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Foreword

The Editors are to be commended for bringing together what is arguably the best and
most comprehensive text book on the complex interrelationships between the brain,
behaviour, food selection and choice. There are more than 200 chapters describing
not only how behaviour affects our food selection but also how what we eat affects
how we behave. Content covers genetics, sensory factors, endocrine and neuro-endo-
crine processes, neurology, behaviour, psychology, physiology, the act of eating, food
choice, selection, preferences, appetite, pregnancy, human development, children and
adolescents, ageing, anorexia nervosa, bulimia nervosa, obesity, nutrient excess and
toxicity, alcoholism, quality of life, body image and much more. The authors have
helpfully included chapters on changing eating behaviour and attitudes. The
International Handbook of Behavior, Food and Nutrition can truly be said to be
research based, theoretical, factual, scientific, academic and practical.

The International Handbook of Behavior, Food and Nutrition is without doubt a
quality text attractive to the wide range of practitioners and intelligent readers with an
interest in these areas. These contributions are a testament not only to the skills of the
authors, but the Editorial attributes of Professor Preedy, Watson and Martin. They
have marshalled together a truly international team of experts. I especially like the
structuring of the chapters. Each contribution has a mini-dictionary, “key facts” and
“summary points” to facilitation the navigation across fields of interest.

This is a cross-disciplinary book of tremendous importance to the health of indi-
viduals and society at large and deserves wide dissemination.

The Editors and all the authors are to be congratulated.

Prof Betty Kershaw DBE FRCN
Emeritus Dean

The School of Nursing and Midwifery
The University of Sheffield

United Kingdom
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Preface

In this book the Editors aims to disseminate important data pertaining to the modulatory
effects of foods and nutritional substances on behavior and neurological pathways
and visa versa. This ranges from the neuroendocrine control of feeding to the effects
of disease on the brain. The importance of this book pertains to the fact that food is
an essential component of cultural heritage but the effects of perturbations in the
food-cognitive axis can be quite profound. The complex inter-relationship between
neuropsychological processing, diet and behavioural outcome is explored within the
context of the most contemporary psychobiological research in the area. This com-
prehensive psychobiologically and pathology-themed text examines the broad spec-
trum of diet, behavioural and neuropsychological interactions from normative
function to occurrences of severe and enduring psychopathology. The Editors have
taken a scientific and objective stand and included chapters that scrutinize the
relationships between the brain, behaviour, food and nutrition in a scientific and
rational way.

In very simple terms this books addresses limitations in other works that may
individually look at the one-way-traffic of either food and behavior. This book exam-
ines via two-way-traffic at multiple levels. For example, it examines at both preclini-
cal and clinical levels, genes and populations, and how (a) components in food will
affect our sensory responses and (b) how our behavior and sensory responses affect
what foods we eat, their pattern of consumption and so on. This book consists of over
200 chapters, and is conveniently divided into 5 main sections to represent the vari-
ous specialty areas, namely:

General, normative aspects and overviews

Pathological and abnormal aspects

Specific conditions and diseases

Changing eating behaviour and attitudes

Selective methods

The Editors recognize the difficulty in assigning chapters to specific sections. For
example in order to describe normative features, abnormal aspects of diet and behav-
ior may also be described. Chapters on food choice may have coverage on the devel-
oping brain, behavior and neuroendocrinology. Thus, some chapters can potentially
be assigned to several sections. However, this is resolved with the excellent indexing
systems that Springer is renowned for. The chapters are well illustrated with numer-
ous tables and figures.

This book represents a multidisciplinary “one-stop-shop” of information with
suitable indexing of the various pathways and processes. The chapters are written by
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national or international experts or specialists in their field. The Editors recognize
that very often experts in one field may be novices in another. To bridge this knowl-
edge-divide the authors have incorporated sections on “Applications to other areas
health and disease”, “Key Facts or Features” and “Summary Points” This reference
book is for nutritionists, dietitians, food scientists, behavioral scientists, psycholo-
gists, doctors, nurses, physiologists, health workers and practitioners, college and
university teachers and lecturers, undergraduates and graduates.
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Chapter 1
Diet and Brain Evolution: Nutritional Implications
of Large Human Brain Size

William R. Leonard, J. Josh Snodgrass, and Marcia L. Robertson

Abbreviations

AA Arachidonic acid

DHA Docosahexaenoic acid

DQ Dietary quality

IGF-1 Insulin-like growth factor I

LC-PUFA Long-chain polyunsaturated fatty acid
MYA Million years ago

RMR Resting metabolic rate

RQ Respiratory quotient

1.1 Introduction

The evolution of the human nutritional requirements is now receiving ever-greater attention among
scientists from a variety of different fields, including nutritional science, anthropology and exercise
science (Crawford 1992; Leonard et al. 1992, Leonard and Robertson 1994; Aiello and Wheeler
1995; Cordain et al. 2005). We are increasingly coming to realize that many of the key features that
distinguish humans from other primates have important implications for our distinctive nutritional
needs (Leonard 2002). The most notable of these features is our relatively large brain sizes, which
are ~3 times the size our nearest primate relatives, the great apes (Martin 1989; McHenry and
Coffing 2000).

Because neural tissue has very high energy demands (~16 times that of muscle tissue; Kety 1957),
our large brains exact a high metabolic cost. On average, adult humans spend some 350—400 kcal/
day on brain metabolism (Holliday 1986). Yet, despite the fact that humans have much larger brains
per body weight than other primates or terrestrial mammals, the resting energy demands for the
human body are no more than for any other mammal of the same size (Leonard and Robertson 1994).
As a consequence, humans expend a much larger share of their resting metabolic rate (RMR) to
“feed their brains” than other primates or non-primate mammals (Leonard et al. 2003).
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To support the high metabolic demands of our large brains, humans have diets of much higher
quality — more dense in calories and nutrients — than other primates (Leonard and Robertson 1994).
On average, we consume higher levels of dietary fat than other primates (Popovich et al. 1997), and
much higher levels of key long-chain polyunsatured fatty acids (LC-PUFAs) that are critical to brain
development (Cordain et al. 2001; Crawford et al. 1999). Moreover, humans also appear to be dis-
tinctive in their developmental changes in body composition. We have higher levels of body fatness
than other primate species, and these differences are particularly evident in early in life.

This chapter draws on both analyses of living primate species and the human fossil record to
explore the influence of brain evolution on human nutritional needs. We begin by examining com-
parative dietary data for modern human groups and other primate species to evaluate the influence
that variation in relative brain size has on dietary patterns among modern primates. We then turn to
an examination of the human fossil record to examine when and under what conditions in our evolu-
tionary past key changes in brain size and diet likely took place. Finally, we explore how the evolu-
tion of large human brains was likely accommodated by distinctive aspects of human growth and
development that promote increased levels of body fatness from early in life.

1.2 Comparative Perspectives on Primate Dietary Quality

The high energy costs of large human brains are evident in Fig. 1.1 which shows the allometric (scaling)
relationship between brain weight (g) and RMR (kcal/day) for humans, 36 other primate species, and
22 non-primate mammalian species. The solid line denotes the best-fit regression for nonhuman

10000.0 & ]
m non-primate
y mammals
L 4 primates
¥ humans
... non-primate
1000.0 " mammals
: primates
humans
C)
et
<
o
L4
100.0
=
£
©
[ .
m
10.0
1.0 -
0.001 -
LI I I I I 1 T
01 10 100 1000 10000 100000 1000000

RMR (kcallday)

Fig. 1.1 Log-log plot of brain weight (BW;g) versus resting metabolic rate (RMR; kcal/day) for humans, 36 other
primate species, and 22 non-primate mammalian species. The primate regression line is systematically and signifi-
cantly elevated above the non-primate mammal regression. For a given RMR, primates have brain sizes that are three
times those of other mammals, and humans have brains that are three times those of other primates
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primate species, and the dashed line denotes the best-fit regression for the non-primate mammals.
The data point for humans is denoted with a star.

The slopes of the primate and non-primate mammalian log-log regressions are comparable (0.93
vs 0.90, respectively), whereas the Y-intercept of the primate regression is significantly greater than
that of the non-primate mammals (-0.38 vs —0.83; P<0.001). These differences imply that for a
given RMR, primates have systematically larger brains than other mammals. Humans, in turn, are
outliers on the primate regression, having markedly larger brains than expected for their RMRs. In
caloric terms, this means that brain metabolism accounts for ~20-25% of RMR in adult humans, as
compared to about 8—10% in other primate species, and roughly 3—5% for non-primate mammals.

To accommodate the metabolic demands of our large brains, humans consume diets that are more
dense in energy and nutrients than other primates of similar size.

Figure 1.2 shows the association between dietary quality and body weight in living primates,
including modern human foragers. The diet quality (DQ) index is derived from Sailer et al. (1985),
and reflects the relative proportions (percentage by volume) of (1) structural plant parts (s; e.g.,
leaves, stems, bark), (2) reproductive plant parts (r; e.g., fruits, flowers), and (3) animal foods
(a; including invertebrates):

DQ index =s+2(r)+35(a)

The index ranges from a minimum of 100 (a diet of all leaves and/or structural plant parts) to 350
(a diet of all animal material).
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Fig. 1.2 Plot of diet quality (DQ) versus log-body mass for 33 primate species. DQ is inversely related to body mass
(r=-0.59 [total sample]; —0.68 [nonhuman primates only]; P<0.001), indicating that smaller primates consume rela-
tively higher quality diets. Humans have systematically higher quality diets than predicted for their size (Adapted from
Leonard et al. 2003)
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Table 1.1 Macronutrient composition of the diets of humans and modern apes

Species/group Fat Protein CHO References

Humans (Homo sapiens):

United States (2000) 33 14 53 Briefel and Johnson (2004)
Modern foragers 28-58 19-35 22-40 Cordain et al. (2000)
Chimpanzees (Pan troglodytes) 6 21 732 Richard (1985)

Tutin and Fernandez (1992, 1993)
Popovich et al. (1997)
Gorilla (Gorilla gorilla) 3 24 732 Popovich et al. (1997)
Percent (%) of dietary energy intake derived from fat, protein, and carbohydrates (CHO) in selected human popula-
tions, chimpanzees (Pan troglodytes), and gorillas (Gorilla gorilla)

“Includes estimated energy derived from fermentation of dietary fiber

There is a strong inverse relationship between DQ and body mass across primates, with smaller
primates relying on energy rich food such as insects, saps, and gums, whereas large-bodied primates
rely on low-quality plant foods, such as foliage. Note that the diets of modern human foragers fall
substantially above the regression line in Fig. 1.2, implying that humans have systematically higher
DQs than expected for a primate of our size. In fact, the staple foods for all human societies are much
more nutritionally dense than those of other large-bodied primates. Although there is considerable
variation in the diets of modern human foraging groups, recent analyses by Cordain and colleagues
(2000) have shown that modern human foragers derive fully 45-65% of their dietary energy intake
from animal foods. In comparison, modern great apes obtain the bulk of their diet from low-quality
plant foods. Gorillas derive over 80% of their diet from fibrous foods such as leaves and bark (Richard
1985). Even among common chimpanzees (Pan troglodytes), only about 5—10% of their calories are
derived from animal foods, including insects (Stanford 1996). This higher quality diet means that we
need to eat less volume of food to get the energy and nutrients we require.

Table 1.1 presents comparative data on macronutrient intakes of selected human groups, com-
pared to those of chimpanzees and gorillas living in the wild. The dietary information for human
populations were derived from the US NHANES data (Briefel and Johnson 2004) and from a recent
review of the diets of contemporary hunter-gatherers (foragers) by Cordain et al. (2000). Data for
chimpanzees and gorillas were derived from foraging studies in the wild (Tutin and Fernandez 1992,
1993; Richards 1985; Popovich et al. 1997) and compositional analysis of commonly consumed
food items (Popovich et al. 1997). Contemporary foraging societies derive between 28% and 58% of
their daily energy intakes from dietary fat. Those groups living in more northern climes (e.g., the
Inuit) derive a larger share of their diet from animal foods, and thus have higher daily fat intakes.
Conversely, tropical foraging populations generally have lower fat intakes because they obtain more
of their diet from plant foods. In comparison, Americans and other populations of the industrialized
world fall within the range seen for hunter-gatherers, deriving about a third of their daily energy
intake from fat (Briefel and Johnson 2004).

In contrast to the levels seen in human populations, the great apes obtain only a small share of
calories from dietary fat. Popovich and colleagues (1997) estimate that Western lowland gorillas
derive approximately 3% of their energy from dietary fats. Chimpanzees appear to have higher fat
intakes than gorillas (about 6% of dietary energy), but they are still well below the low end of the
modern forager range. Thus, the higher consumption of meat and other animal foods among human
hunter-gatherers is associated with diets that are higher in fat and more dense in energy.

The link between brain size and dietary quality is evident in Fig. 1.3, which shows relative brain
size versus relative dietary quality for the 33 different primate species for which we have metabolic,
brain size and dietary data. Relative brain size for each species is measured as the standardized
residual (z-score) from the primate brain versus body mass regression, and relative DQ is measured
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Fig. 1.3 Plot of relative brain size versus relative diet quality for 31 primate species (including humans). Primates
with higher quality diets for their size have relatively larger brain size (r=0.63; P <0.001). Humans represent the posi-
tive extremes for both measures, having large brain to body size ratio and a substantially higher quality diet than
expected for their size (Adapted from Leonard et al. 2003)

as the residual from the DQ versus body mass regression. There is a strong positive relationship
(r=0.63; P<0.001) between the amount of energy allocated to the brain and the caloric density of
the diet. Across all primates, larger brains require higher quality diets. Humans fall at the positive
extremes for both parameters, having the largest relative brain size and the highest quality diet.

Thus, the high costs of the large, metabolically expensive human brain is partially offset by the
consumption of a diet that is more dense in energy and fat than those of other primates of similar
size. This relationship implies that the evolution of larger hominin brains would have necessitated
the adoption of a sufficiently high-quality diet (including meat and energy-rich fruits) to support the
increased metabolic demands of greater encephalization.

1.3 Evolutionary Trends in Diet, Brain Size, and Body Size

When we look at the human fossil record, we find that the first major burst of evolutionary change in
hominin brain size occurs at about 2.0-1.7 million years ago, associated with the emergence and
evolution of early members of the genus Homo (see Table 1.2). Prior to this, our earlier hominin
ancestors, the australopithecines, showed only modest brain size evolution from an average of
400-510 cm® over a 2 million year span from 4 to 2 million years ago. With the evolution of the
genus Homo, there is rapid change, with brain sizes of, on average, ~600 cm® in Homo habilis
(at 2.4-1.6 mya) and 800-900 cm’ in early members of H. erectus (at 1.8—1.5 mya). Although the relative
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Table 1.2 Brain size, body weight, and tooth size for selected prehistoric hominin species

Body weight
Geological age Postcanine tooth surface
Species (mya) Brain size (cm®) Male (kg) Female (kg) area (mm?)
A. afarensis 3.9-3.0 438 45 29 460
A. africanus 3.0-2.4 452 41 30 516
A. boisei 2.3-14 521 49 34 756
A. robustus 1.9-14 530 40 32 588
Homo habilis (sensu  1.9-1.6 612 37 32 478
strictu)
H. erectus (early) 1.8-1.5 863 66 54 377
Homo erectus (late)  0.5-0.3 980 60 55 390
H. sapiens 0.4-0.0 1,350 58 49 334

Geological ages (millions of years ago), brain size (cm®), estimated male and female body weights (kg), and postca-
nine tooth surface areas (mm?) for selected fossil hominin species (Data are derived from Leonard et al. 2003)

brain size of H. erectus has not yet reached the size of modern humans, it is outside of the range seen
among other living primate species.

The evolution of H. erectus in Africa is widely viewed as a major adaptive shift in human evolu-
tion (Antén et al. 2002; Wolpoff 1999). Indeed, what is remarkable about the emergence of H. erec-
tus in East Africa at 1.8 million years is that we find marked increases in both brain and body size,
and the evolution of human-like body proportions at the same time that we see major reductions of
posterior tooth size and craniofacial robusticity (McHenry and Coffing 2000; Ruff et al. 1997).
These trends clearly suggest major energetic and dietary shifts: (a) the large body sizes necessitating
greater daily energy needs; (b) bigger brains suggesting the need for a higher quality diet; and (c) the
craniofacial changes suggesting that they were consuming a different mix of foods than their aus-
tralopithecine ancestors.

The ultimate driving factors responsible for the rapid evolution of brain size, body size, and cranio-
dental anatomy at this stage of human evolution appear to have been major environmental changes
that promoted shifts in diet and foraging behavior. The environment in East Africa at the Plio-
Peistocene boundary (2.0-1.8 mya) was becoming much drier, resulting in declines in forested areas
and an expansion of open woodlands and grasslands (Bobe and Behrensmeyer 2002; Wynn 2004).
Such changes in the African landscape likely made animal foods an increasingly attractive resource
for our hominin ancestors (Behrensmeyer et al. 1997; Harris and Capaldo 1993; Plummer 2004).

The archeological record provides evidence that this occurred with H. erectus, as this species is
associated with stone tools and the development of the first rudimentary hunting and gathering econ-
omy. Meat does appear to have been more common in the diet of H. erectus than it was in the aus-
tralopithecines, with mammalian carcasses likely being acquired through both hunting and
confrontational scavenging (Bunn 2006; Plummer 2004). In addition, the archeological evidence
indicates that butchered animals were transported back to a central location (home base) where the
resources were shared within foraging groups (Bunn 2006; Harris and Capaldo 1993; Potts 1998).
Increasingly sophisticated stone tools (i.e., the Acheulean industry) emerged around 1.6—1.4 million
years ago, improving the ability of these hominins to process animal and plant materials (Asfaw
et al. 1992). These changes in diet and foraging behavior would not have turned our hominin ances-
tors into carnivores; however, the addition of even modest amounts of meat to the diet (10—20% of
dietary energy) combined with the sharing of resources that is typical of hunter-gatherer groups
would have significantly increased the quality and stability of the diet of H. erectus.

Beyond the energetic benefits associated with greater meat consumption, it appears that such a
dietary shift would have also provided increased levels of key fatty acids that would have been
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necessary for supporting the rapid hominin brain evolution (Cordain et al. 2001). Mammalian brain
growth is dependent upon sufficient amounts of two long-chain polyunsaturated fatty acids (PUFAs):
docosahexaenoic acid (DHA) and arachidonic acid (AA) (Cordain et al. 2001; Crawford et al.
1999). Species with relatively larger brain sizes have greater requirements for DHA and AA
(Crawford et al. 1999). Since mammals have a limited capacity to synthesize these fatty acids,
dietary sources of DHA and AA appear to be limiting nutrients that constrained the evolution of
larger brain size in many mammalian lineages (Crawford 1992; Crawford et al. 1999).

Cordain and colleagues (2001) have shown that wild plant foods available on the African savanna
(e.g., tubers, nuts) contain little or no AA and DHA, whereas muscle tissue and organ meat of wild
African ruminants provide moderate to high levels of these fatty acids. As shown in Table 1.3, brain
tissue is a rich source of both AA and DHA, whereas liver and muscle tissues are good sources of
AA and moderate sources of DHA.

In addition to changes in diet composition, Wrangham and colleagues (1999; Wrangham 2009)
have suggested that the development of cooking also helped to increase diet quality and promote
brain evolution in early Homo. These authors argue that the controlled use of fire for cooking allowed
early Homo to improve the nutritional density of their diet. They note that the cooking of savanna
tubers and other plant foods would have served to both soften them and increase their energy content.
In their raw form, the starch in roots and tubers is not absorbed in the small intestine and is passed
through the body as non-digestible carbohydrate (Englyst and Englyst 2005). However, when heated,
the starch granules swell and are disrupted from the cell walls. This process, known as gelatinization,
makes the starch much more accessible to breakdown by digestive enzymes (Garcia-Al.onso and
Goiii 2000). Thus, cooking increases the nutritional quality of tubers by making more of the carbo-
hydrate energy available for biological processes.

While it is clear that cooking is an innovation in hominin evolution that served to increase dietary
digestibility and quality, there is very limited evidence for the controlled use of fire by hominins
before 1.5 million years ago (Bellomo 1994; Pennisi 1999). The more widely held view is that the
use of fire and cooking did not occur until later in human evolution, at 200-250,000 years ago
(Weiner et al. 1998). In addition, compositional analyses of wild tubers consumed by contemporary
hunting and gathering populations indicates that the energy content of these resources is markedly
lower than that of animal foods, even after cooking (e.g., Schoeninger et al. 2001). In contrast to
animal foods, tubers are also devoid of both DHA and AA (see Table 1.3). Consequently, there
remain major questions about whether cooking and the heavy reliance on roots and tubers were
important forces for promoting rapid brain evolution with the emergence of early Homo.

Overall, the available evidence seems to best support a mixed dietary strategy in early Homo that
involved the consumption of larger amounts of animal foods than with the australopithecines. Greater

Table 1.3 Nutritional composition of selected wild plant and animal foods from Africa (Data are derived from
Cordain et al. 2000)

Food item Energy (kcal) Fat (g) Protein (g) AA (mg) DHA (mg)
African ruminant (brain) 126 9.3 9.8 533 861
African ruminant (liver) 159 7.1 22.6 192 41

African ruminant (muscle) 113 2.1 22.7 152 10
African ruminant (fat) 745 82.3 1.0 20-180 trace
African fish 119 4.5 18.8 270 549

Wild tuber/roots 96 0.5 2.0 0 0

Mixed wild plants 129 2.8 4.1 0 0

Energy (kcal), fat (g) protein (g), arachidonic acid (AA) and docosahexaenoic acid (DHA) contents of African ruminant,
fish and wild plant foods per 100 g
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consumption of animal foods would have increased total dietary fat consumption in early Homo, and
markedly increased the levels of key fatty acids (AA and DHA) necessary for brain development.
Together, the nutritional stability provided a critical foundation for fueling the energy demands of
larger brain sizes.

1.4 Applications to Other Areas of Health

The high metabolic costs of our large brains also appear to have important implications for patterns
of growth and development of human infants. During the human life course, the energy demands of
our large brains are highest during infancy and early childhood, when brain to body weight ratios are
largest and when brain growth is most rapid. Whereas brain metabolism accounts for 20-25% of
resting needs in adults, in an infant of under 10 kg, it is using upward of 60% (Holliday 1986)!
Table 1.4 shows changes in the percent of RMR allocated to the brain over the course of human
growth and development.

To accommodate the extraordinary energy demands of the developing infant brain, human infants
are born with high levels of body fat (Kuzawa 1998; Leonard et al. 2003). Human infants have the
highest body fat levels of any mammalian species, and continue to gain fat during their early postna-
tal life (c.f., Dewey et al. 1993; Kuzawa 1998; Table 1.4). These high levels of adiposity in early life
thus coincide with the periods of greatest metabolic demand of the brain.

For young children growing up in impoverished conditions in the developing world, getting suf-
ficient energy and nutrients to sustain rapid rates of growth in both the brain and body can be chal-
lenging. This is particularly true during the weaning period, when children are exposed to both
higher infectious disease loads and reduced dietary quality. To adapt to these stressors, human infants
and toddlers show metabolic responses to preserve body fat reserves.

Research on children of the developing world suggests that chronic, mild-moderate under-
nutrition has a relatively small impact on a child’s fatness. Instead of taking away the fat reserves,
nutritional needs appear to be downregulated by substantially reducing rates of growth in height/
length — producing the common problem of infant/childhood “growth stunting” or growth failure
that is ubiquitous among impoverished populations of the developing world (Martorell and
Habitch 1986).

Figure 1.4 shows an example of this process based on growth data collected from young girls of
the indigenous Tsimane’ farming and foraging population of lowland Bolivia (from Foster et al. 2005).

Table 1.4 Changes in brain size, body weight, percent body fat, resting metabolic rate, and percent of energy
allocated to the brain from birth to adulthood (All data are from Holliday (1986), except for percent body fat data for
children 18 months and younger, which are from Dewey et al. (1993))

Age Body weight (kg) Brain weight (g) Body fat (%) RMR (kcal/day) BrMet (%)
New born 3.5 475 16 161 87
3 months 5.5 650 22 300 64
18 months 11.0 1,045 25 590 53
S years 19.0 1,235 15 830 44
10 years 31.0 1,350 15 1,160 34
Adult male 70.0 1,400 11 1,800 23
Adult female 50.0 1,360 20 1,480 27

Body weight (kg), brain weight (g), percent body fat (%), resting metabolic rate (RMR; kcal/day), and percent of
RMR allocated to brain metabolism (BrMet; %) for humans from birth to adulthood
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Fig. 1.4 Patterns of physical growth in stature (cm) and body fatness (as sum of triceps and subscapular skinfolds,
mm) in girls of the Tsimane’ of lowland Bolivia. Growth of Tsimane’ girls is characterized by marked linear growth
stunting, whereas body fatness compares more favorably to US norms (Data from Foster et al. 2005)

Table 1.5 Body size and metabolic measures for “stunted” and non-stunted children from Sdo
Paulo, Brazil (All values are presented as mean+SEM)

Measure Non-tunted (n=30) Stunted (n=28)
Age (mo) 120+3 122+3

Stature (cm) 136+3 126 2™
Weight (kg) 32+1 261"

RMR (kcal/day) 1,179+28 1,044 £22"
CHO oxidation (% of RMR) 66+2 75+2°

Fat oxidation (% of RMR) 34+2 252"

Age, stature (cm), weight (kg), resting metabolic rate (RMR; kcal/day), carbohydrate (CHO)
and fat oxidation (% of RMR) in stunted and non-stunted children (8-11 years) from Sao Paulo,
Brazil. Results are derived from Hoffman et al. (2000)

Differences between stunted and non-stunted groups are significant at: *P<0.01; **P < 0.001

Note that early in life the stature of Tsimane’ girls closely approximates the US median, but by age
3—4 it has dropped below the 5th centile, where it will track for the rest of life. In contrast, body
fatness (as measured by the sum of the triceps and subscapular skinfolds) compares more favorably to
US norms, tracking between the 15th and 50th US centiles. The problem of early childhood growth
failure is the product of both increased infectious disease loads and reduced dietary quality.

Research on impoverished children in Brazil provides insights into the mechanisms for preserv-
ing body fatness under conditions of growth stunting. Hoffman and colleagues (2000) found that
children who were growth stunted had significantly lower rates of fat oxidation than those of their
“non-stunted” group. Table 1.5 presents a summary of the results of this study. The authors measured
RMR on a sample of 28 stunted and 30 non-stunted (control) children between the ages of 8 and
11 years from the slums of Sao Paulo, Brazil. They used the respiratory quotient (RQ) assess levels
of fat and carbohydrate oxidation form.

As shown in Table 1.5, the stunted children have significantly lower RMRs and lower levels of fat
oxidation compared to their non-stunted counterparts. Under fasting conditions, the stunted children
derived only 25% of the resting energy needs from fat, as compared to 34% in the non-stunted group.
These researchers hypothesize that the impaired fat oxidation of the stunted children is associated
with reductions in insulin-like growth factor I (IGF-I) that is commonly observed with poor child-
hood growth (Sawaya et al. 2004; Hoffman et al. 2000). IGF-I has been shown to increase lipolysis
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(Hussain et al. 1994); hence, significant reductions in IGF-1 during growth can be expected to result
in decreased fat oxidation.

Overall, key aspects of human growth and development of body composition are shaped by the
very high metabolic demands of brain metabolism early in life. Human infants are born altricially
(relatively underdeveloped for their age), and unlike other primates, continue rapid brain growth into
early postnatal life (Martin 1989; Rosenberg 1992). To provide energy reserves for the high meta-
bolic demands of large, rapidly growing brains, human infants are born with high body fat levels, and
continue to gain fat during the first year of postnatal life. Further, under conditions of chronic nutri-
tional stress, human infants show the capacity preserve brain metabolism by (1) “downregulating”
linear growth, (2) reducing fat oxidation, and (3) increasing fat storage. These adaptive responses are
evidenced in the preservation of body fatness among “growth stunted” children, and in the tendency
of stunted children to gain weight and body fatness later in life (see Frisancho 2003).

1.5 Conclusions

The evolution of large human brain size has had important implications for the nutritional biology of
our species. Humans expend a much larger share of their resting energy budget on brain metabolism
than other primates or non-primate mammals. Comparative analyses of primate dietary patterns
indicate that the high costs of large human brains are supported, in part, by diets that are relatively
rich in energy and fat. Relative to other large bodied apes, modern humans derive a much larger share
of their dietary energy from fat. Among living primates, the relative proportion of metabolic energy
allocated to the brain is positively correlated with dietary quality. Humans fall at the positive end of
this relationship, having both a very high quality diet and a large brain.

High levels of encephalization in humans also appear to have important consequences for early
childhood growth and development. Human infants have much higher levels of body fatness than
the infants of other mammals. These greater levels of adiposity help to accommodate the high meta-
bolic demands of rapid brain growth by providing a ready supply of stored energy. Under condi-
tions of nutritional stress, human infants and toddlers preserve body fat reserves for brain metabolism
by reducing rates of linear growth. This process of “‘linear growth stunting” is also associated with
reduced rates of fat oxidation and increased rates of fat storage. Thus, humans appear to show
important adaptations in fat metabolism to accommodate the high energy demands of the brain
early in life.

The human fossil record indicates that major changes in both brain size and diet occurred in asso-
ciation with the emergence of early members of the genus Homo between 2.0 and 1.7 million years
ago in Africa. With the evolution of early H. erectus at 1.8 million years ago, we find evidence of an
important adaptive shift — the evolution of the first hunting and gathering economy, characterized by
greater consumption of animal foods, transport of food resources to “home bases,” and sharing of
food within social groups. H. erectus was human-like in body size and proportions, and had a brain
size beyond that seen in nonhuman primates, approaching the range of modern humans. In addition,
the reduced size of the face and grinding teeth of H. erectus, coupled with its more sophisticated tool
technology suggest that these hominins were consuming a higher quality and more stable diet that
would have helped to fuel the increases in brain size. Consequently, while dietary change was not the
prime force responsible for the evolution of large human brain size, improvements in dietary quality
and increased consumption of dietary fat appear to have been a necessary condition for promoting
encephalization in the human lineage. Further research is needed to better understand the nature of
the dietary changes that took place with the emergence of early human ancestors.
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1.6 Table of Key Points on Diet and Human Brain Evolution

The energy demands of brain tissue are ~16 times those of skeletal muscle.

Human adults spend 20-25% of their resting energy budget on brain metabolism, as compared to 8-10% in other
primates, and 3—5% in non-primate mammals

Humans fuel the high energy costs of our brains by consuming diets that are much richer in energy and fat than other
primates. Human hunter-gatherers derive about half of their daily energy intake from animal foods, much more
than chimpanzees, who obtain less than 10%

Over the last 4-5 million years of human evolution, brain size has more than tripled, going from ~400 cc in our
australopithecine ancestors to 1,300-1,500 cc in modern humans.

The rate of human brain evolution has been highly variable over the last 4 million years. From 4 to 2 million years
ago, brain evolution was relatively slow. With the evolution of the genus Homo at ~2 million years ago, brain
sizes evolved quite rapidly, in association with changes in foraging and dietary patterns.

Human infants have distinct nutritional needs and growth patterns that are shaped, in part, by the extraordinary
energy costs of large, rapidly growing brains.

Human infants have higher levels of body fatness than those of any other mammal. This high level of adiposity helps
to accommodate the energy demands of the brain.

Under conditions of chronic, mild-moderate nutritional stress, human infants substantially reduce rates of growth
in length/stature, while preserving levels of body fatness. This pattern of growth stunting — characterized by
“low height-for-age” — is commonly observed among impoverished populations of the developing world.

Definitions

Altricial: Being relatively “underdeveloped” for one’s chronological age.
Australopithecus: Genus of early hominins that existed in Africa between 4 and 1.2 mil-
lion years ago.

Acheulean: Stone tool industry of the early and middle Pleistocene characterized by hand
axes and cleavers. First evident 1.4—1.6 million years ago, associated with early Homo.
Encephalization: Brain size in relation to body size. In general, primates are more enceph-
alized than other mammals.

Hominin: Living humans and our fossil ancestors that lived after the last common ancestor
between humans and apes.

Scaling (allometry): The change in size on biological measure with respect to another (often
body size).

1.7 Summary Points on Diet and Human Brain Evolution

* Humans expend a much larger share of their resting energy budget on brain metabolism than
other species. Adult humans spend 20-25% of the RMR on the brain, as compared to 8-10% in
other primates, and 3—-5% in non-primate mammals.

* To support the high energy costs of brain metabolism, humans consume diets that are easier to
digest and much more dense in energy and fat than other primate species.

e The first major increase in brain size in the human lineage occurred with the evolution of the
genus Homo at 2.0—1.7 million years ago. During this time, we also have evidence from the fossil
and archaeological record for greater consumption of animal foods. This increased dietary quality
was likely important for supporting brain evolution.
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* The addition of animal foods to the diet of early Homo would also have increased the availability
of key long-chain polyunsaturated fatty acids that are essential for brain growth and development:
DHA and AA.

e For human infants, the energy costs of brain metabolism are extraordinarily high (<60% of RMR)
due to high brain to body weight ratios and rapid brain growth. These costs are supported, in part, by
very high levels of body fatness. At 15-16% fat, humans have the fattest infants of any mammal.

* Under conditions of chronic nutritional and disease stress, human infants “downregulate” growth
in length/stature, while preserving body fatness. This pattern of “linear growth stunting” is widely
observed among impoverished populations of the developing world, and appears to be associated
with reduced fat oxidation and increased fat storage.

* Ongoing research is attempting to better characterize the dietary patterns of our earliest human
ancestors through chemical analyses of hominin bones and analyses of microscopic wear patterns
of hominin teeth.
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Chapter 2
Epigenetics, Phenotype, Diet, and Behavior

Patrick O. McGowan, Michael J. Meaney, and Moshe Szyf

Abbreviations

CBP CREB binding protein
DNMT  DNA methyltransferase
HAT Histone acetyltransferase

HDAC Histone deacetylase

HDACi  HDAC inhibitor ()

HMT Histone methyltransferase ()

LG Licking/Grooming

MBD2 Methylated domain DNA-binding Protein 2
NGFI-A  Nerve growth factor-inducible protein A
SAM S-adenosyl methionine

TSA Trichostatin A

2.1 Introduction

Different cell types execute distinctive programs of gene expression, which are highly responsive to
developmental, physiological, pathological, and environmental cues. The combinations of mecha-
nisms that confer long-term programming to genes and could bring about a change in gene function
without changing gene sequence are termed here as epigenetic changes. We therefore propose here a
definition of epigenetics, which includes any long-term change in gene function that does not involve
a change in gene sequence or structure. This definition stands in contrast to other classical definitions
of epigenetics that emphasize heritability. Epigenetic changes occurring in the germ line would result
in heritable and trans-generational transmission of alterations in gene function in the classical sense
of epigenetics. In addition, epigenetics changes in dividing cells are heritable from cell to daughter
cells but are not inherited through the germ line or in postmitotic cells such as neurons and are therefore
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Table 2.1 Key facts about the epigenome

1. Almost all cells in the body have the same genetic information, but the cell’s epigenetic state determines what
genes it expresses, and thus its specific cell type identity (e.g., blood cell, brain cell, etc.)

2. DNA methylation is believed to mark silent genes, and thus aberrant methylation could have similar conse-
quences as genetic mutations.

3. There are also extensive epigenetic marks on chromatin that define whether genes are active or silent

4. The epigenetic status of DNA and chromatin is thought to regulate gene activity by targeting specific molecules
to specific sites in the genome

5. There is thought to be a bilateral relationship between DNA methylation and epigenetic marks on chromatin

6. DNA methylation is an extremely stable chemical modification of the DNA, with important diagnostic potential
for human disease

7. Both chromatin modifications and DNA methylation are potentially reversible in response to particular environ-
mental conditions

8. The dietary, social, behavioral, and physiological environment can modify the epigenome, with long-term
consequences for gene expression, cell signaling, and thus phenotype

This table delineates the role of the epigenome in cellular function and its response to signals from the environment

not heritable. Such changes could be environmentally driven, may occur in response to triggers at dif-
ferent points in life and are potentially reversible, whereas genetic differences are germ line transmit-
ted, fixed, and irreversible.

Many of the phenotypic variations seen in human populations might be caused by differences in
long-term programming of gene function rather than the sequence per se, and any future study of the
basis for interindividual phenotypic diversity should consider epigenetic variations in addition to
genetic sequence polymorphisms (Meaney and Szyf 2005). In effect, epigenetic silencing and genetic
silencing could have similar phenotypic consequences. Therefore, epigenetic mapping is potentially as
important as genetic mapping in our quest to understand phenotypic differences in human behavior.

Thus, identifying epigenetic changes that are associated with behavioral pathologies have impor-
tant implications for human health, because they are potentially reversible and amenable to therapeu-
tic intervention (Szyf 2001). Drugs that target epigenetic mechanisms are currently being tested in
clinical trials in psychiatric disorders (Simonini et al. 2006). Once we understand the rules through
which different environmental exposures modify the epigenetic processes, we might also be able to
design behavioral strategies to prevent and revert deleterious environmentally driven epigenetic
alterations. The dynamic nature of epigenetic regulation in difference from the static nature of the
gene sequence provides a mechanism for reprogramming gene function in response to changes
in life style trajectories, including diet. Thus, epigenetics could provide an explanation for well-
documented gene x environment interactions. In this chapter, we will describe the path, which we
have taken to delineate the basic mechanisms involved in epigenetic programming by maternal care
in rats as a paradigm for unraveling the epigenetic basis of phenotypic differences in behavior in
humans. We will also discuss our studies of epigenetic differences associated with early life adversity
in humans and potential dietary contributions to epigenetic regulation (Table 2.1).

2.2 The Epigenome

2.2.1 Chromatin and the Histone Code

The epigenome consists of the chromatin, a protein-based structure around which the DNA is
wrapped, as well as a covalent modification of the DNA itself by the methylation of cytosine
rings found at CG dinucleotides (Razin 1998). The epigenome determines the accessibility of the
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transcription machinery — which transcribes the genes into messenger RNA —to the DNA. Inaccessible
genes are therefore silent whereas accessible genes are transcribed. Densely packaged chromatin can
be visualized microscopically and is termed heterochromatin while open accessible chromatin is
termed euchromatin. Recently, another new level of epigenetic regulation by small noncoding RNAs
termed microRNA has been discovered (Bergmann and Lane 2003), which could potentially play an
important role in behavioral pathologies in humans (Vo et al. 2005).

The basic building block of chromatin is the nucleosome, which is made up of an octamer of
histone proteins. The N-terminal tails of these histones are extensively modified by methylation,
phosphorylation, acetylation, and ubiquitination. The state of modification of these tails plays an
important role in defining the accessibility of the DNA wrapped around the nucleosome core. It was
proposed that the amino terminal tails of H3 and H4 histones that are positively charged form tight
interactions with the negatively charged DNA backbone, thus blocking the interaction of transcrip-
tion factors with the DNA. Modifications of the tails neutralize the charge on the tails, thus relaxing
the tight grip of the histone tails. Different histone variants, which replace the standard isoforms
also play a regulatory role and serve to mark active genes in some instances (Henikoff et al. 2004).
The specific pattern of histone modifications was proposed to form a “histone code,” that delineates
the parts of the genome to be expressed at a given point in time in a given cell type (Jenuwein and
Allis 2001).

2.2.2 Histone-Modifying Enzymes and Chromatin Remodeling

The most investigated histone-modifying enzymes are histone acetyltransferases (HAT), which
acetylate histone H3 at the K9 residue as well as other residues and H4 tails at a number of residues,
and histone deacetylases (HDAC), which deacetylate histone tails (Kuo and Allis 1998). Histone
acetylation is believed to be a predominant signal for an active chromatin configuration (Perry and
Chalkley 1982; Lee et al. 1993). Deacetylated histones signal inactive chromatin and chromatin
associated with inactive genes. Histone tail acetylation is believed to enhance the accessibility of a
gene to the transcription machinery whereas deacetylated tails are highly charged and believed to be
tightly associated with the DNA backbone and thus limiting accessibility of genes to transcription
factors (Kuo and Allis 1998).

Some specific histone methylation events are associated with gene silencing and some with gene
activation (Lachner et al. 2001). Particular factors recognize histone modifications and further stabi-
lize an inactive state. Recently described histone demethylases remove the methylation mark causing
either activation or repression of gene expression (Shi et al. 2004; Tsukada et al. 2006). Chromatin
remodeling complexes, which are ATP dependent, alter the position of nucleosomes around the tran-
scription initiation site and define its accessibility to the transcription machinery. It is becoming clear
now that there is an interrelationship between chromatin modification and chromatin remodeling
(Bultman et al. 2005).

A basic principle in epigenetic regulation is targeting. Histone-modifying enzymes are generally
not gene specific. Specific transcription factors and transcription repressors recruit histone-modifying
enzymes to specific genes and thus define the gene-specific profile of histone modification (Jenuwein
and Allis 2001). Transcription factors and repressor recognize specific cis-acing sequences in genes,
bind to these sequences and attract the specific chromatin-modifying enzymes to these genes through
protein—protein interactions. Signal transduction pathways, which are activated by cell-surface
receptors, could serve as conduits for epigenetic change, linking the environmental trigger at cell
surface receptors with gene-specific chromatin alterations and reprogramming of gene activity.
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2.2.3 DNA Methylation and Gene Expression Silencing

The DNA molecule itself can be chemically modified by methyl residues at the 5" position of the
cytosine rings in the dinucleotide sequence CG in vertebrates (Razin 1998), thus offering a mode of
direct interaction between the environment such as diet and the genome itself (Fig. 2.1). What dis-
tinguishes DNA methylation in vertebrate genomes is the fact that not all CGs are methylated in any
given cell type (Razin 1998). Distinct CGs are methylated in different cell types, generating cell
type—specific patterns of methylation. Thus, the DNA methylation pattern confers upon the genome
its cell type identity (Razin 1998). Since DNA methylation is part of the chemical structure of the
DNA itself, it is more stable than other epigenetic marks and thus it has extremely important diag-
nostic potential in humans (Beck et al. 1999).

Recent data supports the idea that similar to chromatin modification, DNA methylation is also
potentially reversible (Ramchandani et al. 1999b) even in predominantly post mitotic tissues such as
the brain (Weaver et al. 2004a). The DNA methylation pattern is not copied by the DNA replication
machinery, but by independent enzymatic machinery, (Razin and Cedar 1977) the DNA
methyltransferase(s) (DNMT) (Figs. 2.2 and 2.3). DNA methylation patterns in vertebrates are dis-
tinguished by their correlation with chromatin structure. Active regions of the chromatin, which
enable gene expression, are associated with hypomethylated DNA whereas hypermethylated DNA is
packaged in inactive chromatin (Razin and Cedar 1977; Razin 1998).

