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How neural mediation of anticipatory and compensatory insulin
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Abstract

Learned anticipatory and compensatory responses allow the animal and human to maintain
metabolic homeostasis during periods of nutritional challenges, either acutely within each meal or
chronically during periods of overnutrition. This paper discusses the role of neurally-mediated
anticipatory responses in humans and their role in glucoregulation, focusing on cephalic phase
insulin and pancreatic polypeptide release as well as compensatory insulin release during the
etiology of insulin resistance. The necessary stimuli required to elicit CPIR and vagal activation
are discussed and the role of CPIR and vagal efferent activation in intra-meal metabolic
homeostasis and during chronic nutritional challenges are reviewed.
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1. Introduction

In the paper entitled “The Eating Paradox: How We Tolerate Food”(1), the author Stephen
C. Woods proposes the analogy between food ingestion and drug consumption and argues
that physiological and behavioral tolerance to the daily consumption of nutrients must
develop to limit metabolic disruptions and maintain homeostasis. Learned anticipatory
responses are hypothesized to “minimize the impact of meals” and cephalic phase insulin
release (CPIR) is used as an example of a conditioned physiological response which adapts
to changing levels of food intake and contributes to glucoregulation. In the present article, |
will review what is known about anticipatory responses and discuss the hypothesis of their
contribution to metabolic homeostasis, focusing primarily on hormonal responses in
humans. Furthermore, | will extend the hypothesis by postulating how impairments in
vagally-mediated adaptive responses may be involved in the etiology of insulin resistance.

1.1 Anticipatory Responses: Historical Overview

Anticipatory responses were first identified by a series of elegant experiments conducted by

Ivan Pavlov at the turn of the century (2). Pavlov demonstrated that the secretion of a variety
of physiological responses including saliva, gastric acid and pancreatic enzymes could all be
entrained by repeated pairing of external signals such as a bell or the sight of a meal, to meal

Karen L. Teff, Monell Chemical Senses Center, 3500 Market Street, Philadelphia, PA 19104, Tel: 267 519 4860, Fax: 215 898 2084,
kteff@pobox.upenn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Teff

Page 2

ingestion. He further demonstrated that the mere taste of food in the oral cavity, independent
of nutrient digestion and absorption, could elicit these same responses. To ensure that no
nutrients were being absorbed, the dogs were implanted with esophageal and gastric fistulae
preventing the nutrients in the oral cavity from reaching the stomach and intestine. In
another set of experiments, gastric and pancreatic enzyme secretion were inhibited by
severing the vagus nerve, thereby demonstrating mediation by the parasympathetic branch
of the autonomic nervous system (2). The involvement of the brain in the mediation of these
responses resulted in the coinage of the term “cephalic phase responses” referring to coming
from the head. Pavlov’s studies provided the key criteria of the current definition of an
anticipatory or cephalic phase response; neurally-mediated, anticipatory responses occurring
prior to nutrient absorption.

Identification of anticipatory hormonal release only came many decades later with the
development of the radioimmunoassay which facilitated measurement of hormones, such as
insulin and glucagon. Early experiments examined the role of learning in controlling blood
glucose levels. Insulin was administered in a Pavlovian conditioning paradigm to cause
conditioned changes in blood glucose levels. In these experiments, humans, dogs or rats
were injected with insulin, inducing hypoglycemia and subsequent physiological
perturbations (3-8). After repeated administration of insulin, saline was then injected. Blood
glucose levels typically dropped and increases in plasma insulin were hypothesized to
mediate the decline in blood glucose levels. Some studies utilizing more physiological (i.e.
lower) doses of insulin reported increases in plasma glucose. Thus, the directionality of the
conditioned responses was controversial (9). Neural mediation of the conditioned
hypoglycemia was confirmed by vagotomy as well as administration of the muscarinic
antagonist, atropine which inhibits the binding of acetylcholine to receptors on the pancreas
(10). The importance of dose and the temporal relationship between the unconditioned
stimuli and response and a general review of these studies is provided in the paper by
Woods and Kulkosky (8). Over the next couple of decades, research in this area moved
away from these non-physiological paradigms and migrated towards studies that addressed
the relationship of the conditioned insulin response to food intake and how the conditioned
insulin response contributed to glucose homeostasis (8;11-15).

