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Summary. A feedback system for the regulation of 
food intake and body weight, consisting of two ele- 
ments is proposed. One is related to the quantitiy and 
quality of the food ingested. It consists of neural af- 
ferents, psychosocial conditioning factors, and pep- 
tide signals from the gastrointestinal tract released by 
specific nutrient intake. The other is also sensitive to 
nutrient intake, but importantly modulated by rela- 
tive adiposity. We present evidence to suggest that 
insulin serves as the key feedback signal to the cen- 
tral nervous system to serve this second function 
(body adiposity signal). Insulin has been found in 
cerebrospinaI fluid where its concentration is 
increased by systemic infusions of glucose or insulin 
and is proportional to its concentration in plasma. 
When insulin (10 and 100 9U/kg/day) is infused into 
the lateral cerebral ventricles of free feeding baboons 
a dose dependent suppression of food intake and 
body weight is found. Intravenous infusion of 25% 
and 50% of total calories as glucose elevates 
endogenous insulin concentrations and suppresses 
food intake. These findings suggest that the amount 
of insulin secreted per day and more modulates food 
intake to maintain a constant body weight. 

Key words: Insulin, food intake, feeding, CNS, body 
weight, adiposity 

Factors influencing the regulation of food intake may 
be divided into two categories. The first includes 
stimuli regulated independently of body fat stores to 
change meal size. They include psychosocial factors, 
stimuli which predict the presence of food, stimuli 
originating in the food itself (tastes, odours, etc.), 
stimuli associated with chewing and processing food, 

and stimuli elicited by the physicochemical properties 
of the food. These usually suppress food intake and 
are therefore satiety factors [1] but some are clearly 
stimulatory and produce hunger [2, 3]. These signals 
are independent of body fat stores. 

The second category of controlling factors are 
regulated by the size of the adipose mass, although 
they may be stimulated or suppressed by the environ- 
ment or the meal. They provide a mechanism for 
coupling weight regulation to meal feeding. It is the 
integration of the signal(s) sensitive to fat mass with 
the adiposity independent signals which determines 
food intake, energy expenditure and ultimately, body 
weight. In this paper, we shall consider evidence that 
insulin is a peptide signal sensitive to the amount of 
stored fat which also regulates food intake and subse- 
quently, body adiposity. In a second paper [4], we 
shall discuss the role of other meal-related peptides. 
A schematic summary of the interaction of these 
influences is presented in Figure 1 [5]. 
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Fig. 1. A schematic representation of the interaction between cen- 
tral factors for the regulation of food intake and body weight. Note 
the postulated role for insulin as the message which informs central 
integrating mechanisms of the relative size of the adipose mass 
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Regulation of Body Adiposity 

Gasnier and A. Mayer [6] were among the first to 
note that animals (rabbits, in their experiments) sub- 
jected to a considerable range of energy expenditure 
(exercise) maintained a constant body weight by vary- 
ing their food intake. This relationship was most 
apparent for energy flux calculated over intervals of 
more than one meal or one day. The best relationship 
occurred when the data were summed over one-week 
intervals, suggesting that the feedback mechanism 
between adiposity and food intake was not rapid. 
Others have obtained similar findings in other species 
[7]. This relationship between energy expenditure 
and food intake is strong evidence for some type of 
regulatory feedback system. 

If one challenges the system by restricting food or 
force feeding, compensatory readjustment of food 
intake occur. Rats [8] or humans [9] which are over- 
fed and made relatively obese undereat and lose 
weight when the overfeeding is stopped. When 
underfed to the point of weight loss, they overeat and 
regain their pre-experimental weight when given the 
opportunity. Thus animals and people resist imposed 
attempts to alter their body adiposity, and they gen- 
erally do this by altering food intake. This is the pre- 
dominant problem with human obesity. The obese 
individual who diets almost always overeats and 
regains the previous (obese) weight when induce- 
ments and/or enthusiasm wane. 

This does not imply that animals do not have 
strategies other than changing food intake to regulate 
adiposity. Models have been developed in which 
body adiposity is altered even though food intake is 
held constant. In these instances, other strategies 
including changes of exercise and apparent shifts of 
metabolic efficiency must have occurred [10]. 