DNA methylation in critical regulatory regions serves as a signal to silence gene expression.
There are two main mechanisms by which cytosine methylation suppresses gene expression (Fig. 2.3).
The first mechanism involves direct interference of the methyl residue with the binding of a tran-
scription factor to its recognition element in the gene. The interaction of transcription factors with
genes is required for activation of the gene; lack of binding of a transcription factor would result in
the silencing of gene expression. This form of inhibition of transcription by methylation requires that
the methylation events occur within the recognition sequence of a transcription factor. A second
mechanism is indirect. A certain density of DNA methylation moieties in the region of the gene
attracts the binding of methylated-DNA-binding proteins such as MeCP2 (Nan et al. 1997). MeCP2
recruits other proteins such as SIN3A and histone-modifying enzymes, which lead to formation of a
“closed” chromatin configuration and silencing of gene expression (Nan et al. 1997). Thus, aberrant
methylation will silence a gene resulting in loss of function, which will have a similar consequence
to a loss of function by genetic mechanism such as mutation, deletion, or rearrangement (Fig. 2.4).
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Fig.2.1 The reversible DNA methylation reaction. DNA methyltransferases (DNMT) catalyze the transfer of methyl
groups from the methyl donor S-adenosylmethionine to DNA releasing S-adenosylhomocysteine. Demethylases
release the methyl group from methylated DNA. This is the first mechanism by which the environment can directly
interact with the DNA, as levels of S-adenosylmethionine are regulated by diet
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Fig. 2.2 DNA methylation reactions. Early after fertilization many of the methylation marks are removed by dem-
ethylases. (methyl groups are indicated by M, potential methylatable sites are indicated by an open circle). De novo

DNA methyltransferases (DNMT) add methyl groups. Once a pattern is generated it is inherited by maintenance
DNMTs that copy the methylation pattern

Transcription
factor

Transcription
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Fig. 2.3 Two mechanisms of silencing gene expression by DNA methylation. An expressed gene (transcription
indicated by horizontal arrow) is usually associated with acetylated histones and is unmethylated. An event of methy-
lation would lead to methylation by two different mechanisms. The methyl group (CH,) interferes with the binding of
a transcription factor, which is required for gene expression resulting in blocking of transcription. The second mecha-
nism shown in the bottom right is indirect. Methylated DNA attracts methylated-DNA-binding proteins, which in turn
recruit corepressors, histone methyltransferases that methylate histones, and histone deacetylases (HDAC), which
remove the acetyl groups from histone tails. Methylated histones recruit heterochromatin proteins, which contribute to
a closed chromatin configuration and silencing of the gene
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Fig. 2.4 Demethylation is directed by the state of chromatin structure. Histone acetylation (Ac) triggered by a
pharmacological inhibitor of histone deacetylase facilitates the interaction of demethylases with methylated DNA
allowing for demethylation

2.2.4 The Roles of the DNA Methylation Machinery and the Reversibility
of DNA Methylation Patterns

The DNA methylation machinery in vertebrates has two main roles. First, it has to establish new
cell-type-specific DNA methylation patterns during development and possibly during adulthood
in response to new signals. Second, it has to maintain these patterns during downstream cell divi-
sions and after DNA repair. The different enzymes and proteins of the DNA methylation machin-
ery must address these different tasks. The methylation of DNA occurs immediately after
replication by a transfer of a methyl moiety from the donor S-adenosyl-l-methionine (AdoMet) in
a reaction catalyzed by DNA methyltransferases (DNMT) (Fig. 2.2). In effect, this reaction con-
sists of the first mechanism by which the environment can directly interact with the genome, as
levels of AdoMet are regulated by diet. Three distinct phylogenic DNA methyltransferases were
identified in mammals. DNMT1 shows preference for hemimethylated DNA in vitro, which is
consistent with its role as a maintenance DNMT (Fig. 2.2), whereas DNMT3a and DNMT3b
methylate unmethylated and methylated DNA at an equal rate which is consistent with a de novo
DNMT role (Okano et al. 1998).

We have proposed that the DNA methylation pattern is a balance of methylation and demethyla-
tion reactions that are responsive to physiological and environmental signals and thus forms a plat-
form for gene—environment interactions (Ramchandani et al. 1999a) (Fig. 2.1). There are now
convincing examples of active, replication-independent DNA demethylation during development as
well as in somatic tissues (Lucarelli et al. 2001; Kersh et al. 2006). One example we will explain in
detail is that of the glucocorticoid receptor gene promoter in adult rat brains upon treatment with the
HDAC inhibitor TSA (Weaver et al. 2004a). This finding has implications for humans, because drugs
and dietary constituents known to be HDAC inhibitors are currently in widespread use.

We also propose that the direction of the DNA methylation reaction is defined by the state of
chromatin. The gene specificity of the state of chromatin is defined by sequence-specific trans-acting
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factors that recruit chromatin-modifying enzymes to specific genes. Chromatin configuration then
gates the accessibility of genes to either DNA methylation or demethylation machineries (Cervoni
and Szyf 2001; D’ Alessio and Szyf 2006) (Fig. 2.4). We propose the following model: Factors that
target specific chromatin modification events to genes define the direction of the DNA methylation
equilibrium by either recruiting DNA methylation enzymes or by facilitating demethylation. We will
illustrate how this might be working using gene expression programming by maternal care as a para-
digm for behavioral programming of DNA methylation.

2.3 Mechanisms of Epigenetic Programming by Maternal Care and Diet

2.3.1 Maternal Care Epigenetically Programs Stress Responses
in the Offspring

In the rat, the adult offspring of mothers that exhibit increased levels of pup licking/grooming and
arched-back nursing (i.e., high-LG mothers) over the first week of life show increased hippocam-
pal GR expression, enhanced glucocorticoid feedback sensitivity, decreased hypothalamic corti-
cotrophin releasing factor (CRF) expression, and more modest HPA stress responses compared to
animals reared by low-LG mothers (Liu et al. 1997; Francis et al. 1999). Cross-fostering studies
suggest direct effects of maternal care on both gene expression and stress responses (Liu et al.
1997; Francis et al. 1999). We have previously published evidence to support the hypothesis that
epigenetic mechanisms mediate the maternal effect on stress response. Increased maternal LG is
associated with demethylation that includes a nerve-growth-factor-inducible protein A (NGFI-A)
transcription factor response element located within the exon 1, GR promoter (Weaver et al.
2004a) (Fig. 2.5). The difference in the methylation status of this CpG site between the offspring
of high- and low-LG mothers emerges over the first week of life, is reversed with cross-fostering,
persists into adulthood, and is associated with altered histone acetylation and NGFI-A binding to
the GR promoter (Weaver et al. 2004a). Thus maternal care affects the chromatin, DNA methyla-
tion, and transcription factor binding to the GR exon 1, promoter, illustrating the basic principles
of epigenetic regulation discussed above. We have also shown that maternal care early in life
affected the expression of hundreds of genes in the adult hippocampus (Weaver et al. 2006), thus
illustrating the profound effect of the social environment early in life on gene expression program-
ming throughout life.

2.3.2 Epigenetic Programming by Maternal Care is Reversible
in the Adult Animal

Although epigenetic programming by maternal care is highly stable and results in long-term changes
in gene expression, it is nevertheless reversible. The possibility that certain adverse gene expression
programming of behaviorally relevant genes could be reversed by either epigenetic drugs or per-
haps even by behavioral intervention has obvious implications. To test this hypothesis we used the
well-documented histone deacetylase (HDAC) inhibitor TSA (Yoshida et al. 1990). Since the state
of histone acetylation is a balance of histone deacetylation and histone acetylation reactions, inhibi-
tion of HDAC activity would tilt the equilibrium toward acetylation and as a consequence bring
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Fig. 2.5 The methylation of the hippocampal glucocorticoid receptor GR1, promoter blocks the binding of the
transcription factor binding NGFI-A. The epigenetic programming of the GR exon 1, promoter expression by maternal
care is reversible later in life by either the HDAC inhibitor TSA or by the methyl donor SAM

about increased acetylation of histones leading to open chromatin configuration. We have previously
proposed as discussed above that chromatin states and DNA methylation states are linked so that
opening up of chromatin by increasing histone acetylation would tilt the balance of the DNA methy-
lation equilibrium toward demethylation (Fig. 2.5) (Cervoni et al. 2001; Cervoni and Szyf 2001).
Treating adult offspring of low-LG maternal care with TSA reversed the epigenetic marks on the
GR exon 1, promoter; histone acetylation increased, the gene was demethylated, and there was
increased occupancy of the promoter with the transcription factor NGFI-A, resulting in increased
GR exon 1, promoter expression. The epigenetic reversal was accompanied with a behavioral
change so that the stress response of the TSA-treated adult offspring of low LG was indistinguish-
able from the offspring of high LG (Weaver et al. 2004b). This was the first illustration of reversal
of early life behavioral programming by pharmacological modulation of the epigenome during
adulthood. TSA is not a DNA methylation inhibitor but nevertheless TSA treatment resulted in
demethylation as we predicted. We propose that increased histone acetylation triggered by the
HDAC inhibitor facilitated the interaction of a resident demethylase with the GR exon 1, promoter
(Fig. 2.6). These data illustrate the tight association between the DNA methylation and histone
acetylation equilibriums in the adult brain and the potential reversibility of the DNA methylation
pattern in the nondividing adult neuron.

If the DNA methylation state remains in equilibrium of methylation—demethylation in adult neu-
rons throughout life, it should be possible also to reverse the DNA methylation in the opposite direc-
tion by increasing DNA methylation, including manipulations of methyl donors. We have previously
demonstrated that the methyl donor S-adenosyl methionine (SAM), and amino acid present in the
diet, inhibit the demethylation reaction (Detich et al. 2003). Thus, changing SAM levels would alter
the DNA methylation equilibrium by either increasing the rate of the DNA methylation reaction or
by inhibiting the demethylation reaction or both (Fig. 2.6). Injection of methionine to the brain led
to hypermethylation and reduced expression of the GR exon 1, expression in the adult hippocampus
of offspring of high LG and reversal of its stress response to a pattern that was indistinguishable from
offspring of low LG (Weaver et al. 2005). Thus, maternal epigenetic programming could be reversed
later in life in both directions.
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physiological

RS

Fig.2.6 Hypothesis: The steady state methylation pattern is a dynamic equilibrium between methylase and demethylase
activities, defined by the state of chromatin. Different environmental exposures could tilt the balance of chromatin state
and the DNA methylation state

These studies in rodents offer a model of epigenetic regulation of gene expression in the context
of brain, behavior, and nutrition. The data show the regulation of epigenetic mechanisms in the brain
(hippocampal glucocorticoid function) by a behavioral mechanism (early life environment) that is
susceptible to modulation by l-methionine (a dietary amino acid). The data imply that in animals
with a strong parental investment during early development, such as humans, early environment may
have a profound effect on later behavioral trajectories. Thus, in humans, it may be expected that
analogous mechanisms may exist to those in the animal studies reviewed above, while others may
have special relevance in the context of human society.

2.4 Epigenetic Contributions to Mental Health in Humans

2.4.1 Influence of DNA Methylation on Mental Health

Genetic defects in genes encoding the DNA methylation and chromatin machinery exhibit profound
effects on mental health in humans. A classic example is RETT syndrome, a progressive neurodevel-
opmental disorder and one of the most common causes of mental retardation in females, which is
caused by mutations in the methylated-DNA-binding protein MeCP2 (Amir et al. 1999). Mutations
in MeCP2 and reduced MeCp2 expression were also associated with autism (Nagarajan et al. 2006;
Ben Zeev Ghidoni 2007; Herman et al. 2007; Lasalle 2007). ATRX a severe, X-linked form of syn-
dromal mental retardation associated with alpha thalassaemia (ATR-X syndrome) is caused by a
mutation in a gene, which encodes a member of the SNF2 subgroup of a superfamily of proteins with
similar ATPase and helicase domains, which are involved in chromatin remodeling (Picketts et al.
1996). The ATRX mutation is associated with DNA methylation aberrations (Gibbons et al. 2000).
Although these genetic lesions in the methylation machinery were present through development and
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are thus fundamentally different from methylation changes after birth, these data nevertheless support
the hypothesis that DNA methylation defects could lead to mental pathologies as well. Thus, it is
possible that environmental exposuresthat would affect the activity of the methylation machinery
would also lead to behavioral and mental pathologies.

There are some data indicating aberrant methylation in late onset mental pathologies, although it
is unclear whether these changes in DNA methylation originated during embryogenesis or later in
life as a response to an environmental exposure. The gene encoding REELIN, a protein involved in
neuronal development and synaptogenesis, which is implicated in long-term memory, was found to
be hypermethylated in brains of schizophrenia patients. The methylation of REELIN was correlated
with its reduced expression and increased DNMT 1 expression in GABAergic neurons in the prefron-
tal cortex (Chen et al. 2002; Costa et al. 2002, 2003; Grayson et al. 2005; Veldic et al. 2007).

We have found in our own work that promoters of the genes encoding rRNA are heavily methy-
lated in hippocampi from subjects who committed suicide relative to controls (McGowan et al.
2008). Methylation of rRNA defines the fraction of rRNA molecules that is active in a cell, and the
output of rRNA transcription defines to a large extent the protein synthesis capacity of a cell. Protein
synthesis is critical for learning and memory. Thus, a reduced capacity for protein synthesis required
for learning and memory in the brains of suicide victims could be epigenetically determined. This
might be involved in the pathology leading to suicide. Thus, evidence is emerging that aberrant DNA
methylation is involved in psychopathologies, and our study was the first published report of aber-
rant methylation associated with suicide. In our study, however, we found that the sequence of rRNA
was identical in all subjects, and there was no difference in methylation between suicide victims and
controls in the cerebellum, a brain region not normally associated with psychopathology. These data
imply that epigenetic effects that influence psychopathology likely target particular neural pathways.
Standardized forensic psychiatry methods had been used to ascertain that all of the suicide victims
in our study had a history of severe abuse or neglect during childhood, which is common among
suicide victims. Thus, the data suggest that severe adversity during early childhood may have been a
contributing factor to the observed epigenetic pathology. It was unclear whether the observed abnor-
malities were a result of early adversity or whether they had emerged during adulthood as a result of
the mental disorders associated with suicide. We undertook another study to address this question,
and to examine whether epigenetic alterations analogous to those observed in rodents with differ-
ences in maternal care exist in humans.

As in the previous study, we examined the glucocorticoid receptor gene promoter in the hip-
pocampus of human suicide victims and controls (McGowan et al. 2009). All of the suicide victims,
and none of the controls, had a history of childhood abuse or severe neglect. A third group comprised
suicide victims with a history that was negative for childhood abuse or neglect. We found that, as in
the animal model described above, the glucocorticoid receptor was epigenetically regulated in the
brain, and associated with altered glucocorticoid receptor gene expression. In humans, hypermethy-
lation of the glucocorticoid receptor gene was found among suicide victims with a history of abuse
in childhood, but not among controls or suicide victims with a negative history of childhood abuse.
The data are consistent with other data from the literature suggesting that suicide has a developmen-
tal origin. They suggest that epigenetic processes might mediate the effects of the social environment
during childhood on hippocampal gene expression and that stable epigenetic marks such as DNA
methylation might then persist into adulthood and influence the vulnerability for psychopathology
through effects on intermediate levels of function, such as HPA activity. However, it remains unclear
whether the epigenetic aberrations documented in brain pathologies were present in the germ line,
whether they were introduced during embryogenesis, or whether they were truly changes occurring
during early childhood.
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2.4.2 Chromatin Modification and Its Role in Mental Health

The fact that histone methylation is reversible provides a wide platform for pharmacological and
therapeutic manipulations of the state of histone methylation in both directions. Both histone
demethylases and histone methyltransferase are excellent candidates for new drug discovery.
Understanding the intricate details of their genomic targets will allow the design of targeted and
specific therapeutics.

The epigenetic effects of current clinically used monoamine oxidase inhibitors provide leads
to further development of therapies targeting the epigenome. For example, H3K4Me?2 is a hall-
mark of active genes and the target of the histone demethylase LSD1, which demethylates
H3-K4Me?2. Interestingly, certain nonselective monoamine oxidase inhibitors used as antidepres-
sants such as Tranylcypromine that were clinically used for some time and believed to be acting
on monoamine oxidases also appear to inhibit LSD1 demethylase (Lee et al. 2006). It is tempting
to speculate that the inhibition of LSD1 is part of the mechanism of action of these antidepres-
sants through activation of critical genes suppressed by the H3-K4me?2 demethylating activity of
LSD1 in the brain (Shi et al. 2004) or by repressing genes activated by the H3-K9Me2 demethy-
lation activity of LSD1 (Metzger et al. 2005). Thus, it is possible that LSD1 inhibition is involved
in the mechanism of action of antidepressive agents. It is tempting to speculate that selective
inhibitors of LSD1 might be effective as antidepressants. This is an idea that might be pursued in
the future.

Valproic acid, a long established antiepileptic and mood stabilizer, is also an HDACi (Phiel et al.
2001), suggesting a possible role for HDACI in treating mental disorders such as schizophrenia and
bipolar disorder. Valproic acid has some effect in alleviating psychotic agitation as an adjunct to
antipsychotics in schizophrenia (Bowden 2007; Yoshimura et al. 2007). HDACi were shown to
improve memory and induce dendritic sprouting in a transgenic mouse model of neurodegeneration,
suggesting that HDACi might be of use in treating neurodegeneration and memory loss as well
(Fischer et al. 2007). Although biological and behavioral effects of HDAC:I in the brain are some-
what characterized, the specific gene targets of HDACi in the brain and their function in mental
pathologies are not well delineated. Nevertheless, the limited clinical and animal data suggest a
potentially important role for HDACI in treatment of mental disorders. Experiments with a novel
HDAC:i from the benzamide class N-(2-aminophenyl)-4-[N-(pyridin-3-yl-methoxycarbonyl)amin-
omethyl]benzamide derivative (MS-275) in mice resulted in brain region specific induction of acety-
lation in the frontal cortex at two genes involved with schizophrenia pathogenesis, REELIN and
GAD(67) (Simonini et al. 2006). Valproic acid was shown to induce the expression of REELIN,
which was silenced by methionine treatment in mice (Dong et al. 2007). These studies raise the pos-
sibility that treatment of schizophrenics with HDACi might cause activation of expression of critical
genes such as REELIN and could reverse the course of this disease (Sharma et al. 2006). Several
clinical trials have tested valproate as an adjunctive therapy to antipsychotics in schizophrenia. There
are indications that valproate might improve violent episodes in a subset of schizophrenia patients
(Basan and Leucht 2004) and might have an effect on euphoric mania in combination with antipsy-
chotics (Bowden 2007), as well as, features of manic symptomatology in bipolar disorders (Bowden
2007). It should be noted that many of these trials were of small size and that further clinical trials
are needed with valproate and with more potent and selective HDACi to methodically test the thera-
peutic potential of HDACi in mental pathologies.

One question that needs to be addressed is whether the observed defects in histone acetylation in
mental disease are a consequence of aberrant deregulation of the overall levels of certain HDAC
isotypes or HATS, or whether it involves the aberrant targeting of HDAC to a selection of promoters.
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The fact that inhibition of a general enzyme such as HDAC results in exquisite positive changes in
the brain implies some specificity, even for a general inhibitor of a specific class of HDACs as dis-
cussed above. How could such specificity be achieved by treatment with nonselective HDACi? It
will be important to delineate the response of the transcriptomes of different brain regions to HDACi
and to map the genes that are critically involved in the molecular pathology of the disease. It will also
be important to characterize the critical isoforms of HDAC for regulation of these genes. The advent
of isotypic-specific HDACi might enhance the efficacy and potency of the treatment and reduce its
toxicity.

2.5 Applications to Other Areas of Health and Disease: Role of Dietary
Epigenetics in Behavior and Mental Health

The experiments described above involving infusion of methionine into the lateral ventricles of the
brain raise the possibility that diet can affect the phenotype being studied. Because intracellular
levels of methionine can be affected by both dietary intake and polymorphisms of enzymes involved
in methionine metabolism, such as methylenetetrahydrofolate-reductase (Friso et al. 2002), it is
tempting to consider the possibility that diet could modify epigenetic programming in the brain not
only during early development but also in adult life in humans.

Rodent models have been useful in elucidating the mechanisms involved in epigenetic alterations
related to diet during development. Several studies have shown that additional dietary factors, includ-
ing zinc and alcohol, can influence the availability of methyl groups for SAM formation, and thereby
influence CpG methylation (Ross 2003; Davis and Uthus 2004; Pogribny et al. 2006; Ross and
Milner 2007). Maternal methyl supplements affect epigenetic variation and DNA methylation and
positively affect the health and longevity of the offspring (Wolff et al. 1998; Cooney et al. 2002;
Waterland and Jirtle 2003). We hypothesize that reversal of epigenetic states in the brain, such as the
remethylation of the exon 1, GR promoter, could be triggered not only by pharmacological agents
but also by stable variations in environmental conditions.

Other studies have shown that certain dietary components may act as an HDAC], including diallyl
disulfide, sulforaphane, and butyrate. For example, broccoli, which contains high levels of sul-
foraphane, has been associated with H3 and H4 acetylation in peripheral blood mononuclear cells in
mice 3-6 h after consumption (Dashwood and Ho 2007). The long-term consequences of such epi-
genetic effects on human health remain to be studied, however HDAC:is are an active area of research
as anti-inflamatory and neuroprotective agents in autoimmune diseases such as lupus and multiple
sclerosis (Gray and Dangond 2006), and sodium butyrate has been shown to have antidepressant
effects in mice (Schroeder et al. 2007). Thus, it is conceivable that dietary compounds that influence
histone acetylation may affect signaling mechanisms that regulate neural function. In light of the
aforementioned link between histone modifications and DNA methylation, future studies are needed
to address the possibility that sustained exposure to such compounds may affect DNA methylation
at susceptible loci, with implications for mental health in humans. Dietary components could act
through cellular signaling pathways, leading from cell surface receptors down to trans-acting factors
that deliver chromatin-modifying enzymes to specific sequences. The dynamic epigenome has obvi-
ously adaptive and physiological roles in the crosstalk between our environment and our inherited
genome, but could at the same time serve as a target for dietary components (Figs. 2.6 and 2.7). Thus,
unraveling the conduits between our diet and our genomes should have an important impact on our
health.
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Fig.2.7 A scheme for .
environmentally driven environment
epigenetic states and
interindividual phenotypic
variance in behavior and
susceptibility to disease in
humans. We propose a
reciprocal relationship between
phenotype and environmental
mechanisms leading to the
epigenetic programming of
gene expression

epigenetic changes

inter-individual epigenetic variation

gene expression programming

Phenotypic variation

Summary Points

*  We propose that the DNA methylation and chromatin structure are found in a dynamic balance
through life, which is maintained and defined by sequence-specific factors that deliver histone
modification and DNA modification enzymes to genes.

*  We propose that the direction of the DNA methylation reaction is defined by the state of chroma-
tin and, as such, factors that target specific chromatin modification events to genes define the
direction of the DNA methylation equilibrium by either recruiting DNA methylation enzymes or
by facilitating demethylation.

» Epigenetic programming in the brain of rodents by maternal care during the first week of life is a
highly stable yet reversible process that results in long-term changes in gene expression.

* In our studies, we found that aberrant DN A methylation of the ribosomal RNA promoter as well
as the glucocorticoid receptor promoter lead to decreased transcription of each gene, and that this
effect was associated with a history of early childhood abuse or neglect in humans.

* Many of the phenotypic variations seen in human populations might be caused by differences in
long-term programming of gene function rather than the sequence per se, and any future study of
the basis for interindividual phenotypic diversity should consider epigenetic variations in addition
to genetic sequence polymorphisms.

e The fact that histone methylation, histone acetylation, and DNA methylation are potentially
reversible processes provides a wide platform for research into pharmacological and therapeutic
manipulations with known epigenetic effects from drugs used to treat mental illness such as val-
proate to dietary supplements such as l1-methionine.

Key Terms

Epigenetics: DNA and chromatin modifications that persist from one cell division to the next,
despite a lack of change in the underlying DNA sequence.

Epigenome: The overall epigenetic state of a cell that serves as an interface between the envi-
ronment and the genome.

DNA methylation/demethylation: A biochemical modification of the DNA involving the transfer of
amethyl group (CH,), typically to the 5’ position of the cytosine ring in the dinucleotide combination
CG in mammals. In plants and other species DNA methyation may affect other nucleotide pairs.
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Histone code: The specific pattern of histone protein modifications that delineate the parts of the
genome to be expressed at a given point in time in a given cell type.

Chromatin: Histone proteins associated with the cell’s DNA that regulate its accessibility to
gene transcription machinery. Chromatin comes in two forms: Heterochromatin, where the DNA
is tightly coiled and therefore inaccessible to the transcriptional machinery and euchromatin,
where the DNA is more loosely associated with histone proteins.

Phenotype: Any observable characteristic of an organism, including its behavior. An organism’s
phenotype is a product of its genetics and its environment.

Methyltransferase: Enzymes involved in the transfer of a methyl donor from S-Adenosyl
Methionine to histone proteins (histone methyltransferases) or DNA (DNA methyltransferases).
Epigenetic regulation by histone methyltransferases tends to inhibit transcription.

Histone deacetylase inhibitor (HDACi): A class of chemicals that inhibits the acetylation of
histones, leading to a chromatin structure that is more accessible to the transcriptional machinery.
A variety of therapeutic chemicals (e.g., valproic acid) and dietary constituents (e.g., sulforaphane)
have known HDACI properties.

Psychopathology: The manifestation of mental illness in the form of phenotype, including
abnormal behavior and physiology.
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Chapter 3

The Michigan State University Twin Registry (MSUTR):
Genetic, Environmental, and Neurobiological Influences
on Food and Diet-Related Behavior

Sarah E. Racine, Kristen M. Culbert, S. Alexandra Burt, and Kelly L. Klump

Abbreviations

MSUTR Michigan State University Twin Registry

MZ Monozygotic
DZ Dizygotic
MTFS Minnesota Twin Family Study
BMI Body mass index
Key Terms

Phenotype: an observed trait or behavior

Prevalence: an estimate of how common a disorder or phenotype is in a given population
Etiology: the cause or origin of a disorder or phenotype

Heritability: the amount of total variation in a population on a given trait that is due to genetic
factors

Moderation: a case when the strength or direction of a causal relationship is influenced by a
third variable

Masculinization: the development of male typical physiology, morphology, and patterns of
behavior

3.1 Introduction

The Michigan State University Twin Registry (MSUTR) is a population-based twin registry that
recruits twins from across lower Michigan (Klump and Burt 2006). The MSUTR was created to
understand changes in genetic, environmental, and neurobiological influences on internalizing
and externalizing psychopathology across development as well as sex differences in these effects,
and thus consists of male and female twins across a range of ages, including childhood, adolescence,
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and adulthood. Eating disorders (i.e., anorexia nervosa, bulimia nervosa, and disordered eating
attitudes and behaviors) are the main internalizing phenotype of interest for the MSUTR. Research
thus far suggests that there are likely two critical periods for the development of disordered eating:
puberty and the prenatal period.

Notably, the predominant influences during these two periods appear to differ, such that genetic
effects on disordered eating are most important during puberty (Klump et al. 2007b), whereas “envi-
ronmental” effects (more specifically, the hormonal environment) are critical during the prenatal
period (Culbert et al. 2008). In both cases, gonadal hormones are likely to account for these genetic/
environmental effects and may also operate to influence sex differences in prevalence (i.e., Ten
females to every one male; American Psychiatric Association 2000). Ongoing data collection will
continue to aid in understanding how gonadal hormones may influence individual and sex differ-
ences in risk for eating pathology.

This chapter will review twin studies from the MSUTR and other twin registries in order to illus-
trate differences in genetic and environmental effects on disordered eating across development. First,
twin studies of eating disorders in adulthood will be briefly reviewed to demonstrate that genetic and
non-shared environmental effects predominate during this time. Second, findings from a series of
developmental twin studies from the Minnesota Twin Family Study (MTFS) and the MSUTR will be
discussed in depth. These findings suggest that there are stark differences in the genetic and environ-
mental influences on disordered eating across puberty, and that ovarian hormones may be critical for
the “activation” of genetic effects. Finally, the prenatal period and in utero testosterone exposure will
be presented as potentially influential for individual and sex differences in risk for disordered
eating.

3.2 Twin Study Method

Twin studies provide a novel design for examining the etiology of phenotypes or behavior. Twins
allow us to separate the effect of genes from that of the environment, as both contribute to the simi-
larity of family members reared together. The twin method takes advantage of the fact that monozy-
gotic (MZ) twins share 100% of their genes, whereas dizygotic (DZ) twins share, on average, 50%
of their segregating genetic material. Comparing the degree of similarity among MZ and DZ twin
pairs accordingly informs us of the relative importance of genetic and environmental influences on a
given phenotype. Using statistical modeling, the total variance in a phenotype within a given popula-
tion is partitioned into additive genetic (i.e., the additive effects of multiple genes), shared environ-
mental (i.e., factors that make members of a twin pair similar to one another), and non-shared
environmental influences (i.e., factors that make members of a twin pair different from one another)
(Plomin et al. 2001).

3.3 Twin Studies of Disordered Eating

Twin studies of eating disorders and disordered eating date back to the 1980s and have informed
us of the genetic and environmental architecture of eating pathology. Heritability estimates for
anorexia nervosa and bulimia nervosa have generally been greater than 50% in adulthood (see
Figs. 3.1 and 3.2). Similar heritability estimates have been reported for a range of disordered eat-
ing attitudes and behaviors, such as weight preoccupation, body dissatisfaction, dietary restraint,
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Fig. 3.1 Heritability estimates for anorexia nervosa in adulthood. Twin studies of anorexia nervosa in adulthood
indicate that anorexia nervosa is significantly heritable, with heritability estimates ranging from 22% to 76% (Copyright
not required)
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Fig.3.2 Heritability estimates for bulimia nervosa in adulthood. Twin studies of bulimia nervosa in adulthood indi-
cate that bulimia nervosa is significantly heritable, with heritability estimates ranging from 28% to 83% (Copyright
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binge eating, and compensatory behaviors (See Fig. 3.3), thereby indicating that the symptoms
that commonly precede the development of anorexia and bulimia nervosa are also highly heritable.
With the exception of a few studies (e.g., Kendler et al. 1995; Reichborn-Kjennerud et al. 2004),
little to no shared environmental influence has been reported for eating pathology in adulthood
(Klump et al. 2009). In general, the remaining variance in disordered eating and eating disorders
is accounted for by non-shared environmental influences. These could include factors such as dif-
ferential parental treatment (e.g., parent(s) are more critical of one twin), different peer group
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Fig. 3.3 Heritability estimates for overall disordered eating in adulthood.Twin studies of overall disordered eating,
measured continuously, in adulthood indicate that disordered eating is significantly heritable, with heritability esti-
mates ranging from 34% to 65% (Copyright not required)

characteristics (e.g., deviant vs. conforming peer groups), and different life experiences (e.g.,
experience of abuse/trauma), although these possibilities have not been extensively investigated
(Klump et al. 2002).

3.4 Developmental Twin Studies of Disordered Eating

Although numerous twin studies have been conducted on disordered eating in adulthood, until
recently, little was known about developmental changes in genetic and environmental influences on
disordered eating. The first study to empirically examine this question was conducted by Klump
et al. (2000) using a large cross-sectional twin sample from the MTFS. The genetic and environmen-
tal influences on disordered eating attitudes and behaviors (i.e., overall levels of disordered eating as
well as weight preoccupation) differed in an interesting way by age, independent of body mass index
(BMI). Specifically, in 11-year-old twins, genetic effects were negligible, as the majority of the vari-
ance in disordered eating was accounted for by shared and non-shared environmental factors. In
contrast, genetic effects were substantial in 17-year-old twins, with the remaining variance accounted
for by non-shared environmental influences. These findings significantly contributed to the litera-
ture, as this was the first study to highlight developmental differences in genetic and environmental
effects on disordered eating.

Importantly, Klump et al. (2007a) extended these initial cross-sectional results by using longitu-
dinal data to investigate developmental changes in genetic and environmental influences across
MTFS twins assessed at ages 11, 14, and 18. Similar to findings from Klump et al. (2000), genetic
effects increased with age. Again, minimal genetic influences were found at age 11, yet significant
genetic influences were found at age 14 and remained constant through age 18. Thus, this study was
able to narrow the time frame for the “activation” of genetic influences on disordered eating by sug-
gesting that the critical period occurs between ages 11 and 14. Taken together, this line of research
suggests clear developmental differences in the etiological influences on disordered eating.
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Notably, a developmental study that examined unique and common etiological influences on
eating, depressive, and anxiety symptoms reported slightly different results. Similar to Klump
et al. (2000, 2007a), Silberg and Bulik (2005) found that genes accounted for more variance in
eating pathology in adolescent (14—17 years) compared to preadolescent (8—13 years) twins.
However, this study also reported that a unique set of genetic factors contributed to the variance
in eating disorder symptoms in the 8—13-year-old group. It is possible that differences in the
measures used to assess disordered eating could have contributed to these conflicting results. In
addition, the preadolescent group in Silberg and Bulik (2005) included twins whose ages over-
lapped with both the 11 (10-12 years) and 14 (13-15 years) year-old groups from Klump et al.
(2007a). Thus, differences in age categorizations could also account for differences in the pattern
of results.

3.5 Puberty as a Critical Time Period

Given that our findings suggest that the onset of substantial genetic influences on disordered eating
likely occurs between 11 and 14 years, the next line of research aimed to examine the mechanisms
responsible for developmental changes in the relative influence of genes and environment. One cru-
cial milestone that occurs between 11 and 14 years for most females is puberty (Herman-Giddens
etal. 1997). Puberty is a significant event in a girl’s life and is associated with a cascade of biological
as well as psychosocial transitions. Research suggests that rates of disordered eating and eating dis-
orders increase across the pubertal period (Killen et al. 1992). Thus, puberty is clearly associated
with increases in the incidence of disordered eating and may similarly account for increases in
genetic influences on this phenotype.

Indeed, developmental twin studies from the MTFS and MSUTR have suggested that puber-
tal development moderates the heritability of disordered eating, even after controlling for age.
Specifically, there were little to no genetic influences on disordered eating in prepubertal
11-year-old twins from the MTFS, but genetic effects accounted for approximately 50% of the
variance in 11-year-old twins who were in mid to late puberty (Klump et al. 2003). Interestingly,
11-year-old twins who had begun puberty closely resembled adult twins in the magnitude of
genetic effects; indeed, the best-fitting biometric model constrained genetic influences to be
equal in pubertal 11-year-old twins and adult twins. These findings suggest that puberty
accounts entirely for changes in genetic effects on disordered eating that occur with age (Klump
et al. 2007a).

A series of studies have now replicated these results. Using data from the MTFS, Klump et al.
(2007b) demonstrated that genetic influences on disordered eating increase linearly with increasing
pubertal development (see Fig. 3.4). These findings were replicated in an independent sample of
twins from the MSUTR (Culbert et al. 2009). Again, nominal genetic influences on disordered eating
were present in prepubertal young adolescent twins, but substantial and equal genetic influences
were found in twins during puberty and into young adulthood. Importantly, this study indicated that
the shift in etiological influences may be missed if late markers of pubertal development are used.
For example, when menarcheal status is used to categorize pubertal development (see Rowe et al.,
2002), no differences in genetic effects are observed in pre-menarche versus post-menarche groups
(Culbert et al. 2009; Rowe et al. 2002). By contrast, when categorizations are made using mid-
puberty, differences in genetic effects are observed (Culbert et al. 2009; Klump et al. 2003). These
findings continue to highlight puberty as the critical period for developmental changes in the genetic
and environmental influences on disordered eating.
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Fig.3.4 Contributions of genes, shared environment, and non-shared environment to disordered eating across puber-
tal development.Using gene—environment interaction models, we have shown that the heritability of disordered eating
increases from 0% to 44% across pubertal development. In contrast, shared environmental influences sharply decline
during this time. Abbreviations include a additive genetic effects, ¢ shared environment, e non-shared environment
(From Klump et al. 2007b. Reprinted with the permission of Cambridge University Press, © 2007 Cambridge
University Press)

3.6 Ovarian Hormones: Activation of Genetic Influences?

Research examining the mechanisms underlying puberty’s effect on the genetic diathesis of
disordered eating is still in its infancy. There are numerous possible factors (e.g., hormones,
body weight, mood, peer influences) that change at puberty and could influence the increasing
genetic influences on disordered eating. While the MSUTR includes assessment of these multi-
ple factors, our research thus far has focused on the role of ovarian hormones. Animal studies
suggest that ovarian hormones have direct effects on food intake and body weight (Kemnitz et al.
1989; Wade 1972), and ovarian hormones are important regulators of gene transcription within
neurotransmitter systems implicated in eating disorders (Ostlund et al. 2003; Klump and Culbert
2007). Because ovarian hormones appear to have direct genomic effects on behavior, they
represent a plausible pubertal mechanism that could influence heritability estimates for disor-
dered eating.

Indeed, data from the MSUTR have supported our hypotheses regarding the role of ovarian hor-
mones in the onset of genetic influences on disordered eating at puberty. One study includes direct
assessments of steroid hormone concentrations in 10-15-year-old same-sex female twins. Analyses
are ongoing, but initial data suggest that estradiol levels moderate genetic effects on disordered eat-
ing, even after controlling for BMI and age (Klump et al. 2010). Specifically, the heritability of dis-
ordered eating was greater in twins with high estradiol versus low estradiol levels during puberty.
Thus, estrogen’s onset at puberty may partially account for the increase in genetic influences on
disordered eating with increasing pubertal development.

Moreover, data from the MSUTR suggest that ovarian hormone concentrations show longitudinal
associations with disordered eating (Klump et al. 2008). Same-sex female twins were asked to col-
lect daily saliva samples of estradiol and progesterone and daily assessments of binge eating for
65 days. Findings suggested that natural fluctuations in ovarian hormones across the menstrual cycle
precede and predict corresponding changes in binge eating, independent of fluctuations in negative
affect (see Fig. 3.5). Identical findings have also been reported in women with bulimia nervosa
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Fig. 3.5 Levels of binge eating, estradiol, and progesterone across the menstrual cycle. Data from female twins
across the menstrual cycle have demonstrated that changes in estradiol are negatively correlated with fluctuations in
binge eating, whereas changes in progesterone are positively correlated with fluctuations in binge eating (From
Klump et al. 2008. Reprinted with the permission of Cambridge University Press, © 2008 Cambridge University
Press)

(Edler et al. 2007). Importantly, the MSUTR is currently collecting a larger twin sample to investi-
gate the genetic origins of the associations between ovarian hormones and disordered eating across
the menstrual cycle.

3.7 The Prenatal Period as a Critical Time Period

While puberty and ovarian hormones appear to be critical for understanding the emergence of genetic
effects on disordered eating, the prenatal period may be important for understanding environmental
effects, particularly those that contribute to sex differences in eating disorder prevalence. Animal
studies indicate that intrauterine hormones, particularly testosterone, permanently masculinize (i.e.,
make more male-like) the central nervous system and patterns of behaviors (e.g., increased aggres-
sion and food intake). Given the robust sex difference in eating pathology and the effects of prenatal
testosterone on sexually dimorphic behaviors, the MSUTR has focused on examining whether varia-
tion in testosterone exposure during prenatal development permanently alters levels of disordered
eating.

Since prenatal exposure to testosterone cannot be readily examined or manipulated in humans,
the MSUTR has used finger-length (2D:4D) ratios and opposite-sex twins as proxies for prenatal
testosterone exposure. Specifically, finger length ratios correlate inversely with prenatal testosterone
levels (Lutchmaya et al. 2004) and are sexually dimorphic (i.e., lower in males relative to females)
(Manning et al. 1998). Data from the MSUTR found significant associations between masculinized/
lower 2D:4D finger length ratios and lower levels of disordered eating in adult women (Klump et al.
2006). These findings suggested that prenatal testosterone exposure may exert masculinizing effects
on disordered eating in women, and thus, serve as a protective factor against eating disorder
development.

Nonetheless, given the inclusion of only females, findings from Klump et al. (2006) could not
speak to whether prenatal testosterone influences sex differences in disordered eating.
Consequently, the MSUTR used opposite-sex twins to investigate whether prenatal testosterone
exposure explains sex differences in eating pathology. Females from opposite-sex twin pairs
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develop in utero with a male co-twin and are thus thought to be exposed to increased levels of
prenatal testosterone (Ryan and Vandenbergh 2002). Indeed, adult opposite-sex female twins
displayed lower levels of disordered eating compared to same-sex female twins from the MSUTR
(Culbert et al. 2008). The magnitude of masculinization appeared to depend on the level of tes-
tosterone exposure, as same-sex male twins were most masculinized on eating pathology, fol-
lowed by opposite-sex male twins, opposite-sex female twins, and same-sex female twins.
Importantly, these effects were not accounted for by the masculinization of anxiety symptoms or
by socialization of being raised with a male sibling. Together, these findings underscore the likely
role of prenatal testosterone in explaining lower levels of disordered eating in opposite-sex female
twins (Culbert et al. 2008).

However, results from two other twin registries suggested more modest effects than those
described above. No significant differences in disordered eating were found between females from
opposite-sex versus same-sex twin pairs (Baker et al. 2009; Raevuori et al. 2008), although trends
(p’s 0.06-0.10) were observed for lower rates of intentional weight loss and anorexia nervosa in
opposite-sex female twins (Raevuori et al. 2008). Additional replications are needed, but findings
thus far suggest that elevated prenatal testosterone exposure may exert small masculinizing/protec-
tive effects on disordered eating and provide a biological mechanism underlying the sex disparity in
eating disorder prevalence.

3.8 Combined Influences of Puberty and the Prenatal Period

If elevated exposure to prenatal testosterone does exert masculinizing effects, it will be impor-
tant to understand the mechanisms underlying such effects. One possible mechanism, cur-
rently under investigation within the MSUTR, is that prenatal testosterone alters sex-specific
sensitivity to gonadal hormones during puberty. Animal studies have demonstrated that lower
exposure to testosterone early in life permits the brain to respond to the female-typical effects
of ovarian hormones on food intake at puberty (Gentry and Wade 1976; Madrid et al. 1993).
Since ovarian hormones directly influence disordered eating (Edler et al. 2007; Klump et al.
2008), lower rates of disordered eating in opposite-sex female twins may result from decreased
sensitivity to the activating effects of ovarian hormones on disordered eating during puberty.
Understanding the combined role of prenatal and pubertal effects of gonadal hormones may
provide further insight into the etiology of eating pathology and individual and sex differences
in risk.

3.9 Applications to Other Areas of Health and Disease

In addition to a focus on disordered eating, the MSUTR assesses a wide range of other phenotypes.
This is important given that developmental changes in genetic and environmental influences have
been reported for phenotypes in addition to disordered eating, such as anxiety and depressive symp-
toms, externalizing behaviors, and intelligence (Bergen et al. 2007). Continued exploration of mech-
anisms underlying these shifts will be important for future research.

The MSUTR is poised to contribute to this future research. The MSUTR is unique in its develop-
mentally informed approach and collection of molecular genetic and neurobiological data. Currently,
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the MSUTR is implementing a large-scale, population-based recruitment of approximately 30,000
twins born in Michigan who are between the ages of 3—17-years-old. Once complete, the MSUTR
will be one of the largest and most diverse twin registries in the United States. Importantly, all families
are asked to complete a comprehensive health questionnaire that assesses a range of internalizing and
externalizing psychopathology in the twins (e.g., depression, anxiety, inattention, hyperactivity, con-
duct problems), twin pubertal development, and family history of numerous medical and psychiatric
illnesses (see Table 3.1). Therefore, twin analyses can be conducted to examine differences in the
etiology of these phenotypes across a wide range of age groups. Moreover, a database of twins inter-
ested in participating in future research will be compiled and will allow researchers the option to
select twins with a particular disorder or a specific family history for follow-up studies. The MSUTR
will be an invaluable resource for examining developmentally relevant mechanisms underlying poten-
tial changes in etiology for a wide range of psychiatric and medical phenotypes.

