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INTRODUCTION AND SCOPE

Purpose and Extent

First we introduce the novice to the field by briefly describing the major
phenomena and theories, with reference to other reviews for further discus-
sion. This part of the review will also remind specialists of the diversity of
behavioral, physiological, and ecological functions served by ingestion.
Next we review in depth the many experiments that bear on the origin and
function of neural or humoral signals arising from the acts and conse-
quences of ingestion. The roles of these signals have been evaluated mainly
by administering nutrients, neurotransmitters, or inert substances and ob-
serving their effects on food intake or food-motivated behavior—e.g. for
rats, running in an alley or pressing a lever to obtain food. Finally we point
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out that our present knowledge does not allow definitive tests of current
hypotheses, in large part because the conduct of experiments and presenta-
tion of data are not uniform. The diversity of data presentation forms makes
it difficult and sometimes impossible to compare results of similar manipula-
tions from different laboratories or even to compare results of the same
investigator over several years. We suggest certain basic criteria that would
ease the burden for reviewers in the future.

Methods of Study and Types of Control

Food intake is commonly measured by providing an animal or human
subject with a mixed diet and measuring the amount consumed in fixed
units of time, usually minutes, hours or days. However, in order to under-
stand the physiological controls that lead to cumulative intakes at these
time periods, it is necessary to divide the controls into phasic elements
(those that initiate or terminate feeding or food-motivated behavior) and
tonic elements (those that sustain a state of eating or a state of suppression
of eating). ‘

As a result of the operation of tonic and phasic controls (or perhaps it
would be more accurate to state that these controls are inferred from the
fact that) feeding behavior is episodic in most animals. All animals spend
some portion of their time in quiescence (sleep for some), so that even
grazing animals like cattle do not eat constantly (169). We shall refer to the
times when feeding is the predominant activity of the animal as meals, and
to those times when feeding is not occurring as intermeal intervals. While
it may not be logically necessary to have both tonic and phasic elements
controlling eating in order for meal patterns to occur, the limited evidence
suggests that the controls operate as though such elements existed. The
main evidence for this argument is differential effectiveness of physiological
and neurological manipulations on the sizes of meals and intermeal inter-
vals (15, 140, 165, 220, 259, 295).

Some types of control apparently act for only brief periods (hours) and
are referred to as short-term, while others act for much longer periods (days
or months) and are referred to as long-term controls. Signals for short-term
controls include the osmolarity of gut contents, fullness of the gut, and
fluctuations of hormone or nutrient levels in the blood. Signals for long-
term controls could include body fat content (295) or cerebroventricular
insulin level (213). Little is known about how these factors influence the
tonic and phasic elements although some progress has been made (151).

Direction of Theories

Food intake is largely self-controlled. The absence of food promotes search
and ingestion, while ingestion is self-limiting. Theories about food intake
have concentrated on specifying sites where nutrients act to modulate inges-
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tion. In addition, theories of food intake control have sought to determine
what properties of nutrients are responsible for modulation of the sites.

Theories have also developed along neurobehavioral lines and have uti-
lized psychological constructs to account for the variety of situations in
which eating occurs. The concepts of hunger, satiety, palatability, and
malaise, to name a few, have been commonly used to relate feeding behavior
to a variety of circumstances that presumably end in a final common path
in the nervous system. Although it is possible to review the controls of food
intake without regard to these constructs, their pervasiveness in the thought
of experimenters and use in the literature make them difficult to ignore.
However, caution must be urged in attributing a final common behavior like
eating to a unitary controlling center in the brain. It is now well-established
that a variety of procedures induce eating by diverse neural pathways. This
statement is based mainly on the differential effectiveness of brain manipula-
tions on eating in response to food deprivation, body cooling, glucoprivation
(reduction in availability of glucose for metabolism) and stress (8, 23, 80,
170, 186).

DEFINITIONS AND CRITERIA FOR THEIR
APPLICATION

We here define such common words as hunger, appetite, and satiety in
technical terms. Most investigators would agree with these definitions un-
less stated otherwise.

Hunger

Hunger refers to the internal state or level that disposes an animal or person
to eat. It is manifest in verbal reports of desire to eat in man and inferred
from human and animal behavior that increases in intensity when followed
by the opportunity to obtain food and eat. Hunger is more than the sensa-
tion of an empty stomach as proposed by Cannon & Washburn (49), al-
though stomach emptiness can be part of the mechanism by which hunger
is induced. Furthermore, hunger is not a simple all-or-none state but may
be graded in magnitude; it therefore has motivational properties that can
be measured by amount and rate (135) of consumption (75) or rate of
performance of an arbitrary behavior to obtain food (180, 255, 282).

Appetite

Appetite (246) refers to the state of willingness to accept food primarily for
its pleasurable or rewarding properties. While reward undoubtedly plays a
role in behavior driven by hunger, in appetite the urgency or need to replace
nutrient is believed to be absent. Hunger is a necessity while appetite is a
luxury. When food is eaten with no obvious internal need to be satisfied,
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appetite is inferred as the intervening variable. The distinction between
appetite and hunger therefore rests on determining the neediness of the
subject, which is practically impossible to measure. Much attention has
been devoted to what may be an artificial distinction.

It may be unnecessary to retain concepts (like appetite and hunger) whose
study is unlikely to yield new mechanisms of operation for the control of
food intake. Rather, it should be recognized that reinforcement (pleasure)
and some degree of deficit always contribute to ingestive behavior. The
components of “need” should be expanded to include psychological deficits
from constant feeding with the same food and internal depletion at specific
loci (221) rather than in the animal as a whole. Only an animal whose
gastrointestinal tract is full and which has been fed on a variety of foods
can be considered completely without deficits with regard to controls of
food intake. When such animals can be induced to eat, we can infer the
existence of appetite. It should be noted that not all authors distinguish
appetite from hunger, and it has been suggested that the original definition,
“desire to satisfy natural needs of the body,” is still the most appropriate
definition of appetite (25).

Food Intake

Food intake refers to the amount of nourishing substance consumed by a
subject. Usually it is stated in terms of weight, calories, or volume of a
mixed quantity of macro- and micro-nutrients, although intakes of separate
sources of macro-nutrients such as fat, carbohydrate, and protein have been
studied as well (201).

Satiety

Satiety (258, 296) refers to an internal state that leads to termination of
eating. It is manifest by verbal reports of comfort, pleasantness, and satis-
faction in humans, and by rest (9) in animals. It is also characterized by
willingness to repeat the behavior that produced the state when it wears off.
Like hunger, satiety is graded in intensity; its continuously changing value
(280), in conjunction with other variables during a meal, leads to meal
termination. That satiety is only one determinant of meal termination is
shown by experiments in which rats are fed on quinine (bitter-tasting) food.
Feeding stops but rest, which characterizes normal satiety, does not follow
(9). We have found that human volunteers stop eating sooner, eat less, and
give lower satiety ratings when they are fed a diet they like less than a
control diet (24). If satiety were the sole determinant of the termination of
eating, we would have obtained the same satiety rating even though less was
eaten. Furthermore, subjects reported they would be unlikely to eat the diet
again in another setting, therefore not meeting our criterion that satiety be
an experience an organism seeks to repeat.
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Malaise

Malaise is a state of discomfort manifested by verbal report in man and
avoidance of stimuli associated with it in animals. An active debate cur-
rently flourishes in the literature over whether certain experimental treat-
ments decrease food intake by inducing satiety or malaise (71, 93).
Resolution of the issue by use of conditioned taste aversion was proposed
by Deutsch (70, 71). According to this hypothesis, if illness is produced by
an experimental procedure and a flavor is paired with that procedure, the
animal will develop an aversion for the flavor and consume less of a food
in which the flavor is placed. Smith & Gibbs (258), however, pointed out
that conditioned taste aversions can be formed by association of flavors with
intravenousinjection of isotonic saline. They therefore questioned the asser-
tion that illness is indicated whenever a taste aversion is formed.

Booth (27) has also pointed out that association of flavors with foods that
produce earlier satiety or lower intakes, such as concentrated starch com-
pared with dilute starch, will also produce conditioned reduction of intake
for flavors paired with their ingestion. This reduction, however, occurs late
in the meal, and is called conditioned satiety. It differs from conditioned
aversion, which reduces intake from the very outset of the meal. Early and
late are arbitrary designations. Booth (27) also based his conclusions in part
on slowing of the rate of intake, which parallels the overall reduction.
However, he used curves averaged from individual animals that stop at
different times. Kissileff et al (136) have proposed that the question could
be resolved more accurately by fitting equations to the cumulative intake
curves to determine whether the rate of consumption at the beginning of
the meal or rate of deceleration is affected by various conditioning proce-
dures. To make matters even more complicated, it is not clear whether
satiety and malaise are separable states, or degrees on a continuum of
inhibition, or whether incipient malaise is a component of satiety in accord
with the dictionary definition of being filled beyond need (37, 258, 296).

PHENOMENA TO BE EXPLAINED

Consistency of Food Intake

Theories of food intake control must explain the relative consistency in
daily or weekly food intake of animals maintained on a diet of homogeneous
composition under constant ambient temperature. Such consistency has
been reported in most species of homeotherms—e.g. dogs (59), rabbits (89),
rats (3), monkeys (105), quail (294), pigeons (314), and pigs (87). Adolph
(3), for example, reported that food intake over 94 days in 7 rats averaged
5.5% of body weight per day with a coefficient of variation (standard
deviation divided by mean times 100) of 10.7%. Hamilton (105) reported
that a group of six monkeys had mean daily food intakes for a 4-week period
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ranging from 88 g/day in the monkey whose overall average intake was
lowest, to 347 g/day in the monkey whose overall average intake was
highest. Within individual monkeys the coefficients of variation ranged
from 19.9% to 28.5%. More noteworthy however was the stability in these
measures over a year. The coeflicient of variation for 13 4-week periods
ranged from only 12.6 to 30.3. This consistency, which has been observed
in other species as well, suggested that a control system for food intake
corrects errors in daily energy balance to maintain a long-term constancy
(172). This idea has been explored by the classic means of varying nutritive
density of the diet and observing compensatory changes in food intake.