A circulating adiposity signal has been suggested 
by studies of parabiotic animals [11, 12]. A parabi- 
otic genetically obese animal remains obese, but the 
control lean animal of the pair undereats and fre- 
quently dies. The nature of this circulating signal or 
signals is the subject of this paper. 

Insulin and Adiposity 

There is an impressive relationship between the 
degree of adiposity and the level of insulin in the 
plasma [13, 14], with insulin secretion proportional 
to the degree of adiposity. This has been shown for 
man, other primates, and a variety of other species 
[14]. Within species this relationship also exists for 
individuals. When animals or humans change their 
weight, insulin secretion changes simultaneously [9, 

14, 15] although it is uncertain which variable, if 
either, is causal in this relationship. 

We have postulated that insulin levels might pro- 
vide the signal which controls food intake to maintain 
a constant body weight [16, 17]. Overeating or 
weight gain would be accompanied by an increase in 
plasma insulin concentrations which feedback to curb 
appetite and ultimately reduce weight. One problem 
with this hypothesis is that insulin secretion varies 
with the activity of the individual, including feeding, 
exercise, arousal, stress, emotions, etc. Although 
mean insulin secretion during a day correlates well 
with adiposity, moment-to-moment insulin levels in a 
normal animal reflect other metabolic needs in addi- 
tion. Further potential problems with insulin being 
considered as an adiposity signal were that the hor- 
mone is a peptide, that it may not cross the blood- 
brain barrier and that brain cells do not respond to 
insulin by accelerating glucose uptake. Recent 
observations suggest that these may no longer be 
considered serious objections. 

Insulin and Insulin Effects 
in the Central Nervous System 

To investigate the CNS mechanisms for reflexive 
insulin secretion [18, 19], we obtained serial samples 
of cerebrospinal fluid (CSF) from the cisterna mag- 
num of anaesthetized dogs. Immunoreactive insulin 
(IRI) was detectable in the CSF [20] and concentra- 
tions rose after intravenous administration of either 
glucose or insulin [21]. However, CSF insulin did not 
change nearly as rapidly as plasma insulin. The rapid 
fluctuations of plasma insulin were damped to a great 
degree in CSF but CSF insulin was a slow integral 
over time of the concentration in the plasma. Insulin 
thus had access to brain tissue and its dynamics ful- 
filled the criteria for a signal which would not fluctu- 
ate rapidly, and would represent body adiposity. 

Other workers have also reported the presence of 
insulin within the CSF of various species. The CSF 
of humans contains insulin in small amounts when 
measured by bioassay [22] or radioimmunoassay 
[23]. Obese humans have elevated CSF insulin con- 
centrations compared to lean controls [24], and levels 
decline with fasting. These data support a role for 
CSF insulin as an adiposity signal. 

Binding sites characteristic of insulin receptors 
are found in regions of the CNS influential in feeding 
[25, 26]. Furthermore, insulin injected into the CSF 
leads to stimulation of vagal nerves to the endocrine 
pancreas [20, 27-29] and when applied iontophoreti- 
cally to specific hypothalamic neurons alters their 
electrical activity [30, 31]. Thus despite the absence 
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Fig.  2 a, The  effect  of i n t r aven t r i cu l a r  insul in  
(100  ~tU/kg/day)  on  food  i n t a k e  in f ree  
f eed ing  b a b o o n s  (35).  N o t e  the  p rogress ive  
effect  of a cons t an t  in fus ion  and  the  d e l a y e d  
recovery time. b The effect of intraventicu- 
lar insulin (100~tU/kg/day) on body weight. 
Same six baboons as 2 A. Note that body 
weight recovers sooner than food intake 

of stimulated glucose transport insulin does have 
specific binding sites and effects in the CNS. 

