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INTRODUC TION

It is an everyday observation that healthy men and adult animals
maintain their weight with remarkable congistency over long periods of
time. They adjust food intake to energy requirements with such precision
that body stores of fat vary only slightly. This is the most easlly
appreciated evidence of a physiologic mechanism which regulates food
intske. Suech a regulatory device mmst integrate information derived
from the volume of each meal, the mumber of meals saten daily, and the
nutritive value of the mixed diet consumed.

The problem of the regulation of food intake, in spite of the
great attention it has received in the past, has not been resolved. A
recent symposium on the regulation of hunger and appetite (43) revealed
little agreement among the experts on the basie mechanism of hunger -
a physiologie state resulting from deficits of mutrients which manifests
itself in a disagreeable somplex of sensations ineluding the epigastrie
hunger pang, and behavioristically in sctivated feeding reflexes and
increased motor activity. Nor was there any uniformity of opinion as
to the state which resulted in satiety -~ lack of desire to eat or
abgence of the desire to eat which is associated with repletion of the
nutrient deficits.

At present, the common conception is that food intake is regulated
by a Yeenter® in the brain sensitive to a certain as yet unknown change
in the body. Four major and separate states have been advanced as belng
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that vital change necessary for the initiation and ceasation of feed-
ing. These theories will be considered in more detail as well as the
evidences establishing the existence of a central regulatory mechanieom,



REVIEW OF THE LITERATURE

Since the discovery in 1940 by Hetherington and Ranson (27) that
bilsteral ventromedial hypothalamic lesions resulted in cbesliy in
rats, focus has been on that part of the brain, and subsequent investi-
gations have confirmed the iupoﬂmaek of hypothalamie funetion in the
regulation of food intake. Byobeek, Tepperman and Long {10) made the
cbservation that the obesity resulting in rats with ventromedial hypothel~
amie lesions wes due to hyperphagia and the presultant inerease in
deposition of body fat. In 1951 Anand and Brobeck (2) established the
role of two areas in the hypothalamus dealing with foed intake behawvior.
They made three observations on rats and eats: 1) lesioms of the hypo-
thalarms at the level of the wventromedial nucleus induced cbesity by
ineresasing food intake, 2) lesions of the lateral area at this level of
the hypothelamus abelished or markedly diminished food intake, and 3)
destruction of both of these areas resulted in a failure of feeding as
had been noted after lateral lesicns. A dual mechanism of regulatien
was proposede The lateral hypothalams was referred to as the Mappetite
center® responsible when aetivated for the food seeking and feeding
reflexes. Identified as the "satiely center® was the medlal hypothalamms
swilch inhibited feeding reflexes and the 'tppetite center'as well,

Subsequent investigations on the hypothalamic control of food intake
have largely been extensions on this "brake-accelerator™ coneept. Delgado
end Anand (16 ) veported in 1953 that they eculd provoke am increase of
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food intake in cats by electrical stimmlation of the lateral hypothalamms.
Brobeck, Larsson and Reyes{ 9) placed recording electrodes in the
hypothalamus of eats and found thet amphetemine produced obvious increased

electrical activity in the medial region of the Msatiety center® of
these anesthetized animals but no change in the lateral area. Their
findings supported the earlier interpretation of Harris and his group (25)
that the anorexia experienced by their human subjects and the reduction
of food intake in thelr dogs following amphetamine administration resulted
from the effect of the drug on the central satiety mechaniem,

A reciprocal effeet on feeding behavior was noted in 1960 by Epstein
(17) who used chemicals to stimulate and depress the hypothalamic "feed-
ing centers" as described by Brobeck et al (10). By injecting procaine
{2 neuro-depressant) intc the medial hypothalamms through a chronically
implanted cannula in that area, Epstein found that rats increased their
food intake. A similar effect was noted after injection of hypertonie
saline (& neuro-stimulant) into the lateral hypothalamic reglion. Conversely,
procaine into the lateral area and hypertonic saline into the medial
Wgatiety center® deereased food consumptien levels.

While the central mechaniem regulating food intake has been defined
and localized, its peripheral component is less well established, 4As a
resuit, current research is being directed toward determining the factor
or factors which govern the activity of the ceniral mechanism. Changes
in the organism after food has been saten must direetly or indireetly
affect the hypothalamus. The emphasis has been on the mechaniem by which



animals and men avoid overeating, and therefore, the search has been
for the signals which suppress the activity of the latersl hypothalams
and stimnlate the medial hypothalamus.,

Four mejor theories have been proposed to explain variations in
hunger--satiety balanee. They are: 1) the mechanical effect of food
in the gastrointestinal tract, 2) the "glucostatic® theory, 3) the
changes in cellular hydration, and 4} the “thermostatic® theory. Al-
though these proposals are considered separately, it should be regarded
that theoretically there is the possibility that no single factor but
rather a combination or an interaction of factore is responsible for

bringing about the end result of satiation.

The role of the stomach in the regulation of food intake was
investigated as early as 1915 by Cannen and Washburn (13) and in 1916
by Carlson (14) who reported that sensations of hunger deseribed by
human subjects as "feelings of empiiness, a somewhat disagreezble or
painful sensation of tension, or hunger pang" localized in the epi-
gastrium coinei&cd with hunger contractions of an empty stomach,
Usually associsted with these epigastric sensations were lncreased
nervous exeitability, restlesmmess and sometimes weakness, nauses and
headaches,

Acceptance of this original idea that gastrie contractions are the
prime stimmli for food intake warrants evidence that hunger is experienced

and food inteke occurs only afber gastric contractions and that satiety
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is brought about and food intake ceases when these contractions cease.

Carlson concluded that in the normal individual, chemieal changes
of the blood as well as nervous impulses from the brain and spinal ecord
sugnented or decreased the gastric lunger mechanism in a way to ecorrelate
it with the needs of the opganism. He suggested that hypoglyecemia,
medisted by its effeet on the stomsch, might be respomsilile for inducing
these unger sensations.

Bulatao snd Carlson (11) reported that the intravenous infusion of
five and ten grams of glucose in the form of 50% glucose solutlons |
markedly or completely suppressed gastric contractions in fasting dogs.
Control injections of hypertonic saline and lactose did not produce this
effect. In studies on human subjects, Stunkard and Wolff (6.4) in 1954
reported the similar finding that intravenous injections of 50 ee of 50%
glucose prompily abolished gastric econtractions and the subjeetive sen-
gation of mnger in normal subjectes.

On the other hand, Quigley and Hallaran (49) and Mulines (45)
(following their experiments of glucose infusion in human subjeets) found
that the fasting gastric motility was not influenced by blood glusose
alterations. They also eited cases of disbetic individuals with high
glucoss levels who nevertheless experienced hunger sensations,

There is, howsver, evidence that the upper gastrointestinal traest
does have a regulatory function in métering the amount of food eaten om
a meal-to-mesl basis, Adolph (1) reported in 1947 that, in the dog, pre-
feeding & portion of the reguler diet shortly before ad libitum feeding
reduced inteke by & corresponding smount. Castric distension by the
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ingested food acting as a breke on further food inteke was suggesied by
Janowitz ard Grossman (32). They found that, in esophagostomized dogs,
the duration of sham feoding was reduced by the offect of gasiric dls-
tention either with food or with mutritionslly inert materials such se
gun arcbic and water-filled ballocns. This wae later confirmed by Share,
Martyriuk snd Croserer {56) who noted that & water-filled belloon placed
in the storach of dogs with esophagestomies and gastrie fistulas depres-
sed orel food inteke, with ihe degres of redustion being inversely re-
lated to the size of the balloon.

Yetering by rastric distentior is probably medleted by wvagal sfferent
fibers arieing from the geetric stretch receptors deseribed by Paintal (46)
in 1954. Using snesthetized cats, he recorded the eclectricel zctivity in
the vegal afferente in response to gastric distention with water-filled
belloons. He found the freguency of discharge and the degree of dlsten-
tion to be lineariy related, and the discharges started 0.1 to 0.5 sec.
after the beglming of distention. The conclusion drawn from his experi-
ment was thet stretch receptors were located in the smooth muscle of the
stomach, prineipally in the pyloric region, which functioned to signel
the state of distention to the "saotiety center® of the hypothalamus.

Thus, geotric receptors were the periphersl mechanism for the lmmediate
satiation following foed intalke.

Suppert of Peintelts propossl ceme in 196l when Sharmz and his growp
(57) recorded electrical activity from the reglon of the "satiety center®
in response to gastric distention. Inflation of intregastric balloons with
water or air produced high voltage irregular waves in the ventromedial
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hypothelamis. The response cccurrsd selectively in the "satiety ecenter®
with no such change being observed in the Wappetite center® or in other
hypothalamic regions. On the other hand, it was found that gastric
hunger contractione did not change the dectrical activiiy of either
the "feeding® or "satliety amtéra*.