Table 3.1 Psychiatric and medical illnesses assessed in the Michigan
State University Twin Registry (MSUTR) via the family health

checklist

Psychiatric conditions Medical conditions
Eating disorders Allergies

Anorexia nervosa Asthma

Binge eating disorder Blindness

Bulimia nervosa Cancer

EDNOS Cerebral palsy
Mood disorders Cystic fibrosis
Bipolar disorder Diabetes

Major depressive disorder Head injury
Anxiety disorders Hearing problems
Agoraphobia Heart problems
OCD Overweight/obesity
Panic disorder Polycystic ovary syndrome
PTSD Sleeping problems
Separation anxiety disorder Smoking
Externalizing disorders Snoring

ADHD Stroke

Alcohol abuse “Other” chronic illnesses
Conduct disorder

Drug abuse

Oppositional defiant disorder
Developmental disorders
Autism

Asperger’s disorder
Personality disorders
Antisocial personality disorder
Borderline personality disorder
Other

Schizophrenia

Learning disabilities

Reading problems

This table provides a comprehensive list of conditions assessed in the
MSUTR. Research examining differences in the genetic and environ-
mental influences on these conditions across development is possible
using data from the MSUTR (Copyright not required)
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Table 3.2 Key features and findings of the Michigan State University Twin Registry (MSUTR)

Key features

— Focus on developmental differences in genetic, environmental, and neurobiological influences

— Focus on sex differences in psychopathology

— Main internalizing phenotype of the MSUTR: disordered eating

— Direct assessment of some key genetic and environmental variables

— Candidate genes

— Hormone concentrations

— Parent—child interactions

Key findings

— Substantial increases in genetic influences on disordered eating during puberty

— Ovarian hormone activation at puberty may account for these effects

— Prenatal testosterone exposure masculinizes the brain and leads to lower levels of disordered eating that may
underlie sex differences in eating pathology

This table summarizes the unique features of the MSUTR and the most important empirical findings thus far with
regard to biological influences on disordered eating across development (Copyright not required)

3.10 Conclusions

The MSUTR is a new twin registry that is interested in examining critical developmental periods for
genetic and environmental influences on disordered eating. Research from the MSUTR suggests that
puberty is likely a critical period for the development of disordered eating. Specifically, genetic
influences on eating pathology appear to increase across the pubertal period, and one hypothesis is
that ovarian hormones moderate genetic risk for disordered eating during this time. In addition, the
prenatal period may also be relevant for individual and sex differences in eating pathology, such that
prenatal exposure to testosterone may be protective against development of disordered eating. These
hypotheses must continue to be investigated, as research into the role of gonadal hormones on disor-
dered eating is early in its development.

Summary Points

* One main focus of the MSUTR is to examine genetic, environmental, and neurobiological influ-
ences on disordered eating across development.

» Twin studies of eating disorders and disordered eating in adulthood consistently implicate genetic
factors and non-shared environmental factors in the etiology of eating pathology.

* Disordered eating during preadolescence does not show significant genetic effects; shared and
non-shared environmental influences predominate during this developmental stage.

* The pubertal period appears to be a critical time for the activation of genetic influences on disor-
dered eating.

* One possibility is that the onset of ovarian hormones at puberty is responsible for the onset of
genetic effects for disordered eating.

* The prenatal period is also important for disordered eating development, as environmental expo-
sure to prenatal testosterone may masculinize the brain and lead to lower levels of disordered
eating.

* Thus, gonadal hormones appear to be relevant for the development of disordered eating and may
act primarily through genetic mechanisms during puberty and environmental mechanisms
prenatally.
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Cerebral Activity to Visual Presentation of Food
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Abbreviations

ACC Anterior cingulate cortex

BMI Body mass index

BOLD  Blood oxygen level-dependent. Changes in BOLD contrast originate from changes in the
amount of deoxyhemoglobin present in tissue. These changes are measured by means of
an MR scanner.

CBF Cerebral blood flow

CBV Cerebral blood volume

CMRO, Cerebral metabolic rate of oxygen

2

EEG Electroencephalography

FDR False discovery rate. FDR is a thresholding method to correct the amount of false positive
areas (voxels) in the region of interest.
fMRI Functional magnetic resonance imaging

FWHM  Full width half maximum. FWHM is a measure of the spatial resolution.

MEG Magnetoencephalography. MEG is closely related to EEG in which the magnetic signals
are generated by electric current with neurons. MEG offers millisecond temporal resolu-
tion but the spatial localization may be ambiguous

MNI Montreal Neurological Institute

PCC Posterior cingulate cortex

PET Positron emission tomography

ROI Region of interest

SPECT  Single-photon emission tomography

SPM Statistical parametric mapping. A statistical method to increase reliability and reproduc-
ibility of fMRI image findings

T Tesla. Tesla is the unit of the strength of magnetic field
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4.1 Introduction

Food intake is fundamental for survival, and efficient brain processing of information related to this vital
function is essential. Potential food sources are perceived through multiple sensory systems and are
evaluated based on associative learning (Kringelbach 2004). Food-related disorders, especially obesity,
have become common and worldwide problems today. World Health Organization has named obesity as
one of the most important preventable health problems in the world today. Research on the central
mechanisms regulating food intake can provide new insight to the understanding of mechanisms regulat-
ing eating and thereby contribute to the prevention and treatment of eating related disorders.

Positron emission tomography (PET) (Del Pagiri et al. 2002) and single-photon emission computer
tomography (SPECT) (Karhunen et al. 1997) can be used for assessing blood flow changes and molec-
ular level connectivity within the brain and body related to obesity and regulation of food intake but
their temporal and spatial resolution for activation studies is poorer than that of fMRI (Ogawa et al.
1990; Belliveau et al. 1991; Kuikka et al. 1996; Frank and Kaye 2005; Riera et al. 2008). Moreover,
repeated studies increase rapidly subject’s radiation exposure. Next, we discuss fMRI studies only.

During recent years, there has been a growing interest to investigate the mechanisms related to
regulation of food intake in humans (Kilgore and Yurgelun-Todd 2006; Cornier et al. 2007; Kaurijoki
et al. 2008; Stoeckesl et al. 2008; Schienle et al. 2009). These studies have identified several cortical
and limbic brain regions with apparent food-related functions in humans. Visual food stimuli have
been shown to activate the prefrontal, orbitofrontal, and temporal cortices, cingulate, insula, stria-
tum, and amygdala in the healthy human brain (Morris and Dolan 2001; Killgore et al. 2003; Uher
et al. 2004; Kaurijoki et al. 2008; Stice et al. 2008; Siep et al. 2009).

However, it is not in all cases known whether the cerebral activations, observed so far, are specific
for processing of food-related information, or whether they are also related, for example, to the com-
plexity of the visual stimuli used in the experiments. Moreover, food is a motivational stimulus and
closely related to emotions (Kringelbach 2004). The observed activations might thus have also been
associated with emotional processing.

4.2 Functional Magnetic Resonance Imaging (fMRI)

4.2.1 Blood Oxygen Level-Dependent Imaging

Functional magnetic resonance imaging (fMRI) has advanced to be the major tool for the assessment
of brain function such as blood flow and blood volume changes using the venous blood oxygenation
level-dependent (BOLD) magnetic resonance contrast (Ogawa et al. 1990; Norris 2006) (Table 4.1).
Since its initial introduction in 1990 for fMRI about 87,000 studies have been published during the
first 20 years to record brain activation in both humans and animals.

Changes in BOLD contrast originate from changes in the amount of deoxyhemoglobin, which act
as an endogenous paramagnetic contrast agent (Pauling and Coruell 1936; Ogawa et al. 1990). BOLD
signal is generally measured by means of T2*-weighted MRI sequence (Norris 2006). The amount
of deoxyhemoglobin present depends on three physiological parameters:

1. The local rate of metabolic consumption of oxygen (rCMRO,)
2. The regional cerebral blood volume (rCBV)
3. The regional cerebral blood flow (rCBF)
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Table 4.1 Key features of blood oxygenation level-dependent (BOLD) functional magnetic resonance imaging

(fMRI)

1. The subject performs a task in the MR scanner while BOLD images of the whole brain are acquired every 1-3 s
and hundreds of images are accumulated

. A complete fMRI scan lasts around 2—10 min depending on the paradigm

. fMRI has a spatial resolution as low as 1 mm

. The images show small changes in the brightness (signal intensity) levels of certain brain areas during the task

. These brightness changes are compared to another moment when that task is not executed or another condition
. A subtraction principle is applied between the images of two conditions and any BOLD signal difference
above the statistical level chosen represents the brain region involved in the performance of that task
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Fig.4.1 Time course of the blood oxygenation level-dependent (BOLD) response to a haemodynamic short duration
stimulus. The BOLD effect peaks 3—4 s after the stimulus and signal takes almost a minute to return to baseline

An increase in neural activity will lead to an increase in all three of these parameters (Fig. 4.1).
The current hypothesis is that activation-induced blood flow changes are driven by synaptic input to
a brain region. The increase in rCBF is to satisfy an increased demand for oxygen, and that the
increase in rCBV is driven by the increase in rtCBF. However, we must realize that observed fMRI
signal intensity changes are only indirect consequences of synaptic inputs to the regions of interest
(ROIs).

Popularity of BOLD studies is based on both wide availability of MRI scanners and safety of the
studies in healthy subjects since they can be performed without harmful side effects and without
radiation exposure, making repeated studies of the same subjects readily feasible (Norris 2006). The
spatial resolution of BOLD fMRI is limited to about 3 mm. The sensitivity of BOLD fMRI depends
on main magnetic field strength being order of 1-5% when measured in a scanner of 1.5 T and
2-10% in a scanner of 3.0 T. The temporal resolution is in second scale (1-3 s), as a comparison
electroencephalography (EEG) and magnetoencephalography (MEG) enable one to study the living
cortical areas within a millisecond (ms) scale but with much poorer spatial resolution (in cm-scale)
than fMRI (in mm-scale).
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4.2.2 Motion and Movement

A major potential confound for all imaging studies is the object’s motion due to the subject’s
involuntary movement, eyes motion as well as respiratory and cardiac changes during the scan.
Motion can introduce a number of artifacts and image blurring of varying degrees and severity.
Most current methods rely on realignment to correct for motion, which is capable of correcting
interscan motion at the subvoxel level (Norris 2006). There are several freely available programs
for motion correction (Statistical parametric mapping, SPM; prospective acquisition correction,
PACE; automatic image registration, AIR) (Norris 2006).

Artifacts, image blurring, and pitfalls can arise at any step in the activation fMRI study and can
be grouped into issues related to the study design, the subjects, the fMRI protocol, and the statistical
analysis (Amaro and Barker 2006).

4.3 Procedure

4.3.1 Subject’s Preparation for fMRI

All subjects have to have normal or corrected-to-normal vision (with contact lenses) and no mag-
netic material in their body. Depending on the aim of the study, the background information, e.g.,
weight, body mass index (BMI), handiness, eating history, psychiatric diagnosis (including claustro-
phobia, panic disorder), neurological illnesses, and medication of the subjects should be known. The
subjects are usually prohibited from consuming any food, cigarettes, coffee, tea, and cola drinks at
least for 2 h before the fMRI session. Whenever possible, all scans should be conducted at about the
same time of the day for the all subjects. Avoid all shortcomings between and among the study
groups. The size of the study groups depends on many things but for the statistical analysis each
group should have at least 12 subjects. The study protocol and scanning process should be carefully
explained to the subjects or even trained before the study.

4.3.2 Tasks and Paradigms

It is not known whether the cerebral activations, observed so far, are specific for processing of food-
related information, or whether they are also related, for example, to the complexity of the visual
stimuli used in the experiments. Moreover, food is a motivational stimulus and closely related to
emotions (Kringelbach 2004). The observed activations might thus have also been associated with
emotional processing. Therefore, to investigate cerebral responses to visual food stimuli relative to
responses evoked by nonfood, stimuli have to be matched with respect to their visual complexity. In
addition, the subjects could be presented emotionally different pictures to examine whether the
responses evoked by the food stimuli were specific to food or were influenced by the emotional con-
tent of the stimuli.

The experiment typically consists of the presentation of several visual activation conditions
such as: food, nonfood, and emotionally different conditions (e.g., neutral, pleasant, and unpleas-
ant) (Fig. 4.2). A low-level baseline, a blank gray screen, should be included in the experiment in
case direct comparisons of different conditions would not yield specific activations. All pictures
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Fig.4.2 Examples of food and nonfood picture pairs. Top: cold smoked salmon versus a rose, centre: slices of ham
versus playing cards and bottom: an apple versus a tennis ball. The photograph of each object was presented on a gray
background and nonfood items were matched for color, luminance, and visual complexity with the food items
(Reprinted from Kaurijoki et al. (2008). With permission of Wiley-Blackwell)

Table 4.2 Key features of food and nonfood pictures

1. The most important topic here is that the food and nonfood images are similar in texture, color, background,
and visual complexity.

should present familiar and well-known items on a neutral, e.g., gray background (Table 4.2). The
motivational salience of the pictures, e.g., the caloric content of food pictures, can also be
manipulated.

The neutral, pleasant, and unpleasant pictures can be selected, for example, from the International
Affective Picture System (IAPS) (Lang et al. 2001). To confirm that the pictures have the expected
emotional valence, volunteers of the same age and gender as the study subjects should evaluate these
pictures. The food and nonfood pictures should also be pre-evaluated by the volunteers to confirm
that the pictures are recognized accordingly. To minimize activation related to eye-movements, the
subjects are instructed to visually fixate a central cross on the screen.
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4.3.3 Block Design

In our study (Kaurijoki et al. 2008), a two-conditions block design (Friston et al. 1999) was used
(Table 4.3) in which each condition (food, nonfood, neutral, pleasant, unpleasant, and control) was
shown in six blocks of nine pictures in the central visual field (horizontal visual angle 9.7°, vertical
7.7°). Each condition consisted thus of 54 pictures and each picture was shown only once (Fig. 4.3).
Each image was shown for 1 s, followed by a blank gray screen for 2 s. The order of the blocks was
counterbalanced. The interval between the blocks was 12 s to allow recovery of the cerebral blood
flow from the effects of the previous block. Using Presentation 0.05 software (Neurobehavioral
Systems, Inc., San Francisco, CA, USA), the stimuli are displayed on a rear-projection screen placed
at the foot of the MR scanner bed. Subjects view this screen from within the bore of the magnet in a
mirror placed on the head coil. The computer that controls the stimulus display is triggered by the
scanning sequence.

Before the experiment, subjects were informed that various types of pictures would be shown
during the scan. The pictures were, however, not specified in more detail. In addition, subjects were
shown two examples of the visual stimuli not used in the experiment, as well as a baseline and target

Table 4.3 Key features of two conditions block design

1. The block design is the most efficient paradigm for studying activated areas, for blocks of stimulation allows
more time to the BOLD signal to build up

2. The use of this block design has lead to much criticism related to the neuropsychological drawbacks but its
increased statistical power still makes it a most valuable technique

3. BOLD-based fMRI can never match the temporal resolution (ms) of EEG or MEG

Fig.4.3 An example of a
block design to show pictures
during functional magnetic
resonance imaging (fMRI)
scan. The order of the blocks
is counterbalanced. Each
stimulus condition is shown
in six blocks of nine pictures,
so that each condition
consists of 54 images
(Unpublished data of
Kaurijoki et al. (2008))
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picture. The target which was shown six times over the whole experiment was a neutral picture from
the IAPS, and was included into the experiment for monitoring that subjects were awake during the
scan. The presentation of the target picture was randomized and located between the blocks so that
one block of each condition is followed by the target picture. Subjects were instructed to attend to all
stimuli, avoid head movements, focus on the fixation cross in each picture, and press a button when
detecting the target picture.

4.3.4 Assessment of Affect

Positive and negative effects have different effects on activation of specific brain areas while
undergoing fMRI study. Therefore, post-scanning ratings of the pictures used in stimuli should
be done to measure the subject’s experience of the emotional content of the picture. This could be
performed, e.g., memory and intensity rating test by showing the fMRI stimuli pictures one by one
on a computer monitor and to ask the subjects to judge the emotional valence of each picture by,
e.g.,on a 7-point scale (1 =very pleasant, 2 =pleasant, 3 =slightly pleasant, 4 =neutral, 5 =slightly
unpleasant, 6 =unpleasant, 7=very unpleasant) (Kaurijoki et al. 2008). If also new previously
unshown pictures are presented, the test can also be used as an indirect measurement of the sub-
jects’ ability to recognize the objects. Subjects judge then whether or not they have seen the pre-
sented picture during the scan, e.g., by reporting if their judgment is based on a distinct recollection
of having seen the picture, a less certain feeling of familiarity, or on a distinct certainty of not having
seen the picture.

4.4 Data Analysis

In our study (Kaurijoki et al. 2008) data was analyzed using Statistical Parametric Mapping soft-
ware (SPM; Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.
ac.uk) running on MATLAB (The Mathworks, Inc., Natick, MA, USA). Movement-related arti-
facts were removed by realigning the scans to the middle scan of the time series and resliced using
sinc interpolation. Differences in acquisition time of slices were corrected to make the data on
each slice correspond to the same point in time. Functional images were then co-registered to
structural T'1-images. In order to spatially normalize images, thus facilitating intersubject averag-
ing, the data from different subjects have to be transformed into a standard anatomic space.
Therefore, the functional images were normalized using the MNI template supplied with SPM to
the standard stereotactic space. Finally, to conform to the Gaussian field theory, and to increase the
signal-to-noise ratio data were smoothed with an isotropic Gaussian kernel with full width at half
maximum (FWHM) of 8 mm.

The hemodynamic response was modeled with a fixed-response box-car function with additional
temporal derivates. Low-frequency confounds were excluded from the model with a high-pass filter
of twice the experimental run’s length. Variations in global signal intensity were not removed. The
six realignment parameters for each run were included in the model as covariates, to account for
undesired effects of head movement.

In the analysis at single subject level, the following linear contrasts were specified and t-contrasts
were calculated: (1) food >nonfood and (2) nonfood >food. In the group level analysis, the relevant
contrasts of parameter estimates from the single subjects were entered into a one-sided #-test to ana-
lyze the mean of group observations using a random-effects approach. A correction of multiple
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comparisons was based on the false discovery rate (FDR) (Genovese et al. 2002) at the significance
level of P<0.01.

Clusters smaller than ten contiguous voxels (10x2x2x2 mm=_80 mm?®) in the combined group
image were excluded from the analysis. The SPM (Bellgowan et al. 2003) maps were displayed on
an average template brain in the standardized coordinate space [x, y, z in space of Montreal
Neurological Institute (MNI) template] within SPM. Active brain regions were specified using the
Talairach and Tournoux (1988) after adjustment (www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html)
for differences between MNI and Talairach coordinates. Posthoc analysis was performed using a
region-of-interest (ROI) approach.

4.5 Cerebral Activity to Visual Presentation of Food in Humans

4.5.1 Food>Nonfood Visual Stimuli and Visualization of Genotypes

The neuroanatomical sites affected by food versus nonfood stimuli depends on several aspects such
as genetic, eating behavior, hunger, satiety, study design, etc., and so far results are often spread and
partly controversial.

Some examples of recent studies about the cerebral activity to the visual presentation of food in
humans are summarized next (Table 4.4).

The main interest in the study of Kaurijoki et al. (2008) was the cerebral reactivity to pictures of
food versus nonfood and their links to certain well-known, potentially food-related genetic polymor-
phisms. Therefore, only the food-related comparisons between the various conditions are presented.
In addition, to rule out the possible contribution of differences in the visual complexity among the
different conditions, the same comparisons are also presented for the visually matched nonfood
stimuli. As a result, the comparison between the food and nonfood stimuli conditions (food>non-
food; Fig. 4.4) showed a significant activation in the left posterior cingulate (PCC), left anterior
cingulate (ACC) cortices, and left supramarginal gyrus. No significantly activated areas were found
in the comparison of nonfood >food.

The individual analysis of the results of this study also suggests a possible genetically driven
variation in the cerebral activity to visual presentation of food (Kaurijoki et al. 2008). In the compari-
son between food and nonfood conditions, the genotype groups of the serotonin transporter regula-
tory region polymorphism (5-HTTLPR) showed different mean signal intensities of the left PCC
activity (P<0.01). This region probably mediates interactions of food-related emotional and mem-
ory processes. Subjects homozygous for the long allele (L/L-genotype) exhibited greater left PCC
activity in comparison to food >nonfood compared with short allele (L/S and S/S-genotype; Fig. 4.5).
These preliminary data suggest that vulnerability for overeating and obesity may even be enhanced
by the presence of L/L genotype.

Table 4.4 Key features of data analysis

1. A major component of the noise in fMRI studies is physiological in origin

2. Group studies should be smoothed with a filter of about 10 mm in width to allow for intersubject variations in the
anatomy

3. Both a region of interest (ROI) and a whole-brain voxel-based analysis with individual ratings of appetite,
arousal, etc. should be included

4. Activated regions are generally presented in Talairach x-, y-, and z-coordinates
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Fig. 4.4 Brain regions activated during the food when compared with nonfood pictures. (a) Render images of the
coronal view (top), left hemisphere (center), and transaxial view (bottom), and (b) coronal, sagittal, and transaxial
slices showing the location of increased activation superimposed on a mean anatomical image of the 28 subjects. (c)
Parameter estimates for the local maxima of the left posterior cingulate (PCC) and left anterior cingulate cortices/
medial prefrontal cortices (ACC/mPCF) and the left supramarginal gyrus (SMG) activations in the food >nonfood
comparison (Reprinted from Kaurijoki et al. (2008). With permission of Wiley-Blackwell)

4.5.2 High- and Low-calorie Food > Nonfood Visual Stimuli

Killgore and Yurgulun-Todd (2006) examined whether affect ratings predicted regional cerebral
responses to high- and low-calorie food pictures among normal-weight adult women. Positive and nega-
tive affect had different effects on appetite-related regions depending on the calorie content of the food
images. When viewing high-calorie images, positive affect was associated with increased activity in
satiety-related regions (lateral orbitofrontal cortex), but when viewing low-calorie food, affect was asso-
ciated with increased activity in hunger-related regions (medial orbitofrontal cortex and insular cortex).

4.5.3 Food> Nonfood Visual Stimuli While Fasting>12 h

St-Onge et al. (2005) employed fMRI to isolate cortical sites involved in the appreciation of food and
nonfood pictures in healthy, normal-weight, and fasting individuals. Food, and nonfood images were
presented to subjects both visually and tactilely. Brain regions that were significantly activated to a
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greater extent during the presentation of foods compared with nonfood items included the anterior
cingulate cortex, superior temporal gyrus, parahippocampal gyrus, hippocampus, and the insula.
This study as well as many others, suffer that in a group analysis alone, all findings are not necessar-
ily observed in all subjects.

4.5.4 Cerebral Activity in Hunger and Satiety

Fiihrer et al. (2008) explored brain activity during hunger versus satiety using visual simulation.
During the hunger condition, significantly enhanced brain activity was found in the left striatum
and extrastriatal cortex, the inferior parietal lobe, and the orbitofrontal cortex. Stimulation with
food images was associated with increased activity in insula, the left striatum, and extrastriatal
cortex, and the anterior midprefrontal cortex. A significant interaction in activation pattern
between the states of hunger and satiety and stimulation with food and nonfood images was
found for the left anterior cingulate cortex, the superior occipital sulcus, and in the vicinity of the
right amygdala.

They emphasized that central nervous system activation is not only altered with hunger and sati-
ety but that food and nonfood images have also specific effects on regional cerebral activity if expo-
sure takes place in different states of satiety (Fiihrer et al. 2008; Chechlacz et al. 2009).
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4.6 Applications to Other Areas of Health and Disease

The primary field of fMRI applications remains the cognitive neurosciences, but several applications
are also found in surgical treatment planning (Vlieger et al. 2004), vascular diseases (Sharma et al.
2009) and preclinical studies (Marota et al. 2000).

4.7 Conclusions

The imaging methods (fMRI, MEG, PET, and SPECT) for evaluating cerebral activity to visual
presentation of food have been in use for a decade. The versatility of fMRI makes it a powerful tool
and BOLD imaging has proven to have the capacity to objectively measure the response changes,
despite the fact that the underlying mechanisms are still not fully understood. The increased sensitiv-
ity and specificity of higher-field (=3 T) MRI systems will improve our understanding of the under-
lying mechanisms related to the regulation of food intake and that way also on the pathophysiology
of eating disorders. Further studies on regional activation and connectivity, coupled with psychologi-
cal observations of the particular affective processes involved, will improve our understanding of
food-related disorders.

Summary Points

* The block design is the most efficient paradigm for studying activated areas. Blocks of stimula-
tion allow more time to the BOLD signal to build up and thus statistical certainty between the task
minus another condition increases.

* In healthy subjects, a stronger focus locates on the left hemisphere (such as anterior cingulate
cortex, insula, medial prefrontal cortex, orbitofrontal cortex, and posterior cingulate cortex).

* The subjects with eating disorder exhibit greater activation in response to food pictures in a large
number and usually bilateral regions than controls.

* The present results suggest the possible genetically driven variation in the response of the certain
brain regions to visual presentation of food.

* However, the results are still very preliminary and heterogeneous due to the several confounding
factors such as subjects’ selection, their nutritional and hormonal status, study protocol, statistical
settings, etc.

Acknowledgment The author thanks Dr. Leila Karhunen, Salla Kaurijoki, and Mervi Kononen for their valuable
comments during preparation of this manuscript.
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Chapter 5
Infant Visual Acuity and Relationships with Diet
and Nutrition

Michelle P. Judge, Carol J. Lammi-Keefe, and Holiday Durham

Abbreviations

ACP Acuity card procedure

ARASCO  Arachidonic acid single-cell oil
DHA Docosahexaenoic acid

DHASCO Docosahexaenoic acid single-cell oil
ERG Electroretinogram

FPL Forced-choice preferential looking
GPCR G-protein coupled reaction

Kg Kilogram

LCPUFA  Long chain polyunsaturated fatty acid
Mg Milligrams

SCO Single-cell oil

VEP Visual evoked potential

5.1 Introduction

The visual system comprises a complex signaling system involving the retina, thalamus and
primary visual cortex. In addition, other cortical regions are involved in the cognitive integra-
tion of visual information. Researchers have assessed the impact of long-chain polyunsaturated
fatty acids (LCPUFA) on infant visual development by evaluating two main aspects of the
infant’s visual system; retinal development using electroretinogram (ERG) and visual process-
ing at the level of the primary visual cortex. Cortical measures of grated visual acuity include
sweep visual evoked potential (VEP) and behavioral assessments such as the forced-choice
preferential looking (FPL). Of the grated acuity measures, VEP measures cortical response
directly and has less inherent variability. However, behavioral acuity measures provide the most
direct measure of what an infant actually perceives and normative data are well established for
these procedures (Neuringer 2000).
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Compared to other cells in the body, the retinal photoreceptors are known to have the highest
content of the LCPUFA docosahexaenoic acid (DHA, 22:6 n-3) (Neuringer 2000). The gray matter
in the visual cortex and multiple other cortical regions also have high levels of DHA. In rhesus mon-
keys, a diet deficient in LCPUFA during pregnancy impeded the accumulation of DHA in these tis-
sues in the offspring. A 50% reduction of DHA in retinal tissue and 25% reduction in cerebral cortex
DHA were reported for the offspring of rhesus monkeys fed a diet deficient in a-linonenic acid
(18:3, n-3) during pregnancy compared to controls (Neuringer et al. 1986). Linolenic acid is the
precursor to along the biosynthetic pathway. Neuringer and colleagues also demonstrated that these
deficient animals had lower visual acuity measured using preferential looking and a prolonged recov-
ery time of the dark-adapted ERG after a saturating flash.

Behavioral methods for assessment of visual acuity have repeatedly shown that human infants
have better visual function with the provision of DHA during the postnatal period (Birch et al. 1993a;
Makrides et al. 1993, 1995; Carlson et al. 1996; Jorgensen et al. 1996; Hoffman et al. 2003). To date,
there is one report (Judge et al. 2007) of improved infant visual acuity (assessed using the Acuity
Card Procedure, ACP) related to maternal dietary DHA intake during pregnancy. Malcolm et al. used
VEP (Malcolm et al. 2003a) and ERG (Malcolm et al. 2003b) to assess visual acuity related to
maternal DHA supplementation, but no relationship was apparent. There was no significant treat-
ment effect for ERG in the first postnatal week (Malcolm et al. 2003a) or VEP at 2.5 or 6.5 months
of age (Malcolm et al. 2003b).

Pregnant women in the USA and Canada have DHA intakes below the current recommended
amount of 200 mg/day for optimal fetal development (Koletzko et al. 2008; Lewis et al. 1995; Innis
and Elias 2003; Loosemore et al. 2004; Denomme et al. 2005). As the developing fetus has extremely
limited capacity for deriving DHA from the 18 carbon precursor, the fetus is clearly at risk for
DHA deficiency when maternal DHA intake is low. Given this risk for deficiency, marine, egg-
phospholipid, and single-cell oils (SCO) have been developed and explored for maternal and infant
supplementation. Increased efforts toward community-based educational programs targeting
women of child-bearing age with the goal of increasing DHA intake are recommended. Interruptions
in visual development can delay the achievement of other developmental milestones with important
long-term implications. This chapter will outline the contemporary research related to infant visual
development, contrast assessment methodologies of visual acuity, and explore dietary factors that
are fundamental to neurodevelopment.

5.2 Neuroanatomy of the Visual System

The cerebral cortex is comprised of two distinct tissue layers, gray and white matter. The cortex
surrounds the entire perimeter of the brain and comprises approximately 80% of the volume of
the human brain (Kolb and Whishaw 2003). Neuronal cell bodies are found primarily in the
gray matter. The white matter of the brain is comprised primarily of the myelinated nerve axons.
Different areas of the cortex are responsible for receiving and processing stimuli. The four
functional areas of the cerebral cortex include: motor, sensory, visual and auditory. The primary
functional areas of the cerebral cortex receive initial sensory information and the secondary and
tertiary areas are responsible for association and processing. Visual information goes to the
primary visual cortex and processing related to assessment of shape, color and categorization
occur in secondary and tertiary visual areas. These secondary and tertiary areas, include, motor,
sensory and auditory cortical areas; all communicate with central brain structures for further
processing.



5 Infant Visual Acuity and Relationships with Diet and Nutrition 61

5.3 The Visual System

Vision and behavioral responses to visual stimuli rely on a complex system of communication
between the retina, thalamus and multiple regions of the cerebral cortex. Visual processing is initi-
ated when the photoreceptors of the retina receive a visual stimulus that triggers signal transduction.
The impulse travels down the optic tract where signal transductions are sent to the opposite cerebral
hemisphere after crossing at the optic chiasm (Fig. 5.1). After passing the optic chiasm, the optic
tract sends the signal to the lateral geniculate nucleus of the thalamus, which relays visual signaling
to the primary visual cortex. When visual information is sent to the primary visual cortex it is dis-
seminated to various cortical areas by two main pathways, the dorsal and ventral streams, for higher
cortical processing. The dorsal stream projections are sent to the parietal lobe to process information
pertaining to location and movement (Zigmond et al. 1999). The ventral stream projects to the tem-
poral lobe where more integrative processing occurs, e.g., object and facial recognition (Fig. 5.2).
The process of facial recognition relating to memory is conducted primarily by the limbic system
which involves the entorhinal cortex, hippocampus and amygdala.

At the level of the membrane, G protein-coupled receptor (GPCR) signal transduction occurs in
the retina, brain, and nervous system and has been attributed to signaling pathways leading to visual
and cognitive function (Salem et al. 2001; Nui et al. 2004). G proteins are binding proteins that use
neurotransmitters to collectively activate receptors (referred to as coupled activation) (Zigmond et al.
1999). Action of the neurotransmitter utilizes a second messenger system for the regulation of the
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Fig.5.2 When visual information is sent to the primary visual cortex it is disseminated to various cortical areas by
two main pathways, the dorsal and ventral streams. The dorsal stream projections are sent to the parietal lobe to
process information pertaining to location and movement. The ventral stream projects to the temporal lobe where
more integrative processing occurs, e.g., object and facial recognition involving the entorhinal cortex (ER), hip-
pocampus (H) and amygdale (A)

synthesis of protein kinases. The protein kinase produced as a result of the GPCR depends upon the
neurotransmitter coupling the reaction (Zigmond et al. 1999). The specific type of protein kinase
generated will initiate a phosphorylation reaction at the site of the ion channel causing excitation or
inhibition. In the visual system, the rod photoreceptor is stimulated or hyperpolarized due to the
GPCR involving the receptor metarhodopsin II (triggered by rhodopsin) coupled with transducin
(the visual G protein) activating the production of the protein kinase phosphodiesterase (Nui et al.
2004). Fatty acid composition of the membrane bilayer has been shown to alter the rate of GPCR
coupling (Niu et al. 2001; Mitchell et al. 2003; Nui et al. 2004). In those investigations GPCR
coupling was reduced in the absence of DHA.

5.4 Testing and Assessment of the Visual System in Infants and Toddlers

A robust area of research with regard to nutrition and infant development is in the area of visual
processing. The majority of the visual research linked to cognitive functioning has been reported
during the past three decades (Kellman and Banks 1998). ERG, FLP and VEP are the three main
techniques employed for the assessment of infant visual function. The consideration of visual
acuity is important to the assessment of cognitive development. There is a need for good vision
in order to perform optimally on other developmental tests. If an infant scores poorly on a given
developmental test, results could be clouded by poor vision and be mistakenly classified as poor
mental processing.

Measures of infant visual development have focused on two main aspects of the visual system;
retinal development using ERG and visual processing at the level of the primary visual cortex. Cortical
measures of grated visual acuity include sweep VEP and behavioral assessments such as FLP
(Fig. 5.3). Of the grated acuity measures, VEP measures cortical response directly and has less inher-
ent variability. However, behavioral acuity measures provide the most direct measure of what an
infant actually perceives.
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Fig.5.3 Visual acuity measures.
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5.4.1 Electroretinogram

The ERG is a direct measure of the retinal response to a visual stimulus prior to reaching any of the
cortical areas. In this procedure, electrodes placed on the cornea and surrounding eye tissue measure
cellular electrical reactivity related to visual stimulus. ERG measurements therefore do not provide
information regarding higher-level (i.e., cortical) visual processing (Table 5.1).

The work of Malcolm et al. (2003a) was focused on maternal DHA supplementation and infant ERG.
These investigators supplemented pregnant women with fish oil from 15 weeks gestation to delivery. ERG
assessments were performed in the early postnatal period circumventing the potential impact of infant
feeding method or other socioeconomic variables. There were no significant differences in retinal reactiv-
ity between infants of mothers who were supplemented compared to controls. Maternal DHA concentra-
tions were higher in the experimental group when compared to control, however the relationship between
infant DHA status (umbilical cord blood) and maternal status was not significant. The finding that mater-
nal supplementation of DHA was not related to infant status is contrary to the view that a relationship
exists and may be related to the dose (200 mg DHA daily) chosen for the investigation. Wijendran et al.
(2000) demonstrated a strong relationship between maternal and infant DHA status in pregnancies not
complicated with gestational diabetes mellitus (GDM). In that investigation, in which control subjects
were compared to women with GDM, the cord vein erythrocyte phospholipid DHA and arachidonic acid
(Wt%) were higher than the maternal phospholipid DHA and arachidonic acid in the control group with
significantly positive correlations between maternal and fetal erythrocyte phospholipid for arachidonic
acid and DHA (r =0.83, P =0.003; r = 0.62, P = 0.04, respectively) (Tables 5.2).

5.4.2 Forced-Choice Preferential Looking (FPL)

Assessment of visual acuity in infancy is complicated by the need for gathering nonverbal informa-
tion. For this reason, forced-choice preferential looking procedures were developed in the area of
visual acuity assessment to better understand and quantify the behavioral cues of infants. Preferential
looking procedures use black and white stripes that are grated in a series of frequencies that corre-
spond with the number of stripes per visual angle (commonly termed as cycles/degree) (Fig. 5.4).

Table 5.1 Key features of the electroretinogram

1. Electroretinogram measures retinal response to a visual stimulus.

2. Electrodes are placed directly on the cornea and surrounding eye tissue.
3. The eye is exposed to a visual stimulus, i.e. light.

4. Electrical reactivity of the eye cells is recorded and quantified.

This table lists the key facts of electroretinogram
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Table 5.2 Key points on the role of DHA in maternal and infant nutrition

1. The essential fatty acid DHA has a central role in membrane fluidity and synaptic signaling impacting retinal
reactivity and visual processing. DHA accumulates in high concentrations in specific regions of the brain,
including cerebral cortex, synapses and retinal rod photoreceptors in mice, rats, baboons, and other mammals
(Bazan and Scott 1990; Bowen and Clandinin 2002; Sarkadi-Nagy et al. 2003). DHA deficiency induced during
the gestational period in rats significantly impact the amount of DHA that was incorporated into the neuronal
growth cone (Auestad and Innis 2000).

2. The current recommendation for DHA intake during pregnancy that stemmed from an expert panel is 200 mg/day
(Koletzko et al. 2008).

3. Single-cell oils (SCO) and marine sources are safe and can adequately provide DHA supplementation to both
the mother and infant to prevent deficiencies. DHA deficiency can interfere with optimal infant visual and
cognitive development.

This table lists key points relating to the role of DHA in maternal and infant health including adverse developmental
outcomes associated with DHA deficiency during the gestational period, current intake recommendations for pregnant
women, and safe supplementation sources

Fig.5.4 Forced-choice preferential looking. In the Teller Acuity Card procedure, stripes are flipped from right (a) to
left (b) with the location of the stripe unknown to the tester. Tester looks for a behavioral response (i.e., head movement
toward the striped patch) (MPJ Original)

The point at which an infant is unable to resolve or see the contrasting stripes in a grated acuity pro-
cedure is considered the visual threshold. The term “forced choice” refers to the fact that the observer
must choose or assess if the infant is looking to the left or right corresponding with the visual
stimulus. The Teller Acuity Card Procedure (ACP) is a FPL procedure that has been standardized for
use in a U.S. population. The ACP is portable and easily administered making it ideal in the research
setting. As with any measure that relies on the interpretation of behavioral responses, there are a
number of confounding variables that could skew findings. For example, a sleepy or fussy infant may
lack interest in the visual stimulus and therefore alter results.

There are multiple published studies utilizing ACP/FPL procedures for the investigation of the rela-
tionship between DHA status and visual development in term infants (Innis et al. 1994, 1996, 1997;
Carlson et al. 1996; Jorgensen et al. 1996; Auestad et al. 1997, 2001; Birch et al. 2000; O’Connor et al.
2001). Carlson et al. (1996) investigated term infants fed formula with varying levels of DHA. Using FPL,
the supplemented group performed similarly to the group of infants fed human milk, which contains vari-
able amounts of DHA depending upon the maternal diet and/or supplementation. Three of the studies in
term infants relating to DHA status have shown statistically significant differences using ACP/FPL pro-
cedures (Birch et al. 1993a, b; Carlson et al. 1996; Jorgensen et al. 1996). Contrary to the findings of
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Carlson et al., Auestad et al. (1997, 2001) reported no differences between supplemented and control
groups using the ACP procedure. It is noteworthy to mention that the amount of DHA in these studies
(Auestad et al. 1997, 2001) was considerably lower than those used in other studies (Birch et al. 1993a, b;
Carlson and Werkman 1996; Jorgensen et al. 1996).

Only one investigation has reported on the impact of maternal DHA supplementation during preg-
nancy and infant visual acuity measured using the ACP. Judge et al. (2007) investigated the role of a
DHA-functional food consumed during pregnancy on infant visual acuity at 4 and 6 months of age
measured behaviorally using the ACP. In this randomized, longitudinal, double-blinded, and placebo-
controlled trial, 30 pregnant women received either the DHA-functional food (n = 16) or the placebo
(n = 14). There were significant main effects for visual acuity at 4 months of age (P = 0.018). The mean
acuity score were, 3.8 + 1.1 cycles/degree in the DHA group versus 3.2 + 0.7 cycles/degree in the pla-
cebo group. At 6 months there was no group difference (Judge et al. 2007). Based on these results, it
was concluded that DHA supplemented during pregnancy plays a role in the maturation of the visual
system. This finding combined with evidence from studies conducted evaluating DHA supplementa-
tion during the postnatal period provide compelling evidence that DHA supplementation during preg-
nancy can have a profound impact on infant visual acuity development.

5.4.3 Visual Evoked Potential

VEP is a direct measure of cortical response and has less inherent subjectivity than the behavioral
methods of visual acuity assessment. In this procedure, the infant is given an electroencephalogram
by placing electrodes on the scalp to measure neural cell reactivity related to a visual stimulus.
The majority of the studies performed using VEP have shown a positive relationship between
DHA status and visual development (Makrides et al. 1993, 1995; O’Connor et al. 2001; Hoffman
et al. 2003). Hoffman et al. (2003) investigated term infants who fed human milk for 4-6 months
then fed either formula supplemented with DHA and arachidonic acid or control formula. Infants
in the supplemented group had significantly better VEP than the control group. Makrides et al.
(1995) also investigated the impact of DHA supplementation on visual processing in term infants
and found that the supplemented and human milk—fed groups performed similarly on VEP
measures and better than the group of infants who did not receive DHA. Similar findings have
been reported for preterm infants. O’Connor et al. (2001) investigated preterm infants and reported
significantly better VEP in DHA supplemented groups. In summary, the majority of studies to
assess vision in term and preterm infants have demonstrated a positive association between
processing and DHA status.

With regard to fetal development, Malcolm and coworkers (Malcolm et al. 2003a) examined maternal
DHA supplementation and infant VEP. They supplemented pregnant women with fish oil from 15 weeks
gestation to delivery. VEP assessments were performed at 2.5 and 6.5 months of age and there were no
significant differences between infants of mothers who were supplemented compared to controls. This
finding is in contrast to the study of visual acuity carried out by Judge et al. (2007).

5.5 Dietary Factors Influencing Visual Development

The last trimester of pregnancy is a critical interval for fetal neurological development. During this
time DHA accumulates in neural tissue at an accelerated rate (Fox 1998). Reports of maternal DHA
intake during pregnancy suggest that intakes are generally far below the recommended level of intake
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Fig.5.5 Dietary sources of docosahexaenoic acid (mg DHA/100 g edible portion). Herring, salmon and mackerel are
examples of cold-water marine fish that are a rich dietary source of DHA. Source: U.S.D.A., Human Nutrition
Information Service

which suggests that many infants are at risk for associated impairments in development (Cheruku
et al. 2002; Olsen and Secher 2002; Loosemore et al. 2004). Figure 5.5 outlines common food sources
of DHA and points to cold water marine fish as the best dietary sources. It is unknown how concerns
about contaminants in fish relate to low DHA intake during pregnancy (Cheruku et al. 2002; Olsen
and Secher 2002; Loosemore et al. 2004).

Compounding the problem of reduced maternal intake of DHA, the overall intake of fatty acids
in the n-6 family is typically high in western industrialized countries such as the U.S. High intake of
n-6 fatty acids is related to an abundance of processed and fried foods containing plant oils with
linoleic acid. Linolenic and linoleic both compete for the A-6 desaturase and high intake of linoleic
acid can inhibit conversion of linolenic acid to DHA (Simopoulos et al. 2000). In 2008 a panel of
experts led by Koletzko et al. (2008) concluded that the optimal level of DHA intake during preg-
nancy is 200 mg/day.

DHA has a central role in membrane fluidity and synaptic signaling in neural tissue and DHA
accumulates in high concentrations in specific regions of the brain, including the cerebral cortex,
synapses, and retinal rod photoreceptors in mice, rats, baboons, and other mammals (Bazan and
Scott 1990; Bowen and Clandinin 2002; Sarkadi-Nagy et al. 2003). DHA deficiency induced during
the gestational period in rats significantly reduce the amount of DHA that was incorporated into the
neuronal growth cone (Auestad and Innis 2000).

In humans, autopsy studies have demonstrated the importance of DHA in brain tissue. Clandinin
et al. (1980) investigated fatty acid components of the fetal brain during the third trimester. Brain
tissue fat content was analyzed upon autopsy at varying stages of gestation to determine the pattern
of fatty acid accretion during pregnancy. That study demonstrated that the accretion of the essential
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fatty acids linolenic acid and linoleic acid (the metabolic precursors for DHA and arachidonic acid,
respectively) were low during the last trimester and that there is a substantial accretion of DHA and
arachidonic acid. Evidence shows the importance of DHA intake for both maternal and infant health
(Table 5.2).

5.5.1 Dietary Sources of DHA for Supplementation

Three main sources of DHA and arachidonic acid oil that have been considered for use in infant
formulas are: marine, egg phospholipid, and SCO. Commercially available maternal supplements
contain either marine or SCO. There are potential drawbacks associated with the use of marine and
egg phospholipid oils in infant formulas.

