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Abstract. This overview is mainly a comparison of various
Fheoretical and experimental approaches to the investigation
of feeding control mechanisms, although some suggestions are
made on the practical problem of gaining control of feeding.
Verbal and computable theories are contrasted, and fragmen-
tary explanations put alongside unified system explanations.
The psychology and physiology of appetite in the omnivore rat
is taken as a primitive model for internal and external con-
trols of human feeding. It is emphasised that all areas of
appetite science, from brain research to learning theory,
must construct mechanistic hypotheses of the processing under
lying the phenomena if the science is to advance further. A
computerised whole-system theory of food intake control in
the rat i1s summarised, which accounts for appetite with a
combination of an energy-flow receptor system and learning
about feeding and its effects. The model is a source of
questions for experimentation in man. It implies that the
brain rules appetite largely through gastroduodenal control
of absorption rate.

INTRODUCTION

"The test of any analysis is synthesis...If we truly
understand the nature of the control of food
intake, then...we should be able to predict
quantitatively the amount we will eat in any
given set of circumstances." (Teitelbaum, p. %27)

This Conference was organised around a division of appetite
science into four areas. That meant a uniquely wide and
balanced representation of the relevant disciplines. Before
the control of appetite can be specified precisely and
realistically enough to produce a predictive theory of the
causes of food intake, a systematic view of the processes
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418 D.A. Booth

underlying feeding has %o be developed. Theoretical
positions have to be taken, right or wrong, in each of the
four areas of appetite research. This overview was written
in an attempt to communicate the beginnings of such a con-
spectus, ranging from brain research to clinical interests
and pointing to an integration of peripheral physiology and
cognitive psychology in the explanation of appetite. The
integration is of course sketchy and highly selective, para-
digmatic as well as concrete, critical as well as construc~
tive, and far from an all-inclusive review. The reader of
other chapters in this book can gain some impression how
acceptable the themes of this chapter were within the
different groups. The pre-Conference version has been
clarified and corrected in places in the light of discussion
at the Conterence. Nevertheless, this remains a personal
viewpoint, not a statement with which other members of the
Conference may be taken to have agreed.

The central theme of this overview is abstract but simple and
was implied in the third sentence. Genuine explanation in
science i1s the invocation of processes which are in or behind
the phenomena to be understood or predicted. Implication of
a structure in feeding control only raises the question what
is going on there. Implicating a substance simply poses the
question what it does. With answers we might gain a
rationale for using the anatomical or chemical information.

BASIC PSYCHOLOGICAL ANALYSIS

When a person or an animal is hungry or has an appetite, he
wants food or has the urge to feed. In ordinary English, all
four ways of speaking have the same meaning. This concept of
the desire for food is eminently suitable for scientific use,
because it is objective and is descriptive, i.e. relatively
free of explanatory baggage. Unfortunately, the terms
"hunger" and "appetite" are persistently redefined and the
redefinitions disagree. This is often because the psycho-
logical formulae the definers are trying to rescue also
disagree. Also, the original meaning is very simple and it
is fairly arbitrary to draw distinctions within the phenomena
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by reserving one word for one phenomenon. For example, if
"hunger" is used to refer to the sensations habitually
experienced when appetite is strong, then the safe term is
"hunger sensations". My 7-year old said just before a meal:
"I really am hungry". I asked him if he meant he had
feelings in his midriff or somewhere and he replied "No, I
want something to eat".

The words are a "chapter heading" reference 1o a motivational
state - the mental attitude or the behavioural propensity of
wanting food to consume: that is, the tendency to seek and
to take material which is believed to be nutritive. The
desire for food is a relation with two terms - the subject
and the food. Differences between foods, taken against some
agsumed state of the subject, are incentive variables or, in
ordinary language, palatability. Differences between states
of a subject, implicitly with respect to some food presen—
tation condition, are degrees or types of hunger/appetite or
satiety. When someone is satiated, he lacks the desire for
food because of recent feeding. It is convenient to use the
term anorexia for loss of hunger from other causes.

Motivation is a structure in behaviour - an aspect of its
current control characteristics. It is not a (quasi-)
physical cause of behaviour, like the tug of a string or the
pressure of a head of water, for behaviour is not like a
block of wood - especially not a block of wood as viewed by
the physics of Aristotle, rather than that of Newton (in
which motion needs no explanation). We should not have
deserted the paradigm (91) of motivation as the selection
among ongoing activities (including alert immobility and
sleep) for the reflexological behaviorism which needs a 'Go!
mechanism and then still has %o explain where the organism
goes. The division of the causes of food-oriented behaviour
into external and internal pushes or pulls, to accord with
that paradigm, cannot cope with the experimental evidence
for multiple connections between food and body stimuli. One
advantage of systems models is that they bypass the rigid
distinctions arising from a linear view of cause and effect
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and show that view up as another misleading halftruth trans-

ferred from schoolboy physics.

The psychology of feeding has suffered from psychologists'
preoccupation with experimental paradigms invented to serve
general learning theory. There are major motivational
phenomena in food intake control which must soon be system—
atically investigated at the purely behavioural level. Here

are two ancient examples.

Motivational effect of need

With the partial exception of nutrient-specific appetites
alluded to later, the relation between palatability andﬁ
nutrient deficit is remarkable for the contrast between the
vigour with which it is expounded and the paucity of data

and experimental design.

The simple examination of the way that taking a meal reduces
the pleasantness of the odours specifically of ordinary food-
stuffs (47) needs extension to relate the pleasantness
ratings to other major psychophysical, verbal and experiential
aspects of appetite, and to intake or food-search changes.
What does a hunger or satiety rating convey about current
attitudes to specific foods or about specific oral or
visceral sensations? The mediating processes in the loss of
appetite need to be characterised: how much is sensory
adaptation, and how much is a shift in reactivity to stimuli
which (somehow!) share a significance as food?

Le Magnen (99) has an experiment with rats whose food is made
tasty with oil or revolting with cellulose, in which a
facilitatory effect of food deprivation on initial intake is
augmented for the oily food (eaten fastest in any case).

This palatability manipulation is nutrient-confounded and
fairly extreme. Yet the more common experiment has been to
vary the concentration of saccharin or sucrose in water,
which may have nothing to do with the interaction between my
energy need and what's to eat for breakfast.

From even more extreme manipulations, Jacobs (82) has
suggested that organisms are controlled by taste when hungry
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and by calories when freely fed. A reexamination of the
phenomena has provoked a less paradoxical suggestion (14),
purpose-built for systematic investigation: pleasant
{lavours become more pleasant, but unpleasant flavours less
unpleasant in hunger relative to satiety.

The gtimulating effect of variety

The rat shows olfactory alternation (72) and hyperphagia
when faced with choice (97) or repeated change of food odour
(Y%) or even just its intensity (94). We all regard variety
uy u most important spice in our meals: a single foodstuff
poon palls. Possibly, sheer lack of interest is as important
us abnormal caloric dilution and poor palatability in the
power of feeding exclusively on Metrecal to overwhelm caloric
intake stability even in lean subjects (171).

Once again, students of (animal) behaviour processes have
shown a profound lack of interest in analysing a major deter-
minant of normal food intake. Le Magnen (93) suggested that
the hyperphagia was an effect of conditioned satiety, but it
is not clear how such an explanation applies. Dishabituation
is a possible mechanism: an abrupt external stimulus such as
a noise, pinch or needle stab, so long as it is not too
aversive or persistently distracting (40), mey elicit feeding
in the fed rat (3, 2%, 46), and even obesity@45). The
results of month-long familiarisation with test odours (93),
ushown in Table 1, suggest that the facilitation produced by

a change of food-odour depends on non-associative effects of
extensive familiarisation with the first odour but are
independent of prior exposure to the second odour.

TABLE 1 - ?ig§ intake (g in 30 min) after a change 1n odour

First odour Second odour
(a) (b) (c)
Unfamiliarised (a) 2.0 2.5 2.3
Familiarised with. food present (b) 5.5 4.9 3.8
Familiarised in absence of food (c¢) 5.1 5.0 4.9
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Attenuation of the effect of nonspecific stimuli on specific
sensorimotor reactions (such as those of ingestion) is a
major component of lateral hypothalamic aphagia (190). Such
phasic effects of environmental disturbance are represented
in our computer model of feeding control {see below).

TEMPORAL PATTERN IN FOOD INTAKE

Stochastic analysis of feeding behaviour is an important
descriptive tool (e.g. Metz, Heiligenberg, Lloyd (111))
which at least puts limits on theorising about underlying
control mechanisms, even if it cannot establish hypotheses
as to control processes. The conditional probabilities of
transitions between non-feeding behaviour and mouthful-sized
units of feeding behaviour, and related survivorship plots
of mouthful-to-mouthful intervals, point to mechanisms such
as locking into feeding at the start of a meal, growth and
decay of satiation, circadian variations, and interaction
with other motivation. Meals in man (unfortunately on
abnormal liquid diets) .(2), insulin effects in the rat (17,
29) and cestrus cycles in mice (133) have been examined in
this way. System theories of sensorimotor control in
motivated behaviour are required to put such data to full
use. They are also needed to analyse and to interpret data
on frequencies and durations of bites in human meals,

reported and reviewed by Hill (69).

System theories do now exist which begin to cope with
analyses of the longer-term patterns of meals and intervals
between them (e.g. 102, 1%1). The abstract Geertsema models
(55, 56) and the more physiologically based Booth-Toates-
Platt models (22, 34, 35, 180) predict qualitatively and
statistically meal-pattern data in the typically reported
form of means and standard deviations by day and night.
Unfortunately a mathematical theory soon poses data questions
that such reports do not answer: one man's statistical
summary poisons another man's re-analysis (152) - an
argument for not letting mathematical data analysis get
ahead of mathematical theoretical explanation.
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Theoe mathematical models reduce meal sizes and meal-to-meal
Intervals to epiphenomena of interactions between continuous
tnellitatory and inhibitory influences. Talk about separate
control of meal size and meal-to-meal interval, or of the
sbopping and starting of eating, may therefore be an

unlortunate hypostasis.