2. Anticipatory or Cephalic Phase Insulin Release (CPIR): Definition and
ldentification

Currently, anticipatory or cephalic phase insulin release (CPIR) is defined as insulin release
which occurs prior to nutrient absorption in response to sensory stimulation of the oral
cavity by the taste of food or food ingestion. In humans, the response is typically
characterized by a rise in plasma insulin levels that occurs independently of increases in
blood glucose, peaking within 4 minutes after sensory stimulation and returning to baseline
by 8-10 minutes post stimulation (Fig. 1, left and middle graph). As the response occurs
rapidly, is of small magnitude (approximately 1% of normal post prandial insulin release)
and exhibits a large variability, identification of CPIR requires careful and rapid blood
sampling, adequate baseline sampling and an appropriate control condition (16;17;17).
Furthermore, for nutrients which are rapidly absorbed such as liquids, distinguishing
between neural and nutrient-mediated insulin release can be problematic. To differentiate
between neural and nutrient stimulation, animals can be implanted with oral or gastric
fistulas to uncouple the effects of oral stimulation from absorption, creating a sham-feeding
condition (15;18). In humans, subjects are often requested to perform a modified sham-feed
in which food is tasted, chewed and then expectorated (17). Neural mediation of hormonal
release has been verified by studies showing inhibition of the response by the muscarinic
antagonist atropine (18) as well as vagotomy in animals (13;19-21). Supporting evidence for
the neural mediation of CPIR, is provided by the lack of CPIR in rats (22) and humans who
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have undergone pancreas-kidney transplantation and have no neural innervation of the
transplanted pancreas (23).

3. Cephalic Phase Insulin and Pancreatic Polypeptide Release: Window into
Vagal Activation

At the onset of food ingestion, activated vagal efferent fibers terminating on the pancreas
release acetylcholine which binds to muscarinic receptors on the pancreatic islet. Muscarinic
receptor activation stimulates the release of insulin as well as other hormones stored in the
pancreatic islet (24-26). Glucagon localized in the a-cell and pancreatic polypeptide (PP)
found in the delta cells are both released in response to acetylcholine. Insulin and glucagon
are under complex regulatory control responding to activation or inhibition by multiple
nutritional and neural signals including circulating plasma glucose levels, amino acids and
neurotransmitters from both branches of the autonomic nervous system. In contrast, PP is
released only in response to vagal activation (i.e. not to increases in glucose levels) and is
not inhibited by the sympathetic nervous system (26). As PP release is dependent on vagal
efferent activation, the hormone can be used as a marker of vagal activity. This provides an
important biological tool for the measurement of vagal activation since acetylcholine
released by the vagus nerve cannot be directly measured in plasma due to its rapid
degradation in the synaptic cleft, rendering all measurements of vagal efferent activity in
humans indirect. Furthermore, as the magnitude of PP release to sham-feeding is much
larger than CPIR (Fig. 1, right graph), this allows for the measurement of graded responses
to stimuli that is not possible with CPIR.

While increases in cephalic phase insulin release would be expected to occur coincident with
cephalic phase pancreatic polypeptide (CPPP) since both are dependent on vagal activation,
we (27) and others (28) have reported increases in CPPP independent of CPIR. This can
occur on an individual level as illustrated in Figure 2 where one individual (upper graphs)
exhibits robust insulin and PP responses to a sham-feed while the individual in the lower
graphs, does not exhibit a CPIR and the PP response is modest. Alternatively, we have also
seen group responses where PP is increased to a sham-feed but CPIR does not occur. The
lack of an increase in anticipatory insulin release in the presence of vagal activation may be
due to a simultaneous activation of the sympathetic nervous system resulting in adrenergic
inhibition of insulin release (1;29). Coincident activation of both branches of the autonomic
nervous system are observed during both hyper- and hypo-glycemia (30;31) and in fact,
cephalic phase noradrenaline release has been reported in animals (29;32;33). Alternatively,
if the mean group response to a stimulus shows an increase in both cephalic phase insulin
and PP but on an individual level, some subjects do not exhibit a CPIR in the presence of a
PP response, it could be interpreted that this individual did experience vagal activation to the
particular stimulus but that a stress response inhibited insulin release. In contrast, an absence
of both cephalic phase PP and CPIR provides convincing evidence that vagal efferent
activation at the pancreas did not take place at all. Thus, in humans, monitoring both
hormones can provide insight into how experimental stimuli and paradigms influence
anticipatory responses. Unfortunately, the PP assay for rat and mouse pancreatic polypeptide
is not reliable as this would provide another tool for assessment of vagal activation in rodent
models.

