incon- 
sistent results. Smits et cil. ( 184) compared gastrointestinal 
transit time i n  3-, 12-, and 24-month-old male Wistar rats 
and demonstrated delayed gastric emptying in the oldest 
group. In contrast, McDougal et a/. (1  85) and Varga ( 186) 
observed no significant age differences in rates of gastric 
emptying. 

In general. there is a lack of conclusive data indicating 
that gastric secretion or emptying decreases significantly as 
a function of normal aging. Without such an association 
established, it is premature to implicate stomach dysfunc- 
tion in age-related anorexia. Although a causal relationship 
has been suggested between the anorexia of aging and H. 
pylori  infection ( 1  87). this represents a correlation of de- 
creased food intake with age-associated disease rather than 
with normal aging processes. 

Conclusions Regarding the Effects of Age on 
Control of Food Intake 

Despite the caveats mentioned throughout this paper. 
there are general conclusions that can be drawn. The control 
of food intake is composed of an intricate network of many 
neurochemicals acting in  serial and parallel fashion to co- 
ordinate feeding behavior and overall energy balance. Both 
short-term modulators, such as CCK and opioids, which are 
released and act within individual meals. and long-term 
modulators of energy intake and output. such as leptin and 
NPY, interact to maintain energy homeostasis. A disruption 
in  the energy balance system. as seen in age-related an- 
orexia, most likely reflects loss in function of more than onc 
component. Nonetheless, as complex systems often employ 
a hierarchy where central effectors exert a greater degree of 
control compared to others, it is reasonable to suggest a 
contribution by a particular neurochemical to the anorexia 
of aging. A large body of evidence suggests that NPY plays 
an important role in the compensatory response to negative 
energy balance. Many factors (e.g., adipose stores, blood 
glucose concentration) mediated through different signaling 
molecules (e.g., leptin. insulin) influence NPY synthesis. 
and once NPY is released, it initiates a cascade of events 
that work to restore and maintain energy homeostasis. Agc- 
related impairments are observed more consistently in NPY 
function than in other known mediators of feeding behavior. 
It would seem unlikely that changes could occur in this 
important component of the food intake system without 
causing overt effects. Furthermore, the changes in  food in- 
take observed in humans and animals of advanced age (e.g.. 
decreased food intake due to smaller meal size) (1, 188) are 
consistent with a disruption in NPY prolongation of eating 
(1 89, 190). The progressive weight loss associated with age- 

related anorexia implicates dysfunction of an effector of 
long-term energy balance, such as NPY. 

There remains much to be revealed about the underly- 
ing causes of declining food intake near the end of life. A 
more thorough understanding of this phenomenon can con- 
tribute to optimizing quality of life during its final stages. 
Clarifying the mechanisms of the anorexia of aging can also 
offer clues to the more comprehensive investigation of the 
aging process. However, a challenge to research on aging is 
to verify an index of biological age that can be used widely 
by gerontologists. Such a biomarker would provide a reli- 
able predictor of mortality and therefore facilitate the direct 
comparison of research results. Because no biomarker has 
been broadly accepted, most experiments have relied on 
chronological age as an indicator of the extent of aging. This 
review illustrates the difficulties encountered when inter- 
preting data from studies using chronological age. The fol- 
lowing is a description of an animal model that our labora- 
tories use in an attempt to overcome this problem. 

New Animal Model for the Anorexia of Aging 
Our laboratories study biological aging by examining 

changes in physiological function occurring near the end of 
life that are not strictly related to chronological age or spe- 
cific pathology. Within an individual, age-related changes 
occur at different rates and manifest at different degrees of 
severity. During the early and middle periods of post- 
maturational aging, physiological systems undergo gradual 
alterations that generally do not result in dramatic changes 
in function. However, as death becomes imminent, compen- 
satory mechanisms fail, and the rate of physiological dete- 
rioration rapidly increases. This terminal phase of aging, which 
we call senescence, is a major focus of our investigations. 