Lo Magnen and Tallon (102) contrasted the correlation be-
twoen meal size and succeeding interval with lack of
corralation between prior interval and meal size in the
roely fed rat. Subsequent controversy has elucidated that
uueh correlations must be based on individual meals and
culeulated over segments of the 24 hr in which meal patterns
aro falrly stable. With the help also of their later paper
(1L0%) on deprived animals, at least one reader realised that
the ilnhibitory after-effect of feeding had a far greater
Influence on food intake than any facilitatory effects of
imposed deprivation. and promptly stopped looking for
"hunger signals" to search instead for normal satiety
mechanisms. Some may still doubt the distinction. Ulti-
mately it will turn on the dynamic range of the appetite/

gsatiety receptor system.

Motivational state-space analysis

McParland and associates have pursued an important line of
purcly behavioural modelling in the ethological tradition.
This provides a common currency for trading off appetite
ugeingt other motivation with which it has to compromise.
The theory has now been axiomatised (113%). Accepting the
difficulties of behavioural variability and limitations on
convenient manipulation of candidate motivations, behavioural
experimentation can define a space of m¢tivational states
with lines at which behaviour switches from, say, eating to
drinking (or, in principle, from talking to eating, or from
having a meal to typing a paper to deadline).

One finding is that candidate motivations do not compete
directly but time-share, with a subdominant behaviour
occurring but being more susceptible to alternation to the
dominant behaviour, after an interruption for example (112).
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This idea creates some interesting altermative explanations
of the meal-taking behaviour which man and rat both have:
they often end the meal with drinking, they begin it with
less substantial drinking, and, quite often, they take
little or nothing during the main feeding bouts. Is this
interrelation of feeding and drinking during meals largely
a matter of time-sharing between dominant and subdominant
behaviour? Alternatively, does it reflect the instantaneous
intensities of current or anticipated physiological
processes such as energy and water absorption? Or,
different again, is there innate or acquired sequencing in
behaviour? That is, as the old jJjoke has it, our hypothala-
mus makes us eat, drink, love and sleep - preferably in that
order.

Another major problem in the theory of motivational inter-
actions is to explain the usual bistable characteristic of a
switch in behaviour: once a meal starts, it rapidly becomes
highly likely to continue. McFarland (110) and Wiepkema
(188) adduced positive feedback on feeding from the effects
of feeding, although the fact that preparations without
negative feedback do eventually satiate unless they have
been starved beforehand (163) creates a problem for simple
versions of this view (Toates (179), p. 241). A neural
network model for appetite and satiety incorporates the
flipflop property in hypothalamic processing (6).

Geertsema's (55) and our feeding models and the Toates and
Oatley (181) drinking model use an alternative theory, of
two thresholds, one to turn ingestion on and a higher one
to turn it off, i.e. hysteresis. In our current computer
model {(22), this may reduce to a third concept which
McFarland and Sibley (11%) cite: the route to the switching
value may determine the consequence of being there. Much
biological development into stable dynamic states can be
impressively well characterised in Thom's "catastrophe"
mathematics (196). The relative costs and benefit of
feeding and alternate activities can constrain the point at
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whloh the organism flips into or out of feeding as much as
Lho fuctors controlling feeding itself (155).

Whntover the decision control processes are, they will have
Lo be represented in combination with peripheral physio-
lopglcul processes before fully realistic models become
nvallable ((179), p. 240). Furthermore, the input-output
npoclfication will probably have to be this explicit before
nourophysiological experiments can be designed whose results
mleght be useable to build realistic theories of the proces-
nling Ln brain systems affecting appetite. Stimulus proces-
wlng nund motor processing will not meet in the middle.
Ragopgnltlon is not mere sensory inflow, acts and reactions
(11ko oven reflexes) are not mere motor outflow, and
motlvutional decision is not simply a matter of stimulus
vompetition and/or response competition (113).

LEARNING IN INTAKE CONTROL
The human infant, much like the rat, has some innate oral

gensorimotor reactions (rooting, suckling, facilitation of
suckling by fluid delivery and by sweetness) and an innate
distress pattern during water and energy need. But these do
not constitute a desire for food. The propensity to consume
materials which are nutritious, as well as the propensity to
peek them, is probably a mixed involuntary and voluntary
uctivity (like almost every humen behaviour) which has com-
promised between need and other influences by habituation,
pondltloning and instrumental learning to come under the
aonlrol of visual, oropharyngeal and visceral sensations.

Outley (126, 127) has cogently argued that motivational
uyelomo theory of both appetitive and consummatory behaviour
wlll hoave to include more than homeostasis and decisions
hetween homeostatic behaviours. Animal as well as human
motivation includes representations of the environment (of
which, he likes to say, a systems theory is itself an
example). In appetite, and probably in all behaviour, the
environment represented is internal as well as the more
richly sensed external. Furthermore, the representation of
contingencies generates motivational significance (8, 12).
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Motivation-specific "drive" effects of deprivation and
"reinforcement" effects of feeding are often treated as
primary or innate but the importance of learned represen-—
tations in the motivating roles of external and internal
stimuli must not be underrated, as Bruch (38) has emphasised.
Indeed, it is a matter of logical principle that hunger
sensations and satiety sensations can be identified as such
only by their concomitance with the objective desire for
food and its dissipation by feeding (see Wittgenstein's

(189) refutation of private language).

There is, on current knowledge, the possibility that
acquisition of the discriminative and motivational aspects
of both hunger and satiety sensations, and the sensations
generated externally by the approach to and ingestion of
food, is based on the operation of a single interface
between the body and the nervous system. This interface
system may respond to consequences of energy flow to lean
tissue (see our model below). Operation of the interface
need not be accessible to awareness - the old controversy
between local and "general" sensations is an unnecessary
muddle.

Visceral stimuli

There is little or no evidence that the abdominal sensations
of normal repletion are mediated by gastric or intestinal
stretch, and the evidence that hunger pangs depend on
gastric or intestinal motility is not particularly strong
(83%). Innately, gastrointestinal distension may only be a
safety mechanism providing pain and distress if pathologi-
cally large gastric or intestinal intakes occur; in our
model it plays a negligible role in normal meals. Mechano-—
receptors in the peritoneum or visceral vascular bed are at
least as effectively activated by ingestion, while absorp-
tion gathers pace and mesenteric-portal vasculature dilates.
In our culture many people feel full, although some feel
refreshed or energetic or sleepy: how much does the
experience of upper abdominal heaviness depend on the pre-
conception that ingested food swells a bag which lives there,
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plug the individual's occasional experience of extreme
monln? The receptor mechanism could as likely be hypothal-
nmio or hepatic glucoreceptors, alone or activating a

purlphoral loop which creates visceral stimuli by altering

nulbonomle tone.

o dule, all experiments on the effects of distension or
amplinoss on food intake have confounded volume of gastric
or Inloutinal contents with speed of intestinal absorption.
"oy wxnmple, the observation that a large non-nutritive pre-
Jond wlll reduce shortly subsequent food intake is certainly
n"volume effect", but at large volumes the clearance of the
nbomach 18 an increasing function of the mass in it. The
nogoguary experimental technique has only recently been
introduced: Hall (65) has using temporary pyloric ligation
Lo Lupt the effects of preloads on water intake, and finds
af'f'ocls which support a postgastric (postabsorptive?)
mochanlem over a stretch satiety mechanism.

Novertheless, the sensations which for a given person (or
animal) regularly occur once appetite is released or satiety
produced may well augment the motivational state at psycho-
physlcal or electrophysiological intensities below innate
avergiveness. Neutral sensations probably acquire aversive
or appetitive properties by conditioning, and so come to
ollolt somatic or autonomic (162) respondents which affect
Inluke and nutrient processing (e.g. changed rate of gastric
ovusuillon or insulin secretion). They also acquire
digoriminative control of operant aspects of food intake.
Whon, 1n the rat, orosensory control of meal size is first
nequlrod and then reversed, apparently non-oral discrimi-
natlve control proves to have been established at second
roverpul of the flavour-nutrient contingency (48). Thus
Intnke cun come under the control of visceral stimuli which
deveolop during the meal and vary with nutrient composition.

Normally these internal discriminative or conditioned
gtimull compound with pre-ingestive stimuli, or (in more
cognitive language) we use social or sensory information
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about foods and feeding to interpret or atiribute properties
to sensations and moods. The discriminative potential of an
internal state established by food deprivation is well-known
in animals, e.g. (9, 198), although even in the human case
we should not assume that different levels of energy need
produce readily discriminable sensations, for metabolic

ad justments following the absorptive phase tend to keep
energy flow to nervous and other lean tissue more nearly
constant than during absorption of the last meal.

Individual differences in discriminability of internal
states could be important even if the motivational signifi-
cance of the stimuli is acquired and compounded. There is
evidence for substantial variations in sensitivity to
motility around a stomach balloon (63), volume of load (41)
and intestinal gas or its motilising effect (92). Indi-
vidual differences in contingencies between food states and
body states, such as imposed by some who take care of
children (38), will disrupt appropriate association
according to standard conditioning principles (138) and risk
some of that loss of control only a very modest degree of
which is sufficient in the long term to generate obesity or

malnutrition.

"Osmotic" anorexia
Colligative effects (dependent on the number of molecules or

ionic particles in unit volume of solution) have been the
bugbear of animal appetite research since sucrose diets and
synthetic liquid diets based on concentrated glucose were
introduced. Harper and Spivey's (66) warning was elevated
into an "osmotic" theory of satiety by M. H. Smith (165),
following McCleary (109). The colligative effect must be in
the gut because glucose in normal amounts parenterally has
no appreciable osmotic effect and, unlike salt, does not
induce thirst in water-replete animals (81). Davis, Collins
and Levine (44) have constructed a quantitative control
model of intestinal distension as an appetite-suppressant
signal resulting from osmosis into the lumen. The model was
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anlubllphed on data from the drinking of sweetened solutions
oP tho nonabsorbable sugar mannitol but proves to have con-

uwldarnble predictive range (45).