Increased CSF Insulin Decreases Food Intake 
and Body Weight 

We have further examined the role of CSF insulin in 
regulation of food intake in unanaesthetized 
baboons. Baboons, being large and easily cath- 
eterized, provide adequate blood and CSF for analy- 
sis and are phyllogenetically close to humans. Male 
baboons were adapted to living in standard primate 
restraining chairs in sound-at tenuated chambers. 
They were fed a nutritionally complete liquid diet 
(Ensure, Ross Labs) beginning every morning at 

0830 h. At  1530 h the food eaten was measured and 
replaced with water which was then available until 
0830 h the 'next morning. The baboons typically con- 
sume a large meal when the food is first made avail- 
able. They then eat smaller meals throughout their 
feeding day. They readily accept the diet and do not 
lose weight as a result of the conditions of the hous- 
ing or feeding schedule. 

The effect of exogenous insulin on food intake 
was assessed by infusion of insulin through catheters 
inserted in the lateral cerebral ventricles [33]. 

Infusion of a sterile salt solution (synthetic mon- 
key CSF, [34] (1.3 ml/day) had no effect upon food 
intake or body weight over prolonged intervals. After 
a 10 to 14-day baseline period, insulin was added to 
the infusate to give rates of 1, 10 or 100 ~U/kg/day. 
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The smallest dose had no effect but the two larger 
doses of infused insulin caused a significant reduction 
of food intake and body weight, with the largest dose 
causing the largest effect. Figure 2 shows the body 
weight (taken daily at 0825 h) and daily feeding 
responses during the highest infusion rate. No change 
in plasma insulin or glucose levels was observed dur- 
ing any of these infusions. 

To control for possible non-specific (toxic) effects 
of an infused peptide upon food intake, we infused 
glucagon into the CSF of some animals at the same 
molar dose as the highest effective dose of insulin. 
Glucagon had no consistent effect upon food intake 
or body weight. Unfortunately, we could not obtain 
samples of CSF by exerting negative pressure on the 
cannula and could not monitor the levels of insulin in 
the CSF. Since infused insulin did not elicit abnormal 
behaviour or change the pattern of feeding, we con- 
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Fig. 3. Cumulative food intake suppression by glucose infusions at 
25% or 50% of baseline caloric intake in free feeding baboons 

cluded that the insulin caused a specific reduction of 
food intake [35]. Others have reported a decrease of 
single meal feeding after injection of insulin centrally 
[36, 37] and increased feeding after centrally ad- 
ministered insulin antibodies [38]. 

More recent experiments have concentrated on 
changing endogenous peripheral insulin levels rather 
than administering exogenous insulin into the brain 
[39]. Baboons were again adapted to the housing 
conditions and liquid diet regimen as described 
above. Intravenous catheters enabled infusion and 
withdrawal of blood Samples. Baseline food intake 
was determined for a 10 to 14-day period during 
which weight was stable. Glucose was infused 
intravenously at a rate calculated to deliver 25 or 
50% of each animal's mean daily caloric food intake 
over 24 h. This caused a dose dependent reduction of 
food intake over a 2-week interval (Fig. 3). There 
was considerable variability between monkeys in 
terms of the magnitude and the onset of the suppres- 
sion (Fig. 4 a and b), and a reduction of food intake 
did not occur for several days. 

Plasma samples were taken on alternate mornings 
before food. Additionally on one day during each 
period plasma samples were taken every 20 rain 
throughout the time that food was available. Basal 
IRI values averaged 61 ~U/ml in the control period 
prior to infusion of 25% of daily mean caloric intake 
as glucose. Levels rose to 79 9U/ml during the first 
14 days. Fifty percent of calories as glucose raised 
plasma insulin from a baseline of 72 to 80 pU/ml 
over the same interval. Basal glucose levels rose from 
82 to 170 mg/dl and from 122 to 241 mg/dl for the 
25% and 50% infusions respectively. 

A significant inverse correlation was obtained 
between IRI output (calculated from the 20-minute 
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all day samples) and food intake over the subsequent 
three days. A tess significant correlation was also 
obtained between output and food intake on any of 
the next three days individually. This again suggests 
that the response to the glucose infusion to regulate 
food intake is delayed. 