5.5.1.1 Marine Oil

Early studies focused on the addition of DHA and arachidonic acid to human infants via marine oil
which indicated a potential negative impact on growth. This adverse outcome was attributed to the
eicosapentaenoic acid content of the oil and a possible competitive inhibition of the n-6 pathway
responsible for the production of arachidonic acid (Carlson et al. 1992a, b, 1993). Makrides et al.
investigated DHA vis-a-vis marine oil supplementation in term infants and reported a significantly
lower DHA erythrocyte concentration in the experimental group receiving marine oil compared to
the breast milk or placebo group (Makrides et al. 1995).

An additional safety concern for marine oil supplementation is increased bleeding time related to
the eicosapentaenoic acid, a reflection of cyclooxygenase production. Cyclooxygenase inhibits
platelet aggregation and causes vasodilatation. Impaired platelet aggregation decreases blood
clotting and resulting in increased bleeding time.

Scientific evidence exists that lends credence to the notion that marine oil supplementation
does not have a negative impact on growth or bleeding time. In a series of studies, Carlson et al.
investigated the safety and efficacy of supplementation with marine oils in preterm infants (Carlson
et al. 1992a, b). In study I, infants were given a nasogastric bolus of marine oil in the dose of 750
mg/kg/day for 4 weeks. In study II, the marine oil was mixed into the formula at doses of 116 mg/
kg/day (0.2% DHA and 0.3% eicosapentaenoic acid) and 290 mg/kg/day (0.5% DHA and 0.75%
eicosapentaenoic acid) of marine oil for a 2-week period. In study III, the dose of 116 mg/kg/day
of marine oil was investigated for a 9-month period. The bolus dose of marine oil in study I
resulted in poor fatty acid absorption. In studies I and II phosphatidylethanolamine arachidonic
acid, a primary phospholipid component of the cell membrane, declined significantly over time for
all infants (Carlson et al. 1992a, b). In study II, the infants in the marine oil group had significantly
lower phosphatidylethanolamine arachidonic acid than the controls; however, the marine oil
groups also had lower baseline arachidonic acid levels, which likely contributed to these findings.
Conversely, eicosapentaenoic acid and DHA increased in the marine oil groups and decreased in
the control groups. The infants receiving 290 mg/kg/day of marine oil had significantly lower
phosphatidylcholine, a primary phospholipid component of the cell membrane also commonly
known as lecithin, than the control and lower dose groups (i.e., 116 mg/kg/day). In study III, there
were positive correlations between arachidonic acid and DHA in the marine oil group through
9 months of age.
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Uauy et al. (1994) compared four groups of very low birth weight infants given human milk
(control), formula with corn oil, formula with soy oil, and formula with soy and marine oil. In this
study bleeding times were evaluated and no significant differences in bleeding time were reported
for any of the groups and bleeding times were within normal ranges for all groups. Additionally,
Uauy et al. considered anthropometric data for each of the groups. Anthropometric data included
weight, length, head circumference, triceps skinfold, and subscapular skinfold. Measurements were
collected at birth, 34, 40, 48, and 57 weeks’ gestational age. There were no differences among any
of the study groups, i.e., weight gain and growth were similar for all four groups.

Based on the few studies carried out in human infants, there are no associated adverse impacts on
growth or bleeding time in a dose of fish oil below 116 mg/kg/d. It appears that DHA absorption is
better with marine oil if mixed into the formula compared to a bolus dose. Likewise, multiple large
studies have been conducted that provided marine oil during the gestational period and no negative
pregnancy outcomes were reported. In fact, marine oil supplemented during pregnancy has been
demonstrated to increase the average length of gestation resulting in significantly higher birth weight
(Olsen et al. 1995).

5.5.1.2 Egg Yolk Phospholipid

Egg yolk phospholipid is composed primarily of phosphatidlycholine. A drawback of egg-derived
oils is that it contains relatively low amounts of DHA and arachidonic acid. Therefore, large amounts
need to be added to infant formula to reach the desired DHA and arachidonic acid levels. Given the
limitations of supplementation, egg-derived phospholipid has not been studied for commercial use
in pregnancy. Consuming large quantities of egg phospholipids cause concern because of the expo-
sure to large doses of sterols and egg-related allergens. In the context of this review, few research
groups have used egg-derived phospholipids as DHA and arachidonic acid sources. Of the studies
that have been reported, none have reported adverse outcomes with regard to toxicity or growth
(Carlson et al. 1996; Auestad et al. 1997, 2001).

5.5.1.3 Single-Cell Oils

DHA and arachidonic acid oils, single-cell oils (SCO), are produced via the fermentation, extraction,
and purification of microalgae and microfungus (Boswell et al. 1996). These oils are used as a mater-
nal supplement during pregnancy and in infant formulas. The marine alga used for the production of
DHA is Crypthecodinium cohinii and the oil is 40-50% DHA with no Eicosapentaenoic acid. This
DHA single-cell oil is commonly referred to as DHASCO (Boswell et al. 1996). Arachidonic acid is
formed from the unicellular fungus strain Mortierella alpina and is 40-50% arachidonic acid. This
arachidonic acid single-cell oil is commonly referred to as ARASCO (Boswell et al. 1996). The
microorganisms used to produce SCO had never before been used in food products and therefore
required Food and Drug Administration approval for use in infant formulas. The natural toxins inher-
ent in the two microorganisms were of concern with regard to use in food. Sufficient evidence exists
regarding the safety of SCO as these have been investigated extensively for use in infant formulas
(Boswell et al. 1996).

In summary, SCO and marine oil are both considered safe and efficacious for consumption during
pregnancy; however, research points to the efficacy of a low eicosapentaenoic acid formulation for
this group (Carlson et al. 1992a, b, 1993). Single-cell oils have been investigated extensively for use
in infant formulas and provide the best alternative to marine and egg-derived sources.
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5.6 Summary

In summary, visual signaling involves a complex interaction between the retina, thalamus, and pri-
mary visual cortex. Other cortical regions of the brain as well as central brain structures are involved
in processing visual stimuli. Measures of visual development in infancy assess retinal reactivity or
cortical processing of the visual stimulus. Behavioral measures of visual acuity give insight on the
processing of visual information. Retinal photoreceptors have a high DHA concentration and defi-
ciency during fetal development and the postnatal period have been associated with interruptions in
visual development.

Maternal intake of DHA during pregnancy is significantly below the recommended 200 mg/day
for healthy pregnancy outcomes. In turn, the developing fetus is at risk for negative outcomes.
Optimal visual development enables the infant to move toward more integrative cognitive processing
and the achievement of established developmental milestones. Additional community-based efforts
are necessary to educate communities regarding the important role of DHA for optimal developmental
outcomes during both the prenatal and postnatal periods. Future work should focus on the evaluation
of maternal DHA status and its relationship to visual development in older children and associations
with other cognitive processes.

5.7 Applications to Other Areas of Health and Disease

The consideration of visual acuity is very important to the assessment of cognitive development for a
number of reasons. First, there is a need for good vision in order to perform optimally on other devel-
opmental tests. If an infant scores poorly on a given developmental test, results could be clouded by
poor vision and mistakenly classified as poor mental processing. Additionally, early visual perception
probably guides the development of action systems to promote learning about the infant’s physical
and social worlds (Von Hofsten 1980; Bertenthal 1996). For example, the development of infant
reaching is prompted by the visual stimulus of an object that an infant is interested in exploring.

Future work should focus on (1) the evaluation of maternal DHA status and the infant’s ability to
integrate visual stimuli, as in face and object recognition, and (2) the relationship of acuity assessed
during infancy with later vision and other cognitive processes (Neuringer and Jeffrey 2003). Focused
community-based programs are necessary for promoting adequate intake of DHA during pregnancy
and ensuring optimal infant visual and cognitive development.

Summary Points

* Visual signaling involves the retina, thalamus, and primary visual cortex.

* Other cortical regions of the brain as well as central brain structures are involved in processing
visual stimuli.

* Measures of visual development assess retinal stimulation (ERG) or cortical processing (VEP and
FPL).

* Forced-choice preferential looking procedures are behavioral measures of visual acuity and lend
insight to the integration of visual information.

» Retinal photoreceptors and neural cell bodies are comprised predominantly of the essential fatty
acid docosahexaenoic acid.
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» Deficiencies of docosahexaenoic acid during fetal and infant development have been associated
with interruptions in normal visual processing.

* Alterations in G protein coupled signal transduction related to docosahexaenoic acid provides a
plausible mechanism for observations of alterations in visual functioning.

e Maternal docosahexaenoic acid during pregnancy is significantly below recommendations
(200 mg/day) for optimal pregnancy outcomes placing the developing fetus at risk.

* Dietary sources of docosahexaenoic acid for the purpose of supplementation include: Marine and
single-cell oils.

* Poor visual processing can impede infant attainment of later developmental milestones that rely
on integrative processing.

* Additional educational efforts are necessary to educate the community regarding the important role
of docosahexaenoic acid in infant development during both the prenatal and postnatal periods.

Definitions of Key Terms

Photoreceptors: A neural cell that is specific to the retina with specificity for visual stimuli.
Visual cortex: The portion of the brain’s cortex where visual information is sent for further
processing.

Electroretinogram: A direct measure of the retinal response to a visual stimulus prior to reach-
ing any of the cortical areas.

Forced-choice preferential looking: Preferential looking procedures use black and white stripes
that are grated in a series of frequencies that correspond with the number of stripes per visual
angle (commonly termed as cycles/degree). The point at which an infant is unable to resolve or
see the contrasting stripes in a grated acuity procedure is considered the visual threshold.

Visual evoked potential: A direct measure of cortical response to a visual stimulus.
Docosahexaenoic acid: An essential long-chain polyunsaturated fatty acid, which is a metabolic
end product of the omega-3 fatty acid biosynthetic pathway.

Marine oil: Oil derived from edible fish sources for the purpose of supplementation.

Egg yolk phospholipid: Phospholipid derived from egg yolk.

Single-cell oils: Oils that are produced from single-cell sources including microalgae and
microfungus.
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Chapter 6
Acquired Tastes: Establishing Food (Dis-)Likes by
Flavour-Flavour Learning

Remco C. Havermans and Anita Jansen

Abbreviations

ANC Amygdalar nuclear complex

BMI Body mass index

CS Conditioned stimulus

OFC Orbitofrontal cortex

PDD Pervasive developmental disorder
UCS Unconditioned stimulus

6.1 Introduction

It is a truism that eating behaviour (i.e. food choice and food intake) is determined by many different
factors. Nonetheless, within the normal physiological boundaries of satiety and hunger one may
argue that people simply eat what they like and avoid foods they do not like (Eertmans et al. 2001).
Such hedonic eating behaviour is particularly apparent in children. For example, in the early twenti-
eth century, most Dutch children (in addition to children in many other countries) still received a
daily spoonful of cod liver oil before bedtime. Many of these individuals, now adults, still shiver at
the memory of the often rancid taste of cod liver oil. However, there was good reason to subject
children to this cod liver oil ordeal, as this oil was known to somehow prevent rickets (or rachitis; the
softening of bones misshaping knees, wrists, and ankles). It wasn’t until the 1930s that it was recog-
nised that rickets is caused by vitamin D deficiency and that cod liver oil is rich in such vitamin D.
This knowledge eventually allowed for the development of vitamin D supplementation and with it
the standard practise of administering children cod liver oil dissipated. One will cease the consump-
tion of aversive tastes when there is no pressing need for the consumption of such tastes.

People are born with a preference for sweet tastes and an aversion against bitter tastes, but more
specific flavour preferences are developed during later childhood. Specific food likes and dislikes can
differ between individuals and this suggests that these preferences are acquired through personal
experience with certain flavours. In other words, one acquires a (dis)taste for certain foods by trying
out these foods (Capaldi and Vandenbos 1991). How then does this work exactly? A prominent form
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of such purported experiential learning involves Pavlovian conditioning, the learning of an association
between a neutral conditioned stimulus (CS) (e.g. a flavour) and a biologically relevant unconditioned
stimulus (UCS). In the case of conditioned taste aversion learning, the UCS usually comprises some
degree of gastrointestinal discomfort. By pairing a specific flavour with such discomfort, one comes
to associate the flavour with the discomfort and this then leads to future avoidance of the flavour
(Pelchat and Rozin 1982). Pavlovian conditioning has then endowed the flavour CS a signalling func-
tion, it ‘predicts’ internal malaise (the UCS). Likewise, it was found in animals that a taste preference
is conditioned for flavours paired with the recovery of illness (Green and Garcia 1971).

Another way of conditioning a food preference was demonstrated by Holman (1975). In one of his
experiments, he gave rats on alternate days either a banana- or almond-flavoured mash. To this mash,
he added saccharin to make it taste sweet. Rats, like humans, have an innate preference for sweet
tastes. Holman varied the concentration of the saccharin of the different mashes. Rats were divided
into two groups: A and B. Group A received 60 min access to the almond paired with concentrated
saccharin and banana paired with diluted saccharin solution. For group B, the flavour to saccharin
concentration (concentrated versus diluted) assignment was reversed. At test, the rats received 30 min
access to 40 mL of both flavours now with an equal saccharin concentration. The rats showed a clear
preference for the flavour previously paired with the concentrated saccharin. Figure 6.1 displays an
illustration of the procedure, design, and results of this experiment. On the basis of these and similar
findings, Holman concluded that the apparent reinforcing effect of saccharin is the hedonic quality of
its sweet flavour. This form of learning has thus been termed flavour—flavour learning as the apparent

20-day training phase:

Banana Banana

GROUP A GROUP B
Diluted test: GROUP A 0 tj’

Almond «<— Banana

GROUP B

4-day training phase...
Concentrated test: GROUP A 16 8 U R

Almond «<—= Banana

GROUP B . Ef 6 0

Fig.6.1 Design, procedure and results of Eric Holman’s (1975) experiment on flavour—flavour learning. Eric Holman
(1975; Experiment 2) gave rats during a 20-day training period one flavour paired with concentrated saccharin on even
days and another flavour paired with diluted saccharin on uneven days. On a first test, rats were given simultaneous
access to both flavours, now both with diluted saccharin. Rats drank much more of the flavour previously paired with
the concentrated saccharin. On a second test, after another 4-day period of training, the same pattern of results was
obtained when both flavours were now presented with concentrated saccharin
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Table 6.1 Key facts concerning flavour—flavour learning and its applications

A neutral flavour becomes more liked or less liked after having been paired with, respectively, an already liked or
disliked flavour
Children can come to better like the flavour of fruits and vegetables through flavour—flavour learning

shift in flavour preference arises from the acquisition of an association between two flavours: a neutral
flavour (e.g. almond) and an already liked flavour (e.g. the sweet taste of concentrated saccharin)
(Fanselow and Birk 1982; Myers and Sclafani 2006).

Some researchers argue that a flavour—flavour association is qualitatively different from a prefer-
ence arising from flavour—consequence learning. As the latter form of association is recognised as
the result of Pavlovian conditioning, this implies that flavour—flavour learning may not be considered
as a form of Pavlovian associative learning (Hermans et al. 2002) and this gives rise to the question
what mechanism then underlies flavour—flavour learning. Other questions raised and discussed in the
present chapter concern the generality of flavour—flavour learning, its neurological underpinnings
and its application to promoting the development of healthy dietary habits in children (Table 6.1).

6.2 What is Flavour-Flavour learning?

Flavour—flavour learning comprises the transfer of affect to a neutral flavour CS by pairing that particu-
lar flavour with another already liked or disliked flavour UCS. The established shift in liking is always
in the direction of the affective value of the evaluative UCS. This is why flavour—flavour learning is
generally regarded as a form of evaluative conditioning. But what exactly is evaluative conditioning?

6.2.1 Evaluative Conditioning

In a particular study, Levey and Martin (1975) had participants categorise pictures of paintings as
liked, neutral, or disliked. Subsequently, the participants received exposure to several neutral pic-
tures paired with other liked pictures, or neutral pictures, or disliked pictures. At test, participants
had to evaluate all pictures and it was found that they now rated the neutral pictures that had previ-
ously been paired with the disliked pictures more negatively and the neutral pictures that had been
paired with the liked pictures as more positive. Martin and Levey (1978) termed this transfer of affect
to an originally neutral stimulus due to pairings of this stimulus with another affective (positive or
negative) stimulus evaluative conditioning.

Procedurally, evaluative conditioning is very similar to Pavlovian conditioning. With evaluative
conditioning, the neutral stimulus is usually referred to as the CS and the affective stimulus as the
UCS. Pairing these stimuli should then lead to the formation of an association between these two
stimuli, allowing for the transfer of affect from the UCS to the CS. Despite the procedural similarity
there are notable discrepancies between evaluative conditioning and other more typical Pavlovian
conditioning paradigms such as fear conditioning. In the case of fear conditioning, the CS, a neutral
stimulus (e.g. a tone or a picture), is paired with aversive stimulation, such as the administration of
an electric shock or a very loud noise. Hermans et al. (2002) exposed participants to such a proce-
dure, pairing pictures of faces (the CSs) with electrocutaneous stimulation (the UCS; i.e. an aversive
electric shock). The participant learned to anticipate this adverse stimulation that was reflected by a
strong expectation of the UCS when presented with the CS previously paired with the UCS. Hermans
and colleagues also showed that participants came to dislike the CSs that had been paired with the
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UCS, indicating evaluative conditioning. UCS expectations extinguish easily with non-reinforced
exposures to the CS (Dibbets et al. 2008), but an acquired evaluative shift is highly resistant to such
an extinction treatment (De Houwer et al. 2000).

Pavlovian conditioning can be described in terms of signal learning; one learns to recognise the
CS as a signal for the UCS, and hence, when exposed to the CS, one expects the UCS. No such learn-
ing is required in case of evaluative conditioning; the CS then merely has to refer to the UCS (see
also De Houwer et al. 2000).

In line with the reasoning that evaluative conditioning reflects some form of referential learning,
Havermans and Jansen (2007a) argue that evaluative conditioning more specifically reflects a stimulus
generalisation process. Within Pavlovian conditioning, it is well known that an acquired associative
strength can generalise from one CS to other CSs. The extent of transfer of associative value is deter-
mined by the degree of similarity between the CS and the novel stimulus (Pearce 2002). According to
Havermans and Jansen, such transfer is probably not limited to associative value. Indeed, it may also
comprise the transfer of other relevant stimulus characteristics, such as affective value. This then means
that pairing a neutral CS with an evaluative UCS merely provides one the opportunity for determining
(or just passively experiencing) the similarity between the two stimuli. If there is some degree of stimu-
lus similarity, and if this similarity is somehow noted, this may be enough to induce the transfer of
affect from the UCS to the CS (Davey 1994; Field and Davey 1999). Figure 6.2 represents the stimulus
generalisation model of evaluative conditioning as outlined by Havermans and Jansen.

6.2.2 The Flavour-Flavour Paradigm

Evaluative conditioning is not limited to the transfer of affect between visual stimuli such as the
pictures of paintings. Indeed, it was soon recognised that flavour—flavour learning can also be under-
stood in terms of evaluative conditioning. In fact the flavour—flavour paradigm is recognised as one
of the more robust forms of evaluative conditioning (Field et al. 2008).

CSy - ucs,

e affective value .

Fig.6.2 A stimulus generalisation model of evaluative conditioning. Havermans and Jansen (2007a) argue that when
a neutral CS X is paired with an affective UCS Y a configural X-Y representation is formed in memory. When subse-
quently X is presented, the representation of the UCS Y will be activated directly through its similarity with X and
indirectly through the X-Y configural representation. The degree to which the representation of Y is activated deter-
mines the extent of affective value being transferred from Y to CS X



6 Acquired Tastes: Establishing Food (Dis-)Likes by Flavour-Flavour Learning 77

As described above, Eric Holman (1975) tested whether a rat’s flavour preference could be influenced
by the sweetness of saccharin associated with the flavour. It could and such flavour—flavour learning is not
limited to rats; it has also been demonstrated in humans. Baeyens et al. (1995) found that pairing a flavour
with the aversive taste of polysorbate-20 (the emulsifier Tween) led to decreased liking of that particular
flavour (see also Baeyens et al. 1990, 1996, 1998a, b). These researchers, however, did not find evidence
of positive flavour—flavour learning with pairings of a specific neutral flavour with a sweet taste. This may
mean that negative flavour—flavour learning is more easily established than positive flavour—flavour learn-
ing, but the failure to induce positive flavour—flavour learning could also be attributed to the fact that the
participants only moderately liked the sweet taste. It was already shown that it certainly is not impossible
to induce positive flavour—flavour learning. Zellner et al. (1983) had students drink different flavours of
tea. Some of these teas had to be tasted several times with sweet-tasting sucrose. At test, all participants
again had to taste and evaluate the different teas, now left unsweetened, and the participants clearly and
specifically liked the previously sweetened teas better. Yeomans et al. (2008) similarly found evidence of
positive flavour—flavour learning when a specific flavour of dessert was paired with the sweet taste of
either sucrose or aspartame. To ensure that the sweet taste (the flavour UCS) was well liked, Yeomans
took care to only select self-identified sweet likers for participation in their study.

Interestingly, Brunstrom et al. (2001) found that unrestrained eaters showed enhanced preference
for drinks most often paired with a sweet reward (e.g. chocolate chips, puffed rice or raisins), but this
was not found among restrained eaters, suggesting that dietary restraint somehow devalues the sweet
reward. This is precisely what Brunstrom et al. (2005) found in a series of two experiments. In one
of these experiments, Brunstrom and colleagues paired different fruit juices of with a sweet reward
(i.e. chocolate chips). One of the juices was paired on just 10% of trials with the sweet and another
juice was paired 90% of the trials with the sweet reward. Unrestrained eaters came to prefer the 90%
paired picture, but the restrained eaters came to prefer the less-often paired pictures. Brunstrom and
colleagues thus argued that negative beliefs and attitudes regarding the UCS devalue the UCS and
within restrained eaters may in fact function as an aversive stimulus, thus promoting the acquisition
of a dislike. In a more recent study, however, Brunstrom and Fletcher (2008) failed to replicate this
effect of dietary restraint on flavour—flavour learning, but instead found an effect of hunger state.
When pairing tea with a non-caloric sweetener, only hungry participants came to like the flavour of
this particular tea relative to other unsweetened teas. Similarly, Mobini et al. (2007) found that pair-
ing a peach-flavoured tea with another sucrose drink, increased liking for the tea particularly when
participants had been trained and tested hungry. Further, Yeomans and Mobini (2006) demonstrated
that increased liking for odours paired with a sweet sucrose UCS was apparent only when partici-
pants were hungry. One may argue that hunger increases attention and liking for caloric cues, such
as a sweet taste that generally signals carbohydrate energy (e.g. as in the case of sucrose, fructose
and glucose), hence increasing the salience of the flavour UCS allowing for larger transfer of affec-
tive value to the CS flavour (see Fig. 6.3).

6.2.3 Neural Correlates of Flavour-Flavour Learning

Cues associated with a certain food UCS can come to affect subsequent food choice and food intake.
The brain structures known to be involved in the expression of cue-induced food selection and accep-
tance, such as the hypothalamus, amygdala and OFC probably also play a role in the associative
acquisition of food likes and dislikes (see Holland and Petrovich 2005). Indeed, although many brain
areas are activated with exposure to the sight, smell and taste of food, studies on the evaluation of
food stimuli ubiquitously point to the specific involvement of the amygdala, the OFC and the insula.
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Fig.6.3 Flavour—flavour learning as stimulus generalisationIn terms of the stimulus generalisation model of evalua-
tive conditioning as put forward by Havermans and Jansen (2007a), pairing a neutral flavour X with an already liked
flavour Y, leads to the formation of a configural X-Y representation in memory. Subsequent presentation of X alone
then leads to the activation of the configural X-Y unit and the representation of flavour Y. If one is hungry, the salience
of the representation of Y is hypothetically bigger and allows for more transfer of affective value to flavour X

With oral taste neurons projecting directly to the insula, activation of this area has been associated
with representations of taste intensity and quality (e.g. texture, taste intensity, bitterness, sweetness,
sourness or saltiness) and is thus referred to as the primary gustatory cortex (Small et al. 1999; De
Araujo and Rolls 2004). Adjacent to this area, the OFC is involved in representations of the pur-
ported acquired valence of food cues (e.g. the pleasure derived from the sight, smell and taste of
food). This region, therefore, has been termed the secondary taste cortex. Rolls and colleagues
showed that decreasing the subjective pleasure derived from eating a specific food item through
repeated exposure to that food leads to a corresponding decrease in the activation within the OFC
when presented with that specific food item (see Rolls 2000).

The amygdala is recognised to be activated by both pleasurable and aversive food cues (O’Doherty
et al. 2001) and thus appears to respond nonspecifically to any valenced food stimulus. Recent
research suggests that such activation of the amygdala requires deliberate and attentive processing of
the presented food stimulus (Siep et al. 2009).

Considering the presumed involvement of the amygdala in the conditioning of likes and dislikes,
Coppens et al. (2006) examined whether patients with a unilateral section of the temporal lobe
(which includes the amygdala) exhibit impaired flavour—flavour learning as compared to a control.
Participants received two flavours, one of which was served with the addition of Tween. The research-
ers hypothesised that given the fact that even unilateral damage to the amygdala (i.e. the ANC)
attenuates fear conditioning; such damage would also disturb evaluative conditioning. However, all
participants demonstrated clear negative flavour—flavour learning, acquiring a dislike for the Tween-
paired flavour CS relative to the unpaired CS. The authors correctly point out that this does not mean
that the amygdala does not play any role in the acquisition of food likes and dislikes as all the
patients included in the study had only unilateral damage to the ANC. Clearly, more research is
needed to determine the exact neurological underpinnings of flavour—flavour learning.
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6.3 Applying Flavour-Flavour Learning to Increase Liking for Vegetables

Overweight (BMI > 25 kg/m?) is a rapidly increasing worldwide health problem. Especially obesity
(i.e. severe overweight; BMI > 30) poses several health risks, such as coronary heart diseases and
type 1I diabetes. It is estimated that currently in the USA approximately 25% of total health care
costs are associated with obesity, a percentage representing billions of dollars (Levi et al. 2009).
Currently, more than two-thirds of the US population is overweight or obese. Table 6.2 displays the
present top five states with the highest obesity rates of the USA.

The number of overweight children has also increased dramatically in the past few decades. The
health risks associated with obesity at a young age are less dire, but it is more difficult to attain a
normal weight if one has been obese since childhood. Moreover, the health risks for obese adults
who have been obese since their childhood are greater than for people who became obese in later
adulthood (see e.g. Visscher et al. 2002).

Overweight and obesity are the result of a positive energy balance; more energy is consumed than
expended. Particularly excessive caloric intake is now thought to have contributed to the steep rise in
the incidence of obesity (Swinburn et al. 2009). Healthier eating, that is, consuming less high-calorie
products should lower the prevalence of overweight. Indeed, Raynor and Epstein (2001) demon-
strated that whereas consuming many different snacks is related to obesity, the consumption of a
large variety of fruits and vegetables is associated with lean body weight. Therefore, getting people
(especially children) to eat ample amounts of fruits and vegetables may prove to be an effective
strategy in curbing the present obesity epidemic.

Recently, we reasoned that flavour—flavour learning might be a powerful technique to increase
children’s liking of vegetables, and hence their consumption of vegetables. To test whether such fla-
vour—flavour learning actually increases children’s liking of vegetables, we conducted an experiment.
In this experiment 4- to 6-year-old children evaluated and rank ordered six different vegetables. Next,
they were instructed to repeatedly consume small amounts of two of the six specific vegetables. These
two flavours served as the flavour CSs and one of the two vegetables was now sweetened with glucose.
After this repeated exposure procedure, all children again were instructed to evaluate and rank order
the six vegetables. At this posttest, the children now specifically ranked the previously sweetened
vegetable as better liked than before (Havermans and Jansen 2007b; see Fig. 6.4).

This positive flavour—flavour learning effect was also demonstrated in a more recent study by
Capaldi and Privitera (2008). In a first experiment they had 2- to 5-year-old children repeatedly taste
grapefruit juice mixed with the sweet taste of sucrose. This led to increased liking of unsweetened
grapefruit juice. Moreover, this positive shift in liking proved stable for weeks. In a second experi-
ment, undergraduate students were presented with several occasions in which they were instructed
to consume one small stalk of caulifiower and another stalk of broccoli. One of the two vegetables

Table 6.2 Current obesity rates in the USA

State Obesity rate (%)
1 Mississippi 325
2 Alabama 31.2
3 West Virginia 31.1
4 Tennessee 30.2
5 South Carolina 29.7

Top five states with the most obese people in the
USA, as reported by the Trust for America’s Health
in their sixth annual issue report (Levi et al. 2009)
on the obesity epidemic in the USA
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Fig.6.4 Children’s changes in hedonic ranking of vegetables as the result of flavour—flavour learning. Mean shift in
ranking score (from pretest to posttest) for the CS paired with glucose (CS+) compared with the shift in ranking for
the unpaired CS (CS-), as demonstrated by Havermans and Jansen (2007b) in the conditioning of vegetable flavour
preferences in children

would be sweetened by having it dipped in sugar water. The assignment of vegetable to sugar water
was counterbalanced between participants. Capaldi and Privitera found that the pairings of either
cauliflower or broccoli with sugar increased liking of the taste of these vegetables.

In sum, the results from the studies discussed above suggest that the flavour—flavour learning
paradigm can be applied to increase children’s liking of fruits and vegetables. Importantly, this can
be achieved even when the taste of the CS is initially disliked (e.g. the bitter taste of grapefruit), plus
the achieved hedonic shift appears to be stable over a longer term.

6.4 Applications to Other Areas of Health and Disease

Children can develop strong food preferences and as a result may be particularly finicky about having
to eat certain foods (Dovey et al. 2008). When such picky eating becomes a longer term habit of eating
a very limited variety of food items, this food selectivity can form a serious health risk. One way to
treat such food selectivity is through mere exposure. Williams et al. (2008), for example, used this
method in six children being treated for extreme food selectivity. One case concerned a young girl
diagnosed with autism who during treatment was exposed regularly to foods presented in meals and
taste sessions. Meals would contain three table spoons of about three different foods (fruits, vegeta-
bles, meat, starch or dairy product), and taste sessions were used to introduce the child to a specific
novel food. This mere exposure worked very well. She learned to accept and eat many different foods.
Of the 49 different novel foods she learned to eat, she still ate 47 at 3 months after treatment.

Mere exposure thus seems to be a viable method to treat food selectivity. However, flavour—flavour
learning may be even more powerful in the treatment of such food selectivity. Compared with a mere



6 Acquired Tastes: Establishing Food (Dis-)Likes by Flavour-Flavour Learning 81

exposure procedure, flavour—flavour learning requires relatively few learning trials. Such flavour—flavour
learning may involve the pairing of a novel or nonpreferred food with an already liked food. Furthermore,
this pairing should be simultaneous, that is, the two foods (liked and disliked) should be presented
together, rather than sequentially, as was shown by Holman (1975) in his rat studies. In one experiment,
Holman found that pairing a flavour CS (CS+; cinnamon or wintergreen) with saccharin induced a fla-
vour preference relative to another unpaired flavour (CS—; cinnamon when CS+ was wintergreen, and
vice versa). Holman, however, failed to induce a flavour preference for the CS+ in a following experi-
ment when he inserted a 30 min interval between the consumption of the CS+ and the ingestion of a
saccharin solution. The procedure, design and results of these experiments are illustrated in Fig. 6.5.
Piazza et al. (2002) compared simultaneous and sequential pairings of non-preferred foods with
preferred foods in three children treated for food selectivity. One 11-year-old girl diagnosed with
PDD ate lettuce with salad dressing and a few other creamy foods, but not much else. She received
exposure to foods from different food groups (fruits and vegetables, starches and protein-rich foods)
and these foods were paired with salad dressing. One group of foods (A) was always presented
simultaneously with the salad dressing. Another group of foods (B) was paired sequentially with the
dressing. The girl would only come to eat the foods from group A, not the foods from group B, cor-
roborating the notion and previous findings that simultaneous pairings are superior in inducing an
evaluative shift. Similar findings were reported for the other two cases in this study. It thus seems that
food selectivity can be treated by means of evaluative conditioning, but note that the researchers did

Experiment 3
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A CS-+— CS+

Cs-
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Fig.6.5 Holman experiments indicating that only simultaneous CS—UCS pairings induce a shift in CS flavour prefer-
ence. An illustration of the procedure, design and main results of two experiments by Holman (1975; Experiments 3
and 4). Both experiments comprised comparing a shift in liking/preference between a CS+ paired with saccharin (the
UCS) and another explicitly unpaired CS flavour (i.e. CS—). At test, the animals received the opportunity to drink from
both (now unsweetened) flavours. The tests results from both experiments taken together clearly demonstrate that
simultaneous (Experiment 3) but not sequential pairing (Experiment 4) of the CS+ with saccharin induces a flavour
preference relative to CS—
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not present the ‘non-preferred’ foods separately without the unconditioned flavour after the repeated
pairings. This makes it impossible to assess any positive shift in liking of the flavour of the non-
preferred food itself. Furthermore, as the authors themselves note, they did not conduct a follow-up
test. Whether flavour—flavour learning is indeed beneficial and perhaps even superior to a mere expo-
sure procedure in the treatment of food selectivity thus requires further empirical validation.

6.5 Conclusion

Evaluative conditioning is the transfer of affective value from an affective stimulus to another stimulus,
due to pairing of the latter stimulus with the affective stimulus. As such, flavour—flavour learning — the
transfer of affective value to a flavour being paired with an already liked/disliked flavour — can be
regarded as a specific instance of evaluative conditioning.

Flavour—flavour learning is a robust form of evaluative conditioning and has been demonstrated
in both animals and humans. Humans appear especially sensitive to the reinforcing sweet taste of
sugar (Yeomans et al. 2008). The reason for this is unknown, but recent research suggests that
humans possess orosensory receptors that specifically function to detect the presence of carbohy-
drates (apart from sweet taste). Oral maltodextrin (not sweet) and glucose (sweet) both directly
activated brain regions known to be involved in the processing of the reward value of food, such as
the insula, OFC and striatum (Chambers et al. 2009). One may hypothesise then that flavour—flavour
learning in humans is probably much more effective when using some form of sugar and may even
be evident when using non-sweet carbohydrates as UCS.

Flavour—flavour learning has proven to be a powerful technique to change someone’s preference
for a flavour and hence food. It is rapid and requires relatively little experience with the flavours
themselves. In terms of nutrition and health, it has been shown that it can be applied to increase
children’s liking of fruits and vegetables even when the foods are initially disliked (Capaldi and
Privitera 2008). However, whether the established positive change in hedonics also leads to a corre-
sponding positive change in behaviour is an effect that is predicted but as of yet has not been exam-
ined empirically. The full benefits of flavour—flavour learning to nutrition thus still wait to be
examined.

Summary Points

* Food choice and intake can be understood in terms of hedonic behaviour; that is, one prefers
consuming foods one likes and tries to avoid having to eat foods one does not like.

* Food likes and dislikes are mostly acquired through direct experience with food.

* Flavour—flavour learning, a form of evaluative conditioning, comprises the transfer of affect (pos-
itive or negative) to a flavour by pairing that particular flavour with another already liked or dis-
liked flavour.

* In humans, positive flavour—flavour learning seems to be mediated by hunger state.

* The amygdala is thought to play a critical role in the acquisition of flavour (dis)likes through
flavour—flavour learning.

* Flavour—flavour learning can be applied to increase children’s liking of fruits and vegetables and
may be a beneficial technique in the treatment of severe cases of food selectivity.
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Key Terms

Evaluative conditioning: A learning paradigm in which pairing a CS with a positive UCS
results in a positive shift in liking for the initially neutral CS, whereas conversely, pairing such a
stimulus with a negative UCS results in a negative shift in liking.

Flavour—flavour learning: A form of evaluative conditioning that allows for the learning of
flavour preferences by pairing a flavour with an already liked flavour, such as the sweet taste of
saccharin or sugar.

Food selectivity: Feeding disorder diagnosed in infants or children when the child is not eating
adequately and the insufficient food intake cannot be attributed to any specific medical
condition.

Hedonic eating behaviour: The principle that anticipated and derived pleasure guide food
choice and food intake, respectively.

Pavlovian conditioning: The learning of a response to a CS due to its pairings with a biologi-
cally relevant UCS. This conditioned response typically reflects the anticipation of the UCS.
Stimulus generalisation: Transfer of prominent qualities of one stimulus — such as its associa-
tive and affective value — to another stimulus.
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Chapter 7
Personality Traits in the Context of Sensory Preference:
A Focus on Sweetness

Paul Richardson and Anthony Saliba

Definitions

Agreeableness: Degree toward being considerate, cooperative, and accommodating
Character: A combination of traits that are learned (e.g., responsibility)

Conscientiousness: Degree of self-discipline, persistence, and perfectionism

Disposition: The predominant tendency or pattern

Empathy: Capacity to recognize and share the feelings and emotions of others

Extraversion: Outgoing and highly sociable personality dimension

Harm Avoidance: Anticipatory worry and fear of uncertainty — similar to neuroticism
Impulsiveness: Inclination to act on the spur of the moment without considering long-term
implications

Neuroticism: Propensity to experience emotional events negatively; linked with levels of
anxiety and stress

Novelty Seeking: Sensation seeking — similar to venturesomeness and impulsivity

Openness: Willingness to explore new and unfamiliar experiences

Personality: An enduring pattern of a person’s psychological and behavioral characteristics
Temperament: The collection of unconscious dispositions

Trait: A distinguishing characteristic of someone’s personality

Venturesomeness: Thrill-seeking behavior, particularly for high-risk and potentially hazardous
situations
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7.1 Introduction

The consumption of food and drink is necessary to maintain life. However, there is widespread
variation not only in the amount of food eaten, but also in the types of food consumed; the pres-
ence of preferences lies behind the mixed patterns of consumption. Certain tastes may be dis-
liked by the vast majority of the population (e.g., bitter-tasting foods) while others (particularly
sweet tasting), may be actively preferred (Mennella et al. 2005). The processes associated with
these preferences are complex; multifactorial models have been developed in order to delineate
the influences underlying the preferences but these can be broadly defined as food effects, that
is, the physical and sensory properties of food and non-food effects, for example, person-
specific reasons.

7.2 Sensory Properties of Food

The food-related effects (the sensory properties of food such as texture, appearance, and taste) have
been of prime interest in choice behavior research; intuitively, any food perceived to be unpleasant
along these dimensions is unlikely to be consumed. The texture of an edible substance (e.g., its
viscosity, crispness, or grittiness) is known to relate directly to food selection in both primates and
humans (Araujo and Rolls 2004). Similarly, the color and appearance of food has been demonstrated
to interfere with judgments of flavor intensity and is known to influence the pleasantness and accept-
ability of foods. Children seem to be particularly sensitive to these effects, often refusing to consume
a particular food if it has bits in it (De Moura 2007) or happens to be green (see later section on
“Sweet Taste Preference”). However, it is how a food product tastes that has been the main focus of
the food-choice research.

7.3 The Basic Tastes

The human tongue has receptors for what have been described as sweet, sour, salty, and bitter tastes.
These are classically described as the four basic food tastes, and each have been associated with
variable levels of like/dislike among the general population. Umami (savoriness) and fat both have a
growing recognition in the literature as basic tastes that have corresponding receptors on the tongue
and unique neural responses (Bachmanov and Beauchamp 2007). Other “tastes” such as spiciness
are not unique, and what may be (erroneously) perceived as taste (the burning irritation) can then be
construed as a pleasant or unpleasant sensation.

7.4 Individual Differences in Taste Preference

The sensation of taste arises from chemical stimulation of specialized cells, taste receptors, which are
grouped in small clusters called taste buds. Although located throughout the oral cavity, taste buds are
in the highest concentration on the human tongue in structures called papillae (see Fig. 7.1 below).
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Fig. 7.1 A diagram of the human tongue. The location of the circumvallate, foliate, and fungiform papillae are
indicated in bold (Amended from Gray 2000. Reproduced with permission)

Individual differences exist for the exact number present on the tongue and intuitively, taste
intensity perception is correlated with the number of papillae present (Miller and Reedy 1990).
This biological basis for individual difference in taste preference has thus far been difficult to
study; however, with recent advancements in genetic research, it is now becoming clear that
genetic differences account for some individual difference in taste preference (Drewnowski et al.
2001). This research thrust is exciting because a genetic basis for preference would transcend
cultural boundaries, however it will be several decades before results can be used for any serious
applied outcome.

Individual differences could also potentially stem from idiosyncratic likes and dislikes,
demographics, psychological, and personality traits. It is entirely plausible that such individual
differences could predict taste preferences, however in many published articles these individual
differences are often considered “annoying sources of variance in research...” and “referred to as
nuisance variables...” (Stevens 1996 p.303). Obvious differences such as gender and age tend to
be included in research, but the less-obvious individual differences, particularly along the
psychological dimensions are not. Yet, in other research fields such as health psychology, the
opposite pattern is found and individual differences are taught and studied. The emphasis is one of
inclusion, and variables such as personality are regarded as potentially important distal determi-
nants of health behavior. They can provide “useful evidence about the nature of mechanisms
underlying sensory phenomena and thus are important in the generation of research hypotheses”
(Stevens 1996, pp. 303).
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7.5 Gender Differences

Sex differences have been established in various food-related investigations such as cravings for
particular food types, proportion of fruit and vegetables consumed, and avoidance of fats from meat
(Goldberg and Strycker 2002). These effects appear to exist as early as primary school (Caine-Bish
and Scheule 2009). In relation to sweetness, women do tend to rate sweeter tasting products as
more pleasant than men are reported to do (e.g., Laeng 1993); in a study investigating sweet taste
preference in obesity, nearly 32% of the female participants rated themselves as having a strong
sweet taste preference in comparison to less than 13% of the male participants (Elfthag and Erlanson-
Albertsson 2006). However, this apparent gender preference for sweet tasting products does not
translate to females consuming greater quantities of sweet snacks (Grogan et al. 1997). This same
study reported that women were more ambivalent toward eating sweet snacks than men (perceiving
them to be significantly less healthy) and were also more influenced by social pressures than men
(Grogan et al. 1997). It is not uncommon for research studies to employ single-sex studies to avoid
such entanglements: in a recent study investigating sweet intake, liking, and the urge to eat, in
relation to alcohol dependence, the authors decided not to recruit female participants due to the
social ambivalence regarding sweet snacks (Krahn et al. 2006). We would recommend against this
type of subject selection where it can be avoided, instead, we recommend examining the potential
determinants of variation.

Males tend to be less sensitive to bitter and sour tastes than females. Acidity is a natural preserva-
tive and is an important ingredient in a range of products; bitterness tends to be minimized but is
nevertheless a natural flavor in some foods (e.g., the important antioxidant activity in olive oil is
related to polyphenols that elicit a bitter taste). Sweetness may be used to mask certain levels of sour
and bitter tastes. It follows that females may seek higher levels of sweetness, firstly because of a
natural preference and secondly to mask perceived acidity and bitterness given higher acuity than
reported for males.

7.6 Personality

Personality can be described as the relatively enduring pattern of an individual’s unique psycho-
logical and behavioral characteristics, which can exert some degree of influence over the
thoughts and behavior of the individual (e.g., Dworetzky 1999). Different models of personality
abound, but those based on trait theory suggest that these dispositions are relatively stable,
enabling a high degree of predictability in a person’s behavioral repertoire. Secondary traits
(or states) tend to be more transient or only appear under certain conditions and can relate to
attitudes and preferences. Biological models argue that particular aspects of personality are
heritable (see Fig. 7.2) and that these can map onto specific neurotransmitters in the brain with
predictable behavioral responses.