4. Cephalic Phase Insulin and Pancreatic Polypeptide: Necessary Stimuli
for Elicitation

Understanding the stimuli required to elicit CPIR and CPPP provides insight into the
environmental and physiological conditions which elicit the release of anticipatory
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hormones as well as vagal efferent activation, both of which can have profound effects on
how nutrients are metabolized. Based on the Pavlovian studies, cephalic phase insulin and
PP release could be expected to be a purely learned phenomenon, i.e. occurring coincident
with the expectation of food or with a learned paired stimulus and in fact, numerous
experiments in rodents have demonstrated conditioned hormonal release. In laboratory
animals, one can design experiments to differentiate between conditioned and unconditioned
hormonal responses by manipulating the sensory stimuli or the timing of food availability.
Novel stimuli which have not previously been experienced by the animal can be presented
and hormonal responses as the unconditioned responses measured. Individual taste stimuli
including sweet, sour, salty and umami taste have been evaluated as well as palatable and
unpalatable foods (15;34-38). Overall, a fairly large body of work suggests that CPIR can
be both a conditioned and unconditioned response that occurs most robustly to sweet tasting
palatable stimuli.

The data in humans are less clear. For example, while sweet tasting solutions consistently
and reliably elicit CPIR in animals, in humans, neither sucrose, aspartame nor saccharine
solutions have been shown to be effective stimuli (39) nor have sweetened tablets (40). A
recent study in which both CPIR and CPPP were evaluated confirm that sweet nutritive and
non-nutritive solutions do not elicit either response, suggesting a lack of vagal efferent
activation to clear liquids(41). With regards to the importance of food palatability as a
required component for CPIR elicitation in humans, we did not find an effect of palatability
on CPIR using two different experimental approaches. In one study, we allowed subjects to
select foods that they designated as either highly liked or highly disliked (42) and in the
other study, we rendered a food stimulus (cracker and cream cheese) that was initially rated
as highly palatable, as unpalatable by the addition of either too much sweetener or salt (41).
In the latter experiment, despite the lack of effect of palatability on CPIR, we did find that
PP release was attenuated in the unpalatable conditions. Therefore, the magnitude of CPPP
does appear to be sensitive to an individual’s perception of the food stimulus. Macronutrient
content may also be an important essential stimulus for vagal activation as we found that
cake containing both carbohydrate and fat elicited greater CPPP than the same cake
composed only of carbohydrate (27). Overall, these studies underscore a number of
important concepts with respect to anticipatory hormonal responses in humans: 1) CPIR in
humans is a fragile response which may be inhibited by sympathetic responses or require
greater vagal activation than CPPP: 2) CPPP provides a more sensitive index of vagal
activation than CPIR; 3) in humans, sweet liquids do not elicit vagal efferent activity and 4)
fat may be an important sensory component for initiating vagal activation from the oral
cavity.

The question with regards to the role of learning or conditioning in eliciting the cephalic
phase responses is one which is very difficult to address in humans. Identifying foods or the
sensory qualities of food which have not previously been associated or experienced with
nutrients is practically impossible. For example, if since birth, sweet taste, the purportedly
optimal elicitor of CPIR, has been associated with the metabolic consequences of nutrient
ingestion such as would first occur during ingestion of milk as an infant, then the
presentation of any sweet tasting food, could elicit conditioned cephalic phase responses that
could not be differentiated from unconditioned responses. Thus, a completely novel stimulus
must be presented which could then be “learned” to be associated with a metabolic
consequence. Using this approach, we developed two uniquely flavored solutions
(eucalyptus/lavender and cardamom) that were paired with either a nutritive carbohydrate
(polycose) or a carbohydrate which contained no absorbable nutrients (cellulose) (Teff and
Breslin, unpublished data). Neither solution was sweet, and pilot testing confirmed that the
two solutions had equivalent sensory and hedonic ratings. Healthy, normal weight control
subjects (n=10) underwent metabolic testing involving tasting and then ingesting each of the
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two solutions over a 4 day period during which we measured both cephalic phase (response
to taste alone) and post prandial hormonal responses to first time exposure. For the next 6
weeks, subjects then alternated daily ingestion of either the nutritive or non-nutritive
solutions, each paired with one distinctive flavor. Hedonic responses were measured weekly.
At the end of the 6 weeks, hormonal responses to the two solutions were measured as
conducted prior to repeated exposure. We found that upon initial exposure to the novel
solutions, neither the nutritive or non-nutritive solution elicited a cephalic phase pancreatic
polypeptide or insulin response (Fig 3: insets). Furthermore, the nutritive solution containing
polycose did not result in an elevation in post prandial PP levels during the initial ingestion
(Fig 3: left graph, solid squares). The initial absence of a post prandial PP response to what
is essentially a glucose load (polycose) is controversial as some studies have reported
increases in PP following glucose ingestion (43) while others have not (44). Intravenous
glucose infusion is known to suppress PP release by a direct effect on pancreatic delta cells
(43) so it is possible that the elevated glucose levels in response to glucose ingestion
attenuates PP release even in the presence of vagal activation. However, if ingestion of a
sweet nutritive liquid does not elicit vagal efferent activation, this would have important
implications for how humans store and recognize nutrients derived from beverages.
Increased intake of sweetened beverages, particularly sodas have been associated with
increased body adiposity and obesity (45) although this is a highly controversial topic (46).
Some investigators have suggested that beverages are not “recognized” by the normal
regulatory mechanisms involved in detecting caloric intake and thus contribute to over-
eating (47;48). A lack of vagal activation may contribute to an inability to detect calories
ingested in a clear, liquid form.