Response to Nutritent Dilution and Concentration

When the nutritive density of a diet is decreased by adding nonnutritive
substances, food intake (measured in units of weight or volume) increases;
when fat is added, thereby increasing nutritive density, food intake de-
creases (159, 277). However, the accuracy of adjustment in calories (i.e.
compensation) is perfect only when the change in caloric density is small
or when water is used as the diluent (see Table 1); the accuracy is not
uniform across species. The literature on response to dietary dilution is large
[see (107) and (108) for summaries]. We describe below the results from
reports whose data are readily comparable in order to extract the most
general statements, which in any case are limited by at least the following
seven factors: (@) type of diluent, (b) duration of maintenance on the diet,
(c) level of dilution, () fat content of the diluted diet, (e) time allowed for
eating the diet, (f) body composition of the animal, and (g) species.

First, response to dilution is better when water is used as the diluent than
when solids are used. Compare the results of Snowdon (266) with those of
Kanarek (122) on Table 1 for rats, and the results of Porikos et al (212) with
those of Campbell et al (48) for man. Because the Campbell et al (48) study
was longer than that of Porikos et al (212), the second factor, time on the
diluted diet, should be considered. The longer a subject is on the diet, the
more likely it is that compensation will be completed [(26, 265, 279); see
also Table 1]. The same conclusion applies to man [see data of Spiegel (269)
in Table 1] and to monkeys (107). The third factor contributing to response
magnitude is the degree of dilution or concentration. Adolph (3) showed
that, with liquids, intake was within 10% of normal intake when the diet
was diluted to 8% solids in water. When solids were used as diluents, full
caloric compensation occurred in response to dilutions up to 50% with
kaolin but only to 25% with cellulose. Beyond these levels of dilution,
compensation was incomplete.

Addition of nutritive fat is the fourth factor that influences response to
caloric dilution. High-fat diets result in excessive caloric intake (50, 179,
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Table 1 Effect of nutrient concentration on food intake

Intake/day

Meal size .- Number of Acceipme Avg. wt.  Reference

Caloric _ - =

Type of food density Species gorml® kcal g or ml kcal meals hr/day days (kg) numbers
Powdered chow 3.6 rat 23.85 85.86 3.0 10.8 8.86 24 15 .371 122
Above + 25%

cellulose 2.7 rat 26.42 71.33 3.0 8.1 6.70 24 10 .371 122
Chow + oil 4.5 rat 20.4 91.8 3.1 13.95 9.38 24 10 .371 122
Liquid 1.8 rat 41.2 74.16 3.01 5.4 14.55 24 2-4 .348 266
Liquid ¥% strength 0.9 rat 89.6 80.64 5.06 4.5 18.16 24 2-4 .348 266
Liquid % strength 0.45 rat 144.4 64.98 7.57 3.4 19.73 24 2-4 .348 266
Powdered chow 3.5 rat 14.3 50 i 2 7 271 265
Above + cellulose 2.1 rat 12,5 26.2 2 7 .234 265
Chow + fat 6.0 rat 12.9 77.9 2 7° 265
Chow + fat +

cellulose 4.75  rat 16.1 76.3 2 7° 265
Chow + fat +

kaolin 3.5 rat 22.0 77.1 2 5¢ 265
Pellets 3.6 rat 22.7 79.4 24 3d 265
Pellets + cellulose 2.1 rat 34 71.4 24 3d
Ensure 1.35 monkey 453 612.5 24 15-60 5.7-8.8 107
Ensure 1.0 monkey 583 583 24 60 5.7-8.8 107

Ensure 0.5 monkey 1126 563 24 1560 5.7-8.8 107
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Table 1 (Continued)

Caloric Intake/day N.Ieal.f_ize ... Number of _we__ Avg. wt. Reference
Type of food density Species g or ml? kcal gorml kcal meals hr/day daysd (kg) numbers
Metracal 1.0 human 1902 1902 5.86 5.86 3.3 24 4-7 269
(gp A)p,
Metracal 0.5 human 2009 1004.5 1164 582 3.45 24 4-8 269
(gp A)
Metracal 1.0 human 2463 2463 1118 1118 2.2 24 7-9 269
Metracal 0.5 human 4288 2144 3232 1616 2.6 24 12-14 269
(gp B)
Mixed human 3400 24 3¢ 103 211, 212
Mixed + 25%
dilution human 2516 24 3¢ 104 211
Mixed + 25%
dilution human 2822 24 3t 104 211
Mixed human 3600 24 6 211
Mixed + 25%
dilution human 3000 24 12 211
Liquid formula 1.0 humang 1795 1795 24 5-8 59 48
Liquid formula human 2692 1777 24 5-7 59 48

3Units are grams for solids, m1for liquids.

bSecond week on diet.

CLast § days on diet.

dLast 3 days of 1 week period.

€First 3 days on diluted diet.

fSecond 3 days on diluted diet.

8Based on 3 subjects who received both 1.0 and .66 kcal/ml concentrations.

l"Gl'oup A and group B were treated differently in the experiment. A received meals both inside and out of the laboratory, while S’s in B had
to come to laboratory to eat all meals.



Annu. Rev. Nutr. 1982.2:371-418. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

CONTROL OF FOOD INTAKE 379

277), but compensation for their dilution is better than it is with low-fat
diets (265). The fifth factor is time of access, in hours per day, to food. When
access is limited, the response to dilution is blunted and/or requires more
days to reach equilibrium (26, 265). The sixth factor is body fat stores.
Obese animals respond more poorly to dilution than lean ones (42, 127,
279), although this effect can be minimized by using liquid diets (60, 284).
These results are consistent with observations that some obese rats are
hyperreactive to the sensory qualities of the diet (60, 127, 281). When a
pelleted rather than a powdered diet was diluted with 25 or 50% kaolin,
obese rats with ventromedial hypothalamic lesions increased their food
intakes as much as did control rats (265a).

Finally, the factor of species difference in response to dilution must be
considered. In order to make a comparison among species, all other factors
should be held constant. Since most studies have not utilized the compara-
tive approach, an accurate assessment cannot be made. However, based on
the closest approximations, it appears that dogs, cats, and guinea pigs
respond poorly to dilution, while rats, monkeys, and humans respond bet-
ter. For further information, consult the references listed by species in Table
2.

Response to Changes in Energy Expenditure

Although relative long-term consistency in food intake is circumstantial
evidence for existence of a regulation, it is not conclusive. Dilution experi-
ments suggested that within limits nutrient intake is preserved. Evidence
that the energy in the food is the quality controlled was provided by experi-
ments that showed compensation in food intake when energy expenditure
was varied. These experiments thus shifted emphasis to regulation of the
energy balance of the body rather than of nutrient intake (42a, 172). Energy
expenditure can be varied by changing the activity level of the animal by

Table 2 Studies using dietary dilution

Species References
Rat 3, 50, 265, 265a, 266
Dog 59
Cat 121
Guinea pig 110
Hamster 253
Gerbil 126
Quail 294
Ruminants 183

Human 48,211, 212, 269, 309




Annu. Rev. Nutr. 1982.2:371-418. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

380 KISSILEFF & VAN ITALLIE

enforced exercise or restraint, as well as by changing the environmental
temperature.

Hamilton (103) has reviewed experiments on the effects of ambient tem-
perature changes on food intake. Since that review appeared, investigators
have concentrated on the pattern of eating by which changes in food intake
are mediated. Food intake is inversely proportional to ambient temperature,
and the major effect of temperature is on the frequency of meals (132, 138,
139, 295). However, the time course of adaptation to a given ambient
temperaturesuggests that energy requirements are not the only determinant
of food intake of a mixed diet. Within a few days after a change in ambient
temperature the food intake of rats returns toward normal (102, 295).

An early demonstration of the effect of exercise on food intake is that of
Mayer et al (173). They showed a slight decrease in intake as energy
expenditure increased from sedentary levels and then a linear increase,
proportional to the time the female rats spent on a treadmill, up to 5 hr per
day. Beyond 5 hr per day of exercise, food intake decreased. Nikoletseas
(193) has recently pointed out that the generality of this effect can be
obscured by other factors: sex of the animal, time allowed for feeding,
spacing of exercise bouts, and duration of the experiment. The following
examples illustrate these limitations to the generality. Food intake of
female, but not male, rats increased with exercise (199), although intake of
male rats increased if a variety of foods was available (7). Food intake was
depressed immediately after exercise, even up to 24 hr, but overshot after
a day without exercise both in men (76) and rats (274). Regularly spaced
bouts of exercise decreased food intake less than irregularly spaced bouts,
and after adaptation the decrease was reduced (274). Limiting the time
allowed for eating after exercise resulted in failure to increase food intake,
and the imbalance in expenditure led to mortality (233), which could be
offset by prior adaptation to the feeding schedule (232). The decrease in
food intake following exercise was also not observed in 23-hr fasted male
rats that had been trained to run prior to introduction of the deprivation
schedule (192). Increases in food intake were seen during weeks when
energy expenditure was increased in lean (207) but not obese (304) women.

Effects of Changes in Body Nutrient Content

Excesses or deficiencies in body weight, which reflect body nutrient content
when transient changes in body water are controlled, lead to changes in food
intake in almost all studies of this phenomenon. Adolph (3) did not observe
increased food intake upon restoration of food supply to young rats (150-
300 g males) deprived of food (but not of water) for either 1 or 6 days; he
did observe such increases upon restoration when both food and water had
been removed. However, in older rats weighing 350 g or more, deprivation
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of food for 24 or 48 hr increased food intake from about 22 to about 28 g
on the first day of restoration (11, 104, 157, 158, 159, 209). This increase
gradually declined over 3—4 days to the pre-deprivation level. Deprivation
for longer than 48 hr decreased the initial day’s intake to 26 g in 3-day-
fasted, 24 g in 4-day-fasted, and 20 g in 6-day-fasted rats (104). However,
following fasts of greater than 2 days, food intake gradually increased after
the first day of restoration and remained elevated for a number of days
proportional to the length of the fast. However, in no case did the total
excess intake exceed the amount taken in a single 24-hr period prior to
deprivation (160).