Tha Intostinal distension effect is important in pathological
"umplng". However, natural macromolecular nutrients do not
onupe the gut lumen to deviate appreciably from isotonicity
during normal digestion. Since soluble polysaccharides
(wrltodextrins) became available, there has been no excuse
For uplng sucrose-or glucose-based diets in appetite experi-
menty, and particularly for concluding the absence of a

me inbollic mechanism from results dominated by the transient
nolligutive action of a sugar (15).

I4 nhould be noted that another osmotic mechanism is
oparntlive in addition when the diet is rich in sodium salts.
Thirul 4o created by the salt, and appetite is inhibited,
bul thope are dissociable effects (142). However, drinking
1 not bused on fluid deficit in the normal diet-adapted
wltuntion., It occurs anticipatorily (51), perhaps by a
lourned discriminative avoidance mechanism similar to that
dlooussed later for meal size control.

Jood stimuli

Thooe few of us who try to analyse learning in normal feeding
Flnd learning theorists conspicuously uninterested in the
rapul to obtained by such unfashionable response measures,

and Ln turn find their principles and technology insufficient
Lo denl plausibly with the phenomena. The tricks which
orgunlomns are forced to acquire in the interests of the
Lenrning theory tradition hardly ever centre on feeding
tloell'.  When they do at least concern the approach to food,
Lhoy aro obtained by prolonged starvation and rigidly timed
dellvory of small portions of a single food. The associative
fnotors in normal intake control have by contrast been
oubnblished by natural contingencies with relatively un-~
roptrlcted availability of a variety of foodstuffs.

Thore is no evidence clearly connecting the main conditioned
flavour aversion literature to normal feeding. The one
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experimental intake procedure that has become popular -
Garcia's daily saccharin drink, and variations on it - may
yet prove of some use in preventing wolves and eagles from
eating lambs (53). Also, use of the procedure did eventually
liberalise prematurely fossilised prejudices about the
conditions of learning. These had presumably contributed to
the lack of interest in Le Magnen's many reports through the
'50s that orosensory control was acquired by association with
delayed effects of ingestion (e.g. 95, 96). The currently
widespread conclusion that there are prewired biological
constraints differing between modes of learning may prove
unjustified, however. Close attention should be paid to the
spatial (61) and temporal (88) characteristics of stimuli
and contingencies, but without the half-second CS-US interval
dogma (184). It would also be more realistic to shift the
focus from taste to texture and odour, and visual appearance
in the case of man and other diurnal animals. The saccharin
drink has the additional disadvantages of the confounds to
which a nondiscriminative paradigm is subject (129), and a
greater chance of relating to thirst than to hunger. The
fruit-flavoured juices which are sometimes used in discrim-
inative paradigms are as likely discriminated by odour as by
taste but they remain calorically very dilute and hence
abnormal foodstuffs.

Important distinctions between unlearned and learned prefer-—
ences were elucidated by work on innate sodium appetite (90)
and learned vitamin appetites (147, 148). However, the
deficiencies of salts or vitamins used in such work are rare
occurrences in omnivores like man and rat. There have been
remarkably few studies of preferences for controlled stimuli
induced by common deficiencies such as energy or nitrogen.

Energy appetite The ontogeny of sweet preference has been
studied a little (80), but work has hardly begun on the
ontogeny of the nutrient significance of oral milk cues, the
sight of the breast or the bottle, and the appearance and
flavour of solid foods. Nonassociative adaptation to food

stimuli is sometimes invoked (71) but remains unproven as an
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allernntlve to associative (unconditioned stimulus or rein-
roroer) offects of the metabolism of ingested carbohydrate
or proboln or, it there are any, of innately significant
vinonoril or oropharyngeal stimuli. Starch-paired and perhaps
prolain-paired flavours become preferred and acquire the
power Lo elicit substantial intake of solid diet in the
infant rat (1%5, 159). In the freely fed adult rat, pairing
H Lanlo with carbohydrate ingestion (so long as the carbo-
hydinbe 1le not aversively hypertonic) establishes a
nondluloned preference for that taste (28). Energy-poor or
anargy=-Iree rfoodstuffs establish conditioned aversions, atv
launl nfter a few hours' food deprivation (18, 24, 33, 48).
In dlreot contradiction to the main conclusion originally

druwn I'rom intragastric self-feeding experiments, appetitive
oomd i blonlng of oropharyngeal cues 1s necessary for the
auyulaltlon of the lever-pressing which pumps food into the
dhomaoh (7%). Maintenance in the absence of taste or

tampornture cues may be possible when fluids are delivered

ta Lho otomach at rates and compositions which are 1likely to
ponornate sensations sufficient to mediate conditioned respon-
duntu o autoshape the lever-chewing "operant" (compare 154).
In luct, so~called general hunger/appetite may largely be
"rophophilia" (28), i.e. conditioned preferences for energy-
ylaldlng nutrients, or conditioned aversions to energy-poor
nubrlonty which perhaps are expressed only during energy
deflolonecy. Respondent factors are much more important in
human bohaviour than the Skinnerians imply by their curiously
ratlonnl lutlic practice of assuming a response is an operant
untll provod otherwise. Operant control is unlikely to
dominnio human feeding behaviour as much as Teitelbaum (177)
onee Implled by excluding any middle involuntary categories
bolwoon "roflexes" and operants, while having just expatiated
on Lhe dnvoluntary motivating effect of "taste".

Prololn uppetite After only a few hours' deprivation in the

rnl, conditioned sensory preferences are established by
protoin or balanced amino acid mixtures (20, 30, 159). Diets
relatively lacking in an essential amino acid, or even
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perhaps low in balanced protein (21), establish olfactory or
gustatory aversions (30, 31, 195). As has been argued for
vitamin appetites (147), the protein appetite may be merely
the converse of the deficiency aversion. In any case, the
effect causes selection of good protein rather than bad
protein or no protein. The poor diet may deplete a critical
protein (160) in the brain (105), possibly in anterior
ventral cortex (32, 106). For chemoreceptors, this would be
unusually close to the amygdaloid regions thought to be
crucial in learned sensory control of feeding (143). Protein
appetite would provide a powerful control system (as yet not
gquantitatively modelled) to keep the ommivore on a dietary
mixture in which amino acids affect feeding only as energy
sources. An alternative nonspecific anorexigenic mechanism
for the effects of amino acid disproportion (106), perhaps
based on ammonia toxicity (123, 158), is less well evidenced
and would be less powerfully adaptive. Protein appetite has
been tentatively included in a computer model of human
feeding, with normally minor effects on the simulations (108).

Basal palatability
Feeding rate, averaged over periods of a minute or more, is

a joint function of the competition with appetite from other
candidate motivations and the appetite-specific effects of
palatability, as affected (via conditioning) by past
nutritional status and (via compounding with interpreted
internal stimuli) by current nutritional status. At finer
temporal resolutions, ingestional behaviour like chewing or
licking generally occurs in bursts, with intervening
activities like talking or grooming (with forepaw or
serviette). It has been claimed that, in both man and rat,
food qualities and duration of deprivation affect the
intervals between bursts and not the frequency of movements
within bursts, but the literature remains contradictory (69),
With so few data on foodstuff-specific effects of deprivation,
change of foodstuff, and prior experience, we seem a long way
from the quantitative description of the intake pattern
during a mixed meal, although cumulative intake of single
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£lulds has been quite accurately modelled (45). Intake rates
und nutrient compositions averaged over intervals of a minute
or more are probakly sufficient for modelling physiological
congoguences, however. Furthermore, only extremes of
palatnbility or unpalatability have marked effects on

inltlnl intake rates (194), possibly because involuntary
Ingoutntory reactions to the less extreme other sensory
fpoety ol the food in question generalise from such thorough
prilor oconditioning. Serious problems arise only if foods
vieryinyg wldely in energy density are available, in which

onng tho interaction between preferences and portion size
vonlbrol would determine how constant energy intake rate
ramnlned.

The complexities of the approach phase of appetite have been
arudoly lumped under an "availability" parameter in our

gy lomy models to date: +the physical withholding of food
Feom tho rat is equated with psychosocial restraints on the
Liming ol meals in man. The search for "conditioned hunger"
fn Lho drive theory tradition (79, 117) usually focussed on
vordltloning the timing of feeding onset. The poor results
miy dorive from an arbitrarily narrow concept of specific
drlve, unroalistic to the temporal characteristics of
Inbarnal stlmulus change induced by energy need (116). As we
Ahnll neo next, very strong conditioned hunger effects can
be ublalnod 1f the rapid stimulus change of energy need
reduatlon 1o uged. BEcological systems analysis of feeding
oitn b 1 dlucussed later.

Ganlbrol ol the umount eaten is probably far more influential
Winn prollorences and aversions in everyday ad justments of
intnko. Purthermore, nutrient-induced control of portion
flvo Lo nlmoot the only way in which nutrient physiology can
ot human food intake: human preferences are very labile
und nro obscured by variety in meals; * the timing of meals
I uwuwlly under social comtrol, either directly or via
longterm habits; and the amount to be eaten is largely
(lxod by the time the meal menu or the dessert course has



434 D.A. Booth

been selected. Even in the rat, anticipatory control of the
amount selected may be the main expression of physiological
need: the accuracy of our model with learned meal sizes
(vbelow) supports such a conclusion. Garrow (54) concludes
that in man the only control of energy balance is deliberate
adjustment of intake. The present suggestion is similar,
with the qualification that an undeliberative and even un-
noticed degree of operant or respondent control may be
acquired - with implications for therapy of obesity and
anorexia which may be more hopeful than the rather moral-
istic import of a view that slimming is basically a matter

of rational decision.

Without acquired control of meal size,‘appetite would soon be
lethal. When an energy- or protein-rich food became highly
preferred (if its sweetness or creaminess did not already
make it so), its intake rate would produce a very large meal
before an innate satliation mechanism could operate. When a
poor food became less preferred, its palatability would
habituate out or be reduced to zero by innate satiation
before sufficient intake had occurred to meet current need or
to prevent acquisiticn of additional deficiency aversion.