After drinking the novel flavored nutritive liquid every other day for 6 weeks, a significant
increase in post prandial pancreatic polypeptide was observed (Figure 3: left graph). The
increases in post prandial PP levels occurred independent of increases in cephalic phase or
post prandial insulin (Fig. 3, right graph) and glucose (data not shown). These data
suggested that vagally-mediated conditioning was taking place resulting in an increase in PP
release to a stimulus that was previously ineffective. The lack of significant effect on indices
of glucose metabolism may have been due to the relatively subtle flavor manipulations.

5. CPIR and Vagal Activation: Role in Intra-Meal Homeostasis

A variety of approaches have been utilized to address the contribution of CPIR to
postprandial glucose regulation (49-53). In humans, some studies examine the effect of
bypassing stimulation of CPIR or inhibit the response by pharmacological agents, while
others enhance the presence of insulin during the preabsorptive period in populations
postulated to have impaired or absent CPIR such as Type 2 diabetics (T2DM). For example,
if intragastric glucose administration which would typically bypass stimulation of CPIR is
coupled with a sham-feed, post-prandial glucose levels are 30% lower compared to
intragastric glucose administration without a sham-feed (54). Similar results were reported
when a sham-feed was coupled with intravenous glucose infusion(55). Conversely, the
infusion of somatostatin during the beginning of meal onset to inhibit early insulin release
has been shown to impair glucose tolerance in normal healthy subjects (56) as has the
infusion of trimethaphan, a ganglionic antagonist which also inhibits early insulin release
(57). In T2DM subjects, infusion of insulin during the first 30 min of meal ingestion lowers
post-prandial glucose but if the exact same amount of insulin is delayed by 30 min and then
infused, post-prandial glucose levels are significantly higher (58). More recently,
nateglinide, an insulinotropic agent with a rapid onset of action, similar to but more
prolonged than CPIR has been shown to increase glucose tolerance compared to other agents
which enhance later phase insulin release (59).
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In light of the relatively small magnitude of CPIR, it is unlikely that the observed effects of
CPIR on post-prandial glucose levels are due to muscle tissue uptake of glucose. Instead, the
rapid increase in insulin immediately prior to meal ingestion is most likely exerting effects
on hepatic glucose and fat metabolism. It is worth noting that due to hepatic degradation, the
peripheral levels of circulating insulin are 50% less than the amount released by the
pancreas. Thus, the concentration of insulin in the portal vein draining into the liver is
significantly higher than the insulin measured peripherally. The increase in insulin during
the preabsorptive period may have multiple effects. First, it can prevent a rapid rise in
plasma glucose levels that would require more prolonged and extensive post-prandial insulin
release. Second, the increase in insulin has been shown to inhibit gluconeogenesis, thereby
reducing hepatic glucose production (60;61). Thirdly, CPIR can inhibit lipolysis by
increasing lipoprotein lipase activity in adipose tissue (62) thereby lowering free fatty acid
levels (58) Combined, these three mechanisms contribute to the optimization of post-
prandial glucose homeostasis. Neural mediation of insulin release during this time period
increases the adaptability of this response to changes in the external environment and
facilitates optimal metabolic flexibility to maintain homeostasis during ingestion of food
(53;63). If vagal activation does not occur in response to a particular food or during meal
ingestion, then CPIR will not occur and post-prandial glucose levels will be less well
regulated. These human data support the Woods hypothesis by providing evidence for the
physiological importance of this anticipatory response.