Increases in food intake also occurred when body energy was depleted
by limiting caloric intake, either by means of providing less food (209),
adding quinine to the food (158), or reducing availability of water (158).
Slightly larger food intakes were seen intially upon restoration of ad libitum
food following partial restriction of food (209) or following feeding of a
nonnutritive diet of vaseline and cellulose (104), than following complete
food deprivation, even when animals were reduced to the same body
weights. It has been suggested that either gastrointestinal factors (104) or
starvation diabetes (209) accounts for the reduced intake of the completely
starved, in comparison with the food restricted rats. However, body weight
is not a perfect index of body fat mass. We suggest that hypometabolism
(61) in the completely starved animals may preserve more fat in them than
in the restricted rats, and that the metabolic contribution of this hypotheti-
cally larger fat mass may reduce hyperphagia. Hypometabolism could also
be responsible for the fact that starved rats recovered to the same body
composition as unstarved rats with an increased food efficiency (22) [ratio
of weight gain to food intake].

Not all species respond as the rat does to deprivation, and not all studies
on the rat find uniform effects, particularly when only limited periods were
available for eating [see (14, 158) for further discussion of the rat]. Dogs
(2, p. 324) and monkeys (176) made up deficits well even in a limited time.
Rabbits made up deficits partially by increasing food intake, (164) as did
guinea pigs (110). Hamsters did not make up deficits by increased food
intake unless on a high fat diet (39) consisting of sunflower seeds; otherwise
they lost weight that was not completely recovered (253).

Weight gain induces reduction of food intake. The magnitude of this
reduction depends on several factors: the means by which weight gain was
induced, amount of weight gain, age of the animal, and diet. Food intake
was reduced after the following weight-gain-inducing procedures were ter-
minated: (a) forced intubation of excess food (52, 230) and (&) overeating
induced by either electrical stimulation of the brain (272) or injection of
long-acting insulin (114). Food intake declines only gradually during weight
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gain induced by adding fat to the diet (81) or offering concentrated sugar
solutions (124). The precise effect on food intake of terminating these
procedures has not been studied. However, a precipitous drop would be
predicted, because switching rats from highly palatable “snack food” diets
to chow after they have gained weight results in food intake reduction (88,
230, 250), although this effect is not uniformly seen (227). It is not clear
whether strain differences are responsible for these different results; but this
possibility is likely because rat strains are differentially susceptible to the
fattening effects of high-fat diets (244) and varied cafeteria diets (231),
possibly as a result of the ability of brown fat to burn off the excess intake
(231).

It has been reported (see 151) that after weight-gain inducing procedures
are terminated rats are hypophagic until they return to their initial body
weight, but the actual functional relationship between food intake and body
weight has not been precisely specified. Such a relationship is important to
know, because it would suggest the type of mechanism (e.g. constant input
vs trigger at a certain level) by which body weight could influence food
intake. Furthermore, it is important to separate the effects of the various
treatments that induce weight gain from the weight gain itself in order to
determine what factors are responsible for the apparent effects of changes
in body nutrient stores. Obviously, much more work is needed in this
important area of investigation.

Microstructure of Eating: Periodicity and Rate

Another basic phenomenon requiring explanation by theories of food intake
control is the intermittent occurrence of feeding and its change in rate
throughout the meal. Richter (217) was the first to record feeding patterns
in the rat. He found meals regularly spaced at about 4-hr intervals. Subse-
quent investigators have found that the temporal pattern, like total daily
food intake, varies quantitatively with a variety of conditions [see (295) for
details].

One of the most interesting meal pattern phenomena is the Le Magnen
[(267), p. 74] postprandial correlation, a high and significant correlation
between the size of a meal and the interval that follows it. Le Magnen and
colleagues (152, 155, 156) also noted absence of correlation between the size
of a meal and the interval that precedes it during spontaneous feeding in
nondeprived rats. This finding was surprising because previous studies had
suggested that the interval of deprivation increases the size of subsequent
meals (14). Apparently different rules apply to nondeprived animals. This
finding has been found in most species [see (151) for details], including man
(20). The Le Magnen correlation refocused attention from a search for an
increase in depletion factors that control feeding to a search for satiety
factors whose decrease releases feeding from inhibition (30).
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Many factors influence the meal pattern. These include species, sex,
nutritional status, and type and nutrient density of food, as well as phase
of the light-dark cycle and effort required to obtain food. The complex
effects of these various factors have been reviewed (55, 295). An excellent
discussion of the role of metabolic depletion and repletion in relation to
meal patterns has recently been completed (151). In the rat, meals vary in
size from 3-10 kcal depending on the density and palatability of the diet,
and intermeal intervals range from 20 min to 6 hr depending on meal size
and effort expended to obtain food. Intake during the dark phase of a 12-12
light-dark cycle is generally twice as large as during the light. Finally, rats
tend to be hyperphagic (eating more than the energy they expend) in the dark
and hypophagic (eating less than the energy they expend) in the light (154).

Rate is another microstructural characteristic of eating that has received
attention, recently. Most observers agree that the rate of eating gradually
drops during a meal (120, 254), although this phenomenon is more apparent
in deprived than nondeprived subjects (see Figure 1). Mathematical models
(64) and equations (136, 174) have been proposed to describe and explain
the shape of curves of cumulative intake during a meal under a variety of
conditions. Deprivation and palatability increase the initial rate of eating,
while gastrointestinal overfilling induced by ingestion of hyperosmotic
fluids slows the rate of eating more quickly during the course of a meal (64,
135). An important clinical issue, still controversial, is the idea that rapid
eating results in greater intake. This hypothesis is suggested by Jordan &
Spiegel (119), who found increased intake when they increased the rate of
delivery of food via a pump or simultaneously delivered diet into the stom-
ach while subjects were taking food from the pump by mouth. It is disputed
by the mathematical model of Booth & Mather (38), which suggests that
an increased rate of eating will activate post-absorptive satiety systems
faster than normal and will therefore hasten satiety. The influence of body
weight on rate of eating has also been studied. Some studies report higher
rates of eating in obese people, whereas others report no differences [see
(270) for review], although most of these studies are confounded by interac-
tions with the type of food and sex of the subject (136). In rats the rate of
eating declines after deprivation-induced weight loss (158). The rate of
eating after overfeeding has not been reported, although after obesity in-
duced by ventromedial hypothalamic lesion it was found unchanged (284).

Nutrient Selection

Another important basic phenomenon in the control of food intake is the
ability of animals to select the proper balance of the three major macronutri-
ents, protein, fat, and carbohydrates, from an array of foods with mixed
macronutrient content or from a selection of relatively pure macronutrients
themselves (78, 201, 218, 235). The amounts of the three macronutrients
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Figure I Meal pattern profiles of rats following either a period of 20% weight reduction (left
side) as a result of being fed five small (1.5 g) meals per day every 2 hr during the light phase,
or no restricted feeding (right side). Both groups were fasted the night before these records
were taken and given the same 5 small meals. The last meal was 2 hr before these records were
collected. Food was 45 mg Noyes pellets taken from a pellet detecting eatometer (132a). The
meal pattern profiles were generated by computer analysis adapted for solid food intake,
collected by printout counters (15). (H. R. Kissileff, A. Schmader, unpublished data, 1976).

selected vary with the condition of the animal [e.g. exercised vs sedentary
(7, 56), diabetic vs normal (84, 219)], the selections available (78), and the
experimental treatments [e.g. insulin administration (125) or ventromedial
hypothalamic lesions (123, 131)]. However, under nonintervention condi-
tions, the ratios among spontaneous macronutrient intakes tend to be re-
markably constant in humans (percentages of total calories were 11-15%
from proteins, 50-58% from carbohydrate, and 26-37% from fat), and
somewhat more variable in the rat (see Table 3). Successful survival on
self-selection diets also depends on acceptable orosensory qualities of the
diet, and Epstein has wisely stated: “The wisdom of the body is not an
infallible guide to nutrition” [(78), p. 201].

Availability and Palatability

Availability refers to the ease with which the animal obtains food [procure-
ment cost (53)] and palatability refers to the orosensory qualities that
determine acceptance (134). The latter definition may not be accepted by
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Table 3 Percentages of macronutrients chosen on self selection diets

Per;:-eniage of eﬁ_(ergy intake

Daily intake ____ e
Species (kcal) Fat Protein Carbohydrate Age® Weight® Sex® Source
Rat 46.3 640 16.0 20.0 59 130 F 218
Rat8 130.0 344 9.0 56.6 — 387 M 248
Rat 62.4 26.4 275 46.1 49 128-172 Fd 123
Rat 86.5 180 35.0 47.0 —  202-271 F 125
Human 3432.0 333 11.8 533 19 70 M 76
Human 3296.0 26.1 15.3 58.6 44 103 M&F 212
Human 2460.0¢ 350 11.0 54.0 16 55 F 207
Human 2900.0f 37.0 13.0 50.0 16 55 F 207
Human 2233.0¢ 316 15.8 52.6 42 92 F 303a
Human  23450f 327 158 51.5 42 92 F 303a

aYears for man, days for rat

bg for rat, kg for man

CM = male, F = female

dSham group, preoperative

€Nonexercising

f Exercising

8Experiment 2, con-sham
all, as some authors (149, 312) consider the palatability to be a joint function
of the animal and the food. However, we believe that in order to delineate
the controls of food intake, it makes more sense to consider palatability a
quality of the diet and to attribute changes within the animal to changes
in its response to the same diet under different experimental conditions (e.g.
after fasting, overfeeding, or conditioning).

When food becomes more scarce or more costly to obtain, intake gradu-
ally declines (122). When the palatability of the food changes, intake
changes with it (224); foods whose acceptance or preferability in short-term
tests is high will be overconsumed (281), and foods not preferred in short-
term tests will be underconsumed. These changes in intake are not constant
over time, however. Rats compensate for changes in diet palatability over
time and can maintain almost normal growth on diets that were initially
almost totally unacceptable (144, 208). Because units of palatability and
availability (or effort) have not been scaled in a standarized way, intake as
a function of palatability or effort has not been precisely described. On the
theoretical plane, at least two possible relations could be seen. Palatability
could yield a graded response in intake if its effects summed with other
controls, or it could yield a dichotomous (either high or low) response in
food intake if it simply served as a trigger to prevent or prolong eating.

Food variety is also an important factor in intake control. When people
were fed three courses, each of a different-flavored yogurt, they consumed
more than when the same flavor was given at each course (226). The variety
effect has also been observed in rats (150).