The effect of chronic glucose infusion on food 
intake may result from either the hyperglycaemia 
(J. Mayer's glucostatic theory, 40) or hyperin- 
sulinaemia (our hypothesis). Gut factors are evi- 
dently not involved. The delay is not what is expected 
for the glucostatic theory and short term glucose 
infusions are ineffective in influencing food intake. 
Nevertheless we have attempted to control for the 
effects of the glucose level per se. Baboons were 
infused with glucose at 25% of their daily mean 
caloric intake and in addition received a small 
amount of insulin (0.33 gU/kg/min). This abolished 
the basal hyperglycaemia (mean increase 2 mg/dl, 
n = 3) during the infusion, but the decrease in food 
intake was similar ( -  13%). This suggests that the 
hyperglycaemia per se is not the direct cause of the 
decrease in food intake. 

In a similar experiment with rats, Nicolaidis and 
Rowland [41] found that intravenous infusion of glu- 
cose plus insulin resulted in a greater suppression of 
food intake than the infusion of glucose alone. If 
insulin is given alone, animals overeat and gain 
weight [42] probably as a result of hypoglycaemia 
[43]. In the Nicolaidis and Rowland experiments [41] 
and in our own experiment [39], the concomitant glu- 
cose infusion prevents hypoglycaemia and enables 
insulin to exert its direct effect to reduce food intake. 
In confirmation of this interpretation, Vanderweale, 
et at. [44] recently reported that the slow delivery of 
insulin subcutaneously via osmotic minipumps causes 
a decrease of food intake over a one-week period in 
rats. 
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Discussion after Porte's Presentation 

Fernstrom: Can physiological increases of insulin secretion 
by the pancreas be seen in the CSF? For example, what 
happens to CSF insulin when your animals eat? 

Porte: Those studies haven't been done. The studies show- 
ing the relationship between plasma and CSF insulin levels 
were done in anesthetized dogs. In our chronic feeding 
studies using the baboon, although we could always infuse 
into the CSF, we were never able to obtain CSF samples 
from the awake, freefeeding animal. Apparently such 
studies are possible in the goat and the sheep, but not in the 
baboon, at least in our hands. We're actually doing studies 
like you suggest now with the use of implanted Ommayan 
reservoirs which communicate with the 4th ventricle of the 
brain. To date, we know that insulin exists in the CSF of the 
baboon and that CSF values range from 4 to 10 ~tU/ml 
when basal plasma levels are 20 to 80 ~tU/ml. The ratio of 
CSF to plasma insulin is apparently lower in the baboon 
than in the dog or the human. 

Pardridge: Inulin is a compound of similar molecular 
weight as insulin. When it is infused into the plasma of 
sheep such that a steady state is achieved, you find a lower 
CSF to plasma ratio than you observe for insulin. Barring a 

direct secretion of brain insulin into the CSF, the ratio you 
find suggests a specific transport system for insulin. 

Porte: That's also what we've been thinking. That's why 
we're excited by the recent data on insulin receptors on the 
endothelial cells of the brain [25]. 

Havrankova: Does an increase of CSF insulin cause a 
decrease of CSF glucose? 

Porte: Yes, we found that in dogs when we added a large 
amount of insulin into the CSF. There was a decrease of 
CSF glucose, but it was complicated by a concomitant 
decrease of plasma glucose. However, when we prevented 
the peripheral hypoglycemia by vagotomy, the reduction of 
CSF glucose persisted. With the smaller amounts of insulin 
we're giving in the feeding experiments, we have not yet 
been able to sample the CSF to find out what's happening 
to CSF glucose. My guess is that there will be little if any 
change since there is no change of plasma glucose or insulin 
levels in those studies. 

Fernstrom: How do the baboons eat? Do they eat continu- 
ously or do they eat meals? 
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Porte: They tend to eat a large meal right after the food is 
presented in the morning and then to eat smaller meals 
throughout the day. 

Fernstrom: It seems as if you might expect a considerable 
lag between the start of eating in the morning and any 
apparent increase of CSF insulin due to the increase in the 
blood during the meal. 

Porte: The use of the Ommayan reservoirs should enable us 
to answer questions like that. Hopefully, we'll  have some 
data before long. 