One theory of personality that is commonly reported in research is Cloninger’s temperament and
character model (Table 7.1), based on his work with people who possessed “extreme” personality
profiles (Cloninger 1987). Temperament is depicted as a collection of unconscious dispositions that
can differentiate people quantitatively. The four constructs of “temperament” include novelty
seeking, harm avoidance, reward dependence, and persistence. In contrast, “character” refers to con-
structs that demonstrate an acquired or learnt component, such as the degree of self-directedness,
co-cooperativeness, and self-transcendence (Cloninger 1993, 1994). See Table 7.2 for an explana-
tion of these terms.
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Fig.7.2 Estimated heritability of personality factors from the Big five questionnaire. Similar data from two indepen-
dent studies indicate a high degree of consistency in this estimation. Key: O openness, C conscientiousness, E extra-
version, A agreeableness, N neuroticism

7.7 Temperament and Eating Behavior

It is the constellation of temperament qualities that has received most attention in research due to the
forging of a direct link between personality and biological mechanisms. Temperament is assumed to
have a constitutional or biological basis strongly influenced by heredity. Three strands of Cloninger’s
theory of temperament have been linked to neurotransmitter functioning in the brain, and are known
to modulate eating behavior and the regulation of feeding. Specifically these are: dopamine (novelty
seeking), serotonin (harm avoidance), and noradrenalin (reward dependence).

Cloninger posits that high novelty seeking is a proxy measure of dopamine activity within the
mesolimbic regions of the brain (Cloninger 1994). Dopamine is a neurotransmitter thought to modu-
late the rewarding aspects of “motivating” stimuli, particularly during the learning of new likes and
dislikes, the seeking out of new and novel experiences. Animal studies indicate that dopamine activ-
ity is linked more to the anticipatory desire and motivation (the wanting) rather than pleasure derived
from consummation (the liking) (Robinson et al. 2005). Increases in dopamine activity in the
mesolimbic and orbitofrontal regions of the brain have been associated with response to pleasant
tastes and these same regions show a higher degree of activity when hungry compared to satiated
(Tataranni et al. 1999). As such, dopamine is a primary candidate for involvement in food reinforce-
ment, and by extension, in mediating taste preference.

Low levels of serotonin are typically reported in patients with clinical levels of anxiety and depres-
sion. Subscales of harm avoidance include anticipatory worry, fear of uncertainty, and shyness, all of
which can be considered prototypical features of clinical anxiety (Cloninger 1993). Those with high
levels of harm avoidance may actively avoid novel situations or those that may involve confrontation
or punishment. More specifically, raising serotonin levels has been demonstrated to suppress appe-
tite, lower food intake, and lower fat intake (for a review see Lam et al. (in press)).

Classical and operant conditioning are two processes that underpin the ability to learn,
essentially the pairing of conditioned stimuli/cues with responses. The acquisition of paired
associations is thought to be modulated by noradrenaline. Atypical noradrenaline functioning has
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Table7.1 Key terms of Cloninger’s temperament and character theory of personality

(Cloninger 1998)

Descriptors of extreme variants

Temperament dimension High Low

Harm avoidance Pessimistic Optimistic
Fearful Daring
Shy Outgoing
Fatigable Energetic

Novelty seeking Exploratory Reserved
Impulsive Rigid
Extravagant Frugal
Irritable Stoic

Reward dependence Sentimental Critical
Open Aloof
Warm Detached
Sympathetic Independent
Industrious Lazy
Determined Spoiled
Ambitious Underachieving
Perfectionistic Pragmatic

Character dimension

Self-directedness Responsible Blaming
Purposeful Aimless
Resourceful Inept
Self-accepting Vain
Disciplined Undisciplined

Cooperative Tenderhearted Intolerant
Empathic Insensitive
Helpful Hostile
Compassionate Revengeful
Principled Opportunistic

Self-transcendent Self-forgetful Unimaginative
Transpersonal Controlling
Spiritual Materialistic
Enlightened Possessive
Idealistic Practical

been demonstrated in patients with posttraumatic stress disorder, who are overly sensitive to
trauma-related cues (for review, see Yehuda 2002). Typically, it is thought of as governing the
body’s “fight or flight” response in times of acute stress, and on the TCI, its subscales are senti-
mentality, attachment, and dependence. Low levels of reward dependence are associated with
being aloof, withdrawn, and detached; high levels are synonymous with being open, revealing, and
dedicated (Cloninger 1993). Drugs that target noradrenaline receptors have been demonstrated to
promote weight loss by suppressing appetite and producing early satiety.

7.8 Sweet Taste Preference

Sweetness has been referred to as an innate or naturally preferred taste, even in very young children,
while salty, sour, and bitter are acquired tastes that need some perseverance, often extending into late
childhood before being liked. Foods that are rated as pleasant and consumed in great quantities by
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Table 7.2 Temperament personality constructs indicated with neurotransmitter systems and associated subsequent
behavioral response (Amended from Cloninger 1998. The Genetics and Psychobiology of the Seven-Factor Model of
Personality pp.68). In Kenneth R. Silk (1998) Biology of Personality Disorders

Temperament

construct Principal neurotransmitter Relevant stimuli Behavioral response

Novelty seeking Dopamine Novelty Exploratory pursuit
CS of reward Appetitive approach
CS or UCS of relief Active avoidance, escape
of monotony or
punishment
Harm avoidance Serotonin Conditioned signals Passive avoidance, extinction
for punishment,
novelty, or
frustrative
nonreward
Reward dependence Noradrenaline Reward conditioning ~ Formation of appetitive CS
(pairing CS and
UCS)

CS conditioned stimulus, UCS unconditioned stimulus

children in most western countries are those with a high sugar and fat content, while vegetables are
regarded as universally disliked. This pattern of taste preferences appears to be universal and tran-
scends cultures (Prescott et al. 1992).

Additional evidence for the innate preference of sweet tastes comes from studies involving
neonates. A common methodology has been adopted by several studies — neonates are given solu-
tions containing the basic tastants and facial expressions are observed immediately after ingestion
(see Fig. 7.3). By observing positive facial expressions, sweet tastes were found to be universally
accepted, while sour and bitter tastes were associated with tell-tale facial responses indicating an
aversion (e.g., Steiner 1977). Recent research suggests this innate preference for sweet tastes may
have a partial genetic basis (Mennella et al. 2005), and this regulates the consumption of sweet foods
(Reed et al. 1997). Keskitalo and colleagues (2007) found a relationship between the frequency of
consuming sweet foods and a genetic marker on chromosome 16. They had participants rate the
pleasantness of various tastants, and reported preference for the extremely sweet solution, reporting
an estimated heritability factor of 40% (Keskitalo et al. 2007). However, two caveats to this study are
(1) the unequal gender split in favor of women (68% vs. 32%), and (2) the age range of participants
(18-78 years). No data was published describing the demographics, but demographic variables were
used as covariates in the analysis.

The innate tendency for a sweet preference might confer an adaptive advantage — a sweet taste signals
the presence of sugars and thus of immediate high calorific value. In contrast, sour and bitter tastes are
perhaps indicative of noxious substances and the decomposition of food and thus best avoided. Infants
and older children often appear to be picky with food, particularly if they have not tasted it before. This
mild neophobia illustrates the process of children learning what is safe to eat and what is not.

Neophobia has been identified in adults and can predict behavior pertaining to ingestion of novel
vs. familiar foods and willingness to eat novel foods (Pliner and Hobden 1992). The authors catego-
rized neophobia as a personality trait, and report that it correlates positively with measures of trait
anxiety but negatively with novelty/sensation seeking (Pliner and Hobden 1992). Both of these traits
have genetic links, suggesting that neophobia is also heritable. Indeed, one twin study estimated the
heritability of neophobia at 67%, though this was only with female participants (Knaapila et al.
2007). This evidence is supportive for the notion that likes and dislikes of specific tastes and foods
can be mediated by personality traits.



92 P. Richardson and A. Saliba

Fig.7.3 Neonates displaying variable facial responses to basic tastes (Reproduced from Steiner 1997. With permis-
sion). Key: I rest, 2 water, 3 sweet, 4 sour, 5 bitter

One early study to investigate personality traits and taste preferences was completed in India by
Venkatramaiah and Baby Devaki (1990). They asked 38 female postgraduate students to self-report
food preferences via checklist, and measured personality traits with the Indian Personality Inventory
(unpublished measure created by the same authors in 1980). The personality traits were derived from
the Indian philosophy of Samkhya. They reported main effects for personality and food types,
speculating that sweet foods were preferred most by those with high “tamas” scores (a trait that maps
onto Cloninger’s harm-avoidance trait). However, no post hoc analyses were ran to assess group
differences for any tastes.

A recent study investigated the purported influence of trait anxiety on food taste preferences in
Japan (Kato et al. 2006) (Fig. 7.4). The authors divided 73 university students into 2 groups according
to the trait scores from the State-Trait Anxiety Inventory, and then tested for sensitivity to sweet,
salty, and sour tastes. Of prime interest was the finding that the trait-anxiety group had a higher
sensitivity to sweet tastes but not salty or sour. Kato and colleagues (2006) posited that people with
high trait anxiety experience more stress on a daily basis, and that this was instrumental in causing
the change to eating habits. However, the research was based on young university undergraduate
students with no breakdown of gender. Given that the study did not employ a longitudinal design and
no premorbid dietary measures were taken, it may be speculative to conclude that trait anxiety caused
any changes to eating habits.

The link between trait anxiety and sweet preference is supported by an earlier study investigating
personality and dietary habits (Kikuchi and Watanabe 2000). They tested 470 university undergradu-
ate students who were required to keep daily records of their dietary habits recorded over a 2-year
period, designed to capture the frequency and amount of 40 pre-specified food types consumed.
Personality was measured using a modified version of the NEO Five Factor Inventory (Costa and
McRae 1992). This provided scores on the “big five” factors of personality: openness, conscientious-
ness, extraversion, agreeableness, and neuroticism. High scores on each of the five personality factors
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Fig. 7.4 A taste preference experiment in progress. This may usually take place in a partially secluded booth, in
which the participant is able to make judgments on preferred food or drink tastes by sampling the products; this
permits a fine degree of control and manipulation of several variables — in contrast to interview-based research, which
relies on participants recollecting taste preferences in the absence of any actual tasting

had characteristic features; of specific interest was the finding that those with high neuroticism had
a pronounced sweet taste preference irrespective of gender (Kikuchi and Watanabe 2000).

This finding was supported by Elfhag and Erlanson-Albertsson (2006) in a study of 60 clinically
obese patients awaiting treatment at a clinic. Sweet (and fat) taste preference was assessed via
structured interviews; on this basis, patients were assigned to one of four groups: strong sweet
preference, strong fat preference, strong preference for sweet and fat, and no strong taste preference.
Personality was measured with the Swedish University Scales of Personality. The Three Factor
Eating Questionnaire was also used to provide measures of cognitive restraint (attempts to limit food
intake), disinhibition (difficulties in limiting food intake), and hunger experience (subjective feelings
of hunger). The results indicated that those who demonstrated a strong preference for sweet tastes
(as opposed to no strong taste preference) showed higher levels of neuroticism; in particular, the
neuroticism subscales that were critical for this distinction were lack of assertiveness and embitterment.
Sweet taste preference bore no relation to any of the three eating characteristics (Elfhag and
Erlanson-Albertsson 2006). The authors suggest these imply low self-confidence and self-esteem,
and an externalized locus of control for difficulties. However, one earlier study (Stone and Pangborn
1990) instead found that preference for sweetness was higher in university students with an “outgoing”
personality style, a trait that Elfhag and Erlanson-Albertsson conceded was the “opposite of
neuroticism and rather implies being more unconcerned and carefree” (p. 64). However, the authors
commented that the relation between the outgoing trait and liking for sweetness was not
straightforward, as participants who did prefer sweeter drinks did not differ on personality measures
from those who did not prefer the sweeter drinks (Stone and Pangborn 1990).

Overall, these recent studies all indicate that those with high levels of trait anxiety and neuroti-
cism exhibit a sweet taste preference. It has been proposed that this may be characterized by “comfort
eating,” indicative of some reward deficiency syndrome (Wang et al. 2003) or possibly reflective of
some “self-medicating purpose that exceeds basic energy requirements” (Davis et al. 2004 p. 132).
There are indications that the opioid neurotransmitters may be involved in the rating of sweet tastes
as pleasant and in reducing observed behavioral measures of stress after eating sweet tasting foods
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(Dallman et al. 2003). Dallman and colleagues (2003) proposed that symptoms of chronic stress
could be attenuated by the consumption of sucrose (a sweet tasting sugar) by way of dampening
sympathetic activity in the hypothalamo—pituitary—adrenal (HPA) axis, a feedback system known to
be dysfunctional in anxiety disorders (e.g., Yehuda 2002); it is thought that this is mediated through
opioidergic pathways (Dallman et al. 2003).

We recently published a study investigating personality traits associated with a preference for a
sweet white wine (Saliba, Wragg and Richardson 2009). Forty-five participants (with a near-equal
gender split) were categorized as preferring either a base or sweet taste on the basis of their hedonic
response to a dry white wine and another sample with fructose added at 20 g/L. Personality traits
were assessed with the big five personality inventory and the Impulsiveness Venturesomeness and
Empathy Scale (IVE - Eysenck and Eysenck 1991). We found that the sweet preference group had
significantly lower levels of the openness to experiences trait but higher levels of impulsivity
(see Fig. 7.5). Openness to experience has been portrayed as a proxy measure of the willingness to
explore new and unfamiliar experiences, ideas, and feelings (Costa and McCrae 1992) and may be
akin to the novelty-seeking trait in Cloninger’s measure of temperament (Cloninger 1993). Previous
studies suggest that those with high openness report healthier dietary practices (Goldberg and
Strycker 2002). We speculated that infants with a preference for non-sweet taste do not receive suf-
ficient dietary stimulation and so are open to new experiences in order to fulfill this. The finding that
sweet taste was preferred by those with high levels of impulsivity is consistent with previous research
(Davis et al. 2004).

Animal studies have reported a positive association between preference for sweet solutions and
the subsequent intake of alcohol (Sinclair et al. 1992). In a study conducted in patients with alcohol
dependency, Kampov-Polevoy and colleagues reported a preference for a solution containing the
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Fig.7.5 Graph depicting mean average scores of the dry vs. sweet wine taste preference groups on the Impulsiveness,
Venturesomeness and Empathy (/VE) and Big five (OCEAN) personality questionnaires (data from Saliba et al. 2009).
Note: the scores from the two personality tests are not comparable with each other, and are shown for illustrative
purposes only. Key: *denotes significance at p<0.05, N=45
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highest sucrose concentration (Kampov-Polevoy et al. 1998). They report that the nonalcoholic
group preference for sweet tastes was associated with low novelty seeking, and conversely,
sweet-disliking participants had high novelty-seeking scores. In stark contrast, the sweet-liking
alcoholics showed high novelty-seeking scores as well as high harm-avoidance scores.

A study by Krahn et al. (2006) reported that alcohol-dependent patients reported a preference for
the sweetest tastant during the first month of abstinence. Patients who reported abstinence at 6 months
were less likely to prefer the sweetest tastant than those who did not maintain abstinence. The authors
suggest sweet preferences could be a marker for future abstinence. Garbutt and colleagues suggest
this “sweet-liking/sweet-disliking” phenotype can be considered a marker for cerebral opioid
functioning (Garbutt et al. 2009). This hypothesis was tested in alcohol-dependent patients during a
12-week treatment program with naltrexone (an opioid receptor antagonist, which arguably blocks
the pleasurable effects of alcohol). Patients were dichotomized into sweet-liking or sweet-disliking
groups Vvia a taste test given prior to treatment (n=15:25 respectively), and had their responses and
compliance to the naltrexone program recorded. Both groups had similar craving levels prior to treat-
ment and similar retention levels following the study, though the sweet-liking group took longer to
achieve the necessary 3-abstinent days prior to onset of treatment and were less likely to achieve two
consecutive dry days during treatment. The sweet-disliking group also had significantly more absti-
nent days throughout. Interestingly, the authors also reported that sweet-liking patients with high
cravings had a higher percentage of abstinent days compared to sweet-disliking patients also with
high craving. However, Kranzler and colleagues (2001) argued that since children of alcoholic
parents are at a greater risk of developing alcohol dependency, then preference for sweet taste must
be a phenotypic marker for risk of alcoholism. They found no such pattern, and suggest that the
effect published by Kampov-Polevoy and colleagues may be instead due to chronic drinking, as
opposed to an underlying genetic predisposition.

7.9 Applications to Other Areas of Health and Disease

The World Health Organization has predicted that by 2015, over 700 million people worldwide will
be obese (WHO 2006), a prevalence rate of almost 10%. Research investigating the factors associ-
ated with poor dietary lifestyle has been ongoing, such as knowledge of the effects of consuming too
much food. Research suggests that although 95% of US adults believe that balance, variety, and
moderation are the keys to healthy eating (Lachance 1992) and 83% are aware that what they eat can
affect their future health, there is a discrepancy between dietary knowledge and actual intake
(Shepherd and Stockley 1987). The fact that nutritional knowledge alone may be insufficient to pro-
mote changes in eating behavior suggests that psychological factors may be paramount in setting the
stage for dietary change. The underlying drivers of consumption, particularly related to personality
and taste preferences, are a current focus. Our own work (Saliba et al. 2009) showing a link between
personality and taste preference highlights the need for a whole of modeling approach, one that takes
into account underlying taste preference, personality type, as well as other variables such as food
attitudes and cultural norms.

Of particular concern is the fact that high impulsivity (specifically, sensitivity to reward) has been
linked to overeating (Davis, Strachan and Berkson 2004) and along with food preferences strongly
predict an individual’s body mass index (Davis et al. 2007). An individual who presents high in
impulsivity and also has taste preferences that predispose them to overeating is at particular risk.
Impulsivity has been linked to sweet taste preference (Saliba et al. 2009) and obesity (Fassino et al.
2002), although recent evidence has questioned whether sweet taste preference actually leads to
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higher levels of obesity (Hayes and Duffy 2008). The same research suggests that fat preference may
be more predictive of obesity, albeit along with sweet preference (Hayes and Duffy 2008); future
research needs to determine the link between personality type, fat taste preference, and subsequent
obesity levels.

Summary Points

* Individual taste preferences cause a widespread variation not only in the amount of food eaten,
but also in the types of food consumed.

* Individual differences in the concentration of taste buds on the tongue affect taste acuity, which influ-
ences taste preferences. This research is exciting because a biological basis for preference would
transcend cultural boundaries; however applied outcomes may be some decades away.

 Itis entirely plausible that individual differences could predict taste preferences; however in many
published articles these individual differences are often not examined. Yet in other research fields
such as health psychology the opposite pattern is found and individual differences are taught and
studied; variables such as personality are regarded as potentially important distal determinants of
health behaviors.

* Women tend to rate sweeter tasting products as more pleasant, whereas males are more tolerant of
higher levels of sourness. Although gender differences exist in the types of foods consumed, this does
not appear to translate to clearly poorer dietary choices by either gender.

» Different models of personality abound, but those based on trait theory suggest that dispositions
are relatively stable, enabling a high degree of predictability in a person’s behavioral repertoire.
Secondary traits (or states) tend to be more transient or only appear under certain conditions and
can relate to attitudes and preferences.

* Sweetness has been referred to as an innate or naturally preferred taste, even in very young chil-
dren, while salty, sour, and bitter are acquired tastes that need some perseverance, often extending
into late childhood before being liked.

* Individuals with high levels of trait anxiety and neuroticism exhibit a sweet taste preference. This
may be characterized as “comfort eating.”

* Impulsivity is a personality dimension known to be associated with overuse syndromes. Individuals
with a sweet taste preference report higher on impulsivity, which may be a concern if future
research shows that overeating is linked to sweet taste preference.

* Preference for fatty tastes may be the strongest of all taste preferences in predicting obesity.
Further research needs to establish the link between personality and fat taste preference.

References

Bachmanov AA, Beauchamp GK. Annu Rev Nutr. 2007;27:389-414.

Caine-Bish NL, Scheule B. J Sch Hea. 2009;79:532—-40.

Cloninger R. Arch Gen Psychiatry. 1987;44:573-88.

Cloninger R. Curr Opin Neurobiol. 1994;4:266-73.

Cloninger CR, Svrakic DM, Przybeck TR. Arch Gen Psychiatry. 1993;50:977-91.

Cloninger R. In: Silk KR (Ed) Biology of Personality Disorders. American Psychiatric Press, Inc; 1998.
Costa PT, McCrae RR. NEO PI-R professional manual. Odessa, FL: PAR Inc.; 1992.

Dallman MF, Akana SF, Laugero KD, Gomez F, Manalo S, et al. Physiol Behav. 2003;79:3-12.

Davis C, Strachan S, Berkson M. Appetite. 2004;42:131-8.

Davis C, Patte K, Levitan RD, Reid C, Tweed S, Curtis C. Appetite. 2007;48:12-9.



7 Personality Traits in the Context of Sensory Preference: A Focus on Sweetness 97

de Araujo IE, Rolls ET. J Neurosci. 2004;24:3086-93.

de Moura SL. Appetite. 2007;49:716-9.

Drewnowski A, Henderson SA, Barratt-Fornell A. Drug Metab Disp. 2001;29:535-8.

Elthag K, Erlanson-Albertsson C. Physiol Behav. 2006;88:61-6.

Eysenck HJ, Eysenck S. Adult impulsiveness venturesomeness and empathy scale. London: Hodder & Stoughton;
1991.

Fassino S, Leombruni P, Piero A, Daga GA, Amianto F, Rovera G. Compr Psychiatry. 2002;43:431-7.

Garbutt JC, Osborne M, Gallop R, Barkenbus J, Grace K, et al. Alc Alcsm. 2009;44:293-300.

Goldberg LR, Strycker LA. Personal Individ Differ. 2002;32:49-65.

Gray H (2000) Anatomy of the Human Body. Philadelphia: Lea & Febiger, 1918; www.bartleby.com/107/ [January
20101].

Grogan SC, Bell R, Conner M. Appetite. 1997;28:19-31.

Hayes JE, Duffy VB. Physiol Behav. 2008;95:77-87.

Kampov-Polevoy AB, Garbutt JC, Davis CE, Janowsky DS. Alcohol Clin Exp Res. 1998;22:610—4.

Kato M, Ito Y, Naga S, Shimizu J. J Int Study Diet Hab. 2006;17:44-8. Google Translation.

Keskitalo K, Knaapila A, Kallela M, Palotie A, Wessman M, et al. Am J Clin Nutr. 2007;86:55-63.

Kikuchi Y, Watanabe S. J Epidemiol. 2000;10:191-8.

Knaapila A, Tuorila H, Silventoinen K, Keskitalo K, Kallela M, et al. Physiol Behav. 2007;91:573-8.

Krahn D, Grossman J, Henk H, Mussey M, Crosby R, Gosnell B. Addict Behav. 2006;31:622-31.

Kranzler HR, Sandstrom KA, Van Kirk J. Am J Psychiatry. 2001;158:813-5.

Lachance PA. In: Finley JW, Robinson SF, Armstrong DJ, editors. Food safety assessment (ACS symposium series
484) (pp. 278-296). Washington, DC: American Chemical Society; 1992.

Laeng B, Berridge KC, Butter CM. Appetite. 1993; 21:247-254.

Mennella JA, Johnson A, Beauchamp GK. Chem Senses. 1995;20:207-10.

Mennella JA, Yanina Pepino M, Reed DR. Pediatrics. 2005;115:216-22.

Miller 1J, Reedy FE. Physiol Behav. 1990;47:1213-9.

Pliner P, Hobden K. Appetite. 1992;19:105-20.

Prescott J, Laing D, Bell G, Yoshida M, Gillmore R, et al. Chem Senses. 1992;17:801-9.

Reed DR, Bachmanov AA, Beauchamp GK, Tordoff MG, Price RA. Behav Genet. 1997;27:373-87.

Robinson S, Sandstorm SM, Denenberg VH, Palmiter RD. Behav Neurosci. 2005;119:5-15.

Saliba AJ, Wragg K, Richardson P. Food Qual Pref. 2009;20:572-5.

Shepherd R, Stockley L. ] Am Diet Assoc. 1987;87:615-9.

Sinclair JD, Kampov-Polevoy AB, Stewart R, Li TK. Alcohol. 1992;9:155-60.

Steiner JE. In: Weiffenbach JM, editor. Taste and development: the genesis of sweet preference. Washington DC: US
Government Printing Office; 1977.

Steiner JE. Pure Appl Chem. 1997;69:721-7.

Stevens DA. Food Chem. 1996;56:303—11.

Stone LJ, Pangborn RM. Appetite. 1990;15:63-79.

Tataranni PA, Gautier JF, Chen K, Uecker A, Bandy D, et al. PNAS. 1999;96:4569-74.

The World Health Report (WHO). Working together for health. 2006.

Venkatramaiah SR, Baby Devaki P. J Pers Clin Study. 1990;6:1-5.

Wang GJ, Volkow ND, Thanos PK, Fowler JS. Psych Annals. 2003;33:104—11.

Wise RA. Phil Trans R Soc: Biol Sci. 2006;361:1149-58.

Yehuda R. N Engl J Med. 2002;346:108-14.






Chapter 8
Changes to Taste Perception in the Food Industry:
Use of Cyclodextrins*

Giani Andrea Linde, Antonio Laverde Jr, and Nelson Barros Colauto

Abbreviations

2HPBCD  2-Hydroxypropyl-p-cyclodextrin
2HPyCD  2-Hydroxypropyl-y-cyclodextrin
3HPBCD  3-Hydroxypropyl-B-cyclodextrin
ADI Acceptable daily intake

CD Cyclodextrin

CGTase Cyclodextrin glycosyltransferase
DHPBCD  2,3-Dihydroxypropyl-B-cyclodextrin
DMBCD  Ditrimethyl-B-cyclodextrin

DOSY Diffusion-ordered spectroscopy

DSC Differential scanning calorimetry
FAO Food and Agriculture Organization
FDA Food and Drug Administration
FTIR Fourier transform infrared

G Guest

GI1BCD Glucosyl-B-cyclodextrin

G2BCD Maltosyl-B-cyclodextrin

GRAS Generally recognized as safe
HEBCD Hydroxyethyl-B-cyclodextrin
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TGA Thermogravimetric analysis
TMBCD  Trimethyl-B-cyclodextrin
uv Ultraviolet

WHO World Health Organization

Definition and Explanations of Key Terms or Words

Controlled release: Release of an ingredient gradually to produce a sustained effect
Cyclodextrin: Cyclical oligosaccharides with variable number of units of o.-D-(+)-glucopyranoside
bonded by a(1—4)

Equilibrium constant: In a chemical reaction is the quotient between the molar concentration
of product and reagents after the reaction reached equilibrium and at a given temperature

Food color: An aspect of food caused by differing qualities of light that is absorbed, reflected,
or emitted by food compounds.

Food coloring: A colorant, water soluble or insoluble, permitted by the Food and Drug
Administration for use in foods.

Functional food: A food having components that provide a potential benefit to health, well-being,
or disease-resistance beyond the benefit expected from its main nutritional components.
Inclusion complex: In host—guest chemistry, an inclusion compound is a complex in which
one chemical compound (the “host”) forms a cavity in which molecules of a second “guest”
compound with chemical affinity can fit.

Sensory characteristics: A group of food characteristics such as color, flavor, odor, texture, and
taste that produces a different level of pleasant sensations during food consumption.

Smart food packages: Packages that work as a reservoir of active ingredients that can be
used to control the release of active components like antimicrobials, flavors, pigments, and
antioxidants.

8.1 Introduction

Sensorial demands, like color, taste, flavor, as well as cost and convenience, are major determinants of
food selection. Foods that are bitter, acrid, or astringent tend to be rejected by the consumer and this
instinctive rejection may not be modified because it is a key mechanism for survival, developed along
species evolution. In addition, alimentary behavior has been altered over time because of women’s par-
ticipation in the formal working market and lifestyle changes with less time availability. This has resulted
in an increase of industrialized food consumption. The food industry has been responding to this demand
by developing a variety of inexpensive and ready-to-consume products that meet the consumers’ pri-
mary needs. However, there are few industrialized foods that still remain as functional foods.
Environmental and genetic variables provide several modifications in the sensory characteristics
of foods. Therefore, in order to obtain food with standard sensory characteristics, the industry uses
the addition of sugar, salt, fat, pigments, and flavors, to name a few, or removes unpleasant-tasting
compounds. Various unpleasant tastes are related to bioactive molecules that are necessary to the
regulation of metabolism and immune system, like phenols, flavonoids, isoflavones, terpenes,
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glucosinolates, minerals, vitamins, and peptides. The reduction of these components in food and
stressing sedentary lifestyles have been associated to the increase of obesity, diabetes, circulatory
diseases, depression, and disorders of sleeping, learning, memory, pain, sexual behavior, appetite,
and stress. In order to compensate this unbalance, the food industry has tried to provide functional
foods that act on specific targets in the body, affecting positively consumer’s health and nutrition.
However, there is a dilemma for the consumer and the industry, which is the consumption and the
offering of healthy food with pleasant taste.

This chapter introduces CD and its capacity to form inclusion complexes, reviewing the main
application of these cyclic oligosaccharides to improve sensory characteristics like flavor, odor, taste,
rheology, color, and food functionality. Also, CD safety and its potential use in “smart” packages to
improve sensorial and functional quality and food safety are discussed. Although CDs are still mini-
mally used in food, they are one of the best tools to help the food industry solve the dilemma between
the demands of taste versus health foods.

8.2 Cyclodextrins: Characteristics and Mechanisms of Complex Formation

CDs are cyclical oligosaccharides (Table 8.1) with variable number of units of a-D-(+)-glucopyra-
noside bonded by a(1—4). The most common ones are a-, B-, and y-CD with six, seven, or eight
units, respectively; however, CDs with 9, 10, 11, or more units of a-D-(+)-glucopyranose are also
known. These macrocycles are produced by the enzymatic conversion of starch through the action of
CD glycosyltransferase (CGTase) (Szejtli 2004). Either as a solid crystal or in solution CDs have a
toroidal shape. The toroid upper base, also known as secondary base, is surrounded by secondary
hydroxyls bounded to C-2 and C-3 carbons of glucopyranose, while the inferior or primary base is
surrounded by primary hydroxyls bounded to C-6 of glucopyranoses. A ring of hydrogen bonds is
also formed intramolecularly between the 2-hydroxyl and the 3-hydroxyl groups of adjacent glucose
units. This hydrogen bonding ring gives the CD a remarkably rigid structure (Szejtli 2004) and is
responsible for the toroidal shape and the rigid structure of CDs. The hydrogen-bond network also
affects the CD water solubility. The a-, -, and y-CD solubilities at ambient conditions are approxi-
mately 13, 2, and 26% (mass by mass), respectively. The lower solubility of 3-CD compared with
a-CD is due to a stronger hydrogen-bond network giving a higher rigid structure to B-CD and lower
water solubility. The disruption of hydrogen bonding via molecular manipulation increases water
solubility as for hydroxypropyl-B-CD (HPBCD), which increases 60% of the 3-CD aqueous solubil-
ity (Davis and Brewster 2004). The CD cavity is surrounded by the H-3 and H-5 hydrogens of glu-
copyranoses and glucosidic oxygens, with the free electrons directed toward the cavity interior. This
high electronic density from glucosidic oxygens, the arrangement of hydrogens, and the lack of free
hydroxyls toward the cavity make it less hydrophilic than aqueous environment. Thus, hydrophobic
molecules in aqueous solution can increase the chemical stability entering the CD cavity. The CD
external area is surrounded by hydroxyls with hydrophilic characteristic (Fig. 8.1), which is respon-
sible for CD aqueous solubility.

For inclusion complex formation, the geometry of the guest molecule is very important because it
must fit in the CD cavity. CD inclusion is a stoichiometric molecular phenomenon in which usually
only one guest molecule interacts with the cavity of the CD. In some low molecular mass molecules,
more than one guest molecule may fit into the cavity, and in the case of some high molecular mass
molecules, more than one CD molecule may bind to the guest. As a result, one-to-one molar ratios are
not always achieved, especially with high or low molecular mass guests (Fig. 8.2). a-CD typically
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Table 8.1 Key features of cyclodextrins

. CDs are cyclic oligosaccharides of different sizes.

. The most common CDs are a-, 8-, and y-CD with six, seven, and eight glucose units, respectively.

. They are produced by bacterial enzymatic conversion of starch.

. CD structure has a toroidal shape with a hydrophilic exterior and a hydrophobic interior.

. The hydrophobic interior (host or cavity) may receive hydrophobic molecules (guests) to form an inclusion
complex.

. The host protects the guest, reducing contact with heat, oxygen, light, solvents, and other external factors.

. The physical-chemical characteristics of the guest are modified after inclusion complex formation.

8. CDs mask sensory characteristics, reduce oxidation, stabilize flavor, convert liquid in powder, and enhance

solubility, bioavailability, and control release of guests.
9. CDs are widely used in the food and drug industries to encapsulate many different guests.

[ I S OS I
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This table shows the key features of CDs including molecular structure and shape, hydrophobic and hydrophilic
characteristics, inclusion complex formation with CD and guest, and also function and applications of CDs. CD
cyclodextrin

Hydrophobic interior

Secondary face

Hydrophilic
exterior

Primary face

Fig.8.1 Schematic representations of cyclodextrin. This figure shows the structures of the most used CDs, a-, -, and
y-CDs (defined by n=1, 2, and 3, respectively), evidencing the arrangement of a-D-(+)-glucopyranoside (glucose)
bonded by o.(1 —4), and the toroidal structure of CD with hydrophobic cavity and hydrophilic exterior. The secondary
face diameter of the interior ring of CD is 0.47-0.53, 0.60-0.65, and 0.75-0.83 nm for a-, -, and y-CD, respectively,
and that of the exterior ring is 1.46+0.04, 1.54+0.04, and 1.75+0.04 nm for a-, -, and y-CD, respectively. CD
cyclodextrin

complexes low molecular mass molecules with aliphatic side chains, 3-CD works well for aromatics
and heterocycles, and y-CD can accommodate macrocycles and steroids (Del Valle 2004).

A second critical factor is the thermodynamic interactions among the different components of the
system (CD, guest, solvent); it must have a favorable net energetic driving force that pulls the guest
into the CD (Del Valle 2004). The driving forces for complex formation are Van der Waals forces,
hydrophobic interactions, changes in solvation energy for both components and, to a lesser extent,
hydrogen bonding. The highest stability of the complex occurs with higher hydrophobic guests,
whereas polar or ionic guests are less stable (Szejtli 2004). The complex formation and dissociation
are a dynamic equilibrium (Fig. 8.3), and the complexation is governed by driving forces expressed



Fig.8.2 Free cyclodextrin (CD) and guest (G) to form CD-G complexes. This figure shows the CD-guest complex
on a dynamic equilibrium and the formation of inclusion complexes with the entire molecule or only a portion of it and
the dependency of the guest size and hydrophobicity in different molar ratios (1:1, 1:2, 2:1, 2:2) to form the CD—guest
complex. CD cyclodextrin

Fig.8.3 Driving forces to promote the inclusion complex formation of cyclodextrin (CD) with guest (G). This figure
shows the inclusion complex formation with CD and guest, including the dimensional fit between host cavity and
guest molecule, as well as the driving forces that push the guest into the CD cavity and the complex formation Fig. 8.3
dynamic process expressed by an equilibrium constant, K. The numerical value of the equilibrium constant can be
obtained from measuring the guest and CD concentrations, and this value indicates how the reaction is dislocated. CD
cyclodextrin
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by an equilibrium constant, K, (Szejtli 2004). The numerical value of the equilibrium constant can
be obtained from measuring the guest and CD concentrations.

In the crystalline form, only the surface of CD is available for complexation, but in solutions more
CDs molecules are available and it increases the probability of complex formation. As the amount of
solvent is increased, the CD and the guest may be so diluted that they do not get in contact as easily as
they do in a more concentrated solution. Moreover, water is the most used solvent and it is desirable
to keep just enough water to ensure complexation in a sufficiently fast rate. Besides, not all guests
are readily solubilized in water, making complexation either very slow or impossible to happen in
solution. Some high molecular mass components like oils must be vigorously mixed to allow better
dispersion to contact with the CD. Temperature is another important factor to CD—guest formation.
The increase of temperature increases molecular shocks which are positive for CD—guest formation;
at the same time it increases the molecular vibration that destabilizes CD—guest complex and the
guest could be released. Thus, moisture content and temperature are the most important factors to
control CD—guest formation or release. A summary of the factors that affect CD inclusion complex
formation is presented in Fig. 8.4.

A great technological effort made in the last years, with a lot of investment in research, enabled
important cost reductions in the production of CDs, making their industrial use possible (Szejtli
2004). Besides natural CDs, new promising semi-synthetic derivative CDs are expanding new appli-
cations of CDs in the food industry (Davis and Brewster 2004).

that affect
CD inclusion

complex
formation:

Fig.8.4 Variables that affect cyclodextrin inclusion complex formation. This figure shows the factors affecting CD
inclusion complex formation. For inclusion complex formation, it is necessary that the driving forces push the guest
to CD cavity and that CDs and guest get in touch. Thus, any variable that affects driving forces such as pH, kind of
CD, and presence of other components affects the molecular shocks as temperature and kind of solvent could affect
strongly the inclusion complex formation process. As many variables affect the inclusion complex formation, each CD
inclusion complex formation must be evaluated case by case. CD cyclodextrin



8 Changes to Taste Perception in the Food Industry: Use of Cyclodextrins 105

8.3 Methods of Complex Preparation

CD complexes can be formed by different techniques that are selected according to guest properties
such as solubility (Fig. 8.5), equilibrium kinetics, presence of other components, and final guest
applications. The commonly used techniques are coprecipitation, slurry, paste, dry mixing, and
supercritical carbon dioxide methods; all of them depend on a small amount of water to start the
complexation thermodynamics (Hedges 1998; Del Valle 2004).

In coprecipitation, the guest is slowly added to a CD solution and, when the complex solubility is
exceeded, it precipitates and can be separated. This method is used when the CD-complex has
reduced solubility. Due to the limited solubility of CDs, high water volumes are necessary, limiting
the use of coprecipitation for industrial scales (Hedges 1998). Slurry and paste (kneader) methods
are similar, because the guest is added in molar proportions to a saturated solution containing 40—-50%
of CD for the first method and just water to moisten the CD for the latter. After CD-complex forma-
tion the mixtures are dried and ground to homogenize particle sizes (Del Valle 2004). Variations of
the paste technique using extruders or melt granulators are reported (Suzuki et al. 1993). Due to
simplicity, high productivity and easy scale up, the paste technique is more used in food industry
(Del Valle 2004).

The dry mixing method is based on simple mixture of components without water addition. In
general, it is a slow and inefficient method, restrict to liquid and/or volatile guests that work as sol-
vent like essential oils (Hedges 1998). The supercritical carbon dioxide method consists of obtaining
solid complexes and it is considered one of the most promising methods because a unique CD—guest
molecular configuration could be obtained. Although it is a fast atoxic chemically stable method
with low maintenance cost and promising results described in literature, it is still an experimental
technique that has a very high initial cost (Palakodaty and York 1999).

Formation of
soluble CD
complexes

Formation of
complexes of
limited
solubility

L 2

Concentration of guest [M]

Concentration of CD [M]

Fig.8.5 Solubility of cyclodextrin—guest complex. This figure shows how CD concentration affects guest solubility
in water. An illustrated number of solubility profiles are presented. The complexes are usually classified as an A-type
profile which represents the formation of soluble CD complexes and B-type which indicates the formation of com-
plexes of limited solubility. CD cyclodextrin
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8.4 Methods of Complex Determination

Most of the determination methods for inclusion complex are based on physical and chemical
differences among the CD, the guest, and the inclusion complex CD-guest. Different techniques can
measure these differences and have been used to evaluate the CD-complex formation. The differential
scanning calorimetry (DSC) or thermogravimetric analysis (TGA) are very used, only if the guest
has a melting point below the CD decomposition temperature (300°C). The inclusion complex for-
mation is indicated by an increase of about 10°C in the guest boiling temperature (Hedges 1998).
The spectrophotometric methods (UV-visible, fluorescence, and phosphorescence), Fourier trans-
form infrared (FTIR) spectroscopy and Raman spectroscopy have also been used for analyses of
complexes. Changes in the guest spectrum occur upon CD—guest formation because the guest is sur-
rounded by the CD and does not interact with other guest molecules, and there is no crystalline guest
structure to absorb energy. However there are interferences in the spectra from the CD, and some of
the guest spectrum changes are very subtle and require careful interpretation (Li and Purdy 1992).
Optical rotary dispersion, circular dichroism, mass spectroscopy, and X-ray crystallography have
also been used to characterize complexes. The selection of some specialized techniques frequently
depends on available equipment and the guest properties that make the particular technique more
sensitive or reliable for the particular complex (Li and Purdy 1992).

Although it is possible to use several techniques to investigate the inclusion process, only analyses
through nuclear magnetic resonance (NMR) spectroscopy can confirm the complex formation, deter-
mining the association constant and both stoichiometry and topology of the complex (Li and Purdy
1992; Schneider et al. 1998). The topology of the CD-complex can be obtained using a 2D rotating-
frame Overhauser spectroscopy (ROESY). The presence of intermolecular nuclear Overhauser effect
(NOE) between CD protons (H-3 and H-5) with guest hydrogen proves that the guest is inside the
CD cavity for the reason that NOE cross peaks are observed when the protons are closer than 0.4 nm
(Schneider et al. 1998). The association constants can be calculated by diffusion-ordered spectros-
copy (DOSY) method, based on diffusion coefficient measurements of free guest and CD (Johnson
1999). Several researchers of the field do not use conclusive NMR techniques due to the difficulties
to access equipment. However, the other mentioned techniques provide strong indications of com-
plex formation and can be used with restrictions, when CD application does not need confirmation
of inclusion complex formation.

Evaluation and characterization of complexes by molecular computational modeling is limited by
the size and flexibility of CD and the numerous interactions in aqueous solution, which introduce
restrictions to mathematical models (Lipkowitz, 1998). In general, computational modeling allows
reasoning and complementing experimental observation.

8.5 Cyclodextrins to Improve Food Color

The food color is the first quality parameter evaluated by consumers before food flavor, taste, and
texture. Thus, color intensity and brightness are key parameters to food quality control. The color in
food is formed mainly by a group of nonpolar, and chemically and enzymatically unstable pigments.
In order to restore color in food, it is usual to add natural or synthetic coloring pigments. The former
are less chemically stable than the latter, but some doubts about the safety of synthetic pigments still
remain. Therefore, natural coloring pigments are more indicated for good health, but they have low
solubility and high rate of degradation, which limit their use as food coloring pigments.
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Regarding this, CDs are very important as food color modulators due to both increased solubility
and chemical stability of coloring components. The natural pigments curcumin, paprika (Tgnnesen
et al. 2002), and lycopene (Blanch et al. 2007) have an increase of water solubility and reduction of
oxidation rate when included in CDs. In foods with natural coloring such as tomato ketchup, the
addition of CDs (0.2%) protected the natural pigments even after heating at 100°C for 2 h
(Kawashima 1980).

CDs have the advantage of being directly added to food to protect natural pigments as well to
control coloring components produced during food processing. Furthermore, empty CDs can control
the Maillard’s reaction speed and stabilize the preformed cooked cured-meat pigment derived from
red blood cells (Shahidi and Pegg 1991).

CDs can also be used to inhibit the probrowning polyphenol-oxidase reaction, by including sub-
strates and cofactors such as chlorogenic acid, polyphenols, cinnamic acid, and Cu*?. The polyphe-
nol-oxidase reaction converts the colorless polyphenols to colored components and it occurs just
after vegetable damage and during juice production (Irwin et al. 1994). An example is the addition
of CDs (1-4%) to chopped ginger root, which stabilizes enzymatic browning during vacuum storage
for 4 weeks at 5°C. In the case of apple juice and pear juice, the maltosyl--CD prevents ascorbic
acid oxidation, a strong inhibitor of enzymatic browning. The secondary antioxidant effect of malto-
syl-B-CD retains the color and the food antioxidant capacity (Del Valle 2004). However, the effi-
ciency of CDs for polyphenol-oxidase control depends on the fruit. For peach juice, B-CD was
incapable of inhibiting juice enzymatic browning, while o.-CD and maltosyl-B-CD presented strong
inhibition. For banana juice, the CD was a probrowning agent, leading to changes in color parame-
ters (Sojo et al. 1999).