Patterns of intake as well as total intake are affected by both palatability
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and availability of food. As the diet becomes less palatable, meals become
smaller and more frequent (249), but they become larger and less frequent
as the effort to obtain them is increased (122). For example, on a sweetened
condensed milk diet rats took 18 meals per day of 3 ml. When the diet was
adulterated with quinine, meal size dropped to 1.7 ml and meal frequency
rose to 20 meals per day (249). Meal frequency dropped from 8.8 per day
with no effort to .62 per day when 640 lever presses were required to obtain
access to the food. Meal size increased from 3 g per meal to 12 g per meal
under these conditions. The average rate of eating was unaffected by the
increased effort (122).

Summary of Phenomena

When experimenters manipulate the composition of the diet and the time
of access to it or when the nutrient content of the animal is altered experi-
mentally, compensatory responses are made in such a way as to restore the
prior state of intake of the animal or its body composition. Such responses
suggest the existence of detectors that monitor either the intake or its
consequent effects on body composition or distribution of nutrients within
the body. They also suggest that some response system exists that brings
about appropriate changes in intake or energy expenditure. However, re-
sponses to some changes in diet composition, such as to those that affect
primarily sensory rather than nutritional quality, contradict the idea that
intake is determined solely by compensatory changes in response to pertur-
bations in body constituents (283). Not all phenomena can be explained by
any simple account of the control of food intake, such as the contraction
of an empty stomach (49) or depletion or reduction in utilization of a critical
metabolite (172) or even metabolites in general (86, 128).

THEORIES

The theories advanced to explain the results described above are either
homeostatic (i.e. they posit attempts to preserve constancy in a variable) or
nonhomeostatic. The homeostatic hypotheses often suppose the existence of
a reference value or set point (302, 303) against which current values in the
regulated variable are compared. Such theories suggest that the discrepancy
between this set point and the current value is then used to drive or inhibit
a response such as eating. Since no direct evidence for set points has ever
been found, it has also been proposed that the sensitivity of detectors and
their connections to a response system could restore imbalances and there-
fore act as a regulatory system (45, 302). Several homeostatic theories of
feeding have been advanced over the last 30 years. For those that have been
repeatedly reviewed we provide only brief descriptions here and refer the
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reader to other reviews (4, 40, 203) for details of evidence in their support.

Nonhomeostatic theories do not posit mechanisms that preserve constan-
cies. Instead, such theories assert that the primary control of food intake
originates in the configuration of the environment and the genetic adapta-
tions built into the animal to cope with that environment, or to psychologi-
cal constructs such as drives or incentives that induce the animal to engage
in feeding behavior not for the purpose of restoring some deficiency but in
order to obtain pleasure or reward. While a single unifying theory would
be preferable to the present dichotomy, no such theory exists; the mathe-
matical model of Booth & Mather (38) is an attempt to unify both types
of theories in a rigorous way.

Homeostatic Theories

The homeostatic theories propose that a variable is regulated [i.e. main-
tained constant by means of detectors for its value or some function of it
(44)] and that controls (management of rates of functioning) are set in
motion to accomplish these regulations. Two kinds of homeostatic theories
can be distinguished: those proposing that specific chemicals in the body are
regulated [e.g. fats, carbohydrates (mainly glucose), or proteins (i.e. specific
amino acids)], and those that propose regulation of energy or some function
of it such as body temperature. The lipostatic theory, for example, proposed
that depot fat was the regulated variable and that rates of food intake and
energy expenditure were its controls (128, 295). The glucostatic theory
proposed that utilization of glucose by privileged cells was maintained
constant by initiating eating when utilization was low and inhibiting eating
when utilization was high (79, 172). The aminostatic theory (178) likewise
proposes that excesses and deficiencies of plasma amino acids are responsi-
ble for initiating or inhibiting food intake.

Another now-classical theory that attempted to link all these changes was
the thermostatic theory (43, 45), which proposed that the heat generated
by metabolic fuels either stimulated or inhibited feeding in accordance with
the body’s need to maintain a constant temperature. Recent adaptations of
this theory propose that the energy produced by the metabolism of absorbed
nutrients is monitored (28). However, neither the location of the detectors
that perform this function nor the nature of the energy being monitored (i.e.
electrical, chemical, or thermal) has been determined. The detectors could
be in the brain, since it has been established that thermal detectors exist in
the hypothalamus (106). There are, however, a number of difficulties with
a strict thermal theory (see 86). Chemoreceptors have likewise been discov-
ered in the brain (5, 198), but their relation to chemical energy remains a
mystery. Evidence has been advanced for the liver as the organ that moni-
tors the state of the body’s energy stores. It has been proposed that “hunger
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arises in the liver when fuel delivery from the intestines and adipose tissue
is inadequate for the maintenance of body functions without significant
hepatic contributions” [(86), p. 423].

The problem of the location of detectors and effectors for homeostatic
response has been central to discussions of ingestive behavior for decades
and merits more consideration than our brief review can provide. We (295)
recently reviewed the status of the “dual center” theory originally proposed
by Brobeck (42a). In brief this theory stated that feeding was elicited by a
lateral hypothalamic center that was inhibited by a ventromedial hypo-
thalamic center as a result of certain (unspecified) post-feeding changes in
the body. When the food eaten was disposed of, the lateral hypothalamic
center became active again, and the cycle was renewed. Although the
concept of diffuse excitatory and inhibitory systems has replaced that of
discrete centers (273), the notion of dual controls, one that excites and one
that inhibits feeding, is still very much a part of most thinking about the
neural control of intake. Evidence for the theory comes from the incontest-
able facts that (a) lesions (46) or anesthetization (77) of the ventromedial
hypothalamus induce hyperphagia, while stimulation of it inhibits eating
(143); and (b) lesions of the lateral hypothalamus induce aphagia (6) or
hypophagia, while stimulation of it induces eating (181). The theory was
also tied to chemostatic theories by locating detectors in the ventromedial
hypothalamus (128, 172). This part of the theory initially ran into difficulty
when anatomically direct stimulation by injection of putatively monitored
metabolites failed to suppress food intake (77, 298) in acute experiments.
However, it now appears that chronically administered nutrients do sup-
press food intake when injected intracranially in both the ventromedial
hypothalamus (203, 205) and ventricles (66, 67, 306). Booth (30) seriously
questions the interpretation of the lesion/stimulation approach, and his
cautious critique should be read by any serious student of food intake.

The other suggested major site for homeostatic control of food intake is
the liver. Russek (236) first proposed that hepatic glucoreceptors were
involved in feeding because intraperitoneal glucose depressed intake more
than equal doses injected into the jugular vein. According to current ver-
sions of the theory (237, 238), hunger is the result of decrease in the
carbohydrate reserves signaled to the brain by discharges from the hepato-
cytes in the liver. The pathway for these discharges is in dispute (17, 162,
238). The system operates as follows: “Some metabolite of the glycolytic
chain (i.e. pyruvate), related both to liver glycogen content and glucose
input of the hepatocytes, has an hyperpolarizing effect on their membranes,
perhaps through an increase in the sodium pump. Thus, hunger would
normally appear when intestinal absorption and liver glycogen (and liver
pyruvate) decrease to a certain critical level” [(237), pp. 137-38]. Note that
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the wording is almost identical to that of Friedman & Stricker (86). Hyper-
polarization and disappearance of the hunger discharges would occur as
soon as absorption of glucose and/or amino acids from the intestine in-
creased liver pyruvate, thereby inducing satiety. “Preabsorptive satiation is
hypothesized to be caused by a reflex secretion of intrahepatic adrenaline
from hepatic chromaffin cells located in the portal spaces [(171, 216)],
elicited by information originating in the oropharyngeal, gastric and duode-
nal receptors [(63, 189, 190, 197, 252, 292)]. Duodenal (and possibly gastric)
glucose and amino acid receptors might be the unconditional afferentation
of this reflex, while oropharyngeal receptors and gastric distension receptors
might produce a conditional effect which can be adapted to the changes in
caloric content of food” [(237), p. 138]. Russek goes on to conclude that
hepatic receptors might be the most important receptors determining hun-
ger and satiety because “all the numerous factors that have been shown to
influence food intake may act as modulators of this mechanism” [237), p.
141). This is probably the most comprehensive theory proposed since the
dual center theory and its chemostatic associates. It is heuristic, like the old
glucostatic theory, because the major metabolic fluxes of the body converge
on the liver. It is supported by the facts that intraportal injection of adrena-
line and/or infusion of glucose inhibit feeding while equivalent doses else-
where are less effective (36, 194, 196, 240). Electrophysiological studies
support the existence of receptors (239). The theory has not gone unscathed,
however; its critics point out that vagotomy fails to affect food intake
patterns (162) and that glycogen levels gradually rise during the night and
fall during the day (153), following, rather than leading, accumulation in
food intake. Russek has responded to these and other criticisms (238), and
the theory certainly merits further testing.

Two other organs, the stomach and intestine, have been considered as
primary foci for homeostatic theories of food intake. McHugh & Moran
(177) consider them as a unit, such that the intestine controls the rate of
stomach emptying according to caloric homeostasis of emptying rate. Smith
& Gibbs (258) and Deutsch (70) view them as units providing independent
contributions. According to each of these authors, neural and/or humoral
signals arise in these organs that inhibit food intake. When the signals are
absent, intake will occur again. This theory is appealing because of its
simplicity and because it makes easily tested predictions about the effects
on food intake of manipulating the stomach and intestine by means of
loading or emptying them, by stimulating or ablating their neural connec-
tions, or by simulating actions of their hormones. More of this evidence is
detailed in the section on nutrient administration, below. Here we outline
only the most compelling evidence and indicate the theory’s limitations.