The influence of the activity of the stomach a&s an important deter-
minent of food intake regulation has pretty much been ruled out by the
worke of Ingelfinger (31) and Grossman and Stein (24). Patients who hed
bilateral vagotomies continued to experience sensaticne of hunger, and
those with total gastrectomies maintained normal food intake patterns inm
spite of the obviocus absence of gasiric contractione and distentions.
Animals with denervated gestrointestinal trects also showed nomal regs
ulation of food intake (23). The conclueion drawn is that the gastric
mechanisn is at most only one component of the entire complex of factors

regulating eeting behavior and appears to be a dispensable one.

2 "glucoptatic® theo

The relationship of glucose metabolism and food intake has been an
area of much controversy. The non-controversial fact is that marked
hypoglycemia, whether oceurring spontanecusly or insulin-induced, is
associated with hunger sensations in man, and incressed food intake in
men and enimals (19, 23, 35, 39, 4k, 58). In view of the limited carbo-
hydrate stores of the body and the fact that the essential, if not the ex-
c¢lusive source of energy for the central nervous system is blood glucocse,
it seemed reasonable to propose that the central nervous system should

maintain eenters senseltive to variations in this vital metabolite., Hunger



and food inteke would then be, in hypoglycemic states, mechanisms
through which the eentral nervous system ensures homeostasis.

However, the apparent peradoxes afforded by the hyperphagis sesn
in disbetes mellitus, in which a person will continue to eat in spite of
2 blood glucese reaching mbnomally high levels, and by the hyperphagia
accompanying tendency to higher glucose levels in the obese, had to be
resolved before it could be concluded that blood glucose level was the
prime regulator of food intake.

In attempting to conciliate contrasting observations, Mayer (38)
presented his "gluccstatic® theory in 1952, He postulsted that there
were ®glucoreceptors® in the eentral nervous system (in the ventromedial
hypothalamus) which were sensitive to the rate at which glucose was being
utilized by them. Low utilisation rates excited neursl activity leading
to hunger sensations mnd food-taking setivity. High utilisation rates
produced the opposite effect. Arteriovenocus glucose differences served
as an index of utilisation rate and, for most purposes, periphersl
arteriovencus differences as measured from finger blood (;r}aﬁﬂ) and
antecubital vein blood served as en index of rate of utiliﬁt:mn by the
#glucoreceptors® in the eentral nervous system.

The previously unedplained hyperphagle in the disbetic end chess
individuals becomes accepitable under the temms of the "glucostatic®
theory. It sppears that those two conditions have one fector in ecommon—
namely thaei whereas zhsolute levels of bleood glucose are increased,
utilizetion as rieasured by arteriovencus differences in peripherel

cirenlation is deereased (32).



10

The assumptien that the ventromedlial region of the hypothalamms
incorporates specialized cells semsitive to glucose ntiligation rates
is based wpon and has recelved support from the works dealing with gold-
thioglucose. It was noted in 1950 by Wexler and Brecher (69) thst
following administration of texic doses of goldthioglucose to albino
mice, those that survived became obese. Qwr & seven month period,
those treated had gelned an average of 45 gms as compared to a contrel
group which had gained an average of § gms. The welght gein wes largely
a result of incresased food intake which amounted to 45-75 gms/10 day
period/mouse wheress the control animsl ate 25-40 gms of food over the
same period, Marshall, Barrnett and Mayer (37) in 1955 used goldthio-
melate with equal gold content as a control agent to the goldthio~
glucose they injected into mice, They produced cbese animals with the
glucose preparation but nome with the malate. A study of the sections
of the wice brain 24~72 hours after injection in the thloglucese group
showed lesions in the hypothslamms slwsys and enly inwvolving the veantro-
medial nuclel. No lesions could be found in the control animals, It
should be recalled that previous experiments hed demonstrated that
damage to the ventromedial nuclei nm}.taé in the preduction of obesity
in rets and wice (2). The interpretation from the experiment was that
the ventromedial area in the hypothalamms eoffectiwvely eoncentrates
radioglucose on the basis of increased permeability to ecompounds contain-
ing glucose. This selective sengltivity of the "satlety center® to
glucose supports the postulated presence of "glucoreceptors™ baslc to
Mayerts theory,



The concept of arteriovencus glucose difference as applied to the
#glucostatic® theory is less well established. Because of the inaccese-
ibility of the veesels, studies based on changes in blood glucope levels
in vessels to and from the hypothalemus and ite relationehip to regulation
of food intake are lackdng. Supporterg of this theory have been content
to assume that peripheral changes are reflections of similar fluctuations
within the brain, and no attempt has been madeto test the walldity of
this assumption, At the same time, the results of Rowe and his group (50),
demonstrating that there is no change in the arteriovencus glucose differ-
ence as measured across the crenial vessels in the fasted or satiated
state, detract little from the theory. The mimite amount of glucose that
would be utilized by the ventromedlel nuclei might be physiclogically
important, yot not demonstrable in suek a gross measurement as the glucose
cnnmn@tian of the brain as a whole.

There are numerous and eonflicting reports on the relationship of
blood glucose levels (spontanecus variastione, glucose-induced hypergly-
cemia, or insulin-induced hypoglycemis) and their effects on lunger sen~
sations and gastric hunger contractions. These have been reviewed by
Grossman (22).

The critical evidence in the lsst analysis of the Wglucostatic®
theory must relate to arteriovensus glucose differences and their effect
on food intake. Experimentally induced elevation of arteriovencus differ-
ence should bring about & decrease or cessation of food intske. Cone-
versely, if in 2 satiated individual or animal the arteriovencus differ-
ence could be narrowed, excessive food intake should cceur. Unfortunateld
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theore are few studies reported, and here sgain, the evidence ie contra-
dﬁ.ctéry« |

© Ven Itallie, Beaudoin, and Mayer (67) tested the hypothesis on uman
subjects. They reported that arteriovenous glucoss differences correls-
ted closely with the caloric intake of the subject. MNoreover, there wus
& quantitative ralat.ionlhip between the arteriovenous ditfanma values
and the incidence of hunger fealings; that differences of more than 15 mg/
100 ml were never associated with hunger, However, close scrutiny of the
date reveals that mnger vas not always experienced when the arterdovencus
difference was less than 15 mg/100 ml. In fact, some subjects failed to
experience !idngw even when the arteriovencus differences were negative
values. The authors failed to recognize this obvious contradiction to
the ®glucostatic® theory. Fryer et al (20) repeated the study and found
their r@ﬁl‘tﬂ not in acecordance with the theory. Complete lack of hunger
did occur in the presence of negligible or even negative arteriovencus
differences, and conversely, in two subjecte who experienced marked hunger,
the arteriovencus glucose difference was found to be greater than 15 mg/100nL

The results from a study by Bernstein end Crossman (6) on normal male

subjects also failed to support the "glucostatic® theory. OClucose or
saline was adwinistered intragastricelly or intravencusly just prior to
& test weal which the subjects could comsume ad 1libitum. Two seline con-
trols and two glucose tests were performed on each subject by each route.
The dose of glucose was 200 ml of 10% eclution intravencusly and 200 ml
of 25% solution intragestrically. The control was 200 ml of 0.9% saline.
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The subjecte did not imow what the test substences were, and they did
not know that the purpoees of the study wes to measurs food inteke.
Despite the marked hyperglycemia snd elevation of arteriovencus glucose
differences with the glucose treatments, no significant depression of
food consumption ocourred,

Other investigators have used glucagon instead of glucose in their
studies on the "glucostatic™ theory (48, 53, 63, 65)., They stressed that
the rapid administration of & markedly hypertonic glucose solution with
its resultant abnormally elevated blood levels is not physiclogiesl. On
the other hand, Van Itallie, Morgan, and Dotti (68) have shown that glu-
eagon is a more appropriate test agent because the pattern of hyperglycemia
induced is similar to that oecurring under natural conditions following
ingestion of meals. Glucagon by its glyeolytic sction would be expected
to incremse arteriovenous differences. Some of the results thus far
noted after intravenous and intramscular sdministration of glucagon have
bean consistent with the ¥glucostatic® theory. Inereases in arteriovencus
differences were associstod with inkibition of gastric contractions (65),
deerease in hunger sensations (63), and depression of calorie intake (53),

However, the only test of any significance, that done by Penick and
Hinkle (48), fails to support the theory. They found that glueagen did
produce a depression of food intalke but this occurred between two and
four hours after the diug had been administered whern the arteriovenous
glucose differences had returned to fapting levels (3-8 mg/100 ml). The
intake memsured at the 30 rinute point of the experiment when the arterio-

venous difference wee elevated (greater than 15 mg/100 ml) showed no
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gignificant difference from control values. It appeared that the action
of glucagon on food inteke was independent of ite effect upon the peri-
pheral blood glucoses concentration. The mechanism of the effect needs

clarifieztion,.

e 0 cod in

The pessible relaticnehip of food intake levels to the availability
of water was noted by Strominger (59) in 1947 when he observed that re-
striction of water in normal rats caused a marked depresgion of food intake.
in rats mede hyperphagic by hypothalamic lesions, he noted polydipsis and
polyuria. The striking thing was that the delly water intske in ndlli-
liters was approximately 200% of the average food intake in grams, the
eame quantitative ratio that he found among the normal rats.