The metering mechanism should operate on the processes ending
a meal, not on the basal preference, e.g. initial intake
rate. Acguired orosensory control specifically of the rate
of intake towards the end of the meal has recently been
demonstrated in rat (18, 24) and in man (27). The learning
mechanism is powerful in that oral control is rapidly acquird
and re-acquired (extinguished or reversed), once any early
aversion/preference influences have been overcome. Failures
to observe anticipatory orosensory satiety (139, 163) are
attributable to the extreme deprivation schedules used.

The acquired behaviour may be a conditioned respondent, i.e.
sensory satisfying power. However, "conditioned satiety" is
regrettably a misnomer: the response is more likely to be
discriminative avoidance of under- or over-satiating after-
effects of intake, a learned operant. One possible mechanism
is that the discriminative stimulus compounds with internal
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otimuli (sensations) which develop before or after innate
sutlation (metabolic deactivation) is reached: thus the
ol'lectlve behavioural and subjective satiety threshold may
nltor lourning be reached soomer with an energy-dense food
nnd deluyed with an energy-dilute food. Even such a hazy
sugpastlon is better than obscure invocations of "oral
metboring”, or even some derivation of oral metering from
vondl Lloned aversion phenomena (148).

Aogulred vengory control of amount ingested sits uneasily
among the more familiar types of learned responses. The
paradlgm can hardly relate to Pavlov's "inhibition of delay".
[ mny hove affinities to schedule-induced polydipsia, but
bhat lo to explain one mystery by another. The phenomenon
I ol gourse the "conditioned hunger" (at least in an intake
mesmure) that most people haa glven up hope of seeing (117).
Nubo thut reduced intake in Garcia's saccharin drink
provedure gonfounds palatability conditioning and satiation
vondl Wloning (18). It is only when two-stimulus tests are
usod Lhut the ovidence is provided that lower intake is
sumpletely or largely attributable to relative aversion (95
‘)u)f Rocent data suggest that decrease of intake conditkm;i
by LiCL muy have a small acquired satiation component (45).

nm . g e
o Lhe axtont that pecple do control the amounts they take
k4

Lo whitl ond do they do it? 1s it to avoid the distress of
el bher oversatiation or undersatiation soon atrter a meal?

In 14 Lo provide a convenient period of lack of desire tor
food, to nvotid digtractions until the next mealtime, to
permit nolivitios other than food—seeKing, etec.? 1n our
model of lovding control, we have taken the peak energy flow
Followlng o moul %o be the reinforcer. Alternaiives include
botul energy yleld or delay to the return of appetite, but
Whono muy be physiologically more complex, as they ap;ear

bo roqulre un integrator of energy flow from one meal

sopurate from storage from previous meals, and a clock
reupectlvely. ’
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Until we have characterised the reinforcer(s) or error sig-
nals precisely and guantitated their role, it will not be
clear whether apparently non-homeostatic influences on
feeding (e.g. the emotional meaning of food) are in fact
idiosyncratic expressions of the affective side of bio-
logical reinforcement. For example, the avoidance of low
energy flow may have been made abnormally important for some
people: according to our computer model, such a system would
slowly but surely get fat if nothing else changed. The
reinforcers used in behaviour modification for weight
reduction are unlikely to produce stable behaviour unless
they are systematically related to the physiological sub-
structure. To take another example, in anorexia nervosa the
predictive compound stimulus from food and from the body may
be used to maximise the desired consequences, giving a sense
of skilled control all too similar to the racing driver's

life of dicing with death.

GASTROINTESTINAL TRANSIT

Appetite and body weight may both be ruled by the stomach,
but in a way ditferent from that which preoccupied Cannon.
The biggest single influence varying the bodily processes
affecting appetite and its learning is the relation between
the amount in the stomach and the current rate at which the
stomach pumps its contents into the duwodenum. Given the
reserve capacity of digestion and absorption, this normally
determines the rate after a short delay at which nutrient is
absorbed, which rate in turn is a major determinant of
nutrient distribution around the body. Under constant
conditions, the gastric clearance function appears to be a
remarkably stable individual characteristic (62, 83). It is
relatively independent of the macronutrient composition of
the dietary energy (78). All the other mechanisms involved
may well have constant characteristics, so long as one
includes among the constancies functional characteristics
such as hormonal responses and their adaptations, learning
mechanisms, etc. The feedback structure of the rest of the
gsystem will often stabilise system parameters such as average
daily intake and body weight or adiposity.
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Something similar was suggested by Soulairac (169), although
'l that time the control of absorption was less well under—
nlood und the evidence was inadequate. Also, Snowdon (168)
poinbod out thet gastric emptying time (not a very convenient
nonoapt (177))is a good predictor of intervals between meals
i Lho rat, although his theory of intestinal "dumping"
prohnbly has only limited applicability. Furthermore,
sxporlmonty uslng vagotomy (5, 135, 168) are generally
undntormutlve as to normal control mechanisms, because of

bhe multllfurious abnormalities resulting from nerve section.

Mot Lood leaves the stomach at a rate which is a constant
Fraotion of the amount remaining in the stomach, i.e.
sxponentlally. However, the last phase is much faster and
may have o constant rate (84), i.e, linear. This departure
Irom exponentiality will be crucial for the timing of onset
uf appetlte, 1f as data and modelling suggest appetite
nopmully returns as stomach contents and absorption rate
hwoome low. Variable starting time values from extrapolation
of Lhe exponential phase back to the full load indicate that
there is nlwo an initial phase, generally faster, possibly
Lhe dumping of a more or less constant volume of chyme before
sxponentlaul control takes over. Whether this phase finishes
during or ulter a meal, it may be crucial to the timing of
the onuel of wutlety. Therefore the one clear fact, that
dhomaoh oleurance is mostly exponential, is unfortunately

noti 1lkely to help the prediction of food intake. The early
and lale olearance of the technically difficult-to-handle
loadd ur menls of normal energy density, amount, tonicity

and oonulplbenoy must be investigated in man. A square-root
funotlon [ils our data on gut clearance sampled at 30-min
tntervals In the rat (35) and a good deal of human gastric
alanranos duta with dilute fluid loads (74). However, it is
probubly u wlmplification which only very roughly covers the
lwo or Lhree phases of gastric clearance.

WHOLE-SYBTEM MODELS

Hlruch (1972), Monteiro (1972), Geertsema (1973), Booth and
Tontes (1974) and Russek (1976), all apparently working
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independently, produced mathematical models of intake
control in which both physiology affected behaviour and
behaviour affected physiology to produce a complete feedback
system. There were similarities in some of their mechanis-
tic postulates, but Hirsch, Monteiro and Russek predicted
only 24-hr intakes, not meal patterns like Geertsema's and
our models. The Geertsema modelling concentrated on the
formal requirements for meal-patterned behaviour and made
only broad physiological assumptions, without quantitative
specification of model functions or parameters according to
Russek (151) has at the time of writing
been elaborating his model to predict meal patterns, with

However, he models the appetite/

physiological data.

very similar results to us.
satiety receptor processes sgpecifically, unlike us, using
his particular hepatic glucoreceptor hypotheses and using
functions and parameters chosen for coherence in the absence
of direct data. We have used functions and values of
variables which were derived as best practicable from
experimental data on well-known physiological processes
within the system or on correlations between physiology and
behaviour. Because of these differences and the limits of

space, I have expounded only our own model here.

Deficiencies in the available physiological data enforced
some very crude approximations on our Ffeeding models Mark 1
(34, 180) and Mark 2 (35). This is an expected occurrence
with any model which is the first at its level, because only
a working model or an equally specific theory can tell us the
physiological measurements and physiological-behavioural
correlations which are really worth obtaining. More serious
was an embarrassing implication of these early models and a
substantial mistake in their physiology.

The embarrassment was that the model appeared to predict
feeding directly from current events in energy physiology.
This was a considerable encouragement to our approach to the
metabolic factors in appetite - a single-~factor theory of
energostasis or an energy supply signal, to replace the
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plelhora of glucostats, lipostats and thermostats (15, 16).
Yol, on the other hand, our evidence was that learning makes
nomjor contribution to appetite. How could the two

npproachon be reconciled?

"he miuluko was that energy was modelled as reaching fat and
Lo appellto/satiety receptor system as soon as it entered
Liw rub'y mouth. In fact, there must be a gastrointestinal
provenulng dolay, even if the effective lag is only a few
winutos. BSome food passes from the oesophagus to the
duodenum wlthout being delayed and mixed with other stomach
auntenty. Glucose or starch carbon passes from the mouth to
Lha hlood, liver and brain of the rat in less than 5 min
(134, 177°). Adding a gut lag of only 2 or 3 min to Marks 1
ur doproduces inordinately large meals.

Mrark % ol the model is augmented +to include both the most

tporlant type of appetite learning (i.e. sensory control
of matiely threshold) and the necessary delay between
Ingeallon nand tissue uptake of energy. Only time will tell

wia thar 14 Ly luck, misleading coincidence, or a valid
Indloutlon Just what are the important factors in feeding
aotilirol = bul the resulting simulations are even more
Hoouralely ronlistic and more versatile than Marks 1 and 2.

Posdine modol, Mark 3

The slructuro of the model is outlined in Fig. 1. The

sompbationnl procedures given below (energy in small calorie
tntle and Limo in minutes, with apologies to SI) use the
malhod ol sugcousive addition, not differential equations.

Valuen of virlables should be updated at least every 15 sec
of ral Limo.

I Gaptrle omptying Multiply the square root of the
anargy In the gut by the current clearance rate factor to
#lve rubo of movement of nutrient energy to the duodenum.
O gut elourance data for the intact male rat on diets of
Lho enorgy density of lab chow have suggested factors of

around 0.9 in the dark and 0.6 in the light.