Nicolaidis: We have some comparable findings from exper- 
iments in which we put  insulin directly into the lateral 
hypothalamus (J. Ann Diabet (1978) p. 153), but we have 
an alternative explanation or interpretation. When we 
infused insulin bilaterally into the tissue, not into the CSF, 
adjacent to the fornical columns, the rats ate less and lost 
weight over a 7-day period. At  the end of the experiment, 
they were very slow to recover the lost weight, just as in 
your monkeys. We felt that maybe the signal for peripheral 
adiposity to the brain does not necessarily have to come 
from the periphery. Rather, we feel that there is within the 
brain a microcosm of the body which mimics the situation 
of the macrocosm of the body's adipose mass. Thus, when 
there is more adiposity in the periphery, there is also more 
fat or lipid in these particular cells of the CNS. We have 
some data causing us to believe that the lipid content of 
certain cells in the hypothalamus can vary in this manner. 
So, by stimulating the system with a local infusion of insu- 
lin, a lipogenic agent, we would expect a lowering of body 
weight by the animal, and that is what we found. So this is a 
completely different interpretation of the data. 

Porte: Well, regardless of which interpretation is correct, 
we are pleased to see your confirmatory data. 

Steffens: How do you explain the delay in the onset of the 
feeding response and in the return to baseline after the 
infusion is stopped? 

Porte: At the moment, we simply don' t  know the cause of 
the delay. We feel that it is real since it is consistent among 
monkeys. Further, there is evidence from other systems of 
comparable lags involving insulin. In completely unrelated 
experiments, we find that insulin-deficient diabetics with 
fasting hyperglycemia have a deficiency of adipose tissue 
lipoprotein lipase (LPL). If you give them insulin to make 
them euglycemic, blood glucose levels are restored very 
rapidly, but adipose tissue LPL levels are not returned to 
normal for 2 or 3 weeks. The adipocyte evidently has an 
enzyme system which responds with a very long lag phase. 

Steffens: Do you think the lag may be related to a different 
halflife of insulin in the brain? 

Porte: No, we don't.  We have measured the halflife of insu- 
lin in the CSF of dogs and found it to be several hours. 

Although this is much longer than in the plasma, any 
change should be gone within 24 hours. It 's more likely that 
some intracellular component which is regulated by insulin 
has a halflife, or memory if you like, which is very long. 

Steffens: I have heard reports that when insulin reacts with 
some receptor sites the complex goes into the cell. Can this 
be a factor? 

Porte: Possibly, but the turnover of those complexes in 
other tissues is relatively rapid. The best lead we've had 
comes from Dr. van Houten's  [25] data providing evidence 
for internalization of insulin by brain cells. It 's  conceivable 
that the effect on feeding is modulated by this internaliza- 
tion process rather than by a membrane event on the sur- 
face of the cell. 

Berthoud: In an animal like the obob mouse, which has a 
very high plasma insulin, it would seem to be contrary to 
your theory. Why doesn't  the high insulin suppress 
feeding? 

Porte: It 's very easy to speculate and make hypotheses ex- 
plaining various models of obesity. For  example, perhaps 
the brain of the obob mouse is insensitive to insulin so more 
must be secreted. After  all, these animals have peripheral 
insulin resistance. So the animal overeats until insulin gets 
high enough to curb the appetite, but by then the animal is 
obese. 

Berthoud: Yes, but that theory could not explain the animal 
with a lesion of the ventromedial hypothalamus. 

Porte: Presumably the lesion would destroy the animal's 
ability to respond to its insulin, so more would again be 
required. The animals then overeat and reregulate at a 
higher level. The problem is that there are many places 
where the weight-regulatory system can go wrong and 
cause obesity. All  we can do at present is speculate. 

Sclafani: The effect you see on body weight seems awfully 
small; i .e. ,  a 500 g. weight loss doesn't  seem much for a 
17 kg monkey. We can easily get changes of 500 mg in rats 
starting at only 300 g. How do you account for such a small 
effect? 

Porte: Actually, the caloric loss induced in our experiments 
predicts exactly the loss of weight. It is a small effect rela- 
tive to the percent changes which you see in rats, but it 's 
constant and presumably can accumulate and become 
much larger over time. 

Oornura: Have you performed electroencephalography in 
any of your experiments? Studies of Dr. Nicolaidis and 
others suggest that insulin added to the brain causes 
synchronization. 

Nicolaidis: That's true, but that finding can not explain the 
long-term effect seen in these experiments. 