Crampton and Lloyd (15) had previcusly reported that food intake
levels in rats eould be merkedly reduced by restricting water supply to
half the volume usually consumed,

Adolph (1) has conmented that in dogs the thirst exhibited during
and after periods of eating is & stete of dehydration from the withdrawal
of fluids from the body for the digestive Jjuices.

These reports suggest the presence of a mechanism operating to relate
guantitatively the intake of water to food intake, possibly as a means by
which the animal maintaine osmotic and lonic equilibrium.

The problem of csmotiec factors in the regulation of food intske has
received the attention of Sehwartsbaum and Werd (55). Food-deprived rate
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were stomach-losded with different cemotice concentrations of either glucose,
NaCl, or sodium saccharine which were iscemotic with respect to each other.
They found that hypertoniec pre-loads reduced food intake by as much as 5C%,
whereas hypotonic pre-loads tended to inersase intake above the control
levels. These resulis were interpreted to suggest that food inteke wmas
regulated to maintain a certain tonicity of the gastrointestinal contents.
The similarity of effects (food intake levels) produced by isosmotic con-
centratione of glucose and sodium chloride was an indication that the
calorie properties of loads was not invelved in the irmediate regulation of
food intake. The saccharine was used as a control for the taste effecis.

The physiological mechanism by which tonleity of stomach loade effects
food inteke prepumably involves elther or both cellular dehydration and
gastrie distemtion. Leproveky et al (33) found that in addition to & low-
ered food inteke in rate fed without water, the gastric oontents of all
animels, fed with or without water wae epproximately 497 water. They
pestulated that rate deprived of water regulated their food intake level
lﬁ as to mateh the amount of water they were able to mobilize from thedir
oun tissues to maintgin & constant waterifood ratio. They added that
in rats it is possible that the temporary withdreawal of fluld from
selected Lissues and the consequent dehydration may be cne of the factors
causing cessation of eating. These authors declined to speculate as to
swhich tissues were involved or by what pathway this change at the cellu-
lar level was tmmittpd to the "patiely center®., Stomach distention
wight be expected to result from loading with hyperteonie fiuld because of
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the reduced stomach motility thereby decressing the rate of stomach
emptying (28), It has been discuseed previously that distamtion of the
stomach hes o depressing effect on further food intake (32, 56). Hewever,
later experiments with denervated gestrointestinal traets indicated that
this is a minor and dispenseble faetor.

In a2 preliminary study on the neural control of thirst, Anand and
Dua (3) produced hypodipsia in rete by electrolytic lesions in an area
Just rogtral to the "feeding center® of the hypothalemus. Future investl~
gations of the hypothalamms may reveal s functional as well as an anatom-
ical interplay of the eenters econtrolling food and water intake.

9 o "

Another factor consldered as a possible influence on the regulation
of food intake is the body temperature changes which are assoeiated with
the ingestion of food.

Booth and Strang {7) published & report 27 years ago on changes in
gikin temperatures after eating. In normal persons, there was a consis-
tent rise in the ekin temperature of the palm within 10 mmutes after
enset of sating a protein meal, and that these rises averaged 2.0°C ene
hour after onset of eating, In obese subjeets, the ekin temperature
vose significantly later {2k minutes) and to a eignificantly lesser degree
{0.5°C), The attalmment of sstiety, ae evideneced by the cessation of
ecting, was associated with a sensation of warmth and comfort in most
cases and by the sppearance of perspiration in some. These observations
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were interpreted as resulting from a production and dissipation of hest
in response to the ingestion of the food, and suggested to the suthors
that an increase in skin temperature wight be 2 part of the satiety
mechanien, The elower and smaller incresse in obese people wonld thus
lsad to o greater food intake before the signal of satieiy reached a
threshold value. 7

No work was done on this subject until Brobeek in 1948 (2), using
the experimental results of Booth and Strang as evidence, proposed the
"thermostatic” theory of the regulation of food intake., He postulated
that heat production was an importent signal to the "satiety center® and
that "animals eat to keep warm and stop eating to prevent hyperthermia®,
Two experiments, cne dealing with environmental temperature, the other
with body temperature, served as the basis for his theory. ,

Brobeek (8) exposed adult male rats to varying environmental tempera-
tures and recorded food inteke and body temperatures. From the results,
it appeared that food intske fell with rising enviremmental temperature
to the point where rats did not est when the temperature was sc warm that
they experienced hyperthermia. The envirommental temperature at which
this cccurred was not always the same (range of 34.4-36.1°C) and it varied
from one rat to another. The rectal temperatures resorded when food in-
take was inhibited wae in the neighborhood of 40.0°C. This inverse
relaticnship of envirommental temperatures gnd food intske lewvels had
been previously reported by Gasnier and Mayer (21), Rabbite kept at
tenperature ranges of -3 to 30°C ate more during cold than during warm

EXPOSULEC
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m‘mpaﬂmt done by Strominger and Brobeck (61) led to the
proposal that inereased hest production after food intake had an im-
portant influence on the satiety mechanism. They noted that animals
ate different amounts of different diets, and inferred from that that
the animale had some ability to recognize some quality in food so as
to change thelr intake when the composition of the food was altered.
Rats kept in a constant envirommental temperature were fed diets with
varying amounts of fat, carbohydrate and protein. There was ne con-
sistency in the mmbsr of calorles eaten, in the level of intake of
any particular constituent of the diet, or in the total amount of food
eaten as the composition of the diets were changed. The only variable
that remained constant was the estimated gpecific dynamic asction (SDA)
value of the food ingested., From these data, the authors suggested
that the extra heat released by the assimilation of food (SDA) acted
upon hypothalamic centers sensitive to changes in temperature. When
a certain critieal level was reached, a "thermmostai™ was activated
and initiated impulses bringing about satiety, The skin tempersture
rise in the postprandial period reported by Booth and Strang was,
according %o the "thermostatie™ theory, the periphercl manifestatiom of |
SDA scting centrally to ewvcke cutanecus vasodilation which sccompanied
a central inhibition of eppetite and induction of satiely that was not
recognized by the earlier investigators.

This view was also expressed by Stunkard et a1l (62) whe confirmed
the original finding of a significant yiee in sikkin temperature after
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a meal. A mean rise of 1.5°C oceurred between 15 and 30 minutes after
ingestion of 120 grams of pwtd.n.v The values at 30 minutes were signi-
ficantly higher than the control temperatures,

On the other hand, Passmore and Ritehie (47) were unsble to demon-
strete any significant changes in skin temperatures over the abdomen,
chest, palm and in the rectum., Their subjects took in a high protein
meal sufficient to produce satisty. The maxinmum change recorded by
thermistors was 0,2 °C inerease in the rectun one hour after completion
of the meal. The skin temperature changes were inconsistent, rieing
in some areas and falling in others. They felt that measuring skin
tenperature was unsatisfactory as a technique of trying to assess the
effects of heat production on satiety.

Although these two were not able to verify the gupposed effect of
SDA peripherally, they did succeed in showing & relationship between
SDA and satiety. By indireet calorimetry, hoat production was noted
to begin within the first three mimites after ingestion of a protein-
rich liquid preparation. The gradual rise in heat production resched
apoakmﬂmmtumdm!’ollowdbyammtmu The signi-
ficance of this experiment is attested to by the absence of any expres-
slons of hunger during the period in which heat production was rising,
the peak SDA coinciding approximately to onset of satiety, and to the
absence of any latency period before there was an increase in enorgy
expenditure. The fact that there is no latency period suggests strongly
that SDA could have an important role in the normel satiety mechanism,
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Brobeck, in formmlating his "themmostatic® theory, made no statements
as to how the food regulatory center in the hypothalamms spprecistes the
SDA effect. His vagusly-defined "thermostat™ has been assumed to be loeal-
ized in the preoptic ares which Magoun et al {36) had previously designated
as a "heat loss center® concerned with mobilization of varlous heat loss
mechanisms in responss te hypertherdsz.

While reports defining psthways betwoen the thermoregulstory and food
regulatory centers are lacking, Andersson and Larsson (4) have shown a
functional relationshlp of these two areas. Using an ingemuously designed
apparatus, they were able to l;e;t or cool discrete arens of the precptic
area and rostral hypothalams in unanesthetized goats. A thermode was
incorporated intc the spparatus which allowed recording of temperature
changes of the brain when hot and cold water was perfused. Loeal eooling,
with a4 decrease in brain temperature fram & contral of 39°C to 29°C, induced
eating and shivering in fed goats. Rialeing the brain temperature to LA°C
completely inhibited esting in a previously bungry animal and stimulated

drinkinse



STATEMENT OF THE PROBLEM

The preceoding review of the major propesals thus far allwded to
as having an important role in the mechaniems of hunger and satiety
enmphasige the point that there is no universel acceptance of any single
one.

The earlier concept that gastric distemtlon iz the cause of satiety
and that gastric contractions bring about hunger lost mach of its luster
after surgeons proved the stomach not to be essential for maintanence of
normal eating patterns.