A linear
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some lipoflow transients, e.g. to model the large first meal
after unexpected deprivation (35). We hope eventually to
have fatty acid and carbon oxidation flux estimates over
radioisotope incorporation periods of a few minutes, but
Mark % has had to 1lift itself by its whiskers and use
estimates of lipoflow from absorption which produce realis-
tic 2-hr lipogenesis-lipolysis averages as well as realistic
meal patterns. We used the simplest linear equations which
reflect what is know qualitatively about the effects of
absorption and fat cell size.

a. Above an absorption rate of 50 cal/min, three-quarters
of the energy flow above that rate is diverted into lipid
synthesis and net deposition.

b. On the other hand, when absorption falls below MR, net
lipolysis adds energy to the flow from absorption. The
lipolytic pressure is represented as one-quarter of the
deficit in absorption rate below MR, i.e. lipolysis of

about 7-8 cal/min at zero absorption.

c. Cumulative net lipoflow gives adipose gain (at 8 kcal/g)-
d. The size of the adipose fat store probably affects
lipolysis, although the mechanisms are not clear (114, 1%6).
This feedback from fat is represented as extra lipolysis of
0.1 cal/min for every gram of adipose triglyceride. No set-
point is assumed. In simulations of intact freely fed rats,
the effect on food intake is very small compared with that
generated by short-term control. In rats simulated as
obese, e.g. after force-feeding, the inhibitory effect on
intake is of course substantial, and produces a return to
around normal adiposity which is then stable. ‘this model
thus poses the problem of identifying longterm regulatory
mechanisms as the need to measure shortterm feedback
metabolite flows from fat, on the average small and perhaps
only approximately related to cumulative changes in energy
storage.

5. Large stomach volume Add an inhibitory influence of gut

distension, as follows:
a. Calculate volume of gut contents by counting every gram
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ol Tood no 1.9 ml of chyme (127).

b. Add un energy flow of 1.5 cal/ml for every millilitre
of gul volune above 5 ml. This is a function which was
axbrupolated from electrophysiological data on gastric
medhunorocepbors (35).

Doubly o to & role for distension in normal food intake
wars gxprevsed earlier in this paper. The simulated effect
o' diptonulon is almost negligible in freely feeding normal
ratn (nveruge meal size is about 0.2 g smaller). However,
1L reallotlicully stops the computer bursting its stomach
when food onergy is very poorly satiating because of
diabates (1B0) or other troubles.

6. Upergy flow thresholds Compare the net energy flow to

rageplor-containing nonlipid parenteral mass (NLPM) with
threehold values at which eating is likely to stop or (if
food 1o avallable) start. Eventually it should be possible
o simulate the energy flow (or the proximal stimulus it
determines) to the presumably small subcompartment of NLPM
whieh sorves as hunger/satiety receptor tissue. Meanwhile,
abhgorpiion or infusion correlates of feeding onset and
off'sel lndloate that a flow of around 20 cal/min (1.4 watt)
into the whole NLPM stops intake and a flow of around the
same value out of the whole NLPM releases intake. The
regeptor 1teelf need not be a store capable of releasing
eflgrgy inlo the circulation in the way that the liver

el eaneg glucose and muscle releases amino acids. It might
for example operate with a single threshold of an energy
uptahe whioh 1e maintained in the absorptive phase but
uanbol be melnteined under postabsorptive conditions.
Valuaey o' =20 and +20 cal/min were used as classical
hregholds und simple step functions in Marks 1 and 2. In
Mark %, tho wlgnal detection problems the real system must
have are represented as random walks of the effective
Lhresholdy around these values of central tendency. A step
of 1 oul/min is made on each calculation cycle, either up or
down, wlth equal probability at the central value, and
vartalnly towards the central value at the limit set for
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the walk, probability varying linearly between centre and
limit.

a. Randomise the onset value for each meal.

(i) The organism's problem of identifying its internal
state of energy need is represented as limits on the random
variation of onset values at +10 cal/min. An additional
range of +5represents two influences which should be
explicitly modelled when enough is known: (ii) Sleep and
other incompatible activities may delay feeding (allow net
energy flow to go very low); (iii) Extraneous stimuli may
activate feeding in advance of spontaneous onset (allow
feeding before energy flow has reached the spontaneocus
threshold).

b. Calculate the offset value to yield a maximum net energy
flow of 20 cal/min after the meal. Until we know more about
what is learned, acquired control of meal size is repre-
sented by a fool's superposition theorem. The offset value
used in the last meal under the same conditions (of
lighting, deprivation and food flavour) is adjusted down by
the amount of overshoot after the last meal, or up by the
amount of undershoot below 20. This acquired offset value
is also randomised within the limits *5 to represent the
memory recall problem and within additional +10 limits to
represent the internal state detection problems.

7. Feeding rates If food is available, select a foodstuff
of specified energy density and eat it at a rate determined
by its sensory characteristics. Chow intake is simulated at
a constant rate of 0.3 g/min in intact rats. Conditioned
preferences and competing motivation can be represented at
this step in calculation.

Hopefully, the associative theorems of Rescorla and Wagner
(1%8) will be applicable to acquired sensory control of both
preferences (calculation 7) and satiety threshold (calcu-
lation 6b). Uttley (183) has shown that they are equivalent
to a hypothetical learning "unit" for which there is direct
neurophysiological evidence (10) and which shows considerable
versatility when combinations of units are programmed in a
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aumputor simulation. That is, a guantitative physiological

peduollony of the learning loops to the neural network level
ni'e copuolvable.

e denble classical threshold system in the model has some
maLhemallonl Lsomorphism with a set-point mechanism.

Hluowevar, no vuch comparator mechanism is required to produce
Liie mudelleod tendency towards zero energy flow. The
formulation thut there is a two-way detection problem for
bhe orgunlum le intended to imply less complex processes,
#uoh #e 1 moochanlsm which changes the state of the appetite/
gallaby systom when a receptor is activated when its
mebaboliom (uay) departs from an equilibrium range in either
direatlon.

By HBody vompopition  Cumulative difference between intake
atid melubollc rate gives total energy gain. Cumulative
Iipoflow and cumulative flow to NLPM give adipose gain and
lean growth respectively. A rough estimate of body weight
gain im provided by adding gut contents (1 g/ml) and energy
giin (1 g/0 keal) to the body weight of the rat ready-to-eat
al lhe wlart of the simulation.

PABLY ¥ = A wumple prediction by Mark 3 model of feeding and
metaboliem over 10 days in intact freely fed rat.

Dark phase Light phase

Model Real Model Real

rat rats rat rats
Average moul size (g) 5.1 3.1, 2.9 2.5 |1.6,2.3(81,
Bh (% of meun) 26 71 16 75 (81)

Averape moal-to-meal , .

dolny (min) 190 160 258 218 (81)
14 hr Avorage MR (cal/min) 35.8 38.6 30.4 31.2 (&
Muat extrome 2-hr lipoflmw)| -9.4 -9.7 7.0 8.3 (82

WHLCH LNIKRGY PLOW? — AND HOW IS IT DETECTED?

Thare nro many unanswered questions about the biochemical
aharacler of the energy-yielding metabolites which inhibit
appollte. Untlil guite recently, the only nutrient which
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received serious attention was glucose. It has therefore
been important to show even semi-quantitatively that other
sources of energy suppress food intake by appropriate
amounts. A number of nutrients other than starch or
glucose inhibit feeding when ingested, intubated or infused
in normal amounts or at normal rates (16, 26). However,
some are readily converted to glucose e.g. fructose,
glycerol, alanine. Yet, although substantial gluconeo-
genesis is likely to have occurred between loading and
satiety test in such experiments, conversion to glucose 1is
unlikely to have been as complete as implied on this inter-
pretation by the caloric compensation observed (16). Some
nutrients or energy-yielding metabolites suppressing
feeding are not themselves converted to glucose but do help
to maintain hepatic glucose output, as indeed do the poten-
tially glucogenic substrates without conversion of their
carbon to glucose. Examples are ethanol and short-chain
fatty acids (16). In any case, whether or not by glucogenic
and glucose-sparing mechanisms, a wide range of small MW
energy-yielding substrates are satiators. We need many
careful experiments to determine whether energy-yielding
metabolites are freely exchangeable as satiators, and
whether it is glucose maintenance, ATP yield, or some other
function which best predicts satiating effect.

fats

A most difficult question at present is whether or under
what conditions long-chain fatty acids and triglycerides
act to suppress appetite. A Randle-type effect of fatty
acids on glucose metabolism controlling feeding (100) might
generate a supracaloric control signal. This now seems to
be excluded by experiments on fatty acid infusion in rats
(23). On the other hand, medium-~chain triglycerides
strongly suppress food intake (D. A. Booth, unpublished);
these are highly ketogenic, however. Furthermore, gastric
loads of soap or o0ll may be anorexigenic because of gut
distress rather than by activating normal postabsorptive
satiety mechanisms. Le Magnen et al (101) treat lipid and
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non=11lpld energy as equivalent in their effect on feeding,
aR hluo do we in the series of computer models to date.
l'wrentoral fut suppresses appetite in man (95). Yet Booth
{(1t) nuwumed subcaloric effects of long-chain fatty acid
lond hoouuse of partly non-oxidative or even incomplete
aaluhbollam, and the single datum was consonant with the
waadmptlion. Furthermore, Nicolaidis and Rowland (in
praparallon) found that where Intralipid or Lipophysan
rlglyverlde was tolerated intravenously neither intake
deareaned nor weight increased, suggesting poor metabolism.
A with all Infusion experiments, the physiological status
of lLhe nanimal is of course critical to the pattern of
infurate utilisaetion and hence the effect on feeding.
Howland, Melle and Nicolaildis (146 ) themselves have shown
bhat Adualr, Miller and Booth's (1) lack of definite effect
el aontinuoues intravenous glucose infusion can arise from a
digtribution of effect between feeding depression and body
welght inorouse, which is shifted to accurate caloric
aempensatlon Iln feeding by the co-infusion of insulin.
Indesd, oontrary to impressions generated by the feeding
eliodited with large doses of insulin and by the failure to
ghow that lnoulin was involved in the intake-suppressant
affeats of nutrient loads because they had colligative gut
affeotn, Inpulin i1s normally a hormone of metabolic satiety.
The rub's insulin secretory response has acutely little
regarve und may under some conditions need supplemehtation
to show pout-absorptive satiation (25). Timing of infusion
in normal relation to meals may also be critical. Similarly,
with triglyceride infusions, we may need to control the
infuslon schedule and cofactors such as lipases and their
satlvatlon by pre~ or co-infused heparin and also the apo-
protelns and other fats associated with physiological
olroulating triglyceride. Good infusion experiments could
modlfly the single-factor energy supply theory considerably,
dapplte the success of the current version at conflating
ghort-term and long-term stabilising mechanisms. Results
may be obtained in man (85).
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A unitary signal?