McHugh (175) has shown that caloric intake could be controlled by
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distension of the stomach, which is in turn controlled by an intestinal
mechanism that operates as though calories delivered to the intestine were
the key signal controlling emptying of the stomach. Accordingly, preloads
of the three macronutrients in equicaloric amounts suppressed subsequent
food intake by the same amount (176) and emptied from the stomach at the
same caloric rate (177). These results suggested the possibility that the
“regulation of caloric delivery by the stomach could have a direct role in
the control of food intake” [(177), p. R259]. The stomach and intestine
could play arole in the phenomena of feeding we have described above only
if emptying were controlled by some function of previously eaten food that
had released its calories in a detectable way (i.e. by generating heat or being
converted to detectable nutrient store). The theory predicts that stomach
emptying will be slower and feeding inhibited after caloric intake exceeds
energy expenditure. Doubts about such a mechanism, expressed by Van
Itallie et al (295), now seem to be receiving confirmation in more recent
studies by Moran & McHugh (185). Two predictions from the theory
failed. First, glucose and xylose (a poorly metabolized pentose) leave the
stomach at the same rate, yet only glucose contains potentially detectable
calories. Nevertheless, each preload results in equal suppression of intake
in a 4-hr test. The caloric deficit incurred after the xylose preload is made
up the following day. Second, fructose leaves the stomach twice as rapidly
as glucose, yet both hexoses inhibit food intake equally in a 4-hr test.
Nevertheless, glucose inhibits food intake more than fructose during the
first 80 min.

Thus although the gastrointestinal theory of homeostatic control of food
intake cannot always account for the phenomena of regulation of energy
balance, it can provide an explanation for satiety, whose putative link with
energy expenditure must still be provided.

Nonhomeostatic Theories

Three major types of nonhomeostatic theory have been proposed: ecologi-
cal, psychological, and computable. They differ from the homeostatic the-
ory in that they do not posit the maintenance of a constancy in some body
constituent. They do not deny the existence of regulation but propose that
it is handled by physiological rather than behavioral processes. The ecologi-
cal theories propose that feeding behavior is simply one of several alterna-
tive behaviors an animal can perform at any given time, and that the
selection of a behavior is determined not so much by internal state of the
animal as by ecological variables such as cost, abundance, and value (53).
According to the theory, animals use an optimizing strategy for controlling
meal patterns. An optimal feeding strategy maximizes energy intake relative
to the time and/or energy spent feeding. This theory predicts that animals
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will reduce meal frequency and increase meal size as the effort required to
obtain food is increased, a prediction borne out in several species (54,111,
121, 122). Obviously, the theory is a viable alternative to homeostatic
theories for explaining meal patterns; but it certainly is not as general, since
it does not attempt to explain the many other phenomena, such as nutrient
selection or the variety of meal pattern responses to caloric density, depriva-
tion, or palatability.

The second nonhomeostatic theory, reinforcement or incentive theory
[see (288) for discussion], proposes that feeding, once initiated (by an un-
specified mechanism), is maintained by certain sensory qualities of food that
activate “reward” neurons. These neurons can only be activated by the food
when the animal is hungry (228). These neurons are in turn modulated by
the internal states of the animal, such as levels of hormones or metabolites.
This proposal differs from homeostatic theories in positing no detection of
departure from a set point to which the system must return after a distur-
bance is removed. Reinforcement theory suggests that food intake is con-
trolled by cycles of depletion that permit reward neurons to be activated,
and of repletion that block their activation. Behavioral evidence in support
of this theory comes from studies showing that brain stimulation at certain
sites both reinforces operant behavior (i.e. causes animals to sustain
responses that result in further stimulation) and elicits feeding (113,
168). Furthermore, modulation of the reward effects of brain stimula-
tion is obtained by body weight manipulations (112), and body weight
manipulations also influence the ingestion of palatable solutions (47, 99,
184, 204).

The third type of nonhomeostatic theory is computable theory (i.e. food
intake quantitatively predicted from physiological variables such as rates of
stomach emptying, absorption, and metabolism), developed most fully by
Booth and his colleagues (30, 33, 38). This theory accounts for meal pat-
terns, adjustments to changes in energy balance, and rewarding effects of
sensory quality in combination with energy flows, gastroduodenal control
of absorption rate, and learning. It is predicated on the idea that feeding is
initiated when net energy flow from lean body mass is detected and stops
when there is a net energy flow to lean body mass, provided that oro-
gastrointestinal cues are present, which have been associated with previous
energy flows to lean body mass (31). The accuracy of computable theory
exceeds that of nonmathematical theories and permits the inclusion of a
greater number of variables. Since the components of the model can be
manipulated mathematically, the theory permits accurate prediction of the
effects of a particular treatment on all variables. The advantages and disad-
vantages of such a theory have been discussed (30, 38, 182). The theory has
yet to incorporate the effects of neurotransmitters and hormones but is
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presently the most comprehensive of all theories and has the potential to
surpass all other theories in accuracy of prediction.

TESTS OF THE THEORIES BY NUTRIENT
ADMINISTRATION

Dependent Variables

The predominant theory is that control of food intake is energostatic (see
the section above on Homeostatic Theories). The major evidence for this
theory is the reduction in feeding activity when nutrients are administered
and the lack of effect of administering nonnutritive substances. These reduc-
tions have been measured in terms of consumatory (amount eaten) and
appetitive (performance of arbitrary responses to obtain food) behaviors.
The major dependent variables used to assess consumatory behavior are
(a) total daily food intake, expressed in units of weight, volume, or energy
or (b) intake at a single session lasting either for a fixed time (e.g. 1-12 hr)
or until the subject stops eating for a fixed interval of time. Within each of
these measures some finer-grain analyses have been attempted. Meal pat-
terns have been analyzed to determine whether administration of nutrients
affects an onset or termination (95, 215, 285) mechanism for control of daily
intake, and rate of eating during the course of a meal has been analyzed in
the single-meal situation (65, 136).

Appetitive behavior has also been used to assess the effects of nutrient
administration when the amount of consumatory (133) activity is limited. .
Animals are trained to press a lever to obtain food; the rate of pressing on
a low-density reinforcement schedule (i.e. several presses are required to
obtain a single aliquot of 40~100 mg) is the measure of feeding activity (137,
262a). These details are emphasized at the outset because inconsistent
results could be explained by differences in both dependent and independent
variables.

Independent Variables

Various manipulations have been shown to influence the outcome of nutri-
ent administration experiments, including type of substance, rate and fre-
quency of administration, interval from administration to testing,
nutritional status (hours of deprivation, prior feeding history, body weight),
species and surgical preparation, route of administration, and test diet for
determining the effect of the experimental treatment. With such an array
of factors it is little wonder that it is difficult to make sweeping generaliza-
tions. Nevertheless, there is universal agreement that prior administration
of nutrients reduces both appetitive and consumatory behavior. This gener-
alization is in accord with predictions of the energostatic theory. On the
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other hand, quantitative details differ across the range of independent vari-
ables.

Type of Substance

In this section we consider the effects of administering different substances
when species, route, rate, and other variables are held constant; in subse-
quent sections we consider the effects of other variables when substance
injected is held constant. We deal with interactions (ie. effects of one
independent variable that are not uniform in combination with other inde-
pendent variables) along the way rather than in a separate discussion at the
end. The effects of route of administration are discussed in the section on
mechanisms, below, in relation to the issue of sites where nutrients and
nutrient derived signals act to influence food intake.

This section addresses three questions: (a2) How well does a subject
(animal or person) compensate for administration of a nutritionally ade-
quate mixture of nutrients to its body? We evaluate this response by means
of an index known as the “suppression efficiency” (215), which is the
amount of reduction in voluntary intake expressed as a percentage of the
administered load. (6) How much of such reduction is attributable to bulk
in the gastrointestinal tract? This question is answered by comparing the
effects of administering nonnutritive, poorly absorbed, or poorly metabol-
ized substances with those of administering nothing at all. (c) Do nutrients
have specific chemical effects, or do they reduce food intake by some com-
mon property such as energy release (28), its time derivative, power (191),
or osmolarity (65, 262, 264, 287)?

Loads of Nutritionally Adequate Mixtures

The hypothesis that food intake is controlled by a homeostatic mechanism
predicts that disturbing the system by overloading the body with nutrients
should be precisely compensated for by reduction in intake equal to the
magnitude of the load. If this homeostatic hypothesis were substan-
tiated, it would be logical to determine next what aspect of nutrient loads
(including their bulk, which theoretically could be regulated) is detected.
In two early tests of this hypothesis, deprived animals were offered food [a
solid food for dogs (116) and milk for rats (18)] in two sessions separated
by a short interval. Intake was almost the same as it was in the control
condition, which was a single session (see Table 4). However, if the food
was placed directly in the stomach first, intake in the second session was
not reduced as much as it was by food actually eaten in the first session.
This difference between second session intakes following eaten vs adminis-
tered food was smaller in the rat feeding on chow (263), than on milk
(compare lines 3 and 4 on Table 4). In monkeys (177a), compensation was



Annu. Rev. Nutr. 1982.2:371-418. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

394 KISSILEFF & VAN ITALLIE

almost perfect (lines 8-10, Table 4). In human subjects (269), who were only
34 hr deprived, when oral intake in the first session was rapid there was
a failure to compensate by adequately reducing intake in the second, so that
two sessions of intake, one after the other, resulted in greater intake than
a single session. Results of these types of studies depend on the choice of
foods and cognitive state of the subject [see (270) for an exhaustive treat-
ment of this paradigm]. Even though compensation was incomplete, reduc-
tion in intake was proportional to the size of the load, when loads of
different amounts were given [(300); lines 5-7, Table 4).

Some of the trends in these acute studies suggest that better compensation
might be seen with animals on ad libitum access to food and with liquid
rather than solid foods. It was therefore surprising that Thomas & Mayer
(285) did not find any better compensation obtained by use of chronic
intragastric infusion of liquid diet than the earlier studies had found using
acute injections (compare lines 11 & 12 with line 3 in Table 4). In another
study (215) in which intragastric infusions were programmed to correspond
to periods during which the animals normally ate, compensation rose from
75 to 87%. Finally, in the most recent study of this type, Rothwell & Stock
(229) found that when rats were loaded with from one to three widely
spaced meals, their daily intake was reduced in almost perfect compensation
(see lines 14-16, Table 4). Similar results were also seen when dogs were
chronically given a large fraction of the daily requirement intragastrically
(117). However, the rats, unlike the dogs gained from .9 to 2.3 g/day more
than controls over 21-30 days (229), and approximately 80% of the gain
was fat. Results similar in magnitude to these were also obtained with
intravenous nutrient infusions [(1); see line 17, Table 4].