The "glucostatie® theory, subjected to much investigative work, hae
remained unproven. The experiment of Van Itallie ot 2l (67) which has
served as the basls for correlating high arteriovencus glucose differense
and bunger faille to explain why there were subjects who felt no lnmger
whon the differences were near gerc. Furthermore, many investigators
have been reporting contradictory findings of no correlation between high
arteriovencus differences and hunger sensations (20) and no correlation
of arteriovenous differences and food inteke levels (48) as proposed by

the theory. Criticiem can also be directed at the assumptions relied
| dpon by the proponents. 4 etudy of arteriovencus glucose differences .
across the ventromedial hypothalamus ie needed before the "glusogtatic¥
theory can be sericusly considered.

The "osmopreceptor® or ®water-food balance™ proposal was never clearly
defined and has failed to arcuse much interest,
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Brobeck's "ihemmostatice® theory has not been above criticiem either.
Mayer argues that this theory is unable to explain well-known phenomena
such as the hyperphagia caused by disbetes mellitus or hypoglycemia, The
theory, according to Mayer, also runs contrary to the e¢linical observation
that hyperthemmic agents such as thyroxin enhance appetite rather than the
expected opposite effect. The experimental observation made by Mayer and
Greenberg (40) that hypothalamic hyperphagic rais had & significantly high-
ér rectal temperature than either operated non-hyperphagic or non-gperated
control animals is interpreted as evidence against the idea thet “animsls
eat tc kesp warm™,

In reference to the effect of envirommental temperatures on food in-
take, Iampietro et 2l (29) found that caloric intake did not differ signi-
ficently over a two week pericd in men whether they were exposed to cold
(15.6°C) or the heat (26.7°C). |

However, the theory has failed to gain prominence not because of son-
tradieting evidence ageinst it, but mﬁaer from sparsity of aceounts sub-
stantiating ite original contentions., For example, no one has attempted
to duplicate Strominger and Brobeck's experiment {60) in which the constancy
of the SDA of food ingested was first recorded. The data of Andersson and
Larsson {(4) ie strong support of the hypothesis that thermosensitive cells
in or ahead of the hypothalamug are affected by heat to evoke inhibition
of appetite and induction of sstiety. Presumably this hest might be derived
from the SDA of food. However, the question that remains unanswersd from
thelr study is the role the thermoregulatory centers play in controlling
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appetite under normal conditions. The temperature changes induced by
their local ecoling and heating in and around the hypothalamme were
drastic (10°C below end sbove resting temperature). It is diffieunlt
to imagine that changes of such magnitude would oeccur normally.

It is the purpose of the study, therefore, to emamine the “thermo-
static?” theory under more normal sonditions. Internal body temperature
changes will be recorded under conditions of normal food intake. If the
specific dynemic action of food raises the temperature as postulated by
Brobeek, the effeect of this more physiclogic temperature change on the
level of food intske will be evaluated.



MATERIAL AND METHODS

ANIMALS: Adult Spregue-Dawley male rate welghing between 400 and
600 grame were used, Ae judged from standerd growth curves (54), these
animale would be three months of age or qldar and past the sgtage cf
aetive growth and rapid weight gain.

These mnimelas were trained to consume their daily food intake
during a one-hour period. This wes accomplished by fasting them for
23 hours, then offering them food for an hour. All rats lost weight
during thie initial training period which took between five and nine
days. An animal was regarded ag "trained® when ite daily food intake
did not vary by more than plus or minue one gram and its body weight
returned o within ten grams of its initisl weight.

ENVIRONMENT: All experiments were conducted in a eix feet by six
feet windowless room equipped with adeguate ventilation and a single
overhead light: The light was kept on at all times so as to minimige
the effect of their nocturnal activities on food intake, However, the
day-night differences in the noise from other animals housed on the same
floor was unaveidable.

The temperature of the room was not sontrolled mechanically. All

experiments were conducted between 10 a.m. and 1 p.m. when room tempers-

ture differences, as recorded by a thermometer having en aceuracy to the
closest 0.5°C, were in the range of 24.5 and 29.0°C. There was no change
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in temperature grester than 0.5°C during any one experiment.

The animels were housed in groups of six except during the swperi-
ment when they were placed in individual cages. These seperats capes
were constmsted from chicken wire and mezsured 20 em in lensth and six
om in helght and width., An snimal plaeced in such g cage was allowed
forward and backward movement of a few aenmmetera; bt conld not meke
complete tums or roll on its back without great Aifflevity. The cagg
was designed to restriet the setivity of ths aninmal and faeilitate the
handling of the temperaturs recording devices,

Eaeh cage had a detachsble feod bin at ome end fyrem which the rat
ate, sither by peking ite head inte the bin, or by seooping a portion
with its pawn. There was only a minimal spillage problem. The food
bin wee weighed at the beginning and end of cach eating pericd. Weligh-
ing was tsken on & triple-beam belance, securate to 0,1 gm.

METHOD OF RSCORDING TEMPERATURE CHANGES: Intracranial tesperature
was measured by a thermdstor bead (Fenwal CB 32J2; gloss ecated; 2000
ohms at 25°C plus or minus 207} sosted over with vinyl and mounted on
& plagtic frame,
Calibration of the thermistor was done using = constant-temperature
water bath equipped with a; mereury thermoregulator, an infre-red lamp,
and & waler fan., The thermistor was fixed in plece in the bath at the
tip of a thermometer certified by the National Burean of Standards.
Utilizing a Wheatstone bridge (conmstructed by the Researeh Imstrument
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Service, UOMS) with a 1.35 voltage power source from a mereury battery,
and & Grass (Model 5) Polygraph, calibration of the thermistor for the
temperature range between 30,0 and 41.0°C was made (Fig. 1), The them-
istor proved sensitive to 0.,01°C changes. There were no drifte in the
calibration curve during the course of the use of the thermistor.

The thermistor was chronlcally implanted intracranielly in the follow-
ing manner: the animal wes anesthetized with veterinary nembutal at the
dosage of 4 mg/l100 gm of body weight administered intraperitoneally. The
head was immobilized with a clamp and the skull exposed through an incis-
ion to the right of the midline. A burr hole less than 2 mm was made
with a denial drill slightly posterior to the coronal suture and aveid-
ing the superior sagittal sinus. With the plastic mount fixed to the
skull with fine screws, the tip of the themistor extended 7 mm into the
cranial cavity (Fig. 2). Neo histological study was done to determine
the exaect locetion of the tip. The sitin wes then sutured, and each
animal was given 300,000 units of procaine penicillin intramiseulerly.

The animal wae used in the experiment as soon as food inteke returned
to the pre-operative level.

For recording rectal tmeiatnr@ changes, a thermlstor probe was
used., This consisted of a similar thermietor bead coated with vinyl which
was then taped to a stiff electrical wire and inserted inte the rectum to
a distance of 2.5 eme A strip of adhesive tape was laid across the anal
orifice to prevent the animal from expelling it. The calibretion of the
thermistor, and the use of s Wheatstone bridge and Grass polygraph were
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in the manner similar to that employed with the cranial theymistor.

Bach experiment covered & two hour period, The animal was placed
in the individual cage with the thermistors recording fluctuations in
intracrenial and rectal temperatures over a 30 minute comtrol periocd.
Food was then made available for the next one-hour perlod., Temperature
changes were alwo recorded over a 30 mimite post-feeding period after
the food was removed.

DIETs The variable in the experiment was the diet. The diets were
made different from the basal hy changing the smounts of protein (casein),
carbohydrate (suerose and corn stareh), fat (safflower seed oil) and cell-
ulose (alphacel) used. The amount of vitemin mixture and Salt Mixtuare
USP XIV in each diet was constant, The composition, end the ealorle and
SDA values of the basel {control) and the different diets used are listed
in Table 1.

Varying amounts of water were added to the diets to make them nearly
squal to the pasty consistency of the high fat diet.

The basal diet was used during the training and recovery periods.
After that, the animal was fed different diets alternating with the basal
(e.g., day one--high protein, day two—basal, day three--high carbohydrate
and so on)s There was no set order in which the different diets were used.
Temperature changes and the food intake levels were recorded for the differ-
ent diete as well as the eontrol diet.

Water was not made aveilable during the experimentsl pericd except
when the temperature change after water ingestion waz being recopded.



FIGURE 1

Calibration of intracyanial and reetsl temperature reeord-
ing thermistors. Teechnigque described in text,
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FIGURE 2

Fhotographic copy of an X-ray of rat slull, posterior-
anterior and latersl views, illustrating the position of the
thermistor tip within the cranium of o decapitated rat, Leads
connected to the thermistor under temperature recording con-
ditions are not included. Enlarged 1.6 times actusl size.