The experimental designs which could give precise data on
the effects on appetite of current energy supply to tissues
are now just about practicable, and hopefully will be run in
the next few years. At the moment we have qualitative data
- and a general model. The model behaves realistically on
the basis that appetite is released when a net flow of
energy from non-lipid parenteral mass begins to be detected
and 1s suppressed when net flow into NLPM is detected.
That does not imply that the appetite/satiety receptor
system itself (the body-nervous system interface(s)) detects
all energy-yielding metabolites, or even any metabolite at
all. The implication is only that some tight correlate of
NIPM energy flow affects the receptor(s). A hormone could
do the trick. There is now a single piece of direct
evidence, from anti-insulin serum injections, that insulin
levels in medial hypothalamus affect feeding, but other
evidence is hard to reconcile with a simple insulin signal
(174). Hormones released from the gut during filling or
absorption must be considered, particulariy cholecystokinin
(163, 164). A neural signal from the stomach or duodenum
reflecting the current rate of energy absorption is another
neat possibility (75). However, no gut influence is
essential to postabsorptive satiation (26). Furthermore,
our model is realistic only when it includes energy flows in
addition to the flow from the gut. If a single metabolic
signal is sufficient 1o explain the facts, the use of
Occam's scalpel in the dissection of appetite mechanisms
might save unnecessary chasing of multiple appetite/satiety
signals.

If Russek's (149) perihepatic glucoreceptors are the only
ones important to appetite (an hypothesis he has slightly
qualified (150)), then indeed the appetite/satiety receptor
is effectively in a NLPM energy store, directly measuring
liver glucose uptake and release, which hopefully correlates
well with muscle amino acid uptake and release. If on the
other hand the receptor(s) are in the brain, however
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Alyplonl the region we would not expect the receptor tissue
Ly export cnergy, although it could well consume local
arhebanoo (H7) as appetite becomes due. It is therefore

fmportant Lo determine brain regional energy flows in
pulisdlve receptor regions. The hypothalamus might have
inneual bypoew of glycogen or protein reserve, or there might
e | ipld ulores (surprisingly for brain) or functional
vapiablon In membrane lipid composition (122, 152), whether
ur nob bhoy "model" peripheral adiposity as Panksepp (132)

hug AupEenlud. Butterfield's (39) study of AV glucose
differenvey wuu early evidence that the human brain contains
insulinenonosltlve regions. There is now abundant evidence
fap Ineulin-wensitivity in brain tissue asscciated with
mepinges (1%6) or in periventricular regions known for
hiped=bruln uptake peculiarities (128, 161). We have begun
o matimale reglonal glucose metabolic fluxes, and find a
dlstlnotlively rapid rise in hypothalamic glucose consumption
in ¥ivo following a meal (J. C. Newman and D. 4. Booth,
unpublished dulu). It remains to be seen if Mayer's classic
gonaept of un lnoulin-dependent glucose-sensitive satiety/
appetite recoptor in the brain (if not VMH) survives:
inaulin=dependonce or sensitivity has been dissociated from
gluaose-panplilvity in the rat brain for feeding (161), unit
firing (1211), und the hypoglycaemia induced by cephalic
insuldn (179). Alpso, non-glucose substrates must not be
apfinldered) kelone bodies can be used without adaptation to
gharyvation (5), wlthough 2-hydroxybutyrate does not appear
fin ha m strong sutlator in adult rats on ordinary chow

(by A, Bootl, unpublished data). It must be emphasised that
the eneprgy-{low model does not at present include

dpual Moatilon of receptor processes at the cellular or even
al bhe Llssue levol. It serves only to point up the pos-
#lbllity that Lhore ls a unitary receptor system which
funobtlons ad o monltor of total NLPM flow. Non-receptor
Lispuen nre likoly to serve within the whole functional
wyelbem Lo btrannduce energy flows of various sorts into the
glgnal(n) weting on receptor tissue itself. In particular
lilie llver would be expected to play such a transducer role.
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Also, the focus on NLFM flow implies that control of the
partition of energy-yielding metabolites between lean and
adipose mass will have powerful effects on appetite as well
as on body composition. Classically, insulin and growth
hormone have been considered major determinants of this
partition; some relevant data have recently been reviewed
(191).

these and other influential hormones such as glucagon

When we can model the control of the secretion of
(the
energy metabolites themselves dominating phasic control),
our model's crude linear lipoflow dependencies on absorption
can be replaced. More accurate and versatile modelling of

longterm intake and body weight effects should result.

Energy from amino acids

In our own models to date, amino acids have entered solely
In the

slowly growing mature rat (and man) on a diet adequate in

as their energy equivalent on oxidation to urea.

protein of good biological value,
to the truth - that is,
effects.
Zucker rats and in farm animals that intake is limited in

this is likely to be close
a good approximation to short~term
However, Webster (186) has suggested from data in

the long run only by the rate at which the organism can
carry out the work involved in synthesis of body constitu-
ents. About a third of this work is protein synthesis. As
the organism tends to stabilise adiposity (the ratio of
adipose to lean tissue), feeding on an adequately balanced

diet sustains optimal growth of lean body mass.

Rat and man are omnivores, however, and are in principle
liable to take a mixed diet which is unnecessarily high in
protein or is poor in protein, or even badly proportioned in
its amino acid composition. Nitrogen output changes rapidly
in an adaptive direction when nitrogen input is inappropriate
(in contrast to the case with energy input and output).
Liver enzymes change in concentration or activity and
urinary nitrogen follows to a plateau within a day or so in

(43)).

potential also for compensation in nitrogen intake.

there 1s considerable
When
poor palatability or energy requirements do not override,

the rat (e.g. Nevertheless,

D.A. Booth
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patin oan adjust their intake of protein-poor or protein-rich
dlel (21). This may be achieved by the very powerful feed-
Forward oontrol mechanism of acquired protein appetite,
d1pounged nbove, of which quantitative model remains to be

It b k.
244 PAKDE RHYTHMS

Uik un vuariation

Most feedlng occurs in the part of the 24 hours when the
upganiam wloeps least. This is true of many species,
ineluding the nocturnal rat and the diurnal human being.

Phe {idea that sleep is to conserve metabolic energy has
revently beon revived (197). 1In the short-term, there is an
ghbraordinurlly high correlation of feeding with the
pravious night'es REM sleep in the rat (157). A correlation
gf domnolence with satiety is widely believed.
ned@ ah autonomous motivation competing or time-sharing with
appatdte or do they specifically trigger one another? The
diehotomy le probably false: very weak interactions between
initially wutonomous oscillators can be sufficient to bring

them aompletely into phase (126).

Is sleepi~

Qur model mhows that visceral activation during the behavi-
oupully moblve night phase is sufficient to explain the
airaadlan varlation of the food intake pattern, MR and
lipefiew tn Lho rat.
lasdl the aooelorution of the gastric clearance rate for
givan oontents of the g. i.
fualllbatlon of oxocrine secretions.
pegponse Lo a glvon blood composition might be augmented too

By "visceral activation" I mean at

tract, with the consequent
The insulin secretory

but 1t 18 nol necovsary to postulate such an effect within
tha model of
gufficodently proant nighttime lipogenesis arises from greater

iha normal rat because in that simulation

nighttlme mbuorptlion rates.
Thera ara
For Lhe tTaul thal food is less satiating in the rat's night
(100, 102, 130). (1)
produosn more llpogenesis for a given size of meal.

(1)

wo mochanisms represented in Mark 3% which account

The fast gut clearance function

Grontor motor activity by night causes more heat loss.
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Both lipogenesis and heat production divert energy from the
appetite/satiety receptor system, so attenuating satiation.
At least the energy expenditure difference between active

and inactive periods exists in us. In a prototype model of
the control of human feeding by internal energy flows (108),
the difference accounts for 3 meals a day and yet no hunger

by night.

Rats on a 2-hr lighting cycle eat more in the dark than in
the light, although the proportion is attenuated (36). A
weakened circadian rhythm of feeding and activity also
persists. Our model predicts the same pattern, because any
lighting cycle which permits entrainment of gut clearance
should produce more intake in the dark, and yet this rhythm
should be lower in amplitude than that on circadian lighting
and a weak circadian feeding rhythm should persist, because
the endogenous circadian activity rhythm diverts more energy
from satiation in the active period.

Oestrous cycle variation

by a close analysis of feeding patterns in mice, Petersen
(133) has identified two major factors in the variation in
food intake around the oestrous cycle and the body weight
difference between the sexes. The data are consistent with
less detailed findings in the rat (7). Intake is reduced
during sexual receptivity by an increased distractibility.
This presumably might be represented as effects of moti-
vational time-sharing on feeding rate and the timing of
meals: in our model, increased randomness in meal onset
time will tend to produce the observed lower meal size by
raising the average starting gut contents. Secondly,
Petersen identified an estrogenic failure to compensate
intake in metoestrus, which he attributes to a changed body
weight "set point", as do other workers. The meal pattern
and the body weight effect can be accommodated in our model
If this is mediated by
the VMH, like the effect of lighting on oestrus (185), that
would also explain the similarity of hyperphagia in males

and females after VMH lesions (58), attributable to loss of

as a slowed gut clearance function.
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daytlme wlowing of the stomach.