Some of the results above appear to be at variance with a homeostatic
theory of food intake control. However, homeostatic theories have been
vague about the period over which equilibrium should be achieved. These
results need not be considered violations of homeostatic principles if absorp-
tion and metabolism of the loaded and ingested food are not completed in
the time permitted for response. This time is simply the reciprocal of the
subject’s energy expenditure. It would be about 20 min for each kcal eaten
or loaded in the rat and 1 hr for each 100 kcal consumed by man. Further-
more, in animals subject to only a few hours of feeding (263), lack of perfect
compensation could be attributed to the constant stimulus to eat (or re-
moval of satiating effects, whatever these may be) resulting from the sus-
tained energy deficit (in comparison to ad libitum fed animals) that such
schedules induce. On the other hand homeostatic theory cannot obviously
account for the 18% difference in suppression efficiency between orally and
intragastrically loaded food in the experiments of Berkun et al (18) or the
failure to see 100% suppression efficiency in other studies. It may be that
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Table 4 Effects of nutrient administra tion on food intake

Oralloads

Intragastric loads
Load . _.. _I& Percentage  Load & Percentage Reference
Line Species Units  size w/oload w.load Diff.2 comp.? size wfoload w.load Diffa comp. number

1 Dog g 2004 932 694 238 119 200 1251.0 1308.0 -57 -28 116

2  Dog g 450 999.5 515.5 484.5 107 116

3 Rat ml 14.0d 19.7 7.1 12.6 90 14.0 19.7 9.6 10.1 72 18

4  Rat g 4.24 15.0 12.9 2.1 50 4.2 15.0 13.4 1.6 38 263

S Human ml 190.09  635.0 476.0 159.0 83 300

6 Human ml 317.09 6350  372.0 262.0 83 300

7 Human ml 698.04  635.0 152.0 483.0 69 300

8 Monkey kcal 150.09 4370 273.0 164.0 109 150.09  437.0 273.0 164.0 109 177a

9  Monkey kcal 300.0d 4420 134.0 306.0 102 177a
10 Monkey kcal 450.09  446.0 38.0 408.0 91 177a
11  Rat ml 44.0¢ 72.0 40.0 32.0 72 285
12 Rat ml 56.0f 63.0 21.0 42.0 75 285
13 Rat ml 36.0 34.8 3.8  31.0 86 215¢
14 Rat kcal 31.08 90.7 61.2 295 92 229
15 Rat kcal 45.6h 97.2 50.4  46.8 102 229
16 Rat kcal 59.91 92.4 27.9  64.5 107 229
17 Rat kcal 49,51 74.5 28.8 457 92 1

apifference in intake (without load - with load).
bpercentage compensation = difference in intake/load size.

CBased on mean data and report that intake was reduced .86 ml for each ml loaded in a meal paired paradigm.

dSingle preload.

€ Continuous load via chronically implanted nasogastric tube, 24 hr.
Load with each meal via chronically implanted nasogastric tube, 24 hr.
80ne load per day via gavage.
!‘Two loads per day via gavage.
1 Three loads per day via gavage.
) Continuous intravenous load, 24 hr.
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about one fifth of the satiation that results from eating is contributed by the
oropharyngeal stimulation. This percentage approximately matches the
20% reduction in intake seen when rats, and 30% reduction when humans,
feed themselves intragastrically (118).

Bulk

As a result of Cannon’s (49) influential theory of hunger it has been com-
monly assumed that a major determinant of satiety and hence the amount
of food consumed at a meal is a full stomach. Many observations have been
consistent with this view. For example, Janowitz & Grossman (116) found
that placing food or bulk in the stomach of a dog 20 min before its normal
daily meal inhibited food intake by the same amount. In the rat, Smith &
Duffy concluded that “food in the stomach inhibits further eating, but the
immediate effect seems attributable to the physical properties (bulk) of the
food” [(263), p. 608]. They found that preloads of food and of nonnutritive
bulk depressed food intake about equally (see Table 5). Other lines of
investigation, however, have led to the conclusion that bulk is not very
important in the control of food intake. The many dilution studies previ-
ously discussed are examples (see the section on Dietary Dilution and
Concentration). Other examples include the effects of bulk preloads in
monkeys (176), simultaneous loads of water in man (118), and intragastric
infusions of sodium and urea solutions with meals in the rat (268) (see Table
5 for details). Can these disparate findings be reconciled, and what can be
concluded about the role of bulk in the control of food intake? Examination
of Table 5 reveals several striking inadequacies in our knowledge of the
effects of nonnutritive loads or mechanical distension (e.g. by balloon). In
each report, only a few (sometimes only one) levels of bulk have been used.
It is therefore impossible to determine the functional relationship between
bulk and intake. The data suggest that the relation is linear, but not one to
one—i.e. before the bulk effect begins to operate it must be in excess of 20%
of the normal intake. The second major problem is the effect of the time
factor. As Booth (29) has shown, it appears that in the nondeprived rat, bulk
(induced by an osmotic load) has an inhibiting effect that lasts up to 2 hr
and has disappeared after the fourth hour following a load. On the other
hand, Smith & Duffy’s (263) work in the deprived rat suggests that the effect
lasts for two hours without change (compare lines 6-9 with 12-13 on Table
5). The time course of the effect may interact with deprivation.

A recent study by Deutsch, Gonzalez & Young (73) has attempted to
evaluate what intragastric factors led to satiety. When rats were injected
with an equal volume of saline as they drank a condensed milk diet, it was
found that intake was reduced to about half of what would have been
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Table § Effects of administration of bulk on food intake

Units

Type of Mode of Deprivation Duration __ Load Amo.ungaterl .. Reference

Species bulk administration (hr) Delay? (hr) Load Intake size  wfoload w.load number
Dog gum gastric fistula 23.25 0 .75 % dry® g 15 841.5 809.0 251
Dog cellulose  gastric fistula 23.25 0 75 % dry g 15 841.5 650.0 251
Dog balloon inflation w. water 23.25 0 5 ml g 300 892.0 704.5 251
Dog balloon inflation w. water 23.25 0 .75 ml g 500 892.0 578.0 251
Dog balloon inflation w. water 23.25 0 .75 ml g 700¢ 937.0 388.0 251
Rat kaolin gavage of 66% slurry 22.00 0 .16 ml g 10 2.9 2.8 263
Rat kaolin gavage of 66% slurry 22.00 0 2.0 ml g 10 15.0 11.7 263
Rat kaolin gavage 22.00 0 .16 ml g 15 2.9 1.8 263
Rat kaolin gavage 22.00 0 2.0 ml g 15 15.0 9.4 263
Rat 9% NaCl nasogastric tube 0. 0 24.0 ml kcal 47.3 64.4 70.9 268
Rat 1Murea nasogastric tube 0. 0 24.0 ml kcal 46.9 64.8 70.4 268
Rat 1Murea gavage 0. 1 1.0 ml g 5.0 1.7 2 29
Rat 1M urea gavage 0. 1 3.0 ml g 5.0 1.7 2.0 29
Rat 9% NaCl gastric tube 14.0 f .5 ml ml 11.7 21.1 11.7 73d
Monkey cellulose  gastric fistula 20.0 0 4.0 ml kcal 150.0 — -.8¢ 176
Human  water gastric tube 34 f .33 ml ml 370.0 414.0 296.0 118

aInterval from load to presentation of food (hr).

bg, of dry weight of intake without load.

€ Actually 75% of intake without food for each dog.

dpata averaged from all values in experiment 1.

€ Cellulose suspension (unspecified concentration) was reported to reduce intake by 0.8 kcal.
f Load was simultaneous and contingent upon, eating.

FAVINI OO 40 TOAINOD
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expected if volume were the only factor controlling it. Conversely, when 5
ml were removed from the stomach as the rat drank, it overconsumed by
almost half as much (7.2) as expected. These findings are consistent with
the idea that both nutrient and bulk factors contribute to satiety. Until a
quantitativemanipulation of the bulk factor alone is made, we will not know
exactly how much this factor contributes to the control of food intake. One
of the problems in assessing this role is that the volume and contents in the
stomachchange as the rat eats. In order to circumvent this problem, experi-
menters have used esophagostomized animals (116), animals with open
gastric fistula (258), or animals in which diet is removed as it is drunk (62,
74). In each case, the effects of preloading the stomach with bulk have
reduced intake for the duration of sham feeding. However, the data avail-
able are insufficient to determine the functional relationship and thereby the
mechanism of operation of distension on intake.

Osmotic Effects

Besides filling the gastrointestinal tract, nutrients can exert potential os-
motic effects owing to their ability to draw water across semipermeable
membranes into the gastrointestinal tract, thus filling it and also inhibiting
food intake by temporarily dehydrating the rest of the body (68). Schwartz-
baum & Ward (245) showed that food intake was depressed as much by
stomach loads of hypertonic sodium chloride solutions as by equiosmotic
glucose. Jacobs (115) pointed out that the two substances do not produce
equivalent thirst effects and suggested that different inhibitory mechanisms
were involved. This suggestion received some confirmation by Yin et al
(311), who showed in an 8-hr test that intragastric glucose loads (10 ml,
45%) continued to suppress intake even when the rat was hydrated by the
intravenous route, but that the suppression of intake induced by equios-
motic sodium chloride (10 ml, 8.1%) loads was almost totally abolished by
intravenous water. This confirmation cannot be considered complete be-
cause it does not address the question of osmotic effects within the first few
hours. Booth (29) showed that glucose, equiosmotic urea, and 3-0-methyl
glucose—all poor inducers of thirst—have equal suppressing effects on food
intake for the first two hours after a 1 M load of 5 ml. In the third hour
only glucose continues to suppress intake. Booth suggests that inhibition by
glucose in the first hour is mediated by a chemoreceptor with which 3-o-
methyl glucose has a less effective interaction. It is therefore clear that at
best osmotic effects are short-lived, but it is not clear whether the initial
suppression by glucose is chemospecific, osmotic, or physical.

Energy vs Specific Nutrients

Since other reviewers (4, 30, 40, 203, 295) have provided evidence for and
against the classic homeostatic hypotheses, we proceed directly to the ques-
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tion of whether chemospecific or energy-related properties of nutrients
control intake. Because the macronutrients have differing sensory qualities,
we consider only studies in which the sensory contributions from the oro-
pharynx have been effectively eliminated (34, 35, 91) either by anesthesia,
disguise of taste and flavor, or loading of nutrients directly into the circula-
tion or digestive tract. Because energy regulation requires time for food to
be absorbed and metabolized before its energy yield could be sensed di-
rectly, as either heat or stored nutrient, experiments bearing on this ques-
tion must last long enough for these processes to occur. The longer the
experiment lasts, the more likely the control of food intake by energy
regulation will be confirmed. We therefore consider the longest studies
first.