TABLE I
CONPOSITION OF THE VARIOUS DIETS USED IN THE EXFERIMENTS

basal ~ Hish Prefein
TS W N R T 7
Casein 20 80 275 2.0 65 260 66,5 8.0

Corm Btarebk 11 44 151 2.2
3
4

80 20.5 3.9
2 6.1 1.2
Corn 011 27 §~3 1.1 2‘? é&? 1.2

Salt
Vitamin 2

20

é

3

b

g §
e R nm e B Eom oo
ligh Cazbohydpate Eigh ¥st

Ceseln 20 80 20,5 240 20 80 15,5 240
Sucrose 5, 216 55.2 10,6 3% UL 271 649
Corn Stareh 17 68  17.4 3.3 il 4h 8.5 2.2
Corn 041 3 7 6.9 1.3 0 28 252 489 10.3
Salt b 4
Vitedn 2 2

Cellilos o BT BT WS

- Gslduiose
Cellulose 100 ¢ O e

#After Lusk (quoted by Strominger and Brobeck, Yals J. Blol. Med.,
251383, 1953)

bein: 30.08 of Caloric intake; Carbolydratet 4.9% of Calorde
intake; Fatt 4.1% of Caloric intake.
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RESULTS

The changes in intracranisl and rectal temperatures associated
with food intake are shown in Figures 3 and 4.

The resulis are indicated as degrees cemtigrade chenge from the
temperature recorded Just at the onsst of feeding. The mean intra-
cranial temperature in the fasted rat was 38.08°C with & renge between
37.1 and 38.9°C. The mt-ll temperatures noted before the onset of
feeding was higher, the range being 38.5 to 40.0°C with a mean of 39.43.

The first arrow (at time gero) indicstes the time when the food
was made aveilable to the animals. Rate which were fasted for 23 hours
were noted to exhibit s conmistent pattern of eating with the intro-
duction of food. They ate steadily wdthout stopping for a period rang-
ing from 18 to 39 minutes with an average of 24.5 minutes as indicated
by the second arrow on Figures 3 and 4. While all rats ate an addi-
tional amount after this initial period of vigorous activity, there was
a wide verlation in the duretion of the periods devoted to esting and
resting. In those experiments dealing with ingestion of & cellulose
diot, ingestion of water, and in the experiments where the food was
covered, the lnconsistent pattern of behavior wes present throughout |
the feeding period with no initial period of vigorous activity,

The temperature changes recorded in the period prior to the onset
of eating are f{luctuations in the resting temperature after the animals
wore handled in order to connect the leads to the intracranisl thermistor,
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introduce the rectel thermistor probe, and place the snimale in the
individual cages. During this control period, neither the intra~
cranial nor the rectel temperature showed any trend as they beth
fluctusted above and below the reference temperature.

The increase in intrscranial tempersture and the decrease in
rectel temperature which accompanied the onset of food intake is
well demonstrated in Figure 3. The curve combines the mean wvalues
obtained with the basal, high carbohydrate, high fat and high protein
diets. The intraeranisl temperature changes represent the mean of 23
experiments while an average of 14 experiments comprises the reetal
temperature curve. There were noticable changes within a matter of
geconds after the animale started to eat. The rapid changes during
the firet five minutes are futther emphasiged by the plotting of the
minute-to-mimite change that occurred during that indtial peried. A
surprisging cbservation was the near mirror image pattern created by
the direction of change in the intrecranisl and rectal temperatures.
The rise in intracranial temperature reached a peak approximately 15
mﬁtna after the anset of eating, then graduslly fell after a
platean of 10 to 15 mimutes. In the opposite direction, the great-
est rectal temperature change was recorded at the 15 mimute point
followed by 2 gradual return to control temperature. It ie diffi-
cult to avold nolicing the coincidence of the phase of rapid and
vigorous eating and the changes in tempereture that occur during the
firet 15 mimutes.



30

The changes in the intrecranial temperature which followed eating
are broken down in Figure 4 to show the differemces in the degree of
response to the various diets. The wvalues plotted on the curve repro-
sent the mean of 13 experiments for the basal diet, four for the high
protein diet, three for the high carbohydrate diet and three for the
high fat dlet. A Duncan test was performed on a set of correlated
data. The results show that the mean temperature increase for any one
mitrient diet differs slgnificantly from all other nutrient diets taken
individually. In three rats in which all dietary test procedures were
’carried ot , there were no significant differences which cculd be attri-
buted to biological variability among the animals.

The intracranial end rectal temperature responses to o pure celle-
lose diet (non-mutritive) are shown in Figure 5. An interesting com-
parigon can be made by examining Figures 4 end 5 together, It will be
noted that the inerease in the intracranial temperature with the cellu-
loge diet (Figure 5) is not significently different from that obtained
with the high fet diet (Figure 4), end if the two curves are super-
imposed, they appear to be clogely cverlepping. The rectel tempera-
ture response with the cellulose diet wae not different from the fluct-
uatione noted during the centrol perioed, and was in contrast to the
significant fall noted with the nutritive dietes.

Also included in Figure 5§ are intrecranial temperature changes
obperved with the ingestion of water (four experiments) and that assoc-
isted with feeding activity per se (three experiments)., Prior to re..



31
cording their responses to water, the animals were deprived of water
for 23 hours. A prompt fall in intracraniasl temperature wes recorded
almost simultanecusly with the onset of drinlking of water at room tem-
perature (26°C). Three experiments were done in which the intracranial
temperaturs changes cbserved were not attributable to actual ingestion
of food. The animals were fasted and placed in the individual cages
in the weual mevmer. In this case, however, the food bin placed into
the cage was covered by & wetch glass. The food was clearly visible
to the animals which exhibited mouth and paw movements in ean attempt
to get at the food. The mean increase in intrserenial temperature was
gignificantly lower than that following ingestion of any diet or cellu-
lose.

Data on the intake levels of the different diets are sumariged
in Table 2. The set of values in parentheses is that cbtained from
matched rates, The sigse of the sample included in this set of data is
limited by the few (four) animels that tolerated the cellulose diet.

A comparison (by the t test) of the data obtained from this mmall
sample and the data derived from the entire population shows no slgni~
ficant difference in the mean values listed in the Teble.

To correct for variations in body welght among the animals, all
values are expressed in terms of 100 gas of bhody weight. The "bulk"®
values indicate the level of intake of the diet-water mixture while
the "dry welght® is an expression of only that fraction of the Whulk®™
congtituting the diet. The "Caloric Intake™ snd "Calculated SDAW
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values were calculeted from the Mdry welghtV intake, having previously
determined the Calories and SDA expected from one gram of each of the
diets (see Table 1).

Bramination of the data was directed to answering the pertinent
quegtions raised and cutlined in the statement of the problem, First
of all, which, if any, of the warisbles within the diets is the deter-
mining factor as te the amount of that diet ezten? Seecondly, do the
date shww any correlation betwsen the temperature changes observed and
the values of any of the dietary factors exandned?

It can be ssen by glancing through Table 2 that the animals spparently
dld not monitor their level of intake of the different diets to maintain
eny one factor econstant. 7The bulk intake ranged from 3.60 to 9.20 gns/
100 gmo of bedy weight. Dry wedght intake varied widely from & low of
2.30 for cellulose to a high of 5.37 gns/100 gme body weight for the
high carbohydrate diet. Total Caloric inteke and the SDA values of the
ingosted food also differed depending on the type of diet.

Attempts to express the degres of change in intracranisl tesperature
ag & function of a) the amount of bulk, b) the dry weight, ¢) mumber
of Calories, and d) the SDA value all proved futile., The points were
widely scattered and the slopes of the regression lines drawn through
these points were not significent. Nor was any significance appliceble
to regression lines through points in grephs expressing the amount of
bulk and dry weight ingested as a function of the Caloric or SDA values

of the dlets tested,
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These findings will be discussed ae they relate to the "thermo-

static® theory and the problem of food intake regulation,



FIGURE 3

Changes in the intracranial and reetal temperatures in res-
ponse to ingestion of mutritive diets. Combined data obtained
with basel, high carbohydrate, high fat and high protein diets.
The intrecranial temperature curve represents meen velues of
responges obtained from 23 experiments: The rectal temperature

8 are based on 1l experiments. The first arrow {at time
sero) indicates the onset of eating which continned uninterrupted
for an average time of 24.5 minutes indicated by the second arrow.
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FIGURE 4

Changes in the intrecranisl temperature in response
to ingestion of different nutritive diete. The basal diet
curve represents the mean of 13 experiments; high proteln,
the meen of four; snd both the high fat amd high carbohy-
drate, the mean of three experiments.
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FIGURE §

Chenges in the intrseranisl and reetal temperatures associ-
ated with ingestion of non-mitrient materiel (pure eellulose
diet), mean of three experiments; imgestion of water, mean of
four experimente; and sssoeiation with food-seeking activity,
mean of three experiments, The arrow indicates start of experi-~

. mente
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DISCUSSION

Nethodology

Before entering intc a dissussion of the experimental resulte, an
evalvation of the methods will be made, emphasizing the rationsle for
their use ae well a8 pointing out the limitatione as applied to the
experimente,

Earlier reports on the temperature changes in response to eating
have been limited to measurements of sldn (7, 62) and rectal (30, 40)
temperatures, These chenges have been interpreted as the peripheral
response reflecting changes in internal tempersture, and as the internal
temperature changes per se, respectively.