6. CPIR and Vagal Activity: Role in Glucose Homeostasis During Chronic
Metabolic Challenges

One of the key arguments of the Eating Paradox paper centers on the concept that
compensatory physiological mechanisms are learned to maintain metabolic homeostasis in
the face of nutritional challenges. The increased magnitude of CPIR reported in animal
models of obesity is provided as evidence of an adaptive response, facilitating increased
disposition of ingested food as the quantity of food increases (51;64). As both the cephalic
phase and post-prandial hyperinsulinemia in rodent models of obesity can be attenuated by
vagotomy (65;66), it has been assumed that there is an adaptive increase in vagal efferent
activity in rodent obesity. Human studies provide some supporting evidence of increased
CPIR in obese subjects (67—71). Our laboratory, however, has demonstrated that only obese
individuals with elevated fasting plasma insulin levels, an indication of insulin resistance,
exhibit CPIR of greater magnitude than lean subjects (72). Furthermore, when the response
is expressed as a percentage of baseline levels, the optimal approach when comparing
populations of varying baselines (73), then CPIR is actually attenuated in the obese. We
concluded from these data that 1) the increased magnitude of CPIR in obese humans is a
consequence of insulin resistance and 2) that there is inadequate CPIR to compensate for the
impaired glucose homeostasis in obese humans. To address this last hypothesis, we
conducted a study in which we infused a tiny amount of insulin during the first 10 min of
food ingestion, mimicking CPIR, in lean and obese subjects (74). The total amount of
insulin infused was equivalent to the amount of insulin released peripherally during the
cephalic phase period. In the lean subjects, the insulin infusion had no effect on post-
prandial insulin or glucose levels. In contrast, in the obese subjects, the insulin infusion
lowered post-prandial glucose area under the curve by approximately 27%; a surprising
effect in an insulin-resistant population. Thus, supplementation of insulin during this critical
period was able to optimize glucose homeostasis, providing more evidence for the
importance of early insulin release.

While our human data argued against an increased magnitude of CPIR in obesity
independent of insulin resistance, comparing obese humans, who have been obese for an
extended amount of time, to rodents who have been obese for a relatively short time, may
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not be valid. Many years ago, the concept of dynamic and static stages of obesity was
introduced. During the dynamic stage of obesity, the animal would be considered in a non-
homeostatic state as physiological mechanisms are recruited to try and maintain homeostasis
as food intake and body adiposity increase. In contrast, when animals reach their steady state
or metabolic set point, whether at normal levels of adiposity for lean animals or elevated
levels for obese animals, the static stage is achieved and they are in metabolic balance. Most
obese humans by their second or third decade of life have been metabolically obese for
many years, and could be considered in steady state. Metabolic and physiological responses
to dietary challenges would be expected to differ depending on whether the human (or
animal) is in a dynamic or steady stage of obesity and this could account for the lack of
consistency between animal or human studies.

Identifying and evaluating an individual during the dynamic stage of obesity would be very
difficult as one may have to conduct the metabolic assessment in childhood or early
adolescence. To determine the vagal contribution to insulin release during the dynamic stage
of obesity, we created a physiological paradigm that replicates a hypercaloric state such as
would occur during the onset of overeating. In a series of experiments (75-77), we infused
glucose intravenously (IV) over a 48-h period and monitored hormonal, cardiovascular and
behavioral responses during the infusion period, and to acute meal and IV glucose
challenges conducted 3-hours after termination of the infusion. Responses were compared to
a saline control condition. Subjects were permitted to ingest food normally but received
intravenously, the caloric equivalent of their daily metabolic requirements. This
manipulation resulted in mildly elevated blood glucose levels (around 110 mg/dl) and
compensatory hyperinsulinemia similar to that observed in a glucose intolerant individual.
We hypothesized that the increase in plasma glucose and insulin would be recognized by the
brain and induce an increase in vagal efferent activity (Fig. 4). which in turn would elicit an
increase in insulin release to our challenges (both 1V and meal). Using atropine as a
pharmacological tool, we were able to demonstrate the neural contribution to the
compensatory insulin response during an IV glucose challenge at the end of the infusion
which was not observed during the 48-h saline control arm. These data confirmed studies in
rodents demonstrating that hyperglycemia elicits vagal mediation of insulin release. We also
examined cephalic phase and post-prandial insulin release after the 48-h glucose challenge
and found that the magnitude of CPIR was increased compared to the saline control and that
this was also associated with a lower post-prandial insulin response (Figure 5). Therefore, in
response to a rapid onset of a hypercaloric state, during which the b-cell is chronically
challenged, there is an induction of vagal efferent activity which contributes to an increase
in neurally-mediated insulin release. The increase in CPIR helps to maintain post-prandial
insulin and glucose levels within the limits of normal glucose tolerance.