Liu & Yin (161) chronically loaded rats intragastrically with either 45%
glucose solution or Crisco™ (fat with a 3:1 ratio of unsaturated to satu-
rated fatty acids) in equicaloric amounts (27 kcal/day) for 5 weeks. Food
intake was reduced in proportion to the calories loaded throughout the
period, and body composition was no different between loading conditions
when determined 1 week after termination of the loading. These results
support an energy regulation hypothesis. Rothwell & Stock (229) using a
similar procedure for only 30 days, but employing butter (3:5 ratio of
unsaturated to saturated fatty acids) instead of Crisco@,reported that
compensation was only 48% efficient, although when their animals were
loaded with an equicaloric volume of a complete diet, suppres$ion was 92%
effective (see Table 4). They suggested that because of imbalances in dietary
nutrients induced by the fat loads rats were eating to obtain sufficient
amounts of other nutrients. Geliebter (92) reported in a longer study (6
weeks) that daily loads of either butter, corn oil, sucrose, or albumin gave
nonsignificant differences in food intake across nutrients, and nonsignificant
differences in body weight gain and Lee index. He did, however, note a
persistent reduction in intake after protein loads 3.5 hr after the load.

These results suggest that any shorter term studies that showed differ-
ences in intake suppression across macronutrients (90, 91, 202) would not
necessarily preclude adjustment of intake according to an energy balance
regulation mechanism, but could be explained as a result of transient che-
mospecific effects on satiety. Examples of both energy regulatory and che-
mospecific effects have been found in short-term experiments. Energy
regulation is favored by Booth (28), who found that when allowance was
made for absorption and metabolism after a load, before food is presented,
small nutrient loads (about the size of a normal meal) in otherwise unde-
prived rats depressed food intake by amounts almost equal to their metabol-
izable energy. When preabsorptive effects were examined, Booth (28) found -
a wide variety of intakes in the first hour of access after a 1 hr delay. Intake
was least after glucose (0.9 g), highest after glycerol (2.4 g) and oleate (2.1



Annu. Rev. Nutr. 1982.2:371-418. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

400 KISSILEFF & VAN ITALLIE

g) and intermediate after the amino acids valine (1.6 g) and lactate (1.4 g).
Geary (90), however, found that suppression efficiency was greater for
protein (1.51 kcal reduction in intake per kcal loaded) than glucose (.87)
after 12 hr, but the difference was smaller after 24 hr (1.32 for protein and
.81 for glucose). The difference from the results of Booth (28) could be
attributed to use of proteins rather than amino acids in Geary’s (90) study
and to the fact that early effects of proteins were included in the 12 hr
measures. The convergence of the suppression ratios at 24 hr suggests
that longer times would be needed to adequately refute the hypothesis
that enhanced nutrient-specific satiety effects of protein are eventually
balanced by an energy regulatory mechanism that restores intake. Similar
short-term effects of protein on human appetite have been reported
(35).

Other studies suggest that the effects of nutrient administration interact
with deprivation and possibly with the time of testing. For example, Pank-
sepp (202) found no differences in the effects of equicaloric fat, carbohy-
drate, and protein loads, but his animals were 12 hr deprived and only tested
for 0.5 hr in the light. The half-hour test probably only picks up gastric
filling effects, and the animals may be less sensitive to the nutrient effects
because of the deprivation, since Booth & Jarman (36) have shown that
intake-suppressing effects of small amounts of glucose disappear after 4 hr
of deprivation. Panksepp (202) did, however, find a 3.6 g larger suppression
of intake following administration of protein than fat or carbohydrate in the
first half hour of access to food after a period of spaced loads of 6 meals
over 30 hr without other food available. Over the next 24 hr this difference
was completely made up. He also found that fat loads suppressed intake less
than did carbohydrate or protein loads after a 1-hr delay but not a 3-hr
delay from load to eating in rats that were 3.5 hr deprived and tested in the
light phase. These apparently conflicting results will not be resolved until
we know more about the interaction of nutrient administration with meta-
bolic effects of deprivation and light-dark cycle [see (151) for discussion of
these effects]. Problems of interactions of nutrient administration with other
factors abound in the long-term studies as well. Differences between the
results of Geliebter (92) and Rothwell & Stock (229) could be attributed to
the age of the animals, the schedule of nutrient administration, and/or
duration of the experiment. Our answer to the question of whether intake
is controlled by a nutrient-specific or an energy-regulatory mechanism must
be tentative. It appears that in the short run satiety is under chemospecific
control, in which the effectiveness per calorie increases in the order: fats,
carbohydrates, and proteins. In the long run, when these nutrients are
metabolized they exert their effects on food intake by means of their energy
yield.
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Nonnutritive Influences on the Qutcome of Nutrient-
Administration Experiments

In addition to the examples of nonnutritive effects presented above, there
are several other important illustrations of the interaction of nutrient ad-
ministration with other variables. The interaction between administration
site and deprivation is a case in point: Isotonic glucose infusion suppressed
food intake when injected duodenally into nondeprived rabbits or into the
hepatic portal vein of deprived rabbits, but the same infusion had no effect
when infused into the duodenum of a deprived rabbit or the hepatic portal
vein of a nondeprived rabbit (291). The explanation for these findings,
consistent with Russek’s hepatostatic theory (236), is that duodenal infu-
sion released more gut glucagon than did hepatic portal infusion, thereby
raising the intrahepatic concentration of glucose in the nondeprived rabbit
and inhibiting a vagally mediated activating signal (197, 291). In the de-
prived rabbit, glycogen is depleted and thus glucagon released by the duode-
nal infusion would have no effect. In the nondeprived rabbit, hepatic-portal
infusion does not raise the glucose level in hepatic cells because there is
already a high carbohydrate level in them, presumably preventing further
uptake of glucose necessary to raise the glucose concentration within the
cells. Further evidence for glucagon’s role in mediating this effect has been
obtained (289-290, 293). The importance of route of administration was
also shown by the results of Snowdon (268), who found that meal-contin-
gent duodenal infusion of hyperosmotic substances as well as nutrients
reduced spontaneous meal size but did not reduce total nutrient intake,
while only nutritive substances reduced meal size when infused into the
stomach. These results suggested a duodenal rather than gastric locus for
the osmotic inhibition of feeding.

The importance of nutritional status (deprived vs nondeprived) was
shown by Baile et al (13), who found that glucose inhibited food intake in
monkeys when infused intragastrically along with a meal (thus the animal
was not in the deprived state), but not when it was given during a half-hour
period preceding the meal, after a 22-hr fast. Suppression by preloaded
glucose in deprived monkeys was observed, however, by McHugh & Moran
(176). The latter believe that differences in the results are due to differences
in the length of time food was available and the restraint imposed in the
earlier (13) study. In man, Booth et al (34) have shown that a glucose load
15 min before a meal suppressed intake in proportion to the calories in the
load, but did not do so if given just before the meal. On the other hand,
intravenous infusion of glucose alone (21, 100) or along with insulin (305)
failed to either increase or decrease food intake in man. In therat, intrave-
nous addition of insulin to glucose infusion did improve the suppression
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efficiency (191), but this effect could be attributable to the higher basal
feeding level against which the results were compared when insulin alone
was administered. It is clear that factors other than the kind of nutrients
must be considered in the interpretation of the results of nutrient adminis-
tration.

MECHANISMS

Much of the current work on the physiology of food intake control concerns
the mechanisms underlying the phenomena and experimental results de-
scribed above. Some of these, such as the hepatostatic hypothesis and
gastrointestinal controls, have already been described. We now provide an
overview of hormonal and vagal mediators of satiety, humoral and neural
controls of the chronic effects of body weight on food intake, and the
glucoprivic control of hunger. The reader may wish to consult one of the
many recent symposium proceedings (51, 145, 195) or books (33, 241, 278)
for further information.

Mechanisms of Satiety

We consider first the signals by which nutrient ingestion tells the central
nervous system to terminate feeding. Both Kraly & Smith (142) and
Deutsch and colleagues (74) have shown, using a pyloric noose to prevent
outflow from the stomach to intestine, that the oropharynx and stomach
together provide signals sufficient to induce satiety. Distension and nutri-
ents induce satiety by different mechanisms, since vagotomy abolishes the
response to distension but not to nutrients (96, 141). The stomach may also
contain receptors for fat, since Deutsch & Gonzalez (72) found that intake
of a 50% fat emulsion was the same whether the pylorus was occluded by
cuff or not; intake of the emulsion increased when some of it was removed
as they drank but remained the same when saline was injected as they
drank. Unfortunately, a critical alternative condition—infusion of saline
while the animals drank the emulsion with the pyloric cuff on—was not
studied. Thus fat could have inhibited ingestion by a duodenal mechanism
in the cuff-off condition while distension of the stomach inhibited it in the
cuff-on condition.

Satiety signals can also arise from the intestine as shown by the effects
of nutrient infusions into it. These effects could be mediated by one of
several hormones released from the gut, stomach, or pancreas (259, 308).
The hormone most thoroughly studied is cholecystokinin (CCK) (261). The
target of its activity is probably not the brain but a vagally innervated
structure, since vagotomy blocks its effect in the rat (260). Since CCK did
reduce food intake when infused (though it did not when injected as a bolus)
into the cerebral ventricles of sheep (69), there may be species differences
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in its mechanisms of action. Rats do not respond to intraventricular CCK
(69). If the mechanisms of action are different in the two species, vagotomy
should not affect the response to peripherally administered CCK in sheep.
Administration of several other peptides found in the gut also led to reduc-
tion in food intake [see (259, 308) for reviews).