The inconelstency of the response of skin temperature to the in-
gestiondf food sufficlent to csuse satiety has been a criticism directed
et this technigue by Passmore and Ritehie (47). They have pointed out
that the changes, if any, would be too amall to be ecccurately measured
without rigorous control of the enviromment. The results of Benzinger
(5) further stress the importent role that emvirommental conditions
play in determining the changes in skin temperature. Human subjects
were placed in a constent hot environment of 45°C. Intermal tempera-
tures were reconded by thermocouples spplied to the anterior ethmoidal
reglon, to the nascpharyngeal recess, and to the tympanic membrane,
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These areas receive thelr bloed supply frem the intermal carotid artery.
Skin temperature wes measured in ten places. The subjects then ingested
a substantial gquantity of ice which produced a peculiar effect of cool-
ing internal temperature (decresse of 0.5 to 0.7°C) while, under the
conditione of the eaperiment, reised skin tesperature as much as 0,6°C.
The conclusion that can be drawn from the results is that a rise in skin
tenperature does not necessarily reflect a rise occcurring in the intermal
temperature,

Hig results dealing with rectal temperatureswere sleo of interest,
and point out inadequacies of this particular technigue. In the first
place, as was reported here, rectal temperature was found to be higher
than the cranial temperature., More significant however, was the dis-
covery that the rectel temperature changes subsequent to ingestion of
ice or warming both arms by immersion in water at 4L0°C did not approach
the magnitude of change seen with cranial temperature recordings. Further-
more, the sbruptness of the rise and fall in cranial temperature was not
reflected in the rectum where there was a longer latemcy before a notice~
able change occurred and a more gradual return to normal, Rectal tempera-
tures have also bean noted te be rather poorly reproducible evem in the
resting state (42). This apparently relates to the exact location of
the recording device with the variability depending upon the differsnces
in wvascularity of the different parts.

The dlfferences in temperzture of one part of the bedy from other
parts ralses the question as to which temperature messurement is the
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important index of intermmal bedy temperature. It is conceivable that
in studying the £womture response to feeding, one might get widely
divergent results depending on the orgin or region chosen for the
temperature measurement. However, in view af the work dene in the past
localiging the feeding centers, the pertinent temperature change in
this experiment would be thet recorded from the hypothalemmus, and ideally,
the thermistor should be placed there.

The technique for placement of thermosensitive devices in the hypo-
thalammus of th. rat had not been previously deseribed. Without the
benefit of past experience or the knowledge of what direet effect the
presence of the thermlstor in the hypothalamms might have on the thermal
response and food intske levels, it was decided that the thermistor tip
could be placed in the cerebrum instead. The temperature recorded has
boen designated as the intreeraniel temperature, snd is regarded as
inclusive of the hypothalamic temperature. The assumption that intra-
eranial temperature refiects a uniform change within the entire cranium,
ineluding the hypothalamus, is based the work done by Benzinger., His
eranial temperature measurements have been equated to changes occurring
in the internal cerotid arterial tree, & branch of which supplies the
hypothalemic ares. The parallel response of cranial temperature and
sudomotor activity (a rise in ome and increased sctivity in the other
and the converse) have been sufficient for him to assume that the probes
placed in varicus parts of the cranium are also meking observations of
hypothalamic temperature.
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The concept of specific dynamic action of food originated with
Rubner in 1902 and was primarily of academic interest until the "thermo-
static® theory identified this phencmenon as thet intrinsic factor of
food that animals recognise and quantitatively regulate when composition
of the diets was altered (61). BSpecific qynemic action has been defined
a8 that increment of heat produced by the body in excess of the basal
metabolic rate following food ingestion. The nature of the meshanisms
involved in the production of this extra heat has net been resolved.
Other aspects of this subject, equally confusing, will not be discussed
here,

Relevant to the "thermostatic® theory are the date which are utiliged
in the calculation of the SDA of diets. It is well to recall that the
SDA of a diet is not the same as the sum of the SDA of the individusl
constituents of the diet, but depends, rather, wpen the relative Propor-
tions of protein, carbohydrate and fat. Thus, the 8DA of protein when
fed alone is different from its eontribution to the total SDA when fed
in a mixture with other food stuffs. Rubnerts original values, referred
to by lusk (34) and since corrected, were obtsined by feeding pure cane
sugar, protein end fat diets to doge. He reported increases in metebolisn
after the protein meal of 30 Calordes, after carbohydrate of 5.8 Calories,
and after fat of 12.0 Calories.

Frotein has been regarded ss that food somponent in the diet exhibite
ing the greatest SDA and therefore, in the"thermostatic® theery, would
be the food mest effective in inducing satiety., This interpretation
would probably be correct if the subjects were compared on the basis
of equicaloric diets of pure protein, fat or carbolyydrste, but may be
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erronsous if applied to mixed diets. Swift ot al (66) have tested two
diets, one high in protein (128.6 gme/day) the other low (38.0 gmas/day)
but equicaloric, on college students who had spproximately egual basal
metabolic rates, body welghts, and aceeptance of the test diste. Neo
difference was found in the measuremenis of heat production with these
two diets, markedly differing in proteln content, which served te empha~
sige the inslgnificant dynamle effects of high protein mixed diets in
contrast te that of meals composed entirely of protein.

Strominger and Brobeck (60), feced with no published date as to what
the SDA walue of thelr diote might be, spplied those reported by Lusk.
The basls for this decisdon was not stated in thelr peper. They found
that the total SDA expressed as Cal/day for that smount saten by their
rats remsined nearly constant (6.0, 5.8, 5.8, snd &.4) while totel eslorie
intske veried widely when various proportlons of fat wos added to the
basal diet. However, they also reported that if they used data for SDA
obtained from other sources {this was not clarified sny further), the
results of the experiment wers less wiform. Thelr ccnelusions would have
had 2 much grester significance had they simmltanecusly messured the SDA
of thelr test diets and then had cbtained the similsr constancy of SDid.

The test diets utilized in the present experiments were prepared by
ineressing a spesific food component and eliminating cellulose and pro-
portionstely decrcasing the content of the cther nutritionsl cempsnents.
It was attempiled by these manipulatione to alter the energy valus suffi-
clemtly {compare 5.16 Cal/gn for the sarbohydrate diet vs. 2,91 Cal/gm
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for the basal diet in Table 1) so that amy regulation based on calorie in-
take per o would be obwious. Large snough changes were made in specific
nutritional components to allow for observations of changes in feeding
habite should they eoecur in response to most any of the faetors whieh have
bean consldersd importart in the basic feeding mechamism. The SDA values
of the different dlets were caleulated using the same data awployed by
Strominger and Erobeek. It was indtially fedt that for the purposes of
the experiment, which was in part simsd to test the "thermostatic® theory,
it wmight be feasible to maintain similar conditions.

Discupeion of the results,

That phase of the experiment in which the level of intake of differ~
ent test diets was measured, failed to show a constant SDA with chenging
diets (Table 2). This is in eontrast to the results found by Strominger
and Brobeck (60) which led them to postulats that the SDA is kept consbant
and is the basic satiety mechaniem whereby animals regulate their food intske.

The resulis of this experiment show that with the control (basal) diet,
the animels consumed that amount of food which brought sbout an estimated
SDA of 1.30 Cal/100 gms of body weight. With the other test diets, in
order to keep this SDA constant, the animals would have had to eat 3.33 gms
of the high carbolydrate diet, 2.99 gms of the high fat diet, and 1.54 gms
of the high protein diet/100 gms of body weight. These values represent an
intake far lower than the sctual intekes recorded (5.37, 3.60, and 3.28
238/100 gns body weight for the respective test diets).

The data can be examined for any evidence that some other fector is
belng regulated by these animals when fed the different diets. The wide
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vardation in the smount of bulk ingested makes it unlikely that the volume
ie the critical value. The difference in the water content of the food
ingested deserves consideration. The diets, with the exseption of the fat
dlet, were unacceptable to the snimals becsuse of their powder quality une
less mixed with water. To keep the consistency of the diet nearly equal
to that of the fat diet, water was added as follows: 7 m1/10 gms basel
diet, 1.66 nl/10 gms high carbohydrate diet, 6.66 m1/10 gus protein diet,
and 20 ml of water and 10 ml of Sucaryl/10 gms of cellulose diet., Sinece
water 15 not made available during the testing peried, the guestion might
be raised as to whether or not the animals are consuming that smount of
the bulk diet po as to take in a certaln amount of water., For example,
the animals, having been trained on the basal diet, are sccustomed to taking
in the equivalent of 3.66 ul of water/100 gns body wt/feeding peried., (The
difference between Bulk and dry welght with loss of water by evaporation
during the hour peried being negligible) In order to obtain that guantity
of water, the animals would have to conoume 22.8 gme/100 gms body weight of
the high carbohydrate mixture, 8.4 of the high protein and 4.88 of the cellu~
lose dlets, These figures do not even closely correspond with those observed.
Finally, are the animals regulating thelr caloric intake? With esch of the
tost diets, the calorie inteke wae above the control lewel. The calorie
velue of the test diets was higher than that of the basal diet when compared
on equal wedght basls, so if the enimals were maintaining a constant energy
intake agqual to that of the basal, the amount of dry welight ingested would
be lower, Levels axpected would be 2.1, gus/100 ges body weight for high
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carbohydrate, and 2.84 gus/100 gms body weight for the high protein and
high fat diets which were equicaloric. The results show that the dry
welght inteke is depressed for high protein snd high fot diets but only
slightly, whereas the inteke of the carbohydrete diet is greater then
the basal level.