Menatrunl cycle variations in stomach clearance .rate and
Lamle ranoltivity (192) have been evidenced in man {if some
peuidary wlll pardon the expression). It is not clear

whether Lhoro ure human food intake effects to be explained.

BEALN_LQOUESES CONTROLLING FEEDING
A hrrin reoourcher who has got this far may be bored or
nffended by wo much "peripheralism" in appetite. Neither
nhtltude would be justified. Brain mechanisms would be
wkpliolt 1in our model if there was a single piece of useable
infarmatlon on the neurophysiological processes controlling
sppetite trom %0 years of the "centralist" approach to
founding,

in faat, the old centralist-peripheralist controversy is a
aompletely unproductive pseudo-question. The desire for
£ééé i3 & motlvational organisation in behaviour - that is,
prement and pust relationships between the organism and its
gavipenment. As such, the physical basis of appetite/hunger
gRARet Bimply be a "central motive state" in the brain or a
Hgapmation” 1n the body. Especially in the case of behaviour
apitiaul o hody integrity, we must not be surprised to find
gontsrolling variables outside as well as inside the brain,
iR bedy progessos and in environmental chemistry.

Phare are quite olearly several processes in our model, and
if modt theorien of feeding control, which are in principle
reduamable to noural processes, but we lack the data on
hradn sativity In relation to behaviour and to the rest of
the bhedy whiob arc needed to choose amongst an arbitrary
number of theoretical options.

Tadeed, our lgnorance about even the behavioural and peri-
pheral glruoture of feeding control, despite their greater
nuoadgihility, hus been sufficient for simple experiments to
e exbtremely productive. Further sophistication of these
hahaviournl und peripheral physiology explanations is
probubly o prorequisite for experiments which could yield

interprotnble brain measurements. That 1s why my own
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approach to feeding control included virtually no brain
measurements for 8 years. Maybe the reader of this book can
discfiminate whether the field is on the brink of a maturity
in which environmental, peripheral and central approaches
can begin to be integrated or whether it still has to grow
for years or decades more through an adolescence of homeo-
static speculations, contradictions, fascinating artefacts

and qualitative demonstrations.

What types of experimental data are needed if we are to
construct a working theory of the brain processing of
information in the control of food intake?

Lesion phrenology still dominates the journals. There are of
course motives for lesion studies other than finding out how
the brain does its job. Brain-damaged preparations are
kaleidoscoplc intellectual puzzles -~ another shake, another
paper. They can also provide tests of certain sorts of
purely behavioural theoretical statement (125, 178). Surgery
can crudely simplify a physical system and may create novel
phenomena, but this still identifies no process. Doing it
blind to the system's normal workings can create uninfor-
mative analogies and malfunctions, and may be a justifiable
approach only when we remain incapable of successful manip-
ulation and measurement of controlling processes in the
normal range of operation of the intact system (no longer the
case in appetite science). The brute fact remains that a
behavioural change following brain damage cannot in principle
tell us anything by itself about the brain processes control-
ling such behaviour. A lesion experiment can only carry
neural process implications when it has been carefully
designed to provide a critical test of some aspect of a the-
ory which successfully coordinates neurocanatomical structure,
neurophysiological transfer characteristics, and behavioural
Otherwise the most that

"localisation of function" by damage {or by physiologically

input-output relationships (187).

unmonitored stimulation) can provide is a risky basis for
selecting the first part of the brain in which to start asking
questions about neural processes controlling that "function".
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APtwr %% yours of animals with ventromedial hypothalamic
legions nnd 25 years of lateral hypothalamic animals, not an

hypobharnty of hypothalamic processing survives based on such
ppepriablono.  One important notion - arousal-dependent
sanaory ronotlivity - tells us (as one would expect) of the
aklalenve of processing outside the hypothalamus. Even then,
the Inbegruted arousal need not influence reactivity through
tha hypolholamis; another route subject to inhibitory or
faul 1t tatory Influence from hypothalamus is equally feasible.

A greut denl of behavioural study has been invested in the
hrain=damapod preparations, and - more recently at least in
the VMH ppoparation - some limited biochemical measurements.
paradoxlonlly, the results do provide a range of data into
whieh u bLhooretical system whose peripheral physiology is
a%pliall oun dlg its teeth (see below). The conclusions are
#4411 nothing we to brain processing.

it musl be suld that “"chemophrenology" suffers as serious a
defietenay. IMndings that some drugs specitically affect
famding or Aome uspect of it identify by themselves no
partiaular braln process. Blundelli's (11) contrast between
the effeols of umphetamine and fenfluramine on the rat's meal
pattern pul Importunt constraints on the behavioural account
af the patiern, but do not tell us what noradrenaline and
safatonin might bo doing neurophysiologically to affect
Feedling,
ahemephrenology (115) provide a place as well as a chemical

Lenlon chemophrenology (cf. 6HDA) or stimulation

bt 811 no procevs by which local output can be calculated
Fram looal dnput.

L mumt hastoen o add that "electrophrenology' also exists.
Unit recordingu can be made which tell us nothing of the
infopmalbion processing mechanisms underlying behaviour - for
ekumple, tho more detection of a change in firing rate in a
apeal fio roglon of the brain in correlation with distinctive
wovemanl oulpul, sensory input or specific acts. Even
evidanoe of Lho routing of such influences, by methods
varylng I'rom loslons to collision demonstration, simply poses
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Rolls (143%) tor example formu-
lates a sophisticated electrophrenology of feeding, on which

guestions as to mechanism.

it may be possible to design experiments which pegin to
provide the transnuclear or interneuronal transfer functions
which are necessary before we can even begin to formulate a
theory of the neural processing which controls appetite.
Mogenson's (118) and Norgren's (124) combinations of neuro-
physiology and neurocanatomy promise to move in the same
direction.

THE LATERAL HYPUTHALAMIC PREPARATION
It has long seemed likely that the lateral hypothalamic
syndrome reflects the disruption of more than one neural

pathway or relay. The anatomy of the lateral hypothalamus
(64, 120) puts the onus of proof on those who claim other-
wise (50). Arousal-dependent sensory neglect (190) and a
permanent disruption of fluid control (50) must both be
important in the appetite of the LH rat. Slowed stomach
emptying could be another major factor in the syndrome. The
highly stressed, immobile LH rat looks a good bet. Maybe
the lesion produces a functional vagotomy, resulting in
splanchnic overinhibition of the clearance function.
Recovery of feeding after vagotomy in rabbits has similari-
ties to recovery from LH lesions in rats (141). Gastric
clearance function should be measured in acute and recovered
laterals (the rats should be force-watered to remove
dehydration artefacts from the gastroduodenal processing).
Rowland (144) has noticed full stomachs when he implants
gastric cannulae after LH rats have eaten no more than 1 g
for many hours.

A sufficiently slow stomach might by itself produce long
meals at short intervals (largely under distension control).
Slowed eating, because of reduced sensory preferences and
dry-mouth difficulties in mastication, would easily combine
with a more modestly slowed gut clearance function to produce
the LH night nibbler and day starver. The relative stability
of body weight at levels below control after small LH lesions
(86) could in our model follow from the long-term self-

steadying consequences of a shift to a slower stomach.
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QHE_XENngMMDIAL HYPOTHALAMIC PREPARATION
The ohewe hyperphagic rat with lesions in or near the ventro-
wadiui hypethalamic nuclel lacks the normal daytime suppres-—

wiun of intuke. There has been a gathering convergence of

ay ldanoe Lhut hypersecretion of insulin is critical to the
YMH myndromos removal of a normally inhibitory influence
hhruugh the vagus nerve is widely suspected, although to date

inproven baguuse of the aptefacts arising from gastric stasis
fullowlng vuagotomy. The hyperphagia which occurs while the
VMH praparatlon is getting fat has been attributed to the
pegueylering of absorbed energy into triglyceride (34, 101).
As sup modelling became more realistic, however, it became
gvidenk Lhnl excessive daytime lipogenesis leaves much of the
palbern of overeating unexplained. The addition of a daytime
gut ovlewrancae function as fast as the normal night function
ifh @ Mark » slmulation of the VMH rat filled the gap. We
tharefore predlcted that another major abnormality to be
faund in thlu preparation was rapid gastric emptying by day
(36)4

fai4uibaum (177) has suggested that the VMH preparation may
he insensltive to gastric distension, as it takes larger
mesld and as alflects of distension havé been recorded in the
VMH,
atherw!#e meal frequency would compensate.
gfferent mhnormality we have diagnosed may be sufficient,

Howaver, ug he pointed out, more must be involved,
The gastric

even bHough the preparation retains normal metabolic receptors
(%4) and eonditloned satiety (167), and with these mechanisms
the 1ntaal syestem (us modelled) compensates well. Lack of a
normel daytime wlowlng of gastric clearance should produce
soute hyperingullinlem secondary to hyperabsorption (even
within minules of surgery with food in the stomach), and
whronio hyperinsulinism following adaptation of the beta cell

ko unremllting rushes of nutrients. Only the mos? carefully
anntrnlind physlological experiment could establish a direct
vagningulln el'fvet against this indirect mechanism.
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With the possible exception of finickiness (which can be
anatomically dissociated from obesity (60)), the "paradoxical
feeding abnormalities of the VMH rat are attributable to
lipogenic pressure and obesity. The food-deprived static or
dynamic preparation has more fat to mobilise and the extra
lipolysis will keep motivation low. An extra diversion of
energy into fat by augmented secretion of insulin towards
the end of a meal (whether secondary to increased absorption
or not) will explain the small increase in meal size consis-
tently observed. Invocation of a fat setpoint, let alone

dual lipostats, is as unnecessary here as elsewhere.

Static obesity "cures" the hyperphagia and some of the
abnormalities in feeding pattern by the extra fat producing
an abnormal bias to lipolysis. This keeps the stomach
emptier on average and so reduces the duration of very fast
flow of nutrient to the body, even if the pathogenically
Note that no

body weight or fat set-point is invoked - some non-criterial

fast day clearance function has persisted.
negative feedback i1s all that is needed. There is no need
for the adipose fat-sensitive hypothalamic receptors
postulated by earlier control theorists (67, 87) nor a local
model of body fat (132).
stability from shortterm variations in current energy supply

The elaboration of longterm

implies that a satisfactorily controlled "pair feeding"
study has yet to be run on VMH rats (59) or any preparation,
and may be impossible except by an intermittent duodenal

infusion technique.