Although enzymatic browning can be controlled by CD addition, it is normally stopped by ther-
mal shock in water. This technique extracts important components from foods like minerals, pig-
ments, volatile components, and polyphenols. These components have important functions in the
organism as cofactors and catalyzers of enzymatic reactions, antioxidants, chemical mediators, and
electron transporters, among others. Thus, elimination or reduction of food thermal shock in water
retains the natural healthy value of vegetables, improving the quality of industrialized food.

8.6 Cyclodextrins to Improve Food Flavor

Odor has an important role in the perception of food quality and it is one of the principal sensory
factors for satiety during a meal. Reduced olfactory satiety caused by lack of natural food odors can
enhance food intake (Rolls and Rolls 1997). The food aroma compounds are highly volatile, and heat
and light unstable. Also, it can change with variations in the food after cultivation, processing, stor-
age, packaging, and preparation (Szente and Szejtli 2004).

Controlling flavor retention and releases in food is an important goal for food industries. The use
of encapsulated flavor is well-established and CDs are one of the simplest encapsulating systems for
different flavors (Reineccius et al. 2003). CDs can protect chemical and sensorial characteristics of
components because the aroma molecule fits in the CD cavity. Encapsulation effects are mainly the
reduction of: evaporation, oxidation by light, heat, or pH attack, and transformation of oils into eas-
ily manipulated powder for addition to food. Encapsulation can also control aroma release by slow
guest liberation, mask off-notes of aromatic molecules by affinity with CD cavity, and increase food
flavor by water dissociation of aroma due to polar external part of CD (Reineccius et al. 2003). Even
with aroma losses by temperature, there is a great potential for using CD to maintain food flavors
during pasteurization and extrusion processes (Kollengode and Hanna 1997). Another interesting
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application of CD is in frying oils, because it can remove free fatty acids and reduce smoke formation,
foaming, browning, and deposition of oil residues on surfaces (Astray et al. 2009).

The specific nature of the interactions between CD and the aroma components is the CD’s major
strengths. They are also a weakness, in that only molecules with the right size, geometry, and polar-
ity can fit inside the CD cavity and form a stable complex (Stella and He 2008). The retention of
aromatic components inside the CDs is a complex phenomenon in which many factors take part,
making the encapsulation method an important step for economical viability of the process. A main
reason to choose the encapsulation method is the amount of water involved in the process because it
must be removed during the drying process. Slurry and solid mixture are cited as best methods to
large-scale production of aroma encapsulation. Proteins, carbohydrates, and emulsifier additions
could also improve aroma retention inside the CD (Jouquand et al. 2004). Another important point
is the drying process because it involves the energy addition that could destabilize the complex.
Bhandari et al. (1999) listed several methods to dry B-CD lemon oil complex and showed that the
spray-drying system was simpler and quicker, and achieved an easy-to-use fine powder that is the
most indicated to scale up production.

The release of an aromatic component inside the CD depends on the guest affinity to the CD, pH,
and food composition. However, the most important points are temperature and moisture content.
Temperature affects molecular vibration and reduces the CD—guest affinity, increasing the guest
dissociation speed (Kollengode and Hanna 1997). Dry mixtures of oils and CDs have retained
38-100% of their aromatic potential after 14 years (Szente and Szejtli 2004) whereas the presence
of water speeds up the release of included aroma because of the complex dissociation (Labows et al.
1996). The main applications of CDs in aroma maintenance in food are shown in Table 8.2.

Although CDs have a great potential to protect aromas, there are some limitations of this technol-
ogy for the food industry. The principal challenge is the standardization of encapsulated aroma.
Aromas are generally a mixture of molecules with different affinities to the CD cavity and conse-
quently with different dissociation speeds in the food. As a consequence, a mixture of aromatic
components included in the CD can have a different final aroma than the original (Astray et al.
2009). Therefore, CDs are appropriate for protection and controlled release of aromas compounded
of few components and with similar structure and polarity so that the affinity to the cavity does not
significantly affect the complex dissociation. Because of the specific characteristics of each aromatic
mixture and the intrinsic characteristics of the food, such as composition and pH, the use of CDs for
protection and controlled release of aromas in food cannot be generalized, but needs to be analyzed
on a case-to-case basis starting from food processing until the food reaches the final consumer.

Table 8.2 Application of cyclodextrin (CD) for food flavor improvement

Compound Aroma CD Improvement Source
Cyclic sulfur Shiitake mushroom a-CD-maltodextrin ~ Flavor retention Yoshii et al. (2005)
compounds flavor
Eugenol Clove odor B 79% odor retention Kollengode and
during extrusion Hanna (1997)
Five ester Pear aroma a Heat protection at Tobitsuka et al. (2006)
types 120 °C for 60 min
Goat’s milk Goaty odor B Reduce goaty flavor Meier et al. (2001)
[-menthol Menthol odor B 100% of odor remained ~ Reineccius et al.
in long-term storage (2004)
and heat protection
Rice flavor oil Rice odor o-CD—dextrin Odor retention and Kawakami et al.
conversion of oil to (2009)
powder

This table presents the main use of CDs in food formulations for flavor protection, delivery, or masking. CD cyclodextrin
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8.7 Cyclodextrins to Improve Food Taste

The consumer’s first criterion to choose food is its good taste and the second one is food with high
calories at low cost (Drewnowski and Gomez-Carneros 2000). Considering that obesity has been
treated as a public health issue, some industries have been developing healthier foods by reducing
sugar, fat, and sodium, and adding polyphenols, phytosterols, vitamins, minerals, and soy products;
this addition generally intensifies the bitter and astringent taste in foods (Ley 2008) and consequently
decreases their appreciation and demand by consumers.

CDs can reduce the bitter taste in foods by CD inclusion complex formation that surrounds the
bitter molecules that pass by the tongue, without signaling the taste. As the complexation occurs
through a non-covalent interaction between the bitter molecule and the CD cavity, the guest is nor-
mally well liberated along the digestive system; therefore, CD addition in foods seems to be the best
method to mask unpleasant taste and keep foods healthier. Furthermore, CDs can neither be consid-
ered tasteless nor only slightly sweet because a 0.5% [B-CD solution is as sweet as sucrose (Szejtli
and Szente 2005). Thus, the natural sweet taste of CDs might also mask bad tastes in food; however,
it is not used for this purpose. Another method to eliminate bitter taste is removing bitter molecules
from foods through retention in columns filled with CDs. In that case, healthier bitter compounds are
removed from foods and the healthy food quality is reduced.

In soybean products, CDs can reduce up to 90% of the grassy smell, bitterness, and astringent taste
from hydrolyzed soybean, in the presence of 10% of a.-CD (Linde et al. 2009) or 5% of B-CD (Linde
et al. 2010). In this case, nonpolar amino acids responsible for bitter taste are included in the CD cav-
ity and pass by the tongue without signaling the taste. Several techniques were suggested to reduce or
mask the bitterness of hydrolyzed proteins, but all of them presented disadvantages like loss of essen-
tial amino acids and bioactive peptides, osmolarity increase, high cost and industrial inviability of
some enzymatic reactions, toxicity of organic solvents, and production of effluents. The use of CDs
reduces the bitter taste of hydrolyzed proteins and retains amino acids and bioactive peptides in food,
providing a use for healthier proteins that would be otherwise useless for alimentary purposes.

Another application of CDs is to reduce the bitter taste of citric juice like navel orange and grape-
fruit juices because CDs can form a strong inclusion complex with limonin and naringin. Limonin
and naringin, when in low concentration, are important flavor components, but when there is a high
concentration of these components due to fruit variety and/or harvest time, a strong bitter taste is
present. Moreover, fresh citrus juice is not bitter but becomes so during storage and its rate depends
on the pH and storage temperature. Due to the great volumes of produced juice, it is less costly to
remove limonin and naringin using columns filled with a- or B-CD, which are recovered by the treat-
ment with diluted alkali or ethanol. The polymer also reduces naringenin-7-f-rutinoside, coumarins,
and flavonoids, but the total acidity and ascorbic acid content remain unchanged (Astray et al. 2009).
In Table 8.3, the main applications of CDs to improve food taste are shown.

The success of molecular complexation process with bad taste molecules in CDs depends on the
value of the association constant that is generally between 10' and 10* mol-!. The temperature
strongly affects the CDs success to remove unpleasant tastes. In cold foods, the equilibrium force
causes the inclusion complex formation and CD-guest crystallization, whereas in hot mixtures, it
leads to the guest release. Therefore, the use of CDs has succeeded for taste improvement when used
in cold foods (Szejtli and Szente 2005).

B-CD is still the most versatile molecule to encapsulate substances. However, an important tool
to be exploited by the food industry is the chemically modified CDs like di- and trimethyl-3-CD
(DMBCD and TMBCD), randomly methylated-B-CD (RMBCD), hydroxyethyl-B-CD (HEBCD),
2- and 3-hydroxypropyl-B-CD (2HPBCD and 3HPBCD), 2,3-dihydroxypropyl-B-CD (DHPBCD),
2-hydroxyisobutyl-f-CD (HIBBCD), sulphobutylether-f-CD (SBEBCD), glucosyl-B-CD (G1BCD),
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Table 8.3 Cyclodextrin (CD) use to improve food taste

Food CD Result Source
Canned citrus and citrus B Reduce bitter taste of Hedges (1998)
juice naringin, limonin, and
hesperidin and prevent
precipitation
Coffee and tea B Reduce or eliminate Hamilton et al. (1970)

disgusting taste by
overbrewing or
overlong steeping

Extracts of artichoke leaves, Chitosan—CD adducts Mask bitter taste Binello et al. (2004)
aloe, and gentian
Fish oil B Eliminate unpleasant taste, Choi et al. (2009)

smell, and stabilization
against oxidation

Ginseng % Reduce bitter taste Lee et al. (2008)

Hydrolyzed soy protein o Reduce bitter taste Linde et al. (2009)

Hydrolyzed soy protein B Reduce bitter taste Linde et al. (2010)

Naringin, limonin, and B-CD—carboxymethyl Reduce bitter taste Binello et al. (2008)
caffeine chitosan

Cooked rice § Improvement of odor and Kuwabara et al. (1988)

flavor after long storage
Skim milk hydrolysates B Reduce bitter taste Helbig et al. (1980)

This table presents the main use of CDs in food formulations to mask or reduce unpleasant tastes as well to improve
pleasant tastes and flavors. CD cyclodextrin

and maltosyl-B-CD (G2BCD) (Davis and Brewster 2004). Other important CD derivatives are
sugammadex in which the 6-hydroxyl groups on y-CD have been replaced by carboxythio acetate
ether linkages and hydroxybutenyl-B-CD. Finally, there is a renewed interest in y-CD itself and
modified y-CDs (Stella and He 2008), and also in macromolecules, which are linked to CDs like
CD-maleyl chitosan, CD—carboxymethyl cellulose, CD—carboxymethyl chitosan, and CD—chitosan
adducts (Binello et al. 2004). However, they have a potential use to improve the consumption of
unpleasant taste healthier food; the use of these modified CDs in the food industry depends on the
approval of regulatory organizations.

8.8 Cyclodextrins to Improve Food Rheology

Gelatinization is one of the most important characteristics of some carbohydrates and proteins. It
reduces water activity in the food by linking the water to carbohydrates and proteins, modifying food
rheology and extending shelf life. As a consequence of the gelatinization, exudation and evaporation
of water is reduced in food and that is essential for the quality of the industrialized food.

Highly branched CDs are used in flour-based items like noodles, pie dough, pizza sheets, and rice
cakes to impart elasticity and flexibility to dough. The texture of food gelatinization such as in wheat
flour was modified by the addition of B-CD, which increases the solubility and swelling power of wheat
starch granules. Furthermore, the addition of 1.5% B-CD increased the viscosity of the pastes fourfold,
probably by disrupting starch—lipid complexes (Kim and Hill 1984). In meat products, ice cream, bev-
erages, salad dressing, yogurt, mayonnaise, margarine, or butter creams, CDs can be used to stabilize
emulsions due to their hydrophilic outer surface and hydrophobic cavity (Del Valle 2004).

CDs are still little used in the alteration of food rheology because the cost-benefit relation is not
favorable. In foods in which CDs are used to change flavor or control flavor release, a secondary
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positive effect is the improvement of food rheology. Even though the effect of CDs in food rheology
is minimal, there is a potential use of this molecule in package biofilms with an effect in both rheology
and controlled release of antimicrobial and/or antioxidant compounds in food.

8.9 Cyclodextrins to Improve Food Packages

Packages are essential elements to guarantee food quality from its production, transportation,
processing, commercialization, and up to its consumption. Thus, packages are required to maintain
food integrity, sensorial qualities and safety, besides being atoxic and biodegradable. Also, the food
packages should work as a reservoir of active components like antimicrobials, flavors, pigments, and
antioxidants that can be slowly released. Besides that, CDs can include off-flavors and improve the
elasticity and barrier properties of food packages.

The controlled release of active compounds throughout shelf life is important because high con-
centrations of free bioactive components like antimicrobials, pigments, flavors, and antioxidants rep-
resent a risk for food quality and safety. The active-component release of food packages must have
zero-order kinetics to keep the component concentration constant throughout shelf life (Baker 1987).
CDs are able to reduce the diffusion kinetics of one order with the controlled release of guest. Thus,
complexation is a potential key to a long-lasting active-component effect of such active packaging.

There are many examples of food packages with CDs to control the release control of active com-
ponents such as iodine, used to preserve fish paste; ethanol and benzoic acid, used to prevent fungus
growth (Szente and Szejtli 2004; Astray et al. 2009); allyl isothiocyanate, used to avoid mold growth
on the surface of packaged cheese (Plackett et al. 2006); and the antifungal volatile hexanal, to reduce
post-harvest berry diseases (Almenar et al. 2007). The release of flavors like d-limonene, natural pig-
ments, and antioxidants, such as a-tocopherol, have also been reported (Siré et al. 2006).

In packages, CDs are generally used to control the guest release, but empty CDs can be added to
encapsulate unwanted components produced along storage. In irradiated food, CDs prevent off-taste
of cyclic monoterpene or are used as an interior coating of beer containers to encapsulate aldehydes
and ketones (Bobo 1993).

The release of active compounds in packages works well with the increase of relative humidity
along storage time, like in fresh-cut fruits or vegetables packages because of the natural water release
from food that displace the equilibrium to guest release (Ayala-Zavala et al. 2008). Conversely, if the
objective is the inclusion of unwanted components in food, CDs will trap better those components in
food with reduced moisture content.

The addition of CDs in packaging films has improved sensory properties while maintaining food
quality and safety. There is a potential use of CDs in edible films, from renewable carbon sources
like alcohols and carbohydrates, but it is still underutilized and this could result in the creation of
new packages in the food industry.

8.10 Cyclodextrins in Health Foods: Potential Use

The increase of obesity and the problems related to an unbalanced diet has led consumers to look for
healthier food options. However, consumers in general buy food because of its taste instead of its nutri-
tion or health values; furthermore, this instinctive rejection of disgusting tastes may not be changed
because it is a key mechanism for survival (Rouseff 1990). Therefore, the industry has offered light and
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functional foods to consumers, but the maintenance of pleasant taste has become the main challenge to
broaden industrialization and consumption of healthy foods. Thus, bitterness in food products has been
described as a sensory defect and demands for good taste and good health seem to be incompatible.

Also, reduction of sugar, fat, and sodium in the industrialization of light food, intensifies bitter
and astringent tastes (Ley 2008). Vegetal components like phenols, flavonoids, isoflavones, terpenes,
glucosinolates, and hydrolyzed proteins that have important antioxidant, anticarcinogenic, and a
wide spectrum of tumor-blocking activities, are bitter, acrid, or astringent (Drewnowski and Gomez-
Carneros 2000). Then, in order to avoid consumers’ refusal of food, the bad taste components are
generally removed to improve and homogenize taste. It creates some paradoxes, for example, whereas
there are proposals of enhancement of glucosinolates in broccoli sprouts for health’s sake, the indus-
try has removed them for better taste (Drewnowski and Gomez-Carneros 2000).

Another way to reduce undesirable tastes is the use of recombinant DNA to produce transgenic
cultivars with less bitter tastes such as transgenic citrus fruit free of limonin. However, plant varieties
that have been selected for palatability by humans are usually more susceptible to diseases, leading
to an increased use of synthetic pesticides, creating another paradox to produce good quality food
(Benavente-Garcia et al. 1997).

CDs have an important potential in the development of good taste food and its health components.
A summary of the main applications of CDs in food is presented in the Fig. 8.6. CDs can complex
flavonoids and terpenoids and mask the bitter taste of citrus juice, for example, without changing the
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Fig.8.6 Food applications of cyclodextrins. This figure shows the applications of CDs. The lipophilic cavity of CD
provides protection that reduces the contact of the guest with heat, oxygen, light, solvents, among others. Based on
these characteristics, the CDs are widely used to encapsulate many different guests with applications in the food and
drug industries. CD cyclodextrin
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bioactive potential of those substances. Del Valle (2004) reported the improvement of health
component properties with CD complexation for apple juice and medicinal mushrooms. Linde et al.
(2009, 2010) reported that natural - and B-CDs reduced the bitter taste of hydrolyzed soy protein
upto 90%, which represents a potential solution for masking the bitter taste of foods with soybean
and bioactive health peptides that are used to prevent diseases.

CDs are also used to remove fat and cholesterol from dairy products such as milk, cheese, yogurt,
and whipping cream, fat from egg yolks and lard, and to add components such as phytosterol in
mayonnaise, and phytosterol and evening primrose oil in butter (Astray et al. 2009). CDs can pro-
duce hardening fats and oils without both hydrogenation and trans fats, resulting in an emulsion with
high content of polyunsaturated fatty acids derived from fish and vegetal oils. Plus the emulsion
produced by CD presented better sensory characteristics and increased storage stability by delaying
acidity (Choi et al. 2009). CDs can be used to increase water solubility and reduce oxidation of
thyme oil, an important component that maintains higher polyunsaturated fatty acids levels in cell
membranes and with potential use as an antileishmanial drug or a component of a functional food
(Mourtzinos et al. 2008).

Another important application of CDs for the development of healthy foods is the improvement
of solubility and bioavailability of Coenzyme Q10 (ubiquinone) that plays a fundamental role in
converting energy from carbohydrates and fatty acids, and it is also a very effective antioxidant
(Madhavi and Kagan 2006). CDs can also be added to potato starch, improving the satiating,
glycemic, and insulimemic properties of a meal, suggesting that either gastric emptying is delayed
or some of the glucose is absorbed more distally in the small intestine reducing insulin secretion
(Raben et al. 1997).

The idea that food must taste good and should prevent diseases introduces a dilemma for the food
industry because it has to meet the demands of taste and health without hindering any of them. That
is why the development of functional foods presents several challenges and CDs represent new pos-
sibilities for the food industry regarding the expansion of the functional food consumption.

8.11 Cyclodextrin Toxicity

Orally administered CDs are practically non toxic, due to lack of absorption in the gastrointestinal
tract. Furthermore, a number of safety evaluations have shown that y-CD, 2-hydroxypropyl-B-CD,
sulphobutylether-B-CD, sulphated-B-CD, and maltosyl B-CD appear to be safe even when adminis-
tered parenterally (Del Valle 2004). However, parenteral and intravenous use of CDs, specifically
B-CD, has to be done carefully because it may cause nephrotoxicity due to the formation of a low
solubility CD—cholesterol complex, which blocks glomerular filtrations in the kidney; in high doses,
CDs may cause hemolysis of human erythrocytes.

In the United States, CDs are generally recognized as safe (GRAS) by the Food and Drug
Administration (FDA), in Japan, they are considered natural products when used in foods, whereas
in Australia and New Zealand, CDs are classified as novel foods (Cravotto et al. 2006). The accept-
able daily intake (ADI) recommended by the Food and Agriculture Organization/World Health
Organization (FAO/WHO) for B-CDs is 5 mg kg™' day~!, but for a- and y-CDs, no ADI has been
defined because of their favorable toxicological profiles. But adversely, the United States
Environmental Protection Agency has established a maximum permissible level for residues of a-,
- and y-CDs in various food commodities (Astray et al. 2009).

CDs are resistant to a-amylases and partially resistant to -amylases, hydrolyzed by the colon micro-
biota where insignificant amounts are absorbed by the digestive system (Antenucci and Palmer 1984).
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The absorbed CDs are essentially excreted in the urine without undergoing metabolism. The
absorption of a-, B-, and y-CDs by oral administration in rats is 1.0, 0.6, and 0.02%, and LD, in mg
kg is 10,000, 5,000, and 8,000, respectively (Stella and He 2008). Natural and hydrophilic and
lipophilic derivative CDs have low permeation capacity and low toxicity when orally administered
(Irie and Uekama 1997).

The remarkable effects of oral administration of CDs in rats were soft feces or diarrhea and cecal
enlargement. These effects were observed with HP-B-CD, SBE-B-CD, and a-CD, B-CD, and y-CD
in high doses (10-20 g kg™") (Lina and Bar 2004), but o-CD caused membrane irritation (Del Valle
2004). The effects of CDs on the gastrointestinal tract are similar to those of low digestible carbohy-
drates such as lactose, and these effects represent physiologically adaptive responses to a large load
of poorly digestible carbohydrates and other osmotically active nutrients with minimal relevance to
humans (Grice and Goldsmith 2000).

As reported by Del Valle (2004), there is still skepticism within the regulatory agencies regarding
the use of CDs, although this seems to be a bigger issue in the FDA than in other agencies. The
quantity applied in food has quite lower concentrations of CDs than those that cause toxicological
problems. The simple fact that there are now numerous approved products containing CDs (Szente
and Szejtli 2004) is a good sign for its future use. The more the products containing CDs and modi-
fied CDs undergo rigorous evaluation, the more the agencies will trust CD addition to food better.

8.12 Applications to Other Areas of Health and Disease

8.12.1 Cyclodextrins in Pharmaceutical Applications

Bioavailability and controlled release of drugs are especially important in the pharmaceutical indus-
try and both of them depend on water solubility in active principle. Efficient modern drugs usually
present higher molecular mass and lipophilicity, and lower water solubility making bioavailability
and controlled release more difficult (Lipinski et al. 1997; Lipinski 2001; Davis and Brewster 2004).
Thus, bioavailability difficulties have been more common, and the use of drug delivery formulators
has been necessary in order to accomplish drug delivery. In drug formulation, the active principle
must be absorbed through the gastrointestinal tract or membranes in order to reach a pharmacologi-
cally desired action. Retrospective studies show that more than 40% of drugs fail because they have
poor water dissolution or poor permeability (Prentis et al. 1988; Davis and Brewster 2004).

CDs are useful pharmaceutical delivery formulators because they can interact with drug molecules
to form highly stable and water-soluble inclusion complexes and could control the drug release
(Stella and He 2008). CDs can be used in pharmaceutical formulations to enhance solubility, bio-
availability, and stability. They can also convert liquids and oils to free-flowing powders, preventing
admixture incompatibilities and reducing drug evaporation and hemolysis (Davis and Brewster
2004). In oral administration, only insignificant amounts of intact CDs are absorbed in the gastroin-
testinal tract because of their bulky and hydrophilic nature. The absorbed CDs are essentially excreted
in the urine without undergoing metabolism, thus, the elimination of CDs strongly depends on renal
clearance (Stella and He 2008). The hemolytic effect of CDs has been reported in vitro studies; how-
ever, the toxicological implication in vivo is considered negligible. The hemolytic activity of CDs
correlates well with their ability to solubilize cellular membrane lipids (Stella et al. 1999). In addi-
tion, due to the reduced CD toxicity, mainly in oral drug formulations, CDs are largely used in the
pharmaceutical industry. The main drugs with CDs are presented in Table 8.4.
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Table 8.4 Approved and marketed drug—CD formulations

Drug-CD Administration route Trade name Country/continent
Chlordiazepoxide—f3¢ Oral Transillium Argentine
Meloxicam—f3¢ Rectal Mobitil Egypt
Chloramphenicol-randomly Eye drops Clorocil Europe
methylated-f3*

Cisapride—f Rectal Propulsid Europe
Dextromethorphan—f3¢ Oral Rynathisol Europe
Hydrocortisone—2-hydroxypropyl-[3* Buccal Dexocort Europe
Indomethacin—2-hydroxypropyl-f¢ Eye drops Indocid Europe
Nimesulide—f3* Oral Nimedex, Mesulid Europe
Omeprazole—f3* Oral Omebeta Europe
Tiaprofenic acid—f3* Oral Surgamyl Europe
Piroxicam—[3*® Oral Brexin, Europe,

Flogene Brazil
Alprostadil-o*® Intravenous Prostavasin, Europe, Brazil,

Caverject, Japan,

Edex United States
Voriconazole—sulphobutylether-3* Intravenous Vfend Europe, United States
Flunazine—f* Oral Fluner India
Benexate—f3* Oral Ulgut, Lonmiel Japan
Cefotiam hexetil HCl-o* Oral Pansporin T Japan
Cephalosporin—f* Oral Meiact Japan
Dexamethasone—f3* Dermal Glymesason Japan
Todine—f* Topical Mena-Gargle Japan
Nitroglycerin—f3* Sublingual Nitropen Japan
Mitomycin-2-hydroxypropyl-f* Intravenous Mitozytrex United States
Tc-99m Teboroxime—2- Intravenous Cardiotec United States

hydroxypropyl-y©

This table presents the main use of CDs in pharmaceutical formulations to achieve better drug performance such as
enhance solubility, bioavailability, and stability; convert liquids and oils to free-flowing powders; reduce evaporation
and stabilize flavors, odors, and tastes; and reduce hemolysis and prevent admixture incompatibilities. CD

cyclodextrin
aDavis and Brewster (2004)

"Agéncia Nacional de Vigilancia Sanitdria (2009)

“CycloLab (2010)

8.13 Conclusion

Food purchase and choice behavior directly influences consumers’ lifestyle and health. Most foods,
considered healthy or functional because they prevent or help the treatment of diseases, have low
acceptability due to the presence of bioactive components with unpleasant tastes such as fibers, phe-
nols, flavonoids, isoflavones, terpenes, glucosinolates, and others. Furthermore, functional foods
have a high concentration of bioactive components and also a higher degradation and oxidation
speed, which reduce their shelf life.

Because of their capacity of inclusion complex formation, CDs can help the maintenance and
protection of bioactive components in foods. Moreover, these cyclical oligosaccharides can be used
to improve the sensory characteristics of functional foods with bioactive components and unpleasant
taste. CDs are widely used for increasing solubility and controlled release of flavors in foods as
well as to enhance taste, mainly for drinks. But these compounds are very minimally used to control
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off-flavor and off-taste encapsulation along shelf life. The cost of CD addition to modify food rheology
is not yet worthwhile. However, CDs have a great potential in the improvement of rheology of bio-
degradable films for “smart” food packages production with controlled release. They also increase
the solubility and chemical stability of healthy compounds such as pigments and antioxidants. CD
toxicity is low when ingested orally and their addition to food and drugs is accepted in several
countries.

A greater amount of functional foods offered by food industries, which depends on the demand
for these products, have grown but it is still small in the traditional industrialized food market world-
wide. Healthy foods have a higher production cost either because of the technological development
needed for their production, the use of higher cost ingredients, shorter shelf life, or smaller produc-
tion scale. Thus, while the food industry has to solve the dilemma between the demands of tasty
versus healthy foods, society has the dilemma of paying or not for healthier foods. In addition, few
countries have educational and nutritional policy and laws to give fiscal incentives to functional food
production while overtaxing unhealthy foods. Presently, changes in eating habits and awareness of
the need for healthier food intake are necessary.

Summary Points

* Alot of healthy bioactive substances present in functional foods have the capacity to reduce the
risk of illness.

» Healthy bioactive substances in general have unpleasant sensory characteristics.

* Pleasant sensory characteristics versus healthy food is a dilemma between consumers’ and
industries’ demands.

* Cyclodextrin may form inclusion complexes with many healthy bioactive substances.

* Molecules encapsulated by cyclodextrin can enhance solubility, bioavailability, and stability;
reduce flavor evaporation and mask both odors and tastes; and convert oils into free-flowing
powders.

* Cyclodextrins are widely used in the pharmaceutical area and have low toxicity when orally
ingested.

* Cyclodextrins are utilized to encapsulate flavors and pigments, protecting against evaporation and
oxidation and also to control the release of guest molecules.

* Cyclodextrins can be added to foods to encapsulate unpleasant taste molecules and have a potential
application in inclusion of unpleasant taste bioactive compounds in health foods.

* Cyclodextrins can be used to create “smart” food packages with the release of healthy compounds
plus the possibility to extend food shelf life.

* Cyclodextrins improve gel rheology and can potentially improve biodegradable film rheology
used for “smart” food packages production.

* Cyclodextrins are an excellent tool to help the food industry introduce new solutions for the
dilemma of pleasant sensory characteristics in foods versus healthy foods.

* The increase in the society’s demand for healthy foods and their willingness to pay for them will
allow new commercial application of new techniques such as use of cyclodextrins.
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Chapter9
Infantile Olfactory Learning

Katsumi Mizuno

9.1 Introduction

In this chapter, I review how infants acquire olfactory preferences, how they discriminate their own
mothers, and how olfactory learning benefits both mothers and neonates. I also examine how favor-
able olfactory stimuli/exposure affords smooth adaptation to this world to neonates. Since a strong
bond between the mother and the infant is the key to the neonate’s survival, individual olfactory rec-
ognition is essential for the development of mother—infant attachment (Table 9.1). During the early
neonatal period, infants acquire individual olfactory recognition in three ways: (1) general preference
for the odor of own mother’s amniotic fluid and breastmilk, which is obtained genetically or in utero;
(2) olfactory learning immediately after delivery, which is a critical time period in olfactory learning;
and (3) classical conditioning as well as mere exposure to mother’s odor, which are enough to allow
infants to learn their mother’s odor. I shall explore these three categories in detail herein.

9.2 Olfactory Learning in Utero

9.2.1 Olfactory Memory in Utero

Memory begins prenatally and the period of birth merely marks a transition from memory functioning in
utero to memory functioning ex utero. Prenatal learning is thought to account for the preference of human
neonates for their own mother’s voice (DeCasper and Fifer 1980). The olfactory organs are functional at
12 weeks’ gestation (de Vries et al. 1985), earlier than the auditory system. Bartocci et al. (2001) found
that cortical hemodynamic modifications occur in preterm infants born at a mean of 33.7 weeks after
exposure to preparations commonly used in the NICU (a disinfectant and an adhesive remover). Even in
these premature infants, the odors of these solutions elicited a significant decrease in blood oxygenation
in the orbitofrontal olfactory area. This change was different from that caused by exposure to colostrum
and vanilla, which elicited an increase in blood oxygenation in the same region (Bartocci et al. 2000). In
general, pleasant odors elicit approach behavior whereas unpleasant odors induce avoidance behavior.
The change in brain blood volume to these olfactory stimuli likely relates to the infant’s behavior.
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Table 9.1 Key features of infantile olfactory learning

. Human fetus is capable of leaning odor of amniotic fluid

. Human neonate has a olfactory preference which is acquired in utero, or genetically determined

. The odor of amniotic fluid plays roles in soothing the neonate and in preparatory response for oral feeding

. Maternal discrimination is acquired through olfactory stimuli during the first couple of days after birth

. Olfactory learning immediately after birth is important in successful breastfeeding

. The odor of amniotic fluid/colostrums and breast milk is mainly determined by maternal diet

. Neonates’ preferences change from amniotic fluid/colostrum to mature milk over time

. Maternal diet during pregnancy and lactation affects the weaning process and later dietary preferences of
children

[e BN B e Y R O S

This table lists the key facts of infantile olfactory learning including the beneficial aspects of olfactory learning in
mother—infant bonding, successful breastfeeding, and later healthier diet

Memory is essential for normal functioning and it is not surprising that such an important psychologi-
cal function is established in some form before birth. Fetal memory may serve a number of specific
functions, dependent upon the learning of particular stimuli prenatally. Human neonates recognize the
odor of substances that were introduced into the amniotic fluid or ingested by their pregnant mother
(Smotherman and Robinson 1982). Prenatal memory may be important in the development of attach-
ment and maternal recognition. During pregnancy, the mother’s Montgomery glands tend to enlarge;
these glands provide olfactory stimuli for the infant after birth by emitting flavored secretions com-
posed of milk mingled with sebum. Thus it is clear that, during pregnancy, the mother’s body physi-
cally prepares for the olfactory interaction that follows the delivery of her infant.

9.2.2 Olfactory Memory Helps Neonates Adapt to Outside of the Womb

Odor cues from lactating women affect the behavior of infants in many ways, ranging from arousal
modulation to the fine-tuning of interactions with the mother. The newborn young of several mamma-
lian species are attracted to the odor of amniotic fluid; these chemical cues also appear to calm neonates
and help them adapt to their new postnatal environment. For example, the odor of the lactating breast
reduces arousal states in active newborns (Schaal et al. 1980; Schaal 1986; Sullivan and Toubas 1998)
and increases them in somnolent newborns (Russell 1976; Soussignan et al. 1997; Sullivan and Toubas
1998). Such cues elicit positive head (nose) orientation (Macfarlane 1975) and increase oral activity
(Russell 1976; Soussignan et al. 1997). Odor cues may stimulate active approach behavior such as
directional crawling (Varendi and Porter 2001), which may be involved in the neonatal ability to reach
a nipple (Widstrom et al. 1987; Righard and Alade 1990). The odor of amniotic fluid is an attractant
and helps the infant locate an object to suck. Immediately after birth, neonates display a clear prefer-
ence for an unwashed breast that retains its biological odor. Significantly more infants select such a
breast rather than the odorless alternative for their initial sucking bout (Fig. 9.1). An olfactory memory
acquired in utero may be important for the establishment of breastfeeding and later diet.

Two natural sources of potentially odorous substrates have received empirical attention. The first
is amniotic fluid and the second is colostrum/milk, both of which are emitted from the main milk
ducts that open at the tip of the nipple. Accumulating evidence shows that odor cues carried in
human colostrum and milk are attractive to neonates (Marlier and Schaal 1997; Mizuno and Ueda
2004; Mizuno et al. 2004). Interestingly, neonatal responsiveness to these milk cues does not seem
to depend on breastfeeding experience as infants that are exclusively fed cow’s milk—based formu-
las react to them as strongly as breastfed infants (Marlier and Schaal 2005). Another potential
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Fig. 9.1 Babies’ preference of breast for sucking (Varendi et al. 1997). Comparison of breast choice for sucking is
shown. Y axis indicates the number of babies who chose the washed breast, naturally smelling breast, and amniotic
fluid treated breast. Left column: Unwashed breast is preferred over washed breast for infants at a mean postnatal age
of 67+10 h. Middle column: Amniotic fluid—treated breast is preferred over natural odor breast for infants at a mean
postnatal age of 68+ 15 h. Right column: Natural odor breast is preferred over amniotic fluid—treated breast for infants
at a mean postnatal age of 165+26 h

source of mammary odor cues are distributed around the areola in the form of small skin protuber-
ances, called Montgomery’s glands. These result from the coalescence of sebaceous glands and
miniature lactiferous acini (Smith et al. 1982). These glands enlarge during pregnancy and lactation
and become more visible on the areolar surface. After delivery, they begin to secrete a milklike fluid
(Schaal et al. 2006). The resulting blend may have a positive effect on the perceptual impact of the
secretions. The surface temperature of lactating breasts is elevated; as such, evaporation of the
secretions increases. This enables the odor to effectively stimulate the neonatal olfactory system. If
such an effect exists, it might distinctively affect neonatal response speed and rate. In most lactating
women, the number of visible Montgomerian glands ranges from a low of 1 to a high of 40-plus.
Their functional involvement has recently been examined in breastfeeding interactions, based on
the evidence that the number of areolar glands correlates positively with neonatal weight gain and
with maternally reported perception of infant sucking activity (Schaal 1988). Taken together, the
above findings suggest that milk and areolar secretions may be significant sources of behaviorally
active cues for neonates.

9.2.3 Origin of the Odor of Amniotic Fluid

The odor of amniotic fluid is determined by fetal excretion as well as the mother’s food. The inges-
tion of garlic or spicy food by pregnant women significantly alters the odor of their amniotic fluid
(Hauser et al. 1984; Mennella et al. 1995). The spices are absorbed from the maternal gastrointesti-
nal tract and transferred to the amniotic fluid (Hauser et al. 1984). Animal and human data indicate
that the fetus emits odorous materials into the amniotic fluid as well and that these are externalized
into the pregnant mother’s excretions. This fetal odor generation and externalization may also explain
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why mothers and fathers can detect similarities between their own infant’s amniotic fluid odor and
maternal body and urine odors (Beauchamp et al. 1994; Varendi et al. 1996).

9.2.4 Neonates Are Attracted to the Odor of Amniotic Fluid

9.2.4.1 Preference to Own Amniotic Fluid Odor

The individually unique quality of amniotic fluid is evidenced by the fact that newborn infants are
selectively responsive to the odor of amniotic fluid. When an infant is simultaneously exposed to the
odors of his/her own amniotic fluid and the amniotic fluid of another infant, the infant will orient his/
her head more quickly and for a longer duration to the former stimulus than to the latter (Schaal et al.
1998). Varendi et al. (1998) presented different odors to neonates for 90 min after their birth and
found that neonates exposed to amniotic fluid odor cried significantly less than neonates exposed to
control odor (Fig. 9.2). Prenatal familiarization with amniotic fluid odors that are likely to continue
to be encountered immediately after birth may help the baby adapt to the otherwise new postnatal
environment (Varendi et al. 1996; Schaal and Marlier 1998). This similarity between amniotic fluid
and colostrum helps neonates to move toward the breast and locate the mother’s nipple.

9.2.4.2 Amniotic Fluid Plays an Important Role in Locating an Object to Suck
When newborn infants are placed in the prone position between their mother’s breasts immediately
after delivery, they display a consistent sequence of activity, namely, crawling movement, which

brings the infants into contact with one of the nipples, and then active sucking, which eventually occurs
within about 1 h after delivery (Widstrom et al. 1987; Varendi et al. 1994). If amniotic fluid is applied to
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Fig.9.2 Median crying time with amniotic fluid odor, breast odor, and no odor (Varendii et al. 1998). Median crying
time (s) during postnatal 31-90 min in infants assigned to amniotic fluid odor (AF), breast odor (B), and unexposed
group (C) used as control. Paired comparison: AF versus B: p=0.02, AF versus C: p=0.02, B versus C: p=0.27. Y axis
indicates crying time; X axis indicates AF, B, and C odor exposure groups
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only one breast, the infant will orient to that breast. In other words, if the mother’s nipple/areola is
washed thoroughly, it would be difficult for a neonate to orient to the mother’s breasts effectively.
Within the first hour after birth, significantly more neonates spontaneously select a breast treated
with amniotic fluid than an untreated breast (Marlier et al. 1998). Varendi et al. (1998) demonstrated
that just after birth, more neonates suck their hands if they are not washed. If they are washed, less
than half put their hands to their mouth. If the hands smell of amniotic fluid, neonates exhibit search-
ing movements when their hands come close to their nostrils. Based on these observations, it can be
said that the odor of amniotic fluid is attractive and helps the baby locate objects to suck.

9.2.5 Similarity of Olfactory Cues Between Amniotic Fluid and Colostrum

There is a distinct similarity between the amniotic fluid and the colostrum of the same woman —
these odors are treated as similar by neonates (Marlier et al. 1998). When offered breast for the first
time, neonates recognize the colostrum as it has a similar taste to the amniotic fluid. Marlier et al.
(1998) found that 2-day-old, breastfed infants demonstrate a similar response to amniotic fluid and
colostrum. Her group demonstrated that these infants preferentially orient to gauze pads bearing the
odor of amniotic fluid (Schaal et al. 1995). The attractiveness of amniotic fluid and breast odor is
thought to be acquired in the prenatal period or genetically. The individually unique quality of amni-
otic fluid is evidenced by the fact that newborn infants are selectively responsive to the odor of their
own amniotic fluid. When an infant is simultaneously exposed to the odors of his/her own amniotic
fluid and of the amniotic fluid of another, the infant will orient his/her head more quickly and for a
longer duration to the former stimulus than to the latter (Schaal et al. 1998). It is thus evident that the
human fetus can detect and store the unique chemosensory information available in the prenatal
environment.

It is of interest that bottle-fed infants manifest a greater motivation than breastfed infants to orient
to their own amniotic fluid odor than to the unfamiliar amniotic fluid odor. This may result from the
decreased opportunity to smell his/her preferred colostrum/amniotic fluid odors. It is evident that
neonates demonstrate strong attraction to amniotic fluid odor. This preference remains until an aver-
age of 3.3 days after birth.

9.2.6 Alteration of Olfactory Preferences

Neonates’ preferences change from amniotic fluid/colostrum to mature milk over time (Fig. 9.1).
Bartocci et al. (2000) found that the smell of colostrum increased the blood flow in the orbito-frontal
cortex, but that the changes in blood oxygen saturation decreased after 5 days of age. As long as
mothers do not change their diet abruptly, there is a consistency in the odor of colostrum and mature
milk. Mothers who experience the greatest change in diet before and after birth have the greatest
difficulty in establishing breastfeeding. It is thus evident that neonates retain their olfactory memo-
ries even if they do not have the opportunity to taste colostrum. In animal studies, rabbit kits raised
by mothers fed different diets during pregnancy and lactation show a clear preference for the diet of
their mother upon weaning (Bilké et al. 1994). Litters of rat pups were exposed in utero to taste/odor
stimulation through the injection of an apple juice solution into the amniotic fluid. The offspring
exposed to the apple juice solution in utero showed an increased preference for apple postnatally
(Smotherman 1982).
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The mother’s diet affects both the amniotic fluid and her breastmilk. More than 20 years ago,
Hauser et al. reported the case of an infant that smelled of spices. The spices were absorbed from the
maternal gastrointestinal tract and transferred to the amniotic fluid, where they were swallowed by
the fetus (Hauser et al. 1984). Prenatal familiarization with the flavor of colostrum contributes to the
establishment of breastfeeding. If mothers abruptly change their diet after delivery, infants experi-
ence difficulty in establishing breastfeeding due to the reduced degree of prenatal-postnatal olfac-
tory continuity (Hepper 1996).

9.2.7 The Role of Odor of Amniotic Fluid in Parent-Neonate Attachment

Infant-mother bodily contact is believed to be the species-typical pattern of immediate postpar-
tum child care. Mothers and newborns engage in mutually beneficial interactions. As described
above, skin-to-skin contact and exposure to maternal odors facilitate infant adaptation to the
early postnatal environment. Individual recognition is essential for the development of mother—
infant attachment and olfactory cues play an important role in the development of this attach-
ment. When infants touch or lick the areola and nipple shortly after delivery, their mothers make
more of an effort not to leave their infants and they talk to them more than mothers whose infants
did not initiate this areola or nipple touching or licking (Widstrém et al. 1987). The amniotic
odor that diffuses in the delivery setting has not been explored as a part of the intimate experience
of parturition, although it is often noted as being remarkable by midwives and obstetricians.
Schaal and Marlier (1998) found that human parents are able to distinguish among the odors of
amniotic fluid samples associated with different infants. The parents are also able to recognize
the odor of their infant’s amniotic fluid. Both parents are not only aware of an amniotic scent that
diffuses into the delivery room, but they can accurately identify the olfactory signature carried in
their own infant’s amniotic fluids.

The similarity of the infant’s amniotic fluid odor to their mother’s odor is interesting and may be
related to several determinants involving either environmental or genetic processes, or probably the
interaction of both processes.

Various functional consequences of the perception of amniotic fluid odor may be hypothesized in
human parenting: potential impact on the formation of the mother’s first impression of the actual
newborn; conscious or unconscious recognition of a kin odor from the very beginning, through either
maternal recognition of self-odor cues on the infant or paternal recognition of maternal cues in the
infant’s odor; and promotion of rapid individualization of the infant and the resulting amplification
of the parents’ nurturing tendencies. The infant’s amniotic fluid odor, together with all the other cues
they emit, may contribute to the initial steps of the developmental dynamics of feelings of maternal
and paternal attachment.