The animal model used by our laboratories developed 
from our h d i n g  that among old F344 rats of the same 
chronological age, some were much more susceptible to 
cold exposure than others. We found that these more sus- 
ceptible rats had entered a phase in which they were spon- 
taneously losing weight (senescence). During acute cold 
exposure, the senescent rats developed severe hypothermia, 
whereas age-matched weight-stable and age-matched rats 
with comparable weight loss due to food restriction main- 
tained relatively stable core body temperature (59). Further 
investigations demonstrated that senescent rats display 
marked alterations in circadian rhythmicity of body tem- 
perature (96) and significant changes in feeding behavior, 
including reduced food intake (1). The onset of senescence, 
which cannot be explained by specific disease, is followed 
by death within 2-6 weeks. The similarity in symptoms and 
duration (relative to life span) of senescence in rats and 
age-related anorexia in humans (191) has allowed us to use 
the senescent rat as a model to study the characteristics of 
and physiological events associated with decreased food 
intake near the end of life. Because energy balance (body 
weight and food intake), body temperature, and circadian 
rhythm are controlled, in part, by the hypothalamus (147, 
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Table II. Feeding Patterns of Old Rats 

Aae period 

Early weight-stable Mid weight-stable Late weight-stable Immediate preweight-loss Weight-loss 

Grams eaten/day 14.94 f 0.27" 13.82 f 0.29' 13.59 f 0.35' 13.27 f 0.29' 10.97 f 0.33" 
Mealslday 9.25 f 0.33" 9.24 f 0.27a 9.90 f 0.30arb 9.91 & 0.32"*b 10.56 f 0.45' 
Gramdmeal 1.60 f 0.04" 1.49 f 0.04a 1.39 f 0.03a*b 1.35 f 0.04' 1.04 f 0.03" 
Meal duration (min) 19.17 f 0.96a 16.92 * 0.85' 15.1 6 +. 0.65' 15.81 f 0.74b 11.92 +. 0.59" 

Note. Means f standard error of feeding pattern variables of old (25-32.5-month-old; n = 9) male F344 rats across age periods. Within a row, 
values sharing superscripts do not differ significantly. Data adapted from Blanton, eta/. (1). 

192), the working hypothesis of our group implicates the 
hypothalamus in the onset of senescence. More specific to 
energy homeostasis, we propose that the anorexia of aging 
reflects altered hypothalamic function. Thus, as we inves- 
tigate the possible mechanisms involved in the altered con- 
trol of food intake during senescence, we have concentrated 
on neurochemical mediation. 

Clues to the nature of the proposed neurochemical in- 
volvement in reduced food intake during advanced age have 
been provided by the examination of feeding patterns of 
senescent rats. In a recent study, we monitored food intake 
continuously in 24-month-old F344 rats until 7 days after 
the onset of senescence (1) .  Regardless of age at death 
(25.5-32.5 months), all rats ate significantly smaller meals 
of shorter duration during this initial stage of senescence 
compared to their period of weight stability (presenescence) 
(Table 11). These findings, combined with the fact that meal 
frequency did not differ between senescence and presenes- 
cence, is suggestive of early satiation in the senescent rats. 
Furthermore, the consumption of shorter, smaller meals de- 
spite progressively declining body weight (which averaged 
5.2% in these senescent rats) implicates dysfunction in a 
mediator of energy balance that acts by attenuating satiety. 
Both CCK and NPY are strong candidates for this failure in 
energy homeostasis of the senescent rats. Whereas leptin 
works to reduce meal size (32, 193), we have shown that 
circulating leptin is not elevated in senescent rats (1, 121). 
We have also demonstrated a hedonic response to palatable 
food in senescent rats, which implies a functional opioid 
system. Ongoing research is designed to better describe the 
neurochemical changes that occur during senescence. With 
the resulting data, we seek to propose more definitively a 
mechanism underlying the anorexia of aging. 
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