7. Conclusions

Overall, the human data support the Woods hypothesis that the magnitude of the cephalic
phase insulin response adapts to the metabolic state of the animal and contributes to
metabolic homeostasis. Neurally mediated responses such as CPIR and compensatory
insulin release allow the animal to adapt to disruptions in metabolic status. The critical
mediator of these adaptive responses is the vagus nerve, which connects the central nervous
system to peripheral target tissues. | would extend the overall hypothesis by postulating that
during prolonged periods of hypernutrition, such as occurs during the etiology of human
obesity, the neurally-mediated adaptive responses become limited or inadequate, due to
either a down-regulation of centrally-mediated vagal efferent activity or a decreased
sensitivity of muscarinic or nicotinic postsynaptic receptors on peripheral target tissues. An
additional mechanism may be that a maximal threshold of vagal efferent activity is achieved
and further activation is not possible. The decreased or ineffective vagal efferent activity
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would result in decreased metabolic flexibility or adaptability of the animal or person to
nutritional challenges, ultimately contributing to impaired glucose metabolism through
decreased CPIR, inadequate compensatory insulin release and lack of suppression of
gluconeogenesis. In light of the increasing evidence of the importance of the role of the
vagus in glucose and lipid metabolism (78-81) including the regulation of hepatic glucose
production, decreases in vagal efferent activity could be a major component contributing to
the etiology of insulin resistance in human obesity.
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Figure 1.

Cephalic phase insulin release (left graph), plasma glucose levels (middle graph) and
cephalic phase pancreatic polypeptide release (right graph) during a sham-feed (solid
circles) compared to fasting (open squares) in normal weight humans (meanzs.e., n=10)
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Figure 2.

Differential individual responses to sham-feeding. Upper left graph illustrates a cephalic
phase insulin response (CPIR) responder who exhibits a large cephalic phase pancreatic
polypeptide response CPPP: upper right graph). Bottom left graph illustrates a CPIR non-
responder who exhibits an average CPPP response.
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Figure 3.

Pancreatic polypeptide (PP) levels prior to (open squares) and following (solid circles) 6
weeks of drinking a flavored polycose solution every other day (left graph, meanzs.e., n=10;
treatment effect, P<0.01). Inset: cephalic phase PP in response to the taste of flavored
polycose solution prior to ingesting the solution, before and after 6 weeks of exposure.
Plasma insulin levels (meanzs.e.) in the same individuals under the same conditions (right
graph). Inset: CPIR in response to the taste of flavored polycose prior to ingesting the
solution, before and after 6 weeks of exposure. No significant effects of the treatment on
cephalic phase or post-prandial insulin were found. (Unpublished data, Teff and Breslin).
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ry 3

Hypothesized effect of a chronic metabolic challenge on vagal efferent activity: During a
48-h glucose infusion in humans, increases in circulating glucose and insulin are recognized
by the brain resulting in an induction of vagal efferent activity, thereby contributing to an
increase in cephalic phase and compensatory insulin release.
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Figure 5.

Plasma glucose (left graph) and insulin levels (right graph) (meanzs.e., n=16) following a
48-h saline infusion (dotted line, open squares) or glucose infusion (solid line, solid circles).
Post-prandial glucose (P<0.01) and insulin levels (P<0.01) were significantly lower
following the glucose solution compared to the saline solution. Inset: cephalic phase insulin
release during the saline and glucose infusions. CPIR was significantly greater after the
glucose infusion compared to saline control (P<0.05). See (Ref 77).
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