LONGTERM _STABILITY OF INTAKE AND BODY COMPOSITION
Physiological regulation of energy balance probably does not

exist. Garrow (54) reaches this conclusion from individual
balance data over weeks in man, and an equally critical
treatment of the data on individual rats would probably
parallel it for the smaller and shorter-lived creature's
equivalent time period. Even our present extremely crude
model illustrates how short-term feedback controls on intake
can provide longterm stability of intake and energy storage,

if they include even weak coupling to adipose cell metabolism,
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withoul veparate and curiously precise mechanisms for
mensuring nt store size or body weight. In other words, if
pagilrblon Lo worth seeking anywhere, it is in the longterm
averape ol pome type of current energy supply to certain

kluauen, not ln energy balance.

poron-feadlng, electrically stimulated feeding or insulin
tnjeulilons have been used to test the stability of body
nnMpug1b|nn {und hence of body weight, glven a lean structure
tit) mginﬁaln) when spontaneity of feeding is restored.
(Inaideulinlly, the latvter two techniques may work, respec—
bively, by nocolerating gut clearance and providing contin-
wous Lipogenlc "pressure".) The fattened rat shows
indtially nlmoot complete suppression of feeding and rapid
iogd of welght, followed by a pattern of small, infrequent
mewls unblil ndlposity is within a few percent of undriven
values (17%). These intake and weight effects are produced
by the Murk % model, because of an increase in lipolysis as
g funetion of ndiposity, crudely represented as a linear
faedhuaelk.

Within our modol the feedback from energy stores does not
guspranfes oonwlancy of body composition of the intact
aydbem. 1 meroly tends to produce it against a variety of
di@placementn, Very high or low dietary energy densities,
peatein oontents, or palatabilities, extremes of stress,
wapk or lempernturo will create a new set of self-stabilising
values,

Appetite wolentlute should impose on themselves the discipline
af & h-year ban on the term "regulation" used in the precise
gonge ndvoantod by Brobeck (37) which invokes a concept of
Ngal poinl" from engineering control theory. Not one set-
point oompurntor system hes to my knowledge been unambigu-
aiely tdentirlod anywhere in physiology or human information
We should keep to concepts which suit biological
We know that chemical equilibria and

Biochemical feedback

proaessing.
aid oognd Live systems.
the olroulntion of the blood exist.
gonoapts nro adequate to the phenomena, it appears from our

appelille model.
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Homeostasis similarly should be used as g purely descriptive
term for the tendency of a system parameter to return to
control value after disturbance. Such stability needs no
mechanism storing and communicating a reference value to be
defended. The ban should include the muddled distinction
between "regulatory" and "nonregulatory" feeding: feedback
influences and imposed influences are at work on every
mouthful; even a statistical assignment of variance to two
categories will founder on the interactions within the
controlling system.

ECOLOGICAL MNODELS
Feeding behaviour and foraging strategies are intimately

related to an animal's ecological "niche". It is now begin-
ning to be possible to calculate an animal's optimum
strategy, not just in terms of time and energy budgets (89),
but in relation to evolutionary fitness over a species' life
history (104) or to a particular environment (156). The
costs and benefits of different sorts of food-related
behaviour in a given natural environment can be assessed in
a unified mathematical function and used to decide optimally
between behavioural alternatives.

These ecological models make similar predictions to causative
models (156). It has sometimes appeared to have been implied
that ecological explanations are incompatible with physio-
logical explanations (42). However, without here going into
philosophical questions about reduction, it could be
considered a simple fact of scientific life that a system
can sometimes be characterised, even exhaustively, at more
than one level. The ecologist may be right to describe a
genetically determined response of the feeding pattern to
natural environmental constraints, and othersbe right in
detailing the link between the genes and the behaviour in
biochemical and physiological terms. If fixed-ratio
schedules (lab analogues of ecological constraint) are
represented as limitations on the availability of food,
appropriate changes in the four parameters into which
Collier et al (42) exhaustively analyse feeding (frequency
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uwnd dupalion of meals, choice and intensity of feeding)
wuitld be prodicted by a physiological/learning model. One

fa#n REree to deplore overemphasis on the aberrant cases of
branmatlont Ly assaulted animals and emergency situations,
whils aliil|  presupposing that short-term feeding behaviour is
& funelilon ol the momentary state of an organism's body and

{h# Food, plus 1ts learning history. Hopefully, ecological
and physloloplonl/learning models will soon be compared
sguingt the pame wide range of data and perhaps even inter-

vopneated to lorm a more inclusive theory.

LNt

demputer modely which include feeding have been developed
far farm husbandry (4, 49, 119). These include purely
empirionl eoological factors. Feeding by a flock of ewes
gnd lambs, for oxample, is represented (49) as a daily in-
fiew mubjeot to simple algorithms of feedstock availability
g4 prefaerence, to ecological variations such as weather and
harhage speoles, and to management variables such as cost of
fead ééﬁ@éﬁtrﬂtas and time of culling. Psychological and
phyeielegionl theory have yet to prove that they have more
prediative aocouracy and range than empirical functions in
$his eentext. Perhaps to date there has been little
ipterasl or eklll in trying them out.

E

ﬁéﬁy gognitlve and cultural constraints on feeding can be
ingerporated ln a physiological/learning model as mere data
gopditions. Thio ls sufficient to illustrate ways in which
gaaial oonventlone and individual feeding habits compromise
with underlying blological control. Cuisine and economics
girongly determine individual choice, but the familiar food-
gbuffa would llkely not be the accepted ones without the
fubrliant senuvory conditioning mechanisms. Socially
detarmined habilt and the clock will constrain the timing of
ury partlounlar meal, but conventional meal times are probably
adapted ultlmntely to the demands of the average human body
and Lite aotlivitles (108).
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CLINICAL APPLICATIONS

Aetiology

The tolerant reader must by now be expecting me to float the
idea that a major factor in the aetiology of obesity and

It could indeed explain

perhaps diabetes is a fast stomach.
many behavioural, endocrine and metabolic findings in
obesity. An abnormally steep emptying function at the
earliest or the latest phase of gastric empitying could
produce overeating, hyperinsulinism, a tendency to adipose
gain, and an oversensitivity to salient extermal stimuli if
Hunt has

pointed out that at the higher end of the dietary energy

desatiation raises the level of general arousal.

density range, the earlier stages of gastric emptying do not
slow down in proportion to energy cleared, and indeed leaner
people do tend to take less dense diets (76).
or fibre content can reduce digestibility slightly (170) as

Water content

well as protract absorption. Lack of dietary fibre has been
blamed for diabetes mellitus (182).
a major contributor to obesity is a breakdown in energy

Mayer has proposed that

balancing mechanisms when too 1little exercise is taken (153)
Gastric clearance may be important in this, for exercise (at
least if severe enough) can slow gastric emptying (137).
Acute slowing by stress might desatiate and contribute to
emotional eating.

The standard technigques for determining gastric clearance
functions would be difficult to apply in obese‘but otherwise
healthy subjects, and impossible in anorexia nervosa.
However, it may be advisable to test carefully the possi-
bility that consistent differences in gastric runctions
relate to differences in intake, adiposity or glucose
tolerance. Unfortunately it is clear from our modelling
that quite small differences in absorption rate, if per-
sistently repeated, are sufficient to generate the adap-
tations and the insidious accumulation of fat that is of
concern. A good model of human feeding control would indeed

provide an estimate of the size of effect to look for.
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JUITTETIN

Modelllng 1n general and the energy-flow theory in partic-
wiup are Likoly to have therapeutic applications. Some
apen i Flo suggoutions we made earlier (35) were:

{1) AbtLribulo cachexic anorexia in large part to misinfor-
mablon uf pabloty receptors by the rapid output of energy
From tlmnuey. Loss of motivaticn and a will to live may

nut be a wymplom for terminal prognosis, but an involuntary
galF-aluprvatlon which is unnecessarily allowed to tighten
inde & 'atnl vpiral.

{i1} Use Lho rush of postabsorptive energy provided by
suRoantraled pbturch to provide a model satiety experience
4 tPEin obepso oubjects or recovering anorexics, in cases
where bhe subjool has been shown to be insufficiently
dunbpolled by leeding-related sensations.

(1ii)
patery wensory oontrol of energy-induced satiation to
impreve disoriminative self-control of amounts and nutrient
denaities of food taken by obese subjects.

Uwe the formal procedure for acquisition of antici-

A paanibllity which can be added is (iv) biofeedback control
af gaetrio oleaprance, and hence the gastric clearance
fHﬁéfiﬁﬁ, ug thls L1e under autonomic control, is subject to
gmatienal InrTluences, and has consequences likely to
gtimulete afferents - just like the heart. Gastric motility
partinipatens in the 14-2 hr "oral drive" rhythm (68) which
égg well be 8 result of conditioning. A noninvasive sensor
af gamhrio motillty, reliably indicating current gasitric
gle@neanoe rulio, would be needed.

A mops genaral suggestion was (35) that (v) a computer model
whigh predioled both intake and weight changes in man would
he af pgraal Lenelll to behaviour modification. The
behavioural and physiological characteristics of an
individusl ollent could be read into a general working model.
Mhan tha resnlls of simulations could be used to specify a
plan of hehavioural, nutritional and weight changes which
ghould both minlmloe the problems arising from physiological
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influences and optimise the change in weight. Mahoney (107)
has deplored the current tendency to assume without evidence
that changes in feeding behaviour such as slower chewing are
weight reducing. Therapy often relies on unreliable and
little understood mediating reinforcers. It therefore
behoves the modifier to use available information on the
mechanisms underlying the contingencies between feeding
behaviour, food, body events, and the attainment of access

to what may be the best reinforcer of all - a tolerable
target reduced weight.
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