9.2.8 Preference to Breast Odor Is Genetically Obtained

The attractiveness of breast odor is also thought to be obtained in the prenatal period or genetically.
Mizuno and Ueda (2004) examined full-term, healthy babies who had been completely separated
from their mothers for a certain period postpartum. In this situation, it is possible to separate postna-
tal olfactory learning from genetically determined (or in utero acquired) preferences. They con-
cluded that preferences for maternal odors acquired independently from postnatal experience have a
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greater effect than postnatal olfactory learning on sucking activity even in the absence of triggering
signals. Although the infants had been fed exclusively with formula before the study, they sucked
more frequently and with higher expression pressure when exposed to their own mother’s milk odor
(Fig. 9.3). Sucking pressure did not change with the exposure, probably because the suction move-
ment itself is to some extent determined involuntarily. The olfactory preference acquired in utero
may persist for a longer time period. Porter and Winberg (1991) reported that 2-week-old, bottle-fed
infants responded preferentially to a breast pad from an unfamiliar lactating woman when paired
with a pad treated with their familiar formula. These infants displayed a preference for an odor to
which they had no obvious postnatal exposure over an odor that they had encountered numerous
times in the reinforcing context of feeding. Such attraction to maternal breast odors is presumably
acquired independently from postnatal experience.
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Fig.9.3 Difference in sucking pressure waves between own mother’s milk odor, formula odor, and no odor (Mizuno
and Ueda 2004). Traces of sucking pressure waves obtained from the same infants. The solid line indicates expression
pressure and the broken line indicates sucking pressure. With own mother’s milk odor (lower trace), expression pres-
sure and sucking frequency are higher compared to the formula (middle) or control (upper trace). Sucking pressure:
negative intra-oral pressure which is generated during sucking behavior. Expression pressure: positive intra-oral pres-
sure which is generated by compression between tongue and upper palate
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9.3 Olfactory Learning Immediately After Birth

Recent physiological research suggests that norepinephrine plays an important role in early olfactory
learning (Brennan et al. 1990; Sullivan 1992). Norepinephrine neurons in the locus coeruleus synapse
with the olfactory bulbs and are, at least in rats and sheep, a prerequisite for learning specific odor
cues. During the first hour after human birth, plasma levels of catecholamines are increased 20-30-
fold as compared to measures from older infants (Lagercrantz 1996). Olfactory learning resulting
from a brief period of exposure shortly after birth could be an important process through which neo-
nates become acquainted with the salient features of their postnatal environment. Varendi et al.
(2002) exposed infants to an odor (cherry or passion fruit) for 30 min shortly after birth. During tests
conducted at 80 h of age, infants were exposed to the familiar odor and the novel odor. The infants
spent more time turned toward the familiar odor than the novel one. From this result, it can be said
that brief exposure immediately after birth appears to be sufficient for olfactory learning. Romanshik
et al. (2007) recently demonstrated that neonates exposed to an odorant for 30 min beginning 4-37
min after birth rapidly became familiar with that olfactory stimulus and retained a memory trace of
it over an interval of a couple days. Neonates exposed to the same odor at 12 h after birth, however,
did not become familiar with the odor (Fig. 9.4). Newborn babies might be physiologically prepared
to learn to recognize the olfactory signature of their mother while interacting with her during the first
postnatal hours. Mother—infant skin-to-skin contact immediately after delivery could play an important
role in infant learning of maternal odor.

Neonates’ sucking behavior and physical stimulation of the breasts within the first hour after birth
induce short-term hormonal responses in the mother, including an increase in oxytocin levels
(Widstrom et al. 1990; Matthiesen et al. 2001). Given the role of oxytocin in the onset of maternal
behavior in nonhuman mammals such as ewes and rats (Pedersen 1997), various authors have specu-
lated that this same hormone (and perhaps other endocrine substances) might also be implicated in
the control of maternal responsiveness in humans (Uvnas-Moberg 1998; Numan and Insel 2003).
Close contact between the mother and her newborn infant is the biological norm that has evolved in
our species. When human birth takes place in a “natural” setting, the mother’s odor is arguably the
first biologically meaningful odor that confronts the newborn. Enhanced olfactory learning immedi-
ately after delivery could have a positive effect on attachment and on early mother—infant interac-
tions and may thereby contribute to the infant’s continued well-being.
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Fig.9.4 Duration of orientation to odor — early exposure and late exposure — (Romantshik et al. 2007). Early exposure
group (left column): Duration of orientation to each of the paired stimulus odors by neonates exposed to the odor
within 30 min. Late exposure group (right column): Duration of orientation to each of the paired stimulus odors by
neonates exposed to the odor at 12 h postpartum. Behavioral evidence of efficient olfactory learning and memory was
only found when exposure occurred immediately after birth
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9.4 Olfactory Learning and Successful Breastfeeding

Skin-to-skin mother—infant contact immediately after birth is known to be beneficial to the neonate
as it stabilizes body temperature, decreases stress and the risk of hypoglycemia, and is soothing. In
addition, skin-to-skin contact for more than 30 min immediately after delivery results in the early
identification of own mother’s milk odor (Mizuno et al. 2004), which could lead to early individual
discrimination. Enhanced discrimination between own mother’s and another mother’s milk odor
leads to longer breastfeeding duration (Fig. 9.4), partly because individual discrimination plays a
major role in creating a strong bond. Infants who experience mother—infant skin-to-skin contact are
able to better identify their mother’s breastmilk odor. Even for this short period, early infant touching
of the mother’s areola and nipple could enhance the mother—infant bond, although this short action
does not result in longer breastfeeding duration (Fig. 9.5).

What length of time should we recommend that mothers hold their infants immediately after birth
in order to extend breastfeeding duration? Mikiel-Kostyra et al. (2002) reported that the duration of
skin-to-skin contact is important in the elongation of breastfeeding duration. Effective sucking may
be a critical component of this intervention in regards to long-term breastfeeding success. Timing
may be critical as most healthy full-term infants will spontaneously grasp the nipple and begin to
suck by approximately 55 min post birth (Syfrett and Anderson 1996). In addition, breastfeeding
while maintaining skin-to-skin contact stimulates hormones such as oxytocin, which promotes maternal
attachment, and prolactin, which promotes lactation and maternal behavior. Extensive skin-to-skin contact
immediately after birth promotes early mother—infant interaction and bonding (Kennell and Klaus 1998).
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Fig. 9.5 Odor discrimination and breastfeeding duration (Mizuno et al. 2004). The relationship between odor dis-
crimination and breastfeeding duration is shown. Y axis indicates breastfeeding duration (months); X axis indicates
differences in mouthing movement while exposed to own mother’s milk odor and another mother’s milk odor
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Fig.9.6 Breastfeeding rate of infants with and without extensive skin-to-skin contact immediately after birth (Mizuno
et al. 2004). The breastfeeding rate in groups is shown as a Kaplan—-Meier curve. Group A comprises infants who expe-
rienced extensive skin-to-skin contact immediately after birth. Group B comprises infants who did not have skin-to-skin
contact after birth. X axis indicates infant age (mo); Y axis indicates percentage of mothers who breastfeed their infants

The early identification of own mother’s milk odor from another woman’s milk odor may partially
explain the early mother—infant interaction.

Schaal et al. reported that neonates can identify their own mother’s odor at 3 days of age
(Schaal et al. 1980). Mizuno et al. (2004) reported that infants can identify their own mother’s
breastmilk odor at 4 days of age. These findings could be explained by postnatal odor entrain-
ment. Skin-to-skin contact with the mother immediately after birth creates an optimal environ-
ment for the adaptation of newborn infants to extrauterine life. During the early postpartum
period, mothers may be especially open to improving their interactions with their infants, which
can affect their later parenting (Curry 1982). Some studies indicate that it can also have a long-
lasting effect on the duration of breastfeeding. There have been a few studies with a 1-year period
of observation. de Chateau et al. (1984) followed 20 mothers who had extra contact with their
infants during the first hour postpartum. They breastfed on average for 2.5 months longer than
mothers in the control group. Mikiel-Kostyra et al. studied a group of 1,250 Polish children by
the questionnaire method at 3 years of age and concluded that skin-to-skin contact and maternal
education were two independent variables that positively influenced the duration of exclusive
breastfeeding (Mikiel-Kostyra et al. 2002). In conclusion, prolonged skin-to-skin mother—infant
contact immediately after birth is beneficial as it aids in the early identification of mother’s odor
and leads to a longer breastfeeding duration (Fig. 9.6).

9.5 After Birth: Classical Conditioning - Olfactory Learning of a Novel odor

In animals, in addition to the natural body odor of the mother, artificial odors have been shown to
operate as olfactory signals. In addition to classical conditioning, the mere exposure of mother’s odor
is sufficient for infants to learn their mother’s identifying odor.

Sullivan et al. (1991) studied an olfactory classical conditioning procedure in 1-day-old neonates.
They gave ten 30-s pairings of a novel olfactory conditioned stimulus (a citrus odor) and tactile
stimulation in the form of stroking as the reinforcing unconditioned stimulus. Infants who received
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the forward pairings of the odor and stroking exhibited conditioned responses to the citrus odor.
From these findings, they concluded that complex associative olfactory learning is seen in neonates
within the first 48 h of life.

Engen and Lipsitt (1963) demonstrated that neonates respond to artificial odors presented to them
with changes in activity and respiration.

Balogh and Porter (1986) perfumed the beds of newborn for 24 h and were able to show that
girls preferred this odor in a choice test given an hour after they were removed from the per-
fumed bed.

Schleidt and Genzel (1990) found that neonates are able to recognize their own mother’s body
odors and orient toward them. Infants recognize perfume applied to their own mother’s bodies. In
this study, breastfeeding mothers perfumed their breasts for 2 weeks and their infants were then
tested in a choice test situation. At the age of 1 week, infants oriented their heads significantly more
often to the side where they smelled their mother’s perfume than to the side where they smelled a
control odor.

Davis and Porter (1991) exposed an artificial odorant for 22 h to neonates within the first 2 days
after birth. When tested on days 16—18 postpartum, these infants displayed preferential orientation
to the exposure odor when paired with a novel odorant. It is thus evident that the effects of early
exposure of the stimulus properties of odors can endure over a 2-week interval, indicating that infants
retain a memory trace of the exposure odor throughout that time period.

Infants evidently learn very quickly to associate odors with other stimuli if both are experienced
in important situations — the most important infant situation of all being close body contact with the
mother.

9.6 Olfactory Learning Through the Odor of Breastmilk

Human milk is more than just a complex mixture of substances that best meets the nutritional require-
ments of the infant. It is a food that varies in flavor because selected volatiles from the mother’s diet
are transmitted to her milk. Mennella et al. have conducted very interesting research in this area.
When human milk is flavored with garlic, infants breastfeed longer and suck more overall than when
this flavor is absent, at least under conditions in which the mothers have been ingesting bland diets
for several days (Mennella and Beauchamp 1991). Several hypotheses can be put forth to account for
this increased responsiveness. The change to garlic-flavored milk may act as a sucking stimulant, a
phenomenon similar to that observed in adults when a change in the type and flavor of available
foods stimulates intake.

Mennella et al. then examined how infants who had experienced the odor of garlic previously
reacted to the odor. Prior and repeated consumption of garlic by nursing mothers modified infant
behavior during breastfeeding when the mothers again consumed garlic (Mennella and Beauchamp
1993). Infants of mothers who had repeatedly consumed garlic capsules during the experimental
period breastfed for similar periods of time during the 4-h test session in which their mothers con-
sumed garlic (d 11) compared with the session in which their mothers ingested the placebo (d 4). In
contrast, infants who had no or minimal exposure to garlic volatiles in their mother’s milk during the
experimental period spent more time breastfeeding when their mothers ingested garlic than when
their mothers ingested the placebo. The garlic flavor became unstimulating to infants who were
repeatedly exposed to it in mother’s milk. Continued or repeated exposure to an odor results in a rela-
tively rapid suppression of its perceived intensity, presumably because the olfactory receptors have
fatigued (Rovee 1972; Todrank et al. 1991).



130 K. Mizuno

Studies on other animals (Capretta et al. 1975) suggest that experience with a variety of flavors
during breastfeeding, in contrast to the invariant flavor experience of formula feeding, could
increase infant willingness to accept a variety of flavors. Breastfed infants consume more of a
novel vegetable than formula-fed infants (Sullivan 1992). Besides garlic, a wide variety of flavors
(e.g., alcohol, mint, and cheese) ingested by the lactating mother are transmitted to her milk.
Whether exposure to these flavors in mother’s milk affects the infant’s later preferences, develop-
ment of food habits, and willingness to accept new foods at weaning or thereafter remains an
important research area.

The amount of alcohol ingested by a breastfed infant is a small fraction of that consumed by the
mother, but even this small amount may have an effect on the infant. The ingestion of alcohol by a
lactating woman alters the odor of her milk (Mennella and Beauchamp 1991) Infants suck more
frequently during the first minute of feeding after their mothers consume alcohol. The changes in the
odor over time are consistent with the changing concentrations of ethanol in the milk. From this find-
ing, it is evident that the breastfed infant may be receiving sensory information about the mother’s
dietary choices. In nonhuman animals, early and long-term exposure to flavors in the mother’s milk
affects later flavor preferences (Galef and Henderson 1972, Galef and Sherry 1973; Capretta et al.
1975; Campbell 1976), including that for alcohol (Mainardi et al. 1989).

9.7 Applications to Other Areas of Diet and Behavior

One possibility is to use favorable odors as a treatment for neonates. Marlier et al. demonstrated that
the introduction of a pleasant odor in the incubator is of therapeutic value in the treatment of apneas
in preterm infants (Marlier et al. 2005).

The human infant, like other mammalian young, has the opportunity to learn about the food
choices of the mother because a variety of flavors from her diet are transmitted to human milk
(Sullivan 1992). Studies on other animals indicate that this early exposure to characteristics of
the mother’s diet influences the weanling’s responses to flavors and foods. Similar effects have
been postulated but not proven for humans. Currently, many researchers are examining dietary
factors in the hopes of preventing children from becoming overweight or having metabolic
syndrome (Beauchamp and Mennella 2009). Determining if maternal diet during pregnancy
and lactation affects the weaning process and later dietary preferences of children should be a
priority. I expect that one of keys to decreasing pediatric obesity and metabolic syndrome is a
healthy maternal diet, extended breastfeeding, and strong maternal—infant attachment resulting
from olfactory learning.

Summary Points

* Fetuses have olfactory memory.

* Maternal diet influences the odor of the amniotic fluid and breastmilk.

* Amniotic fluid supports the neonate in adapting to the world.

* Olfactory preferences change over time after birth.

* Olfactory learning immediately after birth results in earlier discrimination of mother’s odor.
* Olfactory learning immediately after birth results in longer breastfeeding duration.

* Neonates/infants become accustomed to different kinds of odors through breastmilk.
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Definition of Key Terms

Amniotic fluid: Liquid surrounding the fetus in the womb.

Colostrum: Breastmilk secreted up to 3 days postpartum.

Montgomery glands: Sebaceous glands on the areola of the nipple that emit secretions com-
posed of milk mingled with sebum

Oxytocin: A hormone that plays a key role in milk ejection and promotes maternal attachment.
Olfaction: The sense of smell.

Skin-to-skin contact: Here, refers to mother—neonate skin-to-skin contact immediately after
birth.
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Chapter 10
Texture and Diet Related Behavior:
A Focus on Satiation and Satiety

Annette Stafleu, Nicolien Zijlstra, Pleunie Hogenkamp, and Monica Mars

Abbreviations

CCK Cholecystokinin
GLP-1  Glucagon-like peptide 1
PYY Peptide YY

10.1 Introduction

Overweight and obesity are caused by an imbalance between energy intake and energy expenditure.
Some of the food factors associated with this imbalance are energy-dense diets (Rolls 2009) and an
increased consumption of energy-yielding beverages (Mattes 2006). Therefore, insight in factors
influencing food intake is warranted. Food intake is regulated by cognitive, sensory, post-ingestive,
and post-absorptive processes. Blundell and coworkers (see, e.g., Blundell et al. 1994) refer to these
processes as the satiety cascade (Fig. 10.1). The terms “satiation” and “satiety” mentioned in this
cascade will be explained later.

There is a need for food products that help to lower or maintain body weight. Food properties that
increase the process of satiation (meal termination) and/or induce longer-term feelings of satiety
(increase the intermeal interval) may help to control weight. The satiating capacity of a certain food
depends on food properties like macronutrient composition, energy density, fiber, and volume. This
chapter focuses on the role of food texture in food intake regulation. Texture is one of the food char-
acteristics that is supposed to play mainly a sensory or cognitive role.

10.2 Texture Perception

Szczesniak (2002) defines texture as “the sensory and functional manifestation of the structural,
mechanical, and surface properties of foods detected through the senses of vision, hearing, touch,
and kinesthetics.” Texture is an essential part of the whole spectrum of sensory properties of a food.
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Fig.10.1 Satiety cascade (Adapted from Blundell et al. 1994). The satiety cascade of Blundell is used often to illustrate
processes involved in food intake regulation

During sensory perception of food, people use all their senses of which vision, hearing, touch, smell,
and taste are the most important (Van Vliet et al. 2009). During eating, texture plays a role in: (1)
initial perception during the first bite, (2) masticating factors during chewing, and (3) changes
induced during mastication and swallowing, such as rate of breakdown of the food, moisture absorp-
tion, and oral coating (Van Vliet et al. 2009).

10.3 Mastication

Mastication can be defined as the process by which food taken into the mouth is converted into a form
suitable for swallowing (Szczesniak 2002). During this process, the food is also assessed for palat-
ability and a decision is made as to whether to swallow or reject it. There are basic biomechanical
constraints that determine the duration and amount of oral processing prior to swallowing. In the oral
cavity, food is subjected to several mechanical and chemical processes. Solid food is fragmented by
the teeth, diluted and broken down by saliva, heated or cooled by the temperature of the mouth,
formed into a soft, coherent bolus, and finally swallowed (Hutchings and Lillford 1988; Prinz and
Lucas 1997; Van der Bilt et al. 2006). Hardness is known to influence the masticatory process. Dry
and hard products require more chewing cycles and therefore more time is needed to break down the
food and to add enough saliva to form a bolus suitable for swallowing (Van der Bilt et al. 2006). Low-
viscosity liquids are already in a form suitable for swallowing and require minimal processing.

10.4 Satiation and Satiety

In order to understand the effects of texture on food intake, it is important to distinguish between satia-
tion and satiety (see Rogers and Blundell 1979 Blundell et al. 1994) and how they are measured (see
Table 10.1). Apart from other reasons such as eating out of boredom or specific social contexts, we
start eating when we get hungry and stop when we are full. Satiation is the process that determines
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when we stop eating, and therefore determines meal size. Satiation is mainly driven by early processes
(<20 min), such as sensory, cognitive, and early pre-absorptive factors. Satiation may be measured by
ad libitum food intake of a meal. Satiety is the process which suppresses the internal drive to eat
(appetite). Satiety can be quantified by measuring the intermeal-interval. In both satiety and satiation
studies rating scales are used to assess appetite. Most investigators use the terminology developed by
Rogers and Blundell (1979): hunger, desire to eat, prospective consumption, and fullness (Fig. 10.2).
Further, gastric emptying and level of gastrointestinal hormones (such as Ghrelin, CCK, PYY, GLP-1)
are used in food intake regulation studies to study the mechanism (gastrointestinal processing) behind
the effect (De Graaf et al. 2004). To study the effect of texture on satiation and satiety different
approaches have been used. Most studies used a preload-test meal design (see Fig. 10.3). In these
kinds of studies, a fixed amount of foods different in texture is given and the amount eaten in the test
meal is the primary outcome measurement. Other studies are primarily interested in meal termination.
In these studies, foods different in texture are offered in abundance and ad libitum intake of these
foods (meal size) is the primary outcome measurement (see Fig. 10.4).

Table 10.1 Key points or features of satiety and satiation

Features Measurements

Satiation Meal termination Ad libitum intake

Appetite ratings

Stomach distension

CCK, GLP-1
Satiety Intermeal interval Preload-test meal

Appetite ratings

Spontaneous next eating event

Stomach emptying

Glucose, Insulin

Ghrelin
This table describes the features of satiation and satiety and the
measurements used in satiation and satiety research CCK cholecys-
tokinin; GLP-1 glucagon-like peptide 1; PYY peptide Y YFor bio-
markers of satiation and satiety, see De Graaf et al. (2004)

How hungry are you?

Not hungry | | Extremely
atall ! hungry

Fig.10.2 1Inboth satiety and satiation studies rating scales are used to assess appetite (hunger, desire to eat, prospective
consumption and fullness (Rogers and Blundell 1979)). This is an example of a visual analogue scale: subjects are
asked to indicate their feeling of hunger by placing a vertical line on the scale

Preload-test | Appetite ratings| Fixed amount | Ad libitum test |Appetite ratings
meal design of foods with | meal (zest

different meal)

textures

(preload)

Fig.10.3 Example of a design in which textures differences were tested in a preload-test meal design
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Fig.10.4 Example of a design in which foods with different textures were offered ad libitum

10.5 Liquids

Beverages have become a significant source of dietary energy (Bleich et al. 2009). Several stud-
ies showed that liquid foods elicit weaker suppressive appetite responses (Haber et al. 1977,
Hulshof et al. 1993; Mattes and Rothacker 2001; Tsuchiya et al. 2006) and a weaker compensatory
response in energy intake than solid or semisolid foods (Tournier and Louis-Sylvestre 1991;
Mattes 1996; DiMeglio and Mattes 2000; Mourao et al. 2007). This effect is not only apparent
in short-term preloads studies, but is also observed in longer-term intervention studies (De
Castro 1993; Tordoff and Alleva 1990). Soups seem to be an exception: for example in a study
by Mattes (2005) soups led to reductions of hunger and increases of fullness that were compa-
rable to solid foods.

The evidence of a weak satiety value of energy-yielding beverages is strongest for clear beverages
(Mattes 2006). Rolls (2009) hypothesized that beverages composed of few nutrients, such as sugary
drinks, fail to engage hunger mechanisms and are recognized as beverages that influence thirst. In a
7-day period observational study McKiernan et al. (2009) could not find an association between
thirst or hunger and the ingestion of energy-yielding beverages. Perhaps the human appetite system
is not well equipped to sense liquid calories (Zijlstra et al. 2008; Wolf et al. 2008).

10.6 Viscosity

Viscosity refers to the thickness of a food.

10.6.1 Ad Libitum Intake

Zijlstra et al. (2008) showed that chocolate-flavored milk-based foods differing in viscosity (starch
modification) led to clear differences in ad libitum intake, both in a realistic setting in a cinema
and in a laboratory setting. Ad libitum intake decreased as viscosity increased. This effect of vis-
cosity on intake could not be attributed to palatability, macronutrient composition, and energy
density or volume. However, it was possible that eating rate or effort needed to consume the prod-
uct influences meal termination. In the laboratory setting effort and eating rate were controlled for
by means of a peristaltic pump. The difference in intake could be partially explained by the higher
eating rate of liquids, while effort did not have an effect (for more details see Fig. 10.5). The effect
of viscosity on ad libitum intake was replicated in several other studies (De Wijk et al. 2008; Mars
et al. 2009).
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Fig.10.5 The tested products in this study were chocolate dairy products with different viscosities: a liquid product
(milk like) and a semi-solid product (custard like). The products were equal with respect to liking, energy density and
nutrient composition. Difference in mean intake of the liquid and semi-solid food was comparable to that of another
study in a realistic setting (cinema) (~34%). This difference was hardly affected by controlling for effort (~29%).
However, the difference in mean intake of the liquid and semi-solid food was much lower when controlled for eating
rate (~14%). Zijlstra et al. (Inter J Obes 2008;32:676—683)

10.6.2 Fixed Preload

Mattes and Rothacker (2001) studied the influence of viscosity on appetitive responses. The used
shakes differed in viscosity, but were similar in weight, volume, temperature, energy, and macronu-
trient content, energy density, rate of consumption, cognitive expectations, palatability, appearance,
and requirements for mechanical processing. Significantly greater and more prolonged reductions of
hunger scores were observed with the thicker shakes. No differences were found in the size or time
to first meal or 24-h energy intake. Russell and Delahunty (2004) did not find an effect of viscosity
of a fixed amount of rice milk on hunger scores and time to lunch.

Zijlstra et al. (2009a) explored the effect of viscosity of chocolate-flavored liquid and semi-
solid milk-based products on the gastrointestinal hormones ghrelin, CCK, and GLP-1. Subjects
were offered a fixed amount of these products and several blood samples were drawn. After 90
min subjects were offered a chocolate cake to consume ad libitum. Although the appetite ratings
showed that the semisolid product was apparently more satiating than the liquid product, no
clear effects of viscosity on the gastrointestinal hormones or on the ad libitum intake of the cake
were found.

Vuksan et al. (2009) showed that a highly viscous polysaccharide preload led to a reduced intake
of pizza 90 min later, compared to a medium- and low-viscosity fiber preload. No differences were
found in appetite scores and 24-h intake. The drinks were identical in taste, appearance, caloric, and
macronutrient content. The only difference was the viscosity of the fiber, which developed in differ-
ent viscosities in the gastrointestinal tract. Therefore, effects seem to occur beyond the mouth and
therefore sensory (texture) perception does not seem to play an important role in this study.



138 A. Stafleu et al.

Juvonen et al. (2009) examined the effects of modified oat bran on sensations of appetite and
satiety-related gastrointestinal hormone responses. The oat bran beverage with low viscosity induced
a greater postprandial increase in satiety and plasma glucose, insulin, CCK, GLP-1, and PYY, and a
greater decrease in postprandial ghrelin than the beverage with high-viscosity oat bran. This does not
fit in the hypothesis that satiety increases when viscosity increases. An explanation might be the
earlier availability of fiber in the gastrointestinal tract due to a faster gastric emptying after the low-
viscosity oat bran beverage consumption.

10.7 Food Form

In an early study of Haber et al. (1977), subjects had to consume a fixed amount of apples, apple purée, or
apple juice. The apple juice was consumed more than ten times faster than the apple and nearly three times
faster than the purée. In a study of Mattes and Cambell (2009) subjects consumed 300 kcal loads of apple
(solid), applesauce (semisolid), and apple juice (beverage) at a meal or as a snack. The apple juice showed
the weakest appetitive response, followed by the applesauce, while the apples (solid) elicited the highest
appetitive response. The interval between test food consumption and the spontaneous next eating event of
more than 100 kcal was shortest for the beverage. Also Flood-Obbagy and Rolls (2009) studied the effect
of apples in different forms and their results suggested also that solid fruits affect satiety more than pureed
fruit or juice. The consumption of the apples was followed by an ad libitum lunch. Fullness rating differed
after the preload consumption in the order: apple > applesauce > juices > control. Total lunch energy
intake (including the preload) was reduced after eating the apple (solid) as preload.

Mourao et al. (2007) studied the effect of food form on appetite and energy intake in matched
beverage and solid food forms. They compared watermelon and watermelon juice (high carbohy-
drate), cheese and milk (high protein), and coconut meat and coconut milk (high fat). In all cases, the
beverage food form elicited a weaker compensatory dietary response than the matched solid food
form. Total energy intake was 12—19% higher on the beverage days compared to the solid food days,
which was due more to a weak effect on satiety than on satiation.

Not all studies showed an effect in the same direction. Santangelo et al. (1998) reported that meal
consistency influences both gastric emptying rate and satiety sensation. In their study a homogenized
vegetable-rich meal was found to be more satiating than when the meal was offered in clearly sepa-
rated solid and liquid components. The overall gastric emptying rate was slowed after the homoge-
nized meal (followed by a CCK peak later).

Flood and Rolls (2007) investigated meal intake after consuming preloads of different soups with
the same energy density: broth and vegetables served separately, chunky vegetable soup, chunky-pu-
reed vegetable soup, and pureed vegetable soup. Subjects consumed less of the test food after eating
the soup compared to no soup, but the type of soup did not significantly influence test meal intake.

10.8 Mechanism

The mechanisms underlying the effect of texture on satiety are not well understood. Physical proper-
ties such as viscosity and texture could affect chewing, oro-gastric handling of foods, and absorption
(Rolls 2009).

Chewing solid foods may give a satiety signal, which is not induced by swallowing a liquid
(Haber et al. 1977; Mattes 1996; Rolls 2009). From a recent paper by Cassady et al. (2009) it was
concluded that masticating nuts, and likely other foods and nutrients, results in important differences
in appetitive and physiologic responses.
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10.8.1 Cognitive and Sensory Factors

Cognitive and sensory factors could play a role in the effect of food form on satiety. People might have
different beliefs about the satiating capacity of solid foods compared to beverages. Expected satiation
might influence portion sizes (Brunstrom and Shakeshaft 2009). It may be that the mechanisms
through which texture affects food intake work through differences in perception due to differences in
oral processing. Also the satiating capacity of soups is thought to be in part cognitive: a soup is
believed to be nutritive and impacts appetite more than thirst (Mattes 2006).

Eating rates of liquid foods are higher than eating rates of (semi-)solid foods (Haber et al. 1977,
Kissileff et al. 1980; Zijlstra et al. 2008). Based on the study of Zijlstra et al. (2008) it may be
hypothesized that the mechanisms through which texture affects food intake works through a higher/
longer sensory exposure time and/or a longer transit time of the product in the oral cavity. A liquid
remains a short period in the mouth, while a semisolid product is eaten more slowly and thus stays
longer in the mouth. This increases the exposure time to sensory receptors in the oral cavity and
therefore there is more opportunity for exposure to taste, smell, texture, and so on (Zijlstra et al.
2008). It is shown that bite size and oral processing indeed affect ad libitum food intake of a semi-
solid product (Zijlstra et al. 2009b). Also, smaller food sizes (nibbles versus bars) resulted in lower
intake (Weijzen et al. 2008) and small sip sizes reduced the ad libitum intake of soft drinks compared
to large sip sizes (Weijzen et al. 2009).

A factor that plays a role in the termination of food intake is the degree of sensory-specific satiety
for that food. This refers to a decrease in the reward derived from consumption for the food eaten
compared to a not eaten food (see, e.g., Rolls et al. 1981). For example, after consumption of a plate
of macaroni, one’s pleasure for macaroni is decreased, while the pleasure of custard remains the
same or increases. Foods may differ in their degree of sensory-specific satiety. For some foods, the
pleasure derived from consumption will decline sooner than for others. Texture-specific satiety might
play a role in meal termination. Guinard and Brun (1998) showed that pleasantness of texture, and
desire to eat hard test foods decreased after eating a hard lunch food. This might also have played a
role in the study of Weenen et al. (2005). They suggested that eating cheese biscuits might have
given rise to a higher degree of boredom than eating pears in light syrup, caused by the dryness and
thus amount of saliva required to form a bolus that can be swallowed.

10.8.2 Gastrointestinal Processes

Gastrointestinal processing can partly explain the effect of viscosity on intake. Soluble dietary fiber
may alter viscosity of gastrointestinal contents and this may result in effects on satiety and food intake
(Dikeman and Fahey 2006). Juvonen et al. (2009) did find an effect of bran viscosity on gastric empty-
ing and an effect on satiety hormones. Also Santangelo et al. (1998) found effects of physical state of
a meal on gastric emptying and CCK release. An effect of viscosity on satiety hormones could not be
found in the study of Zijlstra et al. (2009a). An explanation might be that the starch used by Zijlstra
et al. (2009a) was already broken down to glucose by enzymes in saliva before it reached the stomach.
The mechanism of how viscosity, gastric emptying, and satiety interact is not clear yet. Tieken et al.
(2007) examined whether solid meal-replacement products differed from liquid meal-replacement
products in appetite and appetite-regulating hormones. They did find differences in appetitive
responses, insulin and ghrelin, but not in CCK and leptin, between the products. However, as the
authors mentioned, although the products had a similar energy content, the macronutrient composi-
tions differed, which might have affected the appetite and hormonal responses.
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10.8.3 Learned Associations

Zijlstra et al. (2008) suggest that differences in satiety responses between liquids and solids are partly
based on learned behavior during infancy. Since the viscosity and caloric density of human breast
milk appear to vary together, breast feeding may provide an important initial exposure to a general
rule that thicker substances contain more calories than thinner substances (McDaniel et al. 1989;
Davidson and Swithers 2004). This indicates that the mouth feel of a product already could have an
effect on the relationship between viscosity and intake. Mars et al. (2009) indicated that the higher
viscosity of a food, and thus the longer orosensory stimulation, may facilitate the learned association
between sensory signals and metabolic consequences. However, current trends in eating patterns and
food supply (high energy drinks and low-energy solids) may alter learned associations between hun-
ger or thirst and the post-ingestive consequences of eating and drinking (McKiernan et al. 2008).

10.9 Conclusions

Most studies on the effect of food form on satiety compared liquids with a solid form. From these
studies it appeared that liquids are less satiating than solids. In addition, there seems to be an inde-
pendent role of viscosity on satiation. More research is necessary to study textures with less pro-
nounced differences than liquid versus solid foods, for example, the effects of texture differences
within solid products. Also, the gastric role in food texture warrants further investigation.

10.10 Applications to Other Areas of Health and Disease

Several studies showed that viscosity and texture differences influence satiation (meal termination)
and to a lesser extent satiety. Consumption of an energy-yielding beverage poses a greater risk for
consuming more energy than a semisolid or solid food. From a review of Malik et al. (2006) it
appeared that both short-term and long-term studies have shown that energy ingested from sugar-
sweetened beverages add to the total energy intake during the day. Liquid calories may lead to a posi-
tive energy balance and subsequent weight gain (DiMeglio and Mattes 2000). This knowledge can
be applied both in the underweight and overweight situation.

Summary Points

* Food properties that increase the process of satiation (meal termination) and/or induce longer-
term feelings of satiety (increase the intermeal interval) may help to control weight.

* Liquid foods elicit weaker suppressive appetite responses and a weaker compensatory response
in energy intake than semisolid foods or solid foods.

* Ad libitum intake of foods decreases as viscosity increases.

* The mechanisms underlying the effect of texture on satiation and satiety are not well understood.

* It may be hypothesized that the mechanisms through which texture affects food intake work
through a higher/longer sensory exposure time and/or a longer transit time of the product in the
oral cavity.
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Definitions of Key Terms

for swallowing.
Satiety: The process that suppresses the internal drive to eat (appetite).

satiety, compared to the pleasantness of selected uneaten control products.

Mastication: The process by which food taken into the mouth is converted into a form suitable
Satiation: The process that determines when we stop eating, and therefore determines meal size.

Sensory-specific satiety: The decrease in pleasantness of a product after eating that product to
Texture: The sensory and functional manifestation of the structural, mechanical, and surface

properties of foods detected through the senses of vision, hearing, touch, and kinesthetics.
For definitions see Rogers and Blundell (1979), Rolls et al. (1981), Szczesniak (2002).
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Chapter 11
Sensory Education: French Perspectives

Caroline Reverdy

Abbreviations

EPODE Ensemble Prévenons I’Obésité des Enfants: Preventing Childhood Obesity Together
PNNS Programme National Nutrition Santé: French national diet and health program

: Sensory NO Food habit
Famil OoGINAbITS
! ) education ||[] EFFECT'S\
(meal) v YES 2 Description of food

N Food neophobia

2 |dentification of taste and odor
2 Categorization of odor
Society (program-of-health) 7 Liking of more complex products

School (meal)

Culture (cooking)
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B Etfects in children food preferences and behaviours via INFORMATION on food

O : children

11.1 Introduction

Eating is one of the most common actions in everyday life. What about tasting food? Is there any
such thing as sensory education or educating the sense of taste? We shall take the example of one
country, France — well known for its culinary culture — to see what factors implicitly or explicitly
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construct our sense of taste. Then we shall see how explicit sensory education at school could change
eating preferences and behavior. And finally, we shall compare sensory education to other forms of
education and lay out the prospects of this method.

11.2 Can the Sense of Taste Be Educated?

11.2.1 Learning in Life

As with other omnivores, human eating preferences and habits are mainly learned. Learning varies
with the particular food culture, but the general mechanisms are comparable.

Children’s tastes are influenced by their mother’s feeding habits, first of all by straightforward
conditioning in the womb (Schaal et al. 2000), and then via the mother’s milk and gradual diversifi-
cation of diet (Maier et al. 2006). Later, they are shaped by what is eaten at family meals, then in
playgroups and at school meals. To pure conditioning are thus added mechanisms such as incident
and non-intentional learning by simple exposure to new foodstuffs (Zajonc 1968; Pliner et al. 1993),
parental teaching, whether to encourage or to discourage (Birch 1980; Hanse 1994), and imitation of
peer behavior (Birch 1980). With the exception of parental teaching, these mechanisms influence
behavior in an implicit way, without reaching the cognitive level and without the child being con-
scious of them. Thus the variety of culinary experience stimulates the development of preferences
more or less positively depending on the atmosphere of the feeding situation and on the individual’s
own olfacto-gustatory sensitivity.

This process develops and enriches sensory experience in terms of what flavors are known. The
range of sensory experiences thus depends on circumstances, but also on individual personality
(Pliner and Salvy 2006), as in neophobia — where the individual is afraid to try foods that are new to
him or her (Loewen and Pliner 1999).

Children are dependent on what foodstuffs they happen to be given; teenagers, on the other hand,
become more independent and make their own choices. They can get past their neophobia and extend
their sensory experience. This then stabilizes in adulthood, in the encounter with the partner’s eating
habits, and then those adopted by the couple (Koster 1990).

Simple exposure (Zajonc 1968) to traditional foodstuffs and learning mechanisms (i.e., culture)
strongly influence the development of preferences; other mechanisms determine the orientation and
dynamics of preference. These influences are the subject of the psychology of exploratory behavior
and motivation (Dember and Earl 1957; Berlyne 1970; Walker 1980) and are shown schematically
in Fig. 11.1.

Berlyne (1970) explained how a stimulated organism expresses maximal preference for an
optimal stimulus activation level, preference being lesser for any other stimulus level. Dember
and Earl (1957) further showed how the optimal level changes after exposure to stimuli that are
more stimulating than the individual’s previous optimum level (pacer): the optimum shifts
toward the level of the more stimulating stimuli. Exposure to stimuli that are less stimulating
than the optimal level, on the other hand, do not alter the optimum but rather lead to boredom,
as predicted by Walker (1980). These theories, based on visual stimuli, have been confirmed
using olfacto-gustatory stimuli (fruity drinks) (Lévy et al. 2006). Walker (1980) showed that
stimulus complexity as perceived by the subject decreases with exposure — which would explain
why novelties at first seem too complex but then come to be more appreciated with time; with
yet more exposure, they begin to lose their perceived complexity and may become commonplace.
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Liking

Perceived Complexity

Optimum

Fig. 11.1 Inverted-U relationship between liking and the arousal potential of a stimulus, as suggested by Berlyne’s
(1967) arousal theory (solid curve), and the shift (broken curve) of the original inverted-U curve and the optimal indi-
vidual level of psychological complexity upon exposure to a “Pacer” (B), as suggested by the arousal theories of
Dember and Earl (1957) and Berlyne (1967) (From Lévy et al. 2006). Liking changes with perceived complexity
depending on the optimum of the individual

This phenomenon, known as product boredom, is well known in marketing (K&ster and Mojet
2007).

Thus, taste can evolve under various mechanisms and according to experience. Food preferences
are flexible and subject to mainly implicit learning. The question therefore arises as to whether food
preferences might also be modifiable over a shorter term by explicit learning such as sensory
education.

11.2.2 Whatls Sensory Education?

11.2.2.1 Definition

Sensory education develops the senses by focusing attention on them.
The sense of taste is developed by information regarding taste perception (which involves all five
senses: taste, smell, touch, sight, and hearing) and by practical training to enhance sensory
acuity.

Sensory education is to be distinguished from sensory training. The former concerns the sense of
taste in general and is intended for nonexpert consumers, whereas the latter applies to a particular
type of foodstuff and is intended for expert analysts.

11.2.2.2 Examples of Sensory Education

Encouraging children to explore their bodies is not a new idea. As early as 1930, Rampillon &
Gruyer-Wantrin already explained that “young children should learn to use their senses, just as they
need to learn to acquire other skills”.
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In France, many nonprofit organizations, such as Agropolis-Museum, Pomme et Sens, and (the
oldest) the Institut du Gout, work in schools and playgroups, running taste education sessions, with
a hedonistic approach, developing the pleasure associated with tasting.

The Institut du Goiit (Taste Institute) introduces teachers to the Classes du Goiit (Taste Classes)
method developed in France by Jacques Puisais in the 1970s. This learning method, aimed at chil-
dren around the age of 9, seeks to develop food curiosity, refine taste, and enrich food vocabulary. In
2001, Daviet explained the three main lines of this method: the first is “knowledge of the senses,
balanced diet, production of some foods, and vocabulary enrichment”; the second is “know-how —
for example, how to compose meals and menus”; the third is “self-awareness of the body and of
sensations”. The first version of the module, in 10 sessions, came out in 1984, after more than 10
years of trials and prototypes run in schools in Tours and Paris (Puisais and Pierre 1987; Puisais
1999). It was then applied in schools in many regions of France, for more than 20 years. For exam-
ple, the method is used by the association Les Sens du Goiit (Senses of Taste), from the Avesnois
region, which runs a comprehensive, permanent, and extensive program of developing and education
of taste in the local area. In particular, the association runs information, education, and training cam-
paigns for the population as a whole, to raise awareness of local identity and the sense of belonging
to a specific area (Pautrel 2002). Subsequently, the creation of the Institut du Goiit in 1999 gave the
method a new lease of life, while respecting its original nature. Thus, in 2002, a CD-ROM! (Puisais
et al. 2002) presented a second version, in 12 sessions. Transmission to teachers is based not only on
the CD-ROM, but also by training courses run by the Institut du Goiit. In recent years, this French
teaching method has been translated and adapted for other European countries (Sweden, The
Netherlands, Finland).

Thus, the transmission of taste education is now developing in research programs such as Sapere.
This program, set up in 1994, is based in Brussels. Sapere — from the Latin for both knowledge and
taste — began as an international association and went on to become an international non-profit-
making foundation. It brings together experts from the human sciences, research, industry, and the
education and communication sectors. Its partners include many celebrities, scientific institutes, cor-
porations, and associations such as EPODE (Ensemble Prevenons I’Obésité Des Enfants: Preventing
Childhood Obesity Together). Since its inception, Sapere has promoted Jacques Puisais’s method
throughout Europe — for instance, in the Scandinavian countries (Jonsson et al. 2005). In other coun-
tries (The Netherlands, Switzerland), the focus has been on implicit methods for 6-9 year olds.

This type of sensory education for healthy children is quite recent. Sensory education also exists
as a form of therapy.

11.2.3 Application to Other Areas of Health and Disease

11.2.3.1 Obesity and Sensoriality

Sensory education of taste can further be expected to improve food habits and therefore help to limit
overweight and the prevalence of obesity. The new generation of dietary education (e.g., EPODE)
encourages adding a sensory dimension in their programs, with tastings and cooking. Nevertheless,
it must be stressed that the effect of sensoriality on limiting overweight and obesity is quite indirect
and needs further investigation to be proven.

'This program is only available in the form of a compact disc — read only memory.
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11.2.3.2 Disability and Sensoriality

General sensory education, not specifically targeting taste, has been extended to work with disabled
(blind, deaf) children. In France, Patty Canac, a perfume specialist, runs rehabilitation for cranial trauma,
cerebral hemorrhage, and prolonged coma victims. She helps these patients find a taste for life again,
using olfactory stimulation to awaken memory by the pleasure of playful learning (Canac et al. 2008).

11.3 What Factors Educate Our Sense of Taste?

11.3.1 Culture

It is well known that food preferences are linked to exposure to a given foodstuff (Wardle et al. 2003)
and that we tend to consume the food that is part of our particular culinary culture. We are thus con-
ditioned to appreciate more highly the foodstuffs of our own culture.