The celivlose diet results do most to defest smy notions that 8DA or
celoric values ere being monitored. Having bsen prepered from 2 completely
non-mutritive material, this diet could provide no signal te the animal se
to caloric or SDA value of the amount ingested, Yet the animal does not
eat ad infinitum,

The observation that the animals will not eat s cellulose-water-mix~
ture but will telerete a2 cellunlose-water-Sucaryl preparation provided the
clue as to one factor in the dlets which has a role in the eating behavior.
To date, the cnly correlation found in the data of food intake levels is
ﬁltmm“tatdlﬂ (dry weight) ingested and the amownt of
sucrose (% weight) in the different diets., The inteke of the high carbo-
hydrate diet containing 54% sucrose by welght io kighest at 5.37 gns/100 gns
body weight, The basal and high fat diets with 39% sucrose in cach yank
next with 3.80 and 3.60 gns inteke (these mesns not significantly different).
The andmals coneumed 3.2¢ gms of the high protein diet which comtained 20%
sucrops, and 2,30 gus of the cellulose diet which had no sucrvse but was
artificlelly swwetened. The regression line for this relstiomship is signi-
ficant ot the 5% level,

The recemt report by Epstein and Teitelbaum (18) chowing that rats
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can control thelr foed intske effectively without receiving semsory infor-

mation sbout the taste and emell of the food being ingested defeats any
attempt to interprete the experimental results in terms of a taste regu-
lator factor. However, it may not be erroncous to state that rats have
discriminatory ability, and that their eating behavior (including how much
they eat) may be influenced by likes and dislikes, and thatv in this experi-
ment, sweetness of the diets correlates with the food intake level,

The temperature responses to eating that hsve been cbserved are zlso
not in gecord with resulis expeected under the expressions of the "thermo~
static® theory. While it is clearly evident that eating did bring about en
incresse in the intracranial temperature and therefore could participate in
the satiety mechenism as postulated in the theory, there are nevertheless
certuin obeervations which mske this cenclusion temuocus.

The premise has been forwarded that the greaster the SDA value of the
emount of food eaten, the greater will be the temperature imcrsase. Its
corollary, that the greater the temperature rise evoked by the food the
greater wlll be the depression of food intake has already been shown not
to be true in this experiment. In reviewing the tempersture response curves
{Figure 4), it will be noted that the grestest increase in intracranial
temperature occured not with the diet producing the greatest SDA effect
(high protein) but with the ingestion of the basal diet. In fact, of the
four nutritive diets, the high protein diet produced the smallest tesmpera~
ture change. Furthermore, the intracrenial tesperature increase in response
to the cellulose diet, dewold of SDA, would be unexpected.
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Apart from the fact that the cbservations msy be disconcerting teo
supporters of the "thermostatic® theory, Figures 3-8 are noteworthy in
several respects. ‘ '

The mirror image response of intrecranial end rectel temperetures
to feoding (Fig. 3) has not been previously reported. This pettem of
regponse was obtained with all experiments in which a mtritive dlet wae
fod. The mean intrecreniel and rectsl temperature changes oceurring in
the experimental pericd were significantly different frem the eorrespond-
ing centrol period.

Certain characteristies of the temperature curves need to be sommented
upon and deseribed in more details

a) Direction of change: While the increase in intrecranisl tempere-
ture was somewhat antieipated in view of the indireet evidenmce
present in the litersture (7, 60, 62), the decrease in the rectal
taperature was a totally wnexpected finding. Thie observation
raises a question as to the reliability (or in this case, the wn~
reliability) of using the rectal tempessture to prediet intermal
body tempersture.

b) Onset of responses The extremsly short latemey period betwsen
the onset of feeding and the first detectable changes in intrs-
crenial and rectal temperatures was smother consistent and die-
tinguishing feature of the curves cbtained, The swiftness of the
response (within a metier of seconds) strongly suggeste the in-
fluence of some sort of reflex mechanism being activated slwel~
teneonsly with the onset of eating behavior, Passmore and
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Ritehie (47) in studylng the SDA effect of & high protein diet
reported that the SDA effect was demonstrable (in terms of an
increase in energy expenditure by indirect calorimetry) "immedi-
ately® after the meal, The meal conslsted of LOO-500 ml of an
enriched liquid which could be repldly consumed by thelr subjects.
There is no cqualification made to their reforence of the term
Fimmediately®™, However, the fact that this was noticable APTER
the ingestion of the meal distinguished thelr response from that
noted here, The temperature changes in the rate were evident
even before eny sppreciable smount of food wes in the mouth, let
alone swellowed. This mekes it unlikely that the SDA of the food
was responsible for the indtial rise in intracranial temperature,
Relationship of activity and temperazture pesponse: In this regard
it is noteworthy that the initial steep slope and the oceurrence
of the peak change coincided in time with that period wvhen the
enimale were eating most vigerously and in uninterrupted fashion.
The aversge duration of time that the animsl was occupled with
this initiel rapid end active behavior was measured and found to
average 24.5 minutes. The time of the peak rise in temperature
oceurred bstw«m 15 and 30 mimtes after the onset of eating for
all the nutritive diets. From that point on, there was a gradual
return towerd the control level, during which time the behavior of
the m‘hé was charscteriged by alternating spens of sating and rest~
ings While minor cscillations were not graphically demonstrable
in a curve comprising the means of meny experiments, inspection of
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individual mérdn showed evidence that the sporadic rises in
intracranial temperaturs corresponded to the active phases and
the falle to the resting periocds.

d) Intrecranial tempsreturs response present wiith cellulose diet:
The inerecse in intraeranis]l temperature associated with the in-
gestion of a pure celluloge diet is regarded zs indicative that
2 nutritive guality ie not necessary for this response to occeur.
It further provides evidenmce that the SDA effeet is not totally
responsible for the initial rise following ingestiom of food.
e) Intraerenial temperature response present when food covered:
The increase in intracranial temperatures assoclated with food
secking sotivity alone sugpeets that taste or the presence of
food in the mouth is not sseemtial for the respomse to ocewr,
Intreeranial temperature is determined by the rate of heat production
by the brain and by the bleocd flow pessing through it, The insulation of
the brain by the relatively avascular bony cranium greatly limite heat loss
directly to the enviromment by conduction and cenvection. In the rectum,
the temperature depends on the temperature and amount of blood flowing
through it, and the steepness of the tempersture gradients to the surround-
ing regione. Of the two, the rectal tempersture waz noted te be more
labile during the control period. The variations that cen be obtained
depending on the position of the recording instrument have been pointed
out (42). These workers also were of the opinien that the temperature
of wenous blood passing through the pelvis from the surface of the
body played the major role in causing deviations in the rectal tw&m-
ture, The metabolic rate of the rectal tissue and the fecal bacterial
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sctivity in that orgsn spparently have no significent effect on reetal
temperature at least in man (51). On the other hand, recordings obtained
from the rectum may be greatly affected by the presence of fecal masses
which may move the tip of the thermistor from a vascular o 2 less vasen-
lar portion of the rectum, mey push the thermistor closer to the anal
orifice, or by its own difference in temperature from that of the rectal
wall bring about erronecus changes when it comes to rest againsi the
thermistor tip. The uniformity of the response obtained however, suggest
that it is unlikely that the temperatures recorded were greatly affected.

The diurnal variation of body temperature in rate as having either
an additive or subtractive effect on the responses noted has not been
corrected for. This factor has been minimized by doing 21l the experiments
at approximately the same time of the day, and also by keeping the environ- |
ment alweys lighted, hoping to avoid tempersture differences which may
- relate to nocturnal activities.

In the absence of any previous work in this ares, it is necessary to
devise several temtative hypotheses to account for the phenomenon of an
ineyeass in intraeranial temperature and a decrease in rectal temperature
in rats in response te eating.

The first of these would be based on the sseumption that with the
onset of feeding sctivity, there cceurs a decrease in both cerebral and
rectal bloed flow. This decrease would have to be mediated through a
neursl pathwey to explain the rapid onset of change. A decrease in cerebral
blood flow would resuli in an inereased intracranlal itemperature as was
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noted by Mook et al (41). These workers ceme to the conclusion, after
slmiltancous temperature measurements of the hypothalamus and the arterial
blood, that the thermosensitive elements of the hypothalamus are normally
cooled by the blood perfusing it. Occlusion of the comaon carotid arter-
jes clicited olevations In hypothalamic temperatures in thelr anesthe~
tised cats,

The difference in the peak of response, mean inecrease, and the dura-
tion of response under varying conditions of the experiment would be inter-
preted as a reflection of graded degrees in the dimmition of cerebral
blood flow., It is possible that an animal cen become conditioned so that
it would respond differently to = tasty high carbohydrate diet then to &
less palatable cellulose dlet,

The drop in the rectal twomtmnﬁ.@talm.bﬂ expected with a
dmimition of bloed flow on the besals of vascularity of thet organ having
an effect on rate of heat exchange,

The popular bellief that blood is diverted from other tissues of the
body to the viscers during the digeetion of food might servesas an argu-
ment in postulating this decrease in cerebral and rectal blood flow,

From & teleological point of view, more blood should flow to those tissues
with greatest metabolism or activity. The foct that the viscera sppear
congested has been taken ae evidence of an increased blood supply to these
organs, The drowsiness that frequently follows a heavy mesl has been
attributed to a decrease supply of blood to the brain.