The neurotransmitters involved in the control of food intake are also
being studied [see (147) for an encyclopedic review)]. Feeding can be stimu-
lated by norepinephrine injections into the paraventricular nucleus [appar-
ently the target or origin of fibers whose damage leads to hyperphagia (187)]
by means of an alpha-adrenergic mechanism (146). Feeding is inhibited by
norepinephrine injection into the perifornical area of the hypothalamus
[whose damage results in aphagia (6)] by means of a beta-adrenergic mecha-
nism (148). When nutrients were infused into the duodenum, synaptic
release of norepinephrine was enhanced at lateral sites where norepineph-
rine injections did not induce feeding [but suppressed it in other studies
(148)], and synaptic norepinephrine release was suppressed at medial sites
where norepinephrine injections enhanced feeding (188). Because norepi-
nephrine is an inhibitory transmitter, the simplest hypothesis consistent
with earlier lesion and stimulation studies is that norepinephrine elevation
in the medial area suppresses ‘“‘satiety” neurons by means of an alpha-
adrenergic mechanism; feeding is then suppressed by a duodenally activated
mechanism that increases norepinephrine in the lateral area, thereby inhib-
iting “feeding” neurons by means of a beta-adrenergic mechanism.

Serotonin is also probably involved in inhibition of food intake [see (299)
for recent evidence and a brief review]. This inhibition may be linked to
carbohydrate (82, 310), but probably not to protein, ingestion (210).

The latest in the series of neurotransmitters involved with feeding are the
endogenous opioids (166, 308). Feeding is enhanced by the administration
of beta-endorphin (97, 130) and its agonist, D-ala2-metenkephalinimide (12)
and is decreased by the opiate antagonist naloxone (167). However, it is not
clear whether this reduction in appetitive behavior is general or specific to
food intake, because naloxone reduces several appetitive behaviors (200,
271). The possibility that the endorphin system is specifically involved in
the overeating of palatable foods or in the weight gain ensuing from it was
suggested by the finding that naltrexone, another opiate antagonist, reduced
food intake in animals that were eating an array of palatable foods but not
in rats that were eating laboratory chow (10).

Mechanisms For Detecting Energy Deficits

No one has ever isolated a factor that directly induces appetite. However,
food intake can be stimulated by administration of insulin (163), 2-deoxy-D-
glucose [2-DG (257, 286)], and 5-thioglucose [S-TG (222)]. All of these
substances result in reduction of glucose utilization in the brain, the last two
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in all glucose utilizing cells. The eating effect can be blocked or attenuated
by administering metabolic fuels that can be used by liver or brain in the
case of insulin administration (234, 276), or by the brain alone in the case
of 2-DG administration (275). Therefore these treatments probably induce
eating not by glucoprivation but rather by energy privation. The eating
response is probably linked not directly to insufficiency of circulating fuels
but rather to depletion of an organ. For example, increased eating persists
in insulin- or 2-DG-treated animals even after 6 hr without food, at a time
when all circulating parameters have returned to normal (221). One possi-
ble locus for this effect is the liver, since its glycogen stores remain depleted
(85, 98), although not empty (221), until feeding is allowed and since
fructose administration blocks the increased eating only in hepatic-vagally
intact animals (98). The other possibility is the brain, since its norepineph-
rine turnover (which would inhibit “satiety” neurons) remains high unless
feeding occurs (16). The site for the action of glucoprivic stimuli may be
the caudal hindbrain, since injections of 5-TG into the fourth ventricle
increased food intake (223, 256).

Mechanisms of Long-Term Control

On the basis of initial hyperphagia and weight gain after ventromedial
hypothalamic (VMH) damage, and subsequent reduction in intake after
weight had stabilized, Kennedy (128) proposed that a circulating factor
correlated with the size of the fat depots suppressed intake in the obese
animal. He further proposed that the ventromedial satiety mechanism was
directly or indirectly sensitive to the state of the energy reserves so that after
VMH damage a greater stimulus was required to inhibit eating (129).
Evidence for a circulating factor came from parabiosis experiments in
which two animals were sewn together so that they shared a fraction of a
common blood supply. When one member of the pair was overfed, the
partner ate less and became emaciated (109, 206).

The identity of the circulating factor remains a mystery, but recent
evidence suggests it is either insulin in the cerebrospinal fluid (213) or
glycerol (67). Cerebrospinal insulin level has been shown to covary with
plasma level (307), but fluctuations are greatly damped in the CSF. Plasma
insulin covaries in turn with the state of the fat stores (19). Infusion of
insulin into the cerebral ventricles of baboons resulted in a loss in body
weight and reduction in food intake (306). Glycerol has been proposed as
a signal of fat store size because fat catabolism yields it quantitatively and
it is not reutilized by that tissue. Administration of glycerol by various
routes inhibits food intake and induces weight loss (94, 101, 301). Other
metabolites share this ability to a lesser extent when injected into the brain
(66), and the glycerol effect is most pronounced in the vicinity of the third
ventricle (67).
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Not all investigators agree with the hypothesis that the function of the
ventromedial hypothalamic area is to detect the size of body energy stores
and control food intake accordingly. The interpretation of the ventromedial
lesion syndrome has been controversial since its discovery. Sclafani (247)
has recently summarized the evidence favoring a primary hyperphagia, and
Bray et al (41) and Powley (214) have summarized evidence for primary
endocrine and autonomic disturbances that could lead to hyperphagia by
means of increased insulin secretion. It has also been suggested that the two
sequelae of the lesion (hyperphagia and hyperinsulinemia) are independent
effects of damage to overlapping systems (15), because each can be induced
in the absence of the other.

Further evidence for this independence of effects comes from recent work
on vagotomy in rats with ventromedial hypothalamic damage (either by
lesion or knife cut). Cox & Powley (57) have definitively shown that a
doubling of body fat is attained after VMH lesions when food intake is
limited, by a special infusion pair-feeding paradigm, to the pattern and
amount consumed by a neurologically intact rat. This effect is blocked by
vagotomy (58). However, it should be noted that the weight gain of animals
with restricted feeding was considerably less (1.3 g/day) than it was on a
comparable diet eaten ad libitum [5.4 g/day (15)]. Therefore, although
VMH lesions predispose toward obesity, hyperphagia greatly enhances it.
The argument over which sequela (hyperphagia or hyperinsulinemia) of
VMH damage is “primary” for obesity is a sterile one. This conclusion is
further shown by the work of Sawchenko and colleagues (242), who found
that the coeliac branch of the vagus must remainintact for increased weight
gain to occur after VMH damage only on a chow and not on a high-fat diet
(243). On high-fat diets vagotomy is less effective in attenuating weight gain
and hyperphagia after VMH damage than it is on high-carbohydrate diets
(248). These results are consistent with the hypothesis that vagotomy may
reduce obesity by suppressing insulin secretion, which is necessary for
carbohydrate, but not fat, utilization; but this hypothesis cannot account for
persistence of hyperphagia in VMH-lesioned diabetic rats (83, 297, 313),
whose insulin secretion is severely impaired. Such animals, of course, fail
to become obese on high carbohydrate diets. It is still a mystery why
hyperphagia is attenuated in VMH-damaged animals with coeliac
vagotomy (242) on low fat diets while hyperphagia persists in the VMH-
damaged diabetic animal, since both animals have impaired insulin secre-
tion.

CONCLUSIONS

Given the array of factors that influence feeding behavior and the variety
of theories proposed to account for them, is it possible to effect a synthesis
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that is both explanatory and predictive? The multiplicity of signals and sites
involved in the control of intake makes it difficult, if not impossible, to
accept simplistic explanations such as dual centers in the brain or primary
control by a single organ such as the stomach or liver. Understanding amid
such complexity is best gained by expressing relationships among variables
in mathematical terms and testing hypotheses by comparing computed
outcomes of alternatives against empirically obtained data. However, since
many readers are not familiar with this approach, we attempt here to
summarize verbally what has been discovered.

Search for food is initiated when certain portions of the brain are ac-
tivated by (@) disinhibition of its spontaneous activity as a result of removal
of inhibitory input from either the blood stream or cerebrospinal fluid,
and/or (b) increased excitation from neural or humoral signals from the
liver. These inputs influence the brain cells by means of specific neurotrans-
mitters. The same brain cells are also influenced in their activity by direct
or indirect detection. of fat stores, possibly through links with circumven-
tricular organs or by combination with the normal changes in metabolism
believed to influence feeding. Once food is located, feeding is initiated under
the control of cells in overlapping but possibly anatomically distinct regions
and is maintained by “reward-sensitive” neurons whose activity is gated as
a result of disinhibition (i.e. these cells will only be active when the animal
is in a “hunger” state). As feeding proceeds, inhibitory inputs impinge on
the “reward” cells and at a certain level of inhibition they will no longer
be activated by the sensory qualities of the food. Eating of that particular
food would then stop, although other foods could still activate the reward
neurons, thereby accounting for sensory-specific satiety (225). Absolute
satiety would be evidenced by behavioral quiescence and neural inhibition
of the regions responsible for search and initiation of eating. Because learn-
ing also contributes to control of food intake (32), we suggest that the
response of reward neurons to the stimulus qualities of food is modified by
postingestive events, and that this modification contributes to the activity
of the reward neurons by either enhancing their activity if the postingestive
effect results in reward (satiety), or reducing their activity if it results in
punishment (illness). This scheme is no doubt filled with flaws but is
proposed as a challenge on which to improve.

Finally, we would like to note that the burden of review would be consid-
erably eased and information would be easier to digest if data from compa-
rable methods were presented in comparable units. It is impossible to
compare results from such widely divergent units as percentages of control
values, percentages of body weights, difference scores across conditions, and
simple weight of food consumed. To improve the situation it is suggested
that intake data be reported in the units in which they are collected. An
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author who wishes to convert these data to some other format could then
do so separately. When there is more than one source of variance (e.g.
animals and times—i.e. repeated observations on an animal at intervals, or
replicate observations), analysis of variance would allow the reader to deter-
mine how much variability to expect from each source when experiments
are replicated or extended. Enough details of the experimental conditions
should be presented to enable replication. At a minimum these should
include species, sex, strain, breeder, age, and weight of the animal; condi-
tions of illumination, temperature, housing or restraint; macronutrient con-
tent of the diet and its energy density. As our ability to collect data
increases, owing to automatic weighing and other instruments, our ability
to understand them will decline unless we adopt a strategy to organize
them. Quantitative data in comparable units are amenable to computerized
storage and retrieval. Perhaps if the data are published in a more quantita-
tively comparable way than they are at present, the next generation of
reviews in this field will be prepared with the aid of computerized data
bases.
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