But evidence appears to be contrary o that belief. Herriek et al (26)
found thet blood was not diverted from the somatie tissue tc the visceral
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organs during the digestion of food. This was later sonfirmed by Burten
(12) and Rusimer and his eolleagues (52). Additionsl cbservations made
by these groups were that with ingestion of food (26) and with exerelse
(52), there occurred an increase in blood flow in the femoral and coemeon
carotid arteries. The cerebral blood flow as measured in the common car-
aﬁdkmm,d«nmtutmmhmﬂwwmﬁunﬂm
otid from that through the external branch, Therefore, it is possible
that an increased blood flow through the soft tissue of the head might
mwmwﬁmmqﬂrdnwﬂm&aehm,wﬂuma
decreass, in the cerebral vasmular bed. Therefore, it is possible that
a Mﬁu thn does result from feeding activity, not to the upper
gastrointestinal triet in antieipation of digestive setivity, but to the
mageles partieipating in feeding activity--those of the face and ex~

Ifitu-uurﬁmﬂtthﬂunuwﬂdmmm;mrma
vital organ like the brain, ooe might even assme that theinerease in
intrecranial temperature might result from an inerease in cerebral
blood flow. Por memy years, it wes generelly accepted thst the hypo-
thalemms wes warmed by the arterial blood which perfused it. The re-
sults of artifically heating local areas of the brain and activating
heat loss mechanisms were interpreted by Magoun et al (36) as what might
be expected to oceur when the temperature Qtthhlm rises sbove normal.
Larsoon snd Andersson (&) have also furnished tils typs of indiveet sup-
port eleng that line,



_ L9

8till amother possibility would be t¢ assume nc change in cersbral
blood flow with food intake as was noted by Rowe et al (50) who meesured
flood flow by the nitrous oxide method in their subjects before and after
eating. However, their study, having been done on human subjects with
no recorde of brain temperatures, adds little . Moreover, the resulis of
intreeranial temperature inersase noted here would be diffieult to explain
under an assumption of a constant cerebral blood flow, It is unlikely
that so repid a response would be a reflection of increased neursl heat
production.

Whether an ine.ruue or decrease in cerebral blood flow is responsible
for the increase in intracranial temperature following feeding depends
upon the relative temperatures of blood and brain. Theoretically, &
change in blood flow in either direction could raige the intracranial
temperatures either by warming a cooler brain through an incrsase in
blood flow, or by letting & ecol brain warm up through an abstement in
blood flow.

The assumption that a decrease in cerebral blood flow oceurs simul-
tansously with the onset of feeding sctivity is by far the most attractive
one, The inerease in intracraniel temperature explained on this baeise
could account fori a) the absence of any apprecisble latency period be-
fore the response is manifested (which makes SDA sffect an unlikely
cause); b) the presence of such & response with cellulose and with the
food covered {further rules cut the role of nutriente); and ¢) the coin-

cidence of greatest temperature rise with that phase of the experiment
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aspociated with the greatest level of activity on the part of the animsl.

On the basis of what has been observed in this experiment, another
inference might be stated, namely, the decrease in cerebral blood flow is
a result of shunting of blood to parts of the body which are most active
during the food seeling pericd.

The above assumptions can be tested in an experiment set up accord-
ing to the following scheme:

Subjesty
animal; species in which work with chronically implanted
tamperature devices has been reported by others; animal
trained to eat food when offered.

Envirommentt
use of Atwater-Benediet respiration ecalorimeter or some
other closed cirenit method for purpeoses of measuring
energy expenditure; animal conditioned to enviremment
during training peried.

Meapurementey
Blood Flow:
ultrasonic flowmeter technique as described by Rushasr
et al (52) superior to other methods beceuse it glves a
contingous record and does not require handling of
animals for sampling of blood; measurements taken of
internal and externsal carotid arteries to distinguish
cerebral from extra-gcerebral blood flow; hypothalamice
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vessels would be preferred but not praetical.
Temperature:
thormistor mounted in needle and chronically implanted
in hypothalssme; thermistor in a polyethylens catheter
into internsl carotid artery and internal and extermal
Jugalar veins (to differentiate cerebral and fasial
venous bloed); technique—after MeCook et al (41).

one that animal accepts readily; can be varied to compare
effect of soft diet to that of fibrous or bony meal; food
intake level can be used ae gauge of recovery after the
surgical procedures.

The animal, following an apprepriate fasting peried, would be placed
in the calorimeter with control measuremsnts obtained for besal metabolie
rate, blood flow rates and temperatures of blood and brain in o fairly
nonsctive state.

The initial observation that is necessary before the hypothesis can
be tested is to determine with certainty whether or not the hypothesis
has any baesls in experimental faet; that is, whether the hypothalamic and
venous temperatures are actually higher than arterizl blood temperature.
This relationehip has been reported before (/1) but should be confirmed
under the new experimental conditions, If it held true, it would be reason-
able to asesume that an inerease in hypothalamic temperature would be assec-
iated with a reduction in blood supply to this region of the brain., The
opposite temperature gradient would require the converse assumption that



the temperature ineresse with enset of feeding activiiy is the result

of an inereased cerebral bloed flow. This line of thought, along with
what might be assumed if brain and arterial blood temperaturss were equal,
w1l not be carried any further other than to be mentioned as possible
observations.

With the measmrements stabilized, the animel would be offered food.
1f the hypothesis is trus, the resulis would indicate the following
changess

Blood Flows Within a short pericd of time after onset of feeding
setivity, there will be a decreese in cerebral arterial and vencus blood
flow (AsV ratio remaining eonstant)., At the same time, am inerease in
flow in the extermal carotid artery which supplies the active mmecles of
mastication would be noted. The decrease in intermal carotid blood flow
and the incmease in the external branch may be near mirror images of one
anothers.

Temperature; Concomitant with the cnset of a decresse in internal
carotid bicod flow, thers would oeccur a rise in hypothalamie temperature.
The greater the magnitude, or the longer the duration of the decrease in
bleod flow, the grester would be the rise in tempersture. The imitial
peried would probebly not show any change in blood temperature in the
internsl carotid srtery and intermmal jugular vtin. However, with a son-~
tinuing rise in brain temperature, the internal jugular vein blood tem-
perature may rise. In comtrast, the temperature in the extermal jugular
vein should incresse promptly after the cnset of feeding activity as a
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result of the inereased local hest production in the facisl area.

Energy expenditure: The prediction would be for an inerease in heat
production but small changes during the early part of the experiment may
not be demonstirable. Factors such as the contribution from generalised
incressed activity as well as activation of hest loss mechaniems secondary
to inereased intracranisl temperature mmst be consideréd. In the later
phases of the experiment, the SDA of the food would manifest ite effect.
A control cellulose diet would deliniate the time onset and magnitude of
this food guality.

A tebulsted summery of the resulis might appear as follows:

BLOOD FLOW (ml/min) , Chenges with feeding activity
intemal ecarotid artery decrsase
externzl carotid artery | increase
TEMPERATURE (°C)
hypothalamus increase
internal carotid artery no chenge
internal Jugular vein ne change
external Jugular vein increase
ENERGY EXPENDITURE (Cal/min) inerease

Extensions of this experiment could be aimed at defiming the stimmli

end reflex petlnmys that initiste this pattern of response.
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Intracranial and rectal temperature changes have been yecorded in
2 rete during 67 experiments in which the animals were subjected to
diets of varying properties. Food inteke levels of these diets were
also measured.

Food intake studies failed to show thet the animals regulete thelir
food intske on the basls of either specific dynamic action, Calories or
bulk, The results are not in sccord with the "thermostatic” hypothesis
that animals regulate their food intake in the interest of maintaining
a constant amount of extra heat production in the form of SDA.

There occurred an immediste rise in intracranial temperature and
fall in rectel temperature in response to ingestion of muteitive diets.
The temperature changes did not correlate significantly with anmy spe-
cific property of the food eaten (8DA, Calories or bulk) nor with the
relative preportions of any of the constituents in the dietj i.e.,
carbohydrate, protein or fat. |

The meen increases in intracranial tempersture noted ith a cells-
lose diet and with food seeking teﬁﬁt.y wore significantly lower than
those with the mtritive gﬁ-tw.

The results do not .plnlt any conclusions as to what factor or
factors are effectively inﬁnmiu food intake behavior. Certain
charecteristics of the nature of the temperature changes suggest that



the response is related to sctivity of food seeking rather than to
food ingestion per se. The relationship between the temperature
vegponges obtained and possible changes occurring in ¢ersbral and
roctal bloed flow is discussed.
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