11.3.2 Family

Food education within the family involves exposure to foods: children are encouraged to faste. The
parents play a role and may reinforce neophobia to a greater or lesser extent, whether directly or by
showing a strong emotional reaction to their children’s not eating (Hanse, 1994). Such parental pres-
sure and restriction regarding food are measurable on the Kids’ Child Feeding Questionnaire (KCFQ)
(Carper et al. 2000).

11.3.3 School Meals

Half of French children take lunch at school (Stratégies 2006). This plays a role in their food education.
However, it amounts to only a small number of their annual meals and cannot in itself ensure balanced
diet. The elementary taste education provided at school is regulated by the French Education Ministry’s
Le Bulletin Officiel (2001), which encouraged diversity of diet and the development of taste. It is also
suggested the following main lines of activities around the issue of food (see Table 11.1).

These recommendations advise providing children with explicit information, but also enriching
their implicit experience via tastings and education concerning odors and spices.

Table 11.1 Key points of the main lines suggested by the French Ministry of Education (2001) for activities around
the issue of food

1. “Educating pupils’ taste and promoting culinary heritage and products of good gustatory and nutritional quality

2. Highlighting precise vocabulary concerning flavors, especially for children who confuse terms, so that they are
able to define their sensations clearly

3. Explaining the secrets of the production and composition of foods

4. Tasting local specialties

5. Discovering odors, spices, and essences”

The French Ministry of Education suggested five main lines for activities around the issue of food from food vocabu-
lary to culture of food
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Even so, food education as provided by the family and school meals may prove insufficient to
ensure healthy eating; dietary education programs have therefore been set up by the authorities.

11.3.4 French Ministry of Health

Taste education and dietary education are often associated. At the present time — in France as in
other industrial countries — there is a worrying increase in the prevalence of childhood overweight
and obesity in the 5—12-year-old age group from 3% in 1965 to 16% in 2000 (Rolland-Cachera
et al. 2001).

Daniel Thomas (2003) stressed the importance of changing behavior with respect to obesity-
related cardiovascular risk. It was with this in mind that the French authorities set up the PNNS in
2001, to improve public health by acting on the main determinants of diet. Information and educa-
tion for young people is one strategic axis of the PNNS (Programme National Nutrition Santé:
French national diet and health program), stressing the importance of early and lasting dietary
education, concerning both food and physical exercise. The Ministry of Health and the Ministry
of Education are working together on this. One of the priorities of the circular on School children’s
health: 5-year prevention and education program (dated December 1st, 2003) was dietary educa-
tion and the prevention of overweight and obesity. For this, dietary education and taste and con-
sumption education are to be included in curricula as of primary school, as supports for teaching
and in conjunction with school activities in general. Several programs are already being imple-
mented in schools. Information documents and PNNS-approved intervention tools have been
made available (Kerneur et al., information on the Internet). Each guide contains simple and acces-
sible information and practical advice adapted to the individual’s habits so as to combine health,
pleasure, and the requirements of day-to-day living in meeting the objectives of the PNNS. The
guide to children’s diet is called Health comes by eating and moving: a child and teens diet guide
for all parents.

Traditional dietary education also seeks to provide information, but often in terms of good and
bad, which is liable to give rise to feelings of guilt.

The environmental factors influencing food preference are summarized in Fig. 11.2.

culture society

\ /

Food preferences

/ \

school family

Fig.11.2 Environmental factors impacting food preference. Culture, society, school, and family have influences on
the food preferences
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11.3.5 School: Classes Du Goiit

As described above, Classes du Goiit modules can be run in schools. We shall now detail their prin-
ciples and content.

The teaching approach in each session is structured according to the following model. First, there
is a questions phase, helping the children explore the theme of the day; then, a tasting phase, which
provides information and enables the children to reach a practical understanding of how the gusta-
tory system works; finally, the children’s various responses and answers are brought together, with
complementary input on the initial questions. The module comprises 12 sessions of 90 min, on the

9, ¢ 9, < 29, ¢ 99, ¢ 99, ¢

following topics: “the five senses™; “taste”; “vision™; “olfaction”; “touch and hearing”; “aroma’; “flavor”;
99, 99, <

“preparation of a dish”; “food preferences”; “regional specialties”; “recapitulation”; and “the festive
meal”. Table 11.2 presents the program of this sensory education module.

Table 11.2 Key points of the description of the sensory education program (Reverdy et al. 2008)

Title and aim of the Organization of the Conclusion and/or contribution of the

session session session
Lesson 1 “The five senses” The teacher presents a 3-step  — All five senses are necessary to
This session evokes the tasting procedure (before, establish contact with the world
pupils’ understanding during, and after) using of foods.
of the way in which the five senses to describe  —  This contact always comes about
one makes contact a food. This session in three phases (before, during,
with foods. allows children to enrich and after the tasting).
their vocabulary on what
they feel sensorially and
emotionally.
Lesson 2 “Taste” The teacher presents varied — Food offer a wide variety of tastes
This session lets the tastings to let pupils and chemical sensations in the
pupils discover the discover their own taste mouth.
basic tastes (sweet, perception and to find out  — Knowing how to express different
salty, sour, bitter, and that the answers they give tastes and sensations.
umami) and other are similar to others”, yet  _ Showing the diversity between
mouth sensations still very personal. individuals in gustative perception.
(prickling, burning,
and astringency).
Lesson 3 “Vision” Tasting making use of — Colors have an impact on other
This session lets the colorants, to show how sensory perceptions.
pupils understand visual perception creates — Establishment of precise vocabulary
how vision creates expectations that can for visual perception.
expectations that modify other perceptions.
allow them to
anticipate food taste.
Lesson 4 “Olfaction” Odor bottles (more or less — Showing the relationship between
This session shows pupils familiar odors, fruity an odor and the evocation of its
how difficult it is to odors, etc.) are presented source and associated memories.
recognize odors. to evoke pupils’ memories  — Identifying certain familiar odors.
and lead to identification.
Lesson 5 “Touch and hearing” Samples of different — Various sensations are linked to

This session aims to
enrich vocabulary for
touch and to show
how touch and
hearing complement
each other.

materials (silk, wool,
velvet, etc.) are presented.
Foods of varying
hardness, crispness, and
crumbliness are tasted.

touch during tasting: tactile,
auditory, and thermal perception.

— Enriching vocabulary on touch and
hearing.

— Linking together food texture,
consistence, and temperature.

(continued)
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Table 11.2 (continued)

Title and aim of the
session

Organization of the
session

Conclusion and/or contribution of the
session

Lesson 6

Lesson 7

Lesson 8

Lesson 9

Lesson 10

Lesson 11

Lesson 12

“Aroma”

This session shows how
aromas in mouth are
perceived by
retro-nasal olfaction
and how the same
food eaten cold or
warm gives off
different aromas.

“Flavor”

This session studies the
sensations of sessions
2,4, and 6
simultaneously.

“Preparing a dish”

In this session, with the
help of a professional,
the pupils prepare
food from a recipe.

“Food preferences”

The pupils are asked to
argue for their
preferences and to
stimulate their
curiosity for new
foods.

“Regional specialties”

The pupils note
differences in local
and international
specialties and how
cultural history may
explain them.

“Recapitulation”

In this session, the pupils
have to remember the
knowledge built up
during the previous
lessons.

“The festive meal”

This last session is an
opportunity for the
pupils to transfer the
things they have
learned during the
previous lessons by
evaluating a meal
prepared for them.

Various highly aromatic
foods are tasted, and the
teacher explains how one
can get rid of the aromatic
sensations by using
ortho- or retro-nasal
routes.

The pupils learn to identify
these different sensations
when simultaneously
present in complex
foods, and to identify
their development over
time.

This cooking workshop takes
place with a professional.

Tasting unfamiliar food: each
group is required to
search for taste informa-
tion about one fruit and
then to encourage the
others to taste it.

The teacher and pupils bring
in local specialties for
tasting.

Quiz, synthesizing acquired
knowledge.

The pupils eat a meal at a
restaurant.

Distinction between direct (odor)
and indirect (aroma) olfaction.
The temperature of food modifies
sensation.

Definition of flavor.

Forms of interaction between the
senses involved.

Synthesis of all themes dealt with so
for (important information and
vocabulary).

Experiencing the pleasure of
preparing a dish.

Understanding the variety of
possible ways to eat a given food.
Discussion of eating habits.
Individual food preferences differ
alot.

Talking about your preferences and
arguing for them.

Accepting the taste of new foods.

Presenting regional culinary
specialties brought in by the pupils,
and thinking about their origin.
Enlarging knowledge by tasting
specialties from other regions and
cultures.

Remembering acquired knowledge
that can be of help in assessing food.

— Applying acquired knowledge.
—Taking part in a relaxing experience:

the pleasure of eating together.

—Developing skills linked to table

manners and savoir-vivre.

— Assessing the effect of preservation

on the taste of food.

The sensory education program of Classes du goiit contains

activities

12 lessons with theoretical knowledge and practical
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Our cultural, family, social, and school environments can implicitly influence food behavior.
How can explicit sensory education at school alter food preferences and behavior?

11.4 How Far Can Sensory or Dietary Education Change Food Preferences
and Behavior?

11.4.1 Edusens in France

A program over a period of years to assess the benefits of sensory education has been set up by the
European Center of Taste Science in Dijon, France.
The first part of the study focused on young adults, while the rest concerned 811 year olds.

11.4.1.1 Assessment of Sensory Education in Young Adults

The aim of the study was to run a sensory education program for young adults and then to assess its
impact on their consumer behavior, complexity perception, and preferences. The assumption was that
educating attention to taste would shift preferences from simple to more complex versions of food, due
on the one hand to improved sensory performance (sensitivity, identification, discrimination, and
description) and on the other hand to a reduction in the perceived complexity of complex variants, mak-
ing them less unsure and more pleasant (in line with the theories of Berlyne (1970) and Walker (1980)).
In the first step, a panel of 67 consumers assessed perceived complexity and stated their preferences for
sets of chocolate, coffee, and tea of varying aromatic complexity. Sensory acuity was measured on a
battery of tests developed for the study. Then, in the second step, the subjects were divided into two
groups of equal size. One of the groups underwent 12 sessions of sensory education, with practical
exercises and theoretical data, while the other group did not. At the end of the module, the two groups
returned to the laboratory to do the same tests as in the first step. The results confirmed the initial
hypotheses that complexity defined a priori by the formulae corresponded to perceived complexity for
all the foodstuffs, and that initial preferences correlated negatively with aromatic complexity.

Evolution following sensory education showed a change in the experimental group’s assessments.
Their descriptive performance was improved. The perceived complexity of the two most complex
variants decreased, particularly with regard to variables that were hard to describe and identify.
These changes led to increased preference for these two items, whereas no change was observed in
the control group (Reverdy et al. 2004).

11.4.1.2 Evaluation of Sensory Education in Children

This study was run with a panel comprising an experimental group of 100 children and a control
group of the same size. The experimental group took part in 12 one-and-a-half-hour sessions of taste
education in class (J. Puisais’s Classes du Goiit) during the primary school year. The entire panel
took part in three measurement sessions comprising three laboratory assessments each, before the
sensory education module (TO), just after it (T1), and in the following school year, some 9 or 10
months after the module (T2), in order to test durability of impact.

The results showed increased liking in both groups for the more aromatic and intense variants at
T1, with this increase persisting in time (T2) only in the experimental group. Thus, repeat assessment
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(or exposure) had a stronger effect than education initially (T1), the education effect appearing only
later (T2) in the form of a consolidation of the exposure effect (Reverdy et al. 2010a). Education
increased children’s neophilia, but only temporarily (Reverdy et al. 2008). Education improved
description of tasting experience toward more objective rather than subjective criteria, and this
improvement was lasting. Finally, education shifted the categorization strategy for unknown odors
toward a strategy based on less hedonic criteria (Reverdy et al. 2010b, c).

A new method for measuring food choice was set up for the study, but showed no sensory educa-
tion effect on choice behavior.

In conclusion, sensory education as carried out here showed some impact on food preference and
behavior, but not durably, and mainly affected description of tasting experience (Reverdy 2008).

Some of these conclusions were anticipated by Ton Nu (1996), who assessed the first version of the
Classes du Goiit in France. In 144 9-12 year olds, 69 of whom had had Classes du Goiit, she found a
positive education impact on verbalization of sensation and on attention to food quality, but none on
the desire to taste new foods or on consumption patterns for unfamiliar and familiar items. Even so,
the children who had been in the Classes du Goiit claimed to be more tempted to taste new foods and
were interested in the history of foodstuffs. These findings put the validity of declarative assessment
in doubt when not followed by congruent behavior. The validity of Ton Nu’s results is moreover lim-
ited by the lack of any pretest to enable intra-subject comparison before and after education.

11.4.2 Classes Du Goiit in Finland

A second study, conducted in Finland (Mustonen et al. 2009), evaluated the effect of sensory educa-
tion on taste and odor awareness and food ratings in school children. Two hundred and forty-four
school children, aged 7-11 years, from two schools in Helsinki area, were involved. In each school,
two distinct treatments — educated (96 children) and uneducated (79 children) — were applied for a
2-year period. The sensory education contained ten lessons of the Classes du Goiit and five lessons
familiarizing the children with different food categories. During the 2-year period, the two groups
were assessed four times each on the following parameters: free odor naming, taste identification of
six solutions, descriptive characterization of two breads, rating attention paid to the sensory proper-
ties of food, willingness-to-try rating for unfamiliar vs. familiar foods, and aided odor naming
(5 odors, 10 verbal labels). During the test period, the “educated” children improved their skills to
identify tastes and odors and to characterize foods, while the control group exhibited no evolution.
However, “education” effects were mainly to be found in younger children, and were small and not
always consistent over the 2-year period. However, children activated their odor and taste percep-
tions and improved their ability to describe sensory properties of food after sensory education.

Finally, Classes du Goiit sensory education can influence food preferences and behavior, whether
in France or in Finland, as summarized in Fig. 11.3.

11.4.3 Dietary Education

The effects of dietary education were measured in a French study conducted in the towns of Fleurbaix
and Laventie, and called Fleurbaix — Laventie Ville Santé. This epidemiological study started in
1992 in these two towns in the Nord-Pas-de-Calais region of France, with the initial objective of
assessing dietary education in young children. The first phase consisted in a dietary survey in the
region, which had been chosen due to the high local prevalence of overweight. Children were then
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Decrease of — | « Classes du Golt » | — Increase of taste
neophobia and cdor

/ \ identification
Increase of

ohjective Increase of food
description characterisation
Increase of Categorisation of
complex variants odor through a less
food liking hedonic strategy

Fig. 11.3 Measured effects of the Classes du Goiit. The effects of Classes du Goiit were measured on neophobia,
description, liking of complex food, odor categorization, food characterization, and taste and odor identifications

given dietary information. Subsequent change in food behavior in the entire family was observed,
validating the hypothesis that children who received dietary education at school would encourage the
whole family to adopt better food consumption behavior (Borys et al. 1993; Borys and Lafay 2000;
Borys 2003). A positive approach, based on the pleasure of eating, was found to have more effect on
families’ food behavior than the restrictive approach of other dietary interventions.

This first phase (1992-1997) was followed up by a second, of 5 more years (1997-2002), to
explore the determinants of weight gain and the respective impacts of diet, hormones, biological and
genetic factors, and physical activity.

In phase 3 (2002-2007), the population was offered the possibility of health coaching. Twice-yearly
follow-up of a cohort extended to all age groups assessed dietary and behavioral status in the population
in comparison with dietary recommendations (Borys et al. 1993; Basdevant et al. 1999; Brouet 2003).

Moreover, initial results showed the EPODE approach to have a positive influence, reducing
childhood obesity in the local areas involved, compared to increasing obesity in control areas.

In the pre-EPODE era, traditional dietary education was mainly based on restriction and avoid-
ance. Unfortunately, it failed to include sufficiently the sensory pleasure associated with mealtimes.
This may explain the poorer effectiveness of dietary campaigns in the UK, based almost exclusively
on restriction and the analysis of dietary risk.

11.5 Conclusion and Perspectives

11.5.1 Comparison Between Sensory Education at School and Other Forms
of Education (Dietary and Family)

11.5.1.1 Comparison with Dietary Education

The explicit information and implicit experience provided by Classes du Goiit have a more or less
lasting effect on children depending on the particular behavior being studied. This teaching method
is particularly rich in sensory experience, with attention to each child’s individual differences. It is
nuanced, unlike dietary education which tends to involve a dualistic approach in terms of good and
bad behavior. Moreover, dietary education is often limited to simple information transmission,
divorced from any sensory experience.

Classes du Goit offer implicit sensory experience in a positive context enriched with explicit
information as in dietary education.
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11.5.1.2 Comparison with Family Education

Within the family, children are often encouraged to extend their range by tasting new foods, which
they learn, by repetition, to like over time. Such exposure to foods, however, does not always come
with a positive feeling, if it involves parental pressure. Classes du Goiit offer tastings, introduced by
prior information. Moreover, they take place in a context of playful, peer-group learning.

Like at home, children extend their food experience in Classes du Goiit. However, the method
associates implicit experience to explicit information. Moreover, how a food is perceived in the con-
text of an exchange with the parents may be very different from how it is experienced in an exchange
with the teacher in the presence of the other children.

The comparison of food education types are described in Table 11.3.

Table 11.3 Key points of the comparison between types of food education: sensory, dietary, and parental

Characteristics of the education type Sensory education at school ~ Dietary education  Parental education
Sensory experience Yes No Yes

Tasting introduced by prior information ~ Yes No No

Information without tasting No Yes No

Highlighting individual differences Yes No No

Exchange Peer groups and teachers Nutritionists Parents

Dualistic approach (good, bad) No Yes Yes/no

Parental pressure No No Yes

Sensory education at school focus on experience and information; dietary education focus on information; parental
education focus on experience

11.5.2 Advantages and Limits of Sensory Education at School

11.5.2.1 Advantages of the Method

This teaching method has the interest of focusing the children’s attention on their own sensations,
finding their own responses rather than some preestablished or conventional response. Its originality
compared to other school subjects (such as mathematics) enables children who are doing badly at
school to find a space for expression and success, as Ostrom and Annett (2008) reported in Swedish
children.

Classes du Goiit may not really change food behavior, but do provide general knowledge of the
raw materials of food and food education including how dishes are cooked. Given the contemporary
food system which encourages consumption of processed foods, this approach seeks to promote
healthier eating, closer to the natural products. In this way, it helps combat the fast-food culture.

Adbvertising for processed foods targeting children, such as biscuits, has an impact on the type of
consumption. The Classes du Goiit culture favors a counterculture. However, as we have seen, its
impact is slight in comparison with the effectiveness of implicit learning by food exposure.

11.5.2.2 Limits of the Method

The great effectiveness of exposure puts into perspective the effects of explicit education of the
Classes du Goiit type, which finally provides mainly a gastronomic culture for the children without
actually changing their eating habits.
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Moreover, while the Classes du Goiit approach stresses a combination of the pleasure of eating
and explicit learning, it must be said that implicit learning by exposure also involves the post-
ingestion effects of food, which are probably more important than explicit information for the
formation of eating habits and the development of food appreciation. Aversion subsequent to bad
post-ingestion experiences is much more persistent than attraction caused by good experience, as
the avoidance reaction provoked by aversion reduces the chances of correction by new experience,
whereas attraction increases the chance of coming up against a bad experience.

11.5.3 Action!

The findings of EduSens, showing increased appreciation of complex food items following a small
exposure (just three times is enough), should encourage the authorities to seek to change eating behav-
ior by means of exposure to healthy food. A method focusing on the effects of exposure to varied and
complex flavors and odors has the advantage over the Classes du Goiit approach of being applicable in
young children whose language development is incomplete. School meal campaigns, such as the tradi-
tional Taste Week in October, are to be encouraged, even if the benefit has yet to be properly assessed.
Finally, in the light of the success of the session in which the children got actively involved in pre-
paring a dish and learned to adjust the quantities of ingredients according to their preferences, it would
seem that food education should involve active participation in learning to cook, especially as the
capability and pleasure of cooking well will be essential when the child reaches adulthood, in order to
be able to prepare enjoyable and balanced meals. The kitchen is surely a wonderful place to discover
and transmit the pleasure of eating well, as Marie-Claire Thareau Dupire (2006) suggests. This finding
was further confirmed in the Let’s make a meal together session in phase 3 of the EduSens project,
which got the families involved. This is why we strongly encourage any cooking activity that enables
children to put different ingredients together so as to make a dish adjusted to their own tastes.

Key Point

* Sensory education: context, courses of action, and effects

Definitions

Classes du Goiit: (7aste Class) is a method developed in France by Jacques Puisais in the
1970s. This learning method, aimed at children around the age of 9, seeks to develop food
curiosity, to refine taste, and enrich food vocabulary

Food preferences: Preferences for food are obtained by comparison, whereas liking is abso-
lute information. Thus, preferences can be used to compare several variants of a range, as in
the EduSens project.

Neophobia: The fear to try foods that are new to the subject

Sensory education: Develops the senses by focusing attention on them. The sense of taste is
developed by information regarding taste perception (which involves all five senses: taste,
smell, touch, sight, and hearing) and by practical training to enhance sensory acuity. It is gen-
eral and intended for nonexpert consumers.

Sensory training: Is training with food, odor, or solutions in order to improve taste ability
and is intended for expert analysts in sensory analysis.
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Summary Points

* The content of sensory education of taste at school is information regarding taste perception and
food processes, and practical training to enhance sensory acuity and to enrich food vocabulary.

» Scientific studies showed the following effects of sensory education in children:
* Improved description and characterization of food
* Improved identification of odor and taste
e Temporary decrease in neophobia
* Increased liking for more complex food products
* More expert odor categorization

* The advantages of sensory education at school are to focus on children’s own sensations and
responses and provide knowledge concerning food.

* Sensory education at school does not really change food habits and its explicit information seems
less important than the post-ingestive effects of food.

* An alternative to sensory education could be cooking lessons to encourage better food habits.
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Chapter 12
The Role of Cholecystokinin (CCK) in Eating Behavior

Mihai Covasa and Timothy Swartz

Abbreviations
AP Area postrema
CCK Cholecystokinin

CCK-1R Cholecystokinin 1 receptor
CCK-2R Cholecystokinin 2 receptor
CCK-8 Cholecystokinin octapeptide

DIO Diet-induced obesity

DR Diet-induced obesity resistant
DVC Dorsal vagal complex

Fos-Li Fos-like immunoreactivity

GI Gastrointestinal

HF High-fat

Icv Intraventricular

1P Intraperitoneal

LETO Long-Evans Tokushima Otuska
LF Low-fat

mRNA messenger RNA

NTS Nucleus tractus solitarius

OLETF Otsuka Long-Evans Tokushima Fatty

12.1 Introduction

A growing number of humoral factors are released from the gut during feeding and they play a
prominent role in the cascade of events bringing a meal to an end. The chief among them is chole-
cystokinin (CCK), the first gastrointestinal peptide implicated in the control of food intake and
subsequently coined “satiation signal.” Detected for the first time in 1928 by Ivy and Oldberg
and later characterized by Mutt and Jorpes (Jorpes and Mutt 1956), it was not until 36 years ago
when Gibbs et al. published the landmark paper showing that the biologically active, synthetic,
CCK octapeptide (CCK-8) reduced food intake in the rat (Gibbs et al. 1973). Since then, the
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investigation into the role of CCK on food intake continued unabated making CCK one of the
most intensely studied gut peptide. Consequently, its suppressive effects on food intake have been
demonstrated in several species including humans (see Ritter 2004a, b). CCK controls food intake
by coordinating visceral functions to optimize digestion and absorption and by interacting with
other short- and long-term meal-related signals. CCK may also contribute to satiation by reducing
caloric consumption, thus exerting its role in the control or regulation of other systems, such as
body adiposity. This chapter addresses: (1) the role of CCK on alimentary organs that partici-
pate in control of food intake, (2) mechanisms by which CCK controls meal size, (3) interactions
of CCK and other hormones that control food intake, and (4) disruptions in CCK signaling
pathways leading to disordered phagia.

12.2 CCK Controls Gastrointestinal Functions to Optimize Digestion

In addition to its role in controlling food intake, CCK elicits multiple effects on the GI tract including
stimulation of pancreatic secretion and gallbladder contraction, bile secretion into the duodenum,
inhibition of gastric secretion and emptying, as well as motor functions like lower oesophageal
sphincter relaxation and intestinal and colonic motility (see Little et al. (2005)). Together, these
actions promote reducing the rate of passage of nutrients in the interest of efficient and complete
digestion. That is, CCK may control food intake, particularly protein and fats solely in the interest of
GI functions. For a list of main functions of CCK, see Table 12.1.

12.3 CCK Controls Food Intake via Vagal Afferents

Vagal sensory afferents synapsing from the gastric, celiac, and intestinal branches of the vagus to the
hindbrain are the pathway both endogenous and exogenous CCK use to reduce food intake (Smith
et al. 1981; Yox and Ritter 1988). Evidence for this comes from the fact that vagal afferent fibers
express CCK receptors and CCK application to vagal afferent preparations results in vagal discharge
(Ritter et al. 1989; Raybould and Lloyd 1994). Additionally, sensory fiber removal either by surgical
or chemical means attenuates CCK and intestinal nutrient-induced suppression of food intake (Ritter
2004a, b). Finally, vagal sensory fibers innervating gastric and intestinal mucosa are sensitive to
CCK (Ritter et al. 1989). These effects are largely due to a paracrine action of CCK on peripheral,

Table 12.1 Key features of CCK in eating behavior
1. CCK is released from the duodenal enteroendocrine I-cells of the small intestine.

2. All three macronutrient classes stimulate release of CCK in humans; however in rodents, only fats and
protein cause CCK secretion.

3. CCK’s primary pathway to induce satiation is through a paracrine mode of action through CCK-1Rs.

4. CCK elicits physiological effects on a variety of digestive organs including the stomach, intestine, colon,
gallbladder, and pancreas.

5. CCK activates hindbrain neurons through vagal afferent sensory nerve fibers.

6. CCK serves as a satiation signal to limit short-term food intake; however its synergistic effects with other
long-term homeostatic energy signals implicate it in reducing bodyweight.

Table illustrating the key points of CCK in controlling eating behavior summarizing stimulation of secretion,
release, and effects of the hormone
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capsaicin-sensitive vagal afferent fibers. However, CCK-producing cells are strategically positioned
in very close proximity with vagal afferent terminals in lamina propria, and few synapses-like appo-
sitions between them have been reported. Therefore, a neural mode of action has been suggested
(Reidelberger et al. 2004) although the largely held view is that locally released CCK diffuses to its
action sites through a paracrine mechanism.

In addition to a vagally mediated pathway, CCK sites acting through non-vagal mechanisms may
also serve to decrease food intake (Reidelberger 1992; Blevins et al. 2000). CCK localized in the
central nervous system also has been reported to decrease food intake (Blevins et al. 2000). Released
by neurons from the spinal cord to forebrain, CCK is a potent neuropeptide (Hokfelt et al. 2002).
CCK-1 and CCK-2 receptors also are highly expressed in many brain regions, including areas
known to control food intake and regulate energy balance. Intraventricular (ICV) or parenchimal
administration of CCK into several hypothalamic and hindbrain areas decreases food intake (Blevins
et al. 2000) while central infusion of CCK receptor antagonists (Corp et al. 1997; Dorre and Smith
1998) or CCK antisera (Della-Fera et al. 1981) increases food intake. Also, mechanical and chem-
ical stimulation of the GI tract induces release of CCK from brain regions controlling food intake
(Schick et al. 1989). Further, reduction of intake by infusion of carbohydrates or feeding of diets
that do not result in substantial CCK release can be attenuated or reversed by antagonists of CCK
receptors (Brenner and Ritter 1996). Finally, whereas vagal afferents mediate CCK-induced sup-
pression of food intake, they are not required for the increased food intake following systemic
administration of CCK-1R antagonists (Reidelberger 1992). Therefore, CCK from other sources
can reach CCK-1Rs present outside the abdominal vagal terminals and inhibit food intake. Indeed,
administration of devazepide, a CCK-1R antagonist that crosses the BBB, results in increased food
intake in both vagotomized and non-vagotomized rats, while A-70104 another CCK-1R antagonist
that does not penetrate the BBB increased intake only in non-vagotomized rats (Reidelberger et al.
2004). These results suggest that increased food intake is due to an action of the antagonists at CCK
receptors located on peripheral sites. However, it also suggests that devazepide increases food
intake by acting either on remnant vagal afferents or by accessing other non-vagal CCK receptors
(Ritter 2004a, b). It is known that CCK receptors and CCK-containing neurons and terminals are
present in the hindbrain that may also participate to CCK’s effects on the vagal hindbrain (Hill and
Woodruff 1990).

12.4 CCK Controls Food Intake via Intestinal Nutrients

CCK is released from discrete enteroendocrine I-cells concentrated primarily along the proximal
duodenal and jejunal mucosa. The apical surface of the CCK cells comes in contact with food compo-
nents triggering a series of intracellular events resulting in the peptide release from the basolateral cell
membrane into the circulation (Liddle 1997) (see Fig. 12.1). Several molecular forms of CCK have
been identified and they are derived from the 95 amino acid pro-CCK (CCK-5 to CCK-83) with CCK-8
and CCK-58 being the most biologically potent in suppression of food intake (Glatzle et al. 2008).
Reduction of food intake by intraintestinal nutrient infusions is thought to exercise controls of
food intake, which normally are activated when components of a meal enter the duodenum from the
stomach. In the rat and other mammals, plasma CCK concentrations are elevated in response to
intraintestinal products of fat digestion, unhydrolyzed protein, and inhibitors of pancreatic trypsin
(Liddle et al. 1986; Weller et al. 1992; Brenner et al. 1993). Some, but not all, intestinal nutrients
stimulate secretion of the gut peptide, cholecystokinin. For example, carbohydrates and amino acids
do not release CCK in the rat (Brenner et al. 1993); although in humans, CCK is released in response
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Fig.12.1 Diagram depicting the stimulation of release of cholecystokinin (CCK) (small black circles) from a duodenal
I-cell by luminal nutrients (small open circles) on the apical portion of the cell. CCK is released on the basolateral side
of the cell into the circulation or binds to localized CCK-1R on vagal afferent terminals, which activate upstream hind-
brain neurons

to both l-phenylalanine (Ballinger and Clark 1994) and glucose (Parker et al. 2005). CCK reduces
food intake by acting at CCK-1Rs, located on small unmyelinated vagal sensory neurons (South and
Ritter 1988), indicating that the substrate that mediates CCK-induced satiation is similar, if not
identical, to that which mediates reduction of food intake by intestinal nutrients. Participation of
CCK-1Rs in reduction of food intake by intestinal nutrients is well supported by the fact that CCK-1R
antagonists attenuate or abolish reduction of food intake by intraintestinally infused triglycerides
(Woltman et al. 1995), long chain fatty acids (Yox et al. 1992), oligosaccharides (Brenner and Ritter
1996), and protein (Woltman and Reidelberger 1999). In addition to reversing the reduction of food
intake observed following exogenous CCK (Brenner and Ritter 1995) injection or intestinal nutrient
infusion, CCK-1R antagonists increase food intake when they are administered alone (Moran et al.
1992; Brenner and Ritter 1995). Taken together, these results suggest a direct relationship between
CCK-1Rs and control of food intake by intestinal nutrients.

There is accumulating convincing evidence indicating that CCK mediates nutrient-suppression of
food intake mainly through a paracrine rather than an endocrine mode of action. For example, both
suppression of food intake and inhibition of gastric emptying by intraintestinal carbohydrate infu-
sions, which do not elevate plasma CCK, are attenuated by a CCK-1R antagonist (Brenner et al.
1993). On the other hand, infusions of proteins that markedly increase plasma CCK concentrations
have a marginal effect on reduction of sham feeding (Brenner et al. 1993). Furthermore, administra-
tion of a peptide CCK-1R antagonist impermeable to the BBB attenuated the satiating effects of
CCK and intestinal nutrients (Brenner and Ritter 1995) and increased food intake when given alone
(Brenner and Ritter 1995). Finally, the endocrine source of CCK must undergo hepatic portal
degradation, which renders most of the biologically active CCK ineffective in suppressing food
intake (Reeve et al. 2003). Consistent with this, very low concentrations of CCK (1-5 picomolar
range) is detectable in the blood circulation and the only endocrine form of CCK found in the rat is
CCK-58 (Reeve et al. 2003). Together, these data overwhelmingly point to a peripheral site of action
whereby a local source of CCK acting in proximity of vagal afferent fibers may be sufficient to mediate
reduction of food intake. This is also supported by studies showing that low doses of intraperitoneal
(IP) which likely mimic the paracrine mode of action on vagal afferents (Canova and Geary 1991),
or near-arterial administration of CCK-8 reduces food intake more than higher doses when adminis-
tered intravenously (Cox et al. 1995). Whether sufficient amounts of systemically administered CCK
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are able to penetrate the lamina propria and elicit a physiological and behavioral effect is unknown.
Thus, the exact identity of this source of CCK outside “I”’ cell remains to be located. Studies examining
receptor affinity indicate a relationship between local concentrations of CCK in the GI tract and
CCK-1R affinity. It is thought that low affinity receptors are localized near areas with high CCK
concentration while high affinity receptors are in areas with low CCK levels (Pandya et al. 1994;
Talkad et al. 1994). For example, administration of an agonist of high affinity CCK-1Rs does not
decrease food intake (Weatherford et al. 1993). Additionally, work done in vagal afferent prepara-
tions shows the majority of CCK-1Rs expressed on vagal afferent neurons are thought to be low
affinity CCK-1Rs (Simasko et al. 2002). Together, these data suggest that gastrointestinal CCK
acting locally on vagal afferent sensory fibers is responsible for nutrient induced satiation.
Although the paracrine effects of CCK on peripheral vagal afferents are well documented, a direct
action of CCK on the nucleus tractus solitarius (NTS) neurons have been reported. This source of
CCK could originate either from CCK-producing neurons located in the hindbrain or from the
systemic circulation through the leaky portion of the BBB, including NTS (Baptista et al. 2007).

12.5 CCK Reduces Food Intake via CCK-1 Receptors

The targets of CCK action, CCK-1 and CCK-2 receptors (formerly CCK-A and CCK-B), belong to
the G-protein coupled transmembrane classification (Kopin et al. 1992; de Weerth et al. 1993).
Several studies have identified and cloned the genes encoding these receptors (Kopin et al. 1992;
Wank et al. 1994). For a list of sites where CCK-1Rs are located, see Table 12.2. Selective CCK-1
and CCK-2 receptor antagonist studies indicate that reductions of food intake by systemic injections
of CCK are mediated primarily via CCK-1Rs (Melville et al. 1992; Moran et al. 1992). Accordingly,
reductions in food intake by systemic CCK administration can be significantly attenuated or
abolished by administration of a selective CCK-1R antagonist [for review see Ritter et al. (1999)].
Activation of these receptors is mediated via vagal sensory neurons primarily innervating the
proximal duodenum and the stomach (Moran et al. 1990, 1997). In addition, independent adminis-
tration of CCK-1R antagonists increase food intake, supporting CCK as a physiological satiety
signal. At the cellular level, binding sites for CCK receptors are identified on vagal sensory neurons,
and 30—40% of vagal sensory neurons express CCK-1R mRNA. Furthermore, use of isolated vagal
sensory neuron preparations demonstrates that calcium influx occurs after CCK application and is
attenuated by CCK-1R antagonist (Simasko et al. 2002). Finally, electrophysiological data show that
CCK-1Rs also mediate activation of vagal afferent fibers by intestinal stimuli (Eastwood et al. 1998).

Table 12.2 Distribution of CCK-1R

Peripheral

o

o

o

o

Gallbladder
Pancreas

Pylorus of stomach
Vagal afferents

e Central

o

o
o
o
o

Area postrema (AP)

Dorsal medial hypothalamus (DMH)
Median raphe nucleus

Nucleus accumbens

Nucleus tractus solitarius (NTS)

Peripheral and central locations where CCK-1Rs have been detected
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Together, these findings are strong evidence that CCK-1Rs are necessary for suppression of food
intake by CCK. Indeed, the fact that exogenous administration of CCK is ineffective in animal
models lacking CCK-1Rs has demonstrated unequivocally the contribution of CCK-1R in control of
food intake by CCK and nutrients.

12.6 Changes in CCK Sensitivity by Nutrients

Responses to gastrointestinal satiation signals are not fixed. Rather they appear to vary widely with
changes in the dietary and endocrine milieu. For example, studies in both rats and mice adapted to a
high-fat (HF) diet become less sensitive to both exogenous (Covasa and Ritter 1998; Nefti et al.
2009) (Fig. 12.4), and endogenous CCK via intestinal infusion of oleate (Covasa et al. 2000).
Similarly, human subjects adapted to a HF diet have increased plasma CCK following a standard
meal compared to control subjects and reported greater hunger following intestinal lipid infusion
(Boyd et al. 2003). These effects were associated with an increase in the average daily food con-
sumption and body weight.

The exact mechanisms by which maintenance of a HF diet leads to a reduction in sensitivity to
satiation signals such as CCK and nutrients are not known. However, similarly, reduction in sensitivity
to the anorectic effects of acute CCK injection was also demonstrated in rats receiving chronic
infusion of CCK via osmotic minipump (Covasa et al. 2001). This persistent elevated plasma CCK,
accompanying long-term exposure to a diet rich in fat leads to several adaptive changes in nutrient-
and CCK-signaling pathways. For example, relative to rats fed a low-fat (LF) diet, rats fed a HF diet
exhibit increase pancreatic secretory and plasma CCK responses to intestinal fat. They also secrete
reduced amounts of pancreatic amylase in response to CCK (Chowdhury et al. 2000) and increased
amounts of pancreatic lipase (Gidez 1973).

In normal Sprague-Dawley rats, chronic HF feeding selectively reduces vagal and enteric neu-
ronal sensitivity to intestinal oleic acid or CCK injection (Covasa et al. 2000). Because fat is a
potent stimulus for CCK release, it may be that modifications at the level of CCK-1Rs play an
important physiologic role. This is supported by evidence that continuous CCK infusion leads to
downregulation of the receptor gene expression in rat pancreatic acinar cells (Ohlsson et al. 2000)
and hypothalamo—pituitary—adrenal axis (Malendowicz et al. 2003). Indeed, mice maintained on a
HF diet for 15 days have a decreased Fos expression in the NTS in response to CCK or nutrient
load and a decreased mRNA level of CCK-1R transcripts in nodose ganglia (Nefti et al. 2009).
However, in the rat, Broberger and colleagues (Broberger et al. 2001), using in situ hybridization
techniques, reported that feeding an HF diet does not appear to alter vagal CCK-1R mRNA expres-
sion in the nodose ganglia. It remains to be determined whether alterations in CCK-1Rs in other
tissues accompany the diminished sensitivity of endogenous satiety mechanisms resulting from
chronic consumption of dietary fat. CCK-1R affinity and capacity are also reduced in rats adapted
to an energy-restricted diet (Kawano et al.). Also, rat pancreatic acinar tumor AR42J cells express
the CCK-1R subtype, and CCK-8 reduced CCK-1R mRNA expression to 56% after exposure
(Kawano et al. 1992).

It is also possible that reducing the number of binding sites at the neuronal membrane surface
downregulates vagal sensitivity. In addition to the abnormalities in the binding of CCK to its recep-
tors in genetically obese rats, there are also CCK neuronal changes associated with dietary-
induced obesity. For example, early signs of obesity in neonatal overfed weanling rats are
associated with a significant decreased number of CCK-positive neurons in the paraventricular
hypothalamic nuclei (Plagemann et al. 1998). Studies of CCK-receptor function in pancreatic
acini and Chinese hamster ovary cells (Rao et al. 1997) indicate that receptor internalization and



12 The Role of Cholecystokinin (CCK) in Eating Behavior 167

phosphorylation are important mechanisms for CCK-induced desensitization in vitro. Therefore,
reduced sensitivity to CCK could be mediated either by altered receptor protein translation or
increased sequestration of previously translated receptors. Downregulation of transduction cas-
cades has also been associated with CCK-induced desensitization of pancreatic amylase secretion
(Otsuki and Williams 1983). Therefore, a change in postreceptor transduction is yet another poten-
tial mechanism for reduced vagal sensory response to CCK. The current data suggests that modi-
fications at the level of the CCK-1Rs plays an important physiological role in the adaptation of
feeding behavior; however, the relationship between decreased sensitivity to CCK or nutrient infu-
sion in animals adapted to a HF diet and the functional characteristic changes occurring in the
peripheral CCK-1Rs has not been elucidated.

12.7 CCK Interacts with Other Hormones to Control Food Intake

CCK-induced satiation is enhanced when combined with other anorectic signals. For example, sero-
tonin or 5-hydroxytryptamine (5-HT) released from the enterochromaffin (EC) cells in response to
carbohydrates serves to terminate a meal in coordination with CCK. While cholecystokinergic and
serotonergic systems independently control meal size, when both systems are concomitantly activated,
it results in an enhanced suppression of food intake (Burton-Freeman et al. 1999; Helm et al. 2003;
Hayes et al. 2004a, b). This enhanced suppression of intake is reversed by simultaneous blockade of
CCK-1 and SHT3R (Hayes et al. 2004a, b; Hayes and Covasa 2005). Further, concomitant blockade of
CCK-1 and SHT3R synergistically enhances food intake and suppression of food intake by CCK is
attenuated following blockade of peripheral or central 5-HT3 receptor antagonists (Hayes and Covasa
20064, b) (Fig. 12.2). These findings demonstrate that CCK and 5-HT systems cooperate interdepen-
dently to control food intake. SHT3 receptor mediated CCK-induced satiation is thought to occur
through indirect mechanisms as part of a feedback cascade via inhibition of gastric emptying. Evidence
of this comes from the inability of 5-HT receptor antagonists to attenuate CCK-induced reduction of
sham feeding. Further, 5-HT receptor antagonism attenuates CCK-induced gastric distention and inhi-
bition of gastric emptying (Hayes and Covasa 2006a, b). Finally, mice that lack specific subtypes of
5-HT receptors, which are localized only in the CNS, have a decreased responsiveness to exogenously
administered CCK (Asarian 2009). The interactions between CCK and 5-HT are vagally mediated,
which is based on the following evidence: (1) both CCK and 5-HT cause a profound activation of
proximal small intestine afferent fibers, which is blocked by vagotomy or capsaicin; (2) 5 out of 9
nodose ganglion neurons that were activated by CCK-8 respond to intraluminal perfusion of 5-HT; (3)
a subthreshold dose of CCK-8 that produced no measurable responses augmented the neuronal response
to luminal 5-HT perfusion. This potentiation effect was eliminated by a CCK-1R antagonist.

In addition to the interaction between CCK and 5-HT, CCK and mechanical stimuli, such as
gastric distension, exert synergistic or cooperative effects on the control of food intake in a variety
of species, including rats, monkeys, and humans (Moran and McHugh 1982; Feinle et al. 1996). For
example, intake after either a gastric distention, a test meal, or a preload is reduced when combined
with lower doses of CCK (Moran and McHugh 1982; van de Wall et al. 2005). These effects are
mediated by vagal CCK-1Rs. Furthermore, gastric distension enhances CCK-induced hindbrain
c-Fos expression, and vagal excitation (Wang et al. 2007). Thus, CCK-1Rs may act by enhancing
responses to gastric detention. Given the interaction between leptin and CCK discussed above and
that all leptin-responsive gastric vagal afferents are responsive to CCK, leptin may enhance the
responses of gastric afferents to distension or CCK.

Other anorexigenic and orexigenic factors involved in the control of food intake and bodyweight
also interact with CCK either to enhance or inhibit its satiating effects. First, apolipoprotein A-IV
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Fig.12.2 5-HT3 receptor antagonism attenuates cholecystokinin (CCK)-induced satiation. Intraperitoneal administra-
tion of cholecystokinin (CCK, 1.0 pg/kg) significantly reduced rat chow intake at 30, 60, and 120 min compared with
control in food-deprived rats. Concomitant administration of ondansetron, a 5-HT3 receptor antagonist (Ond; 1.0 mg/
kg ip) and CCK significantly attenuated CCK-induced reduction of 30-, 60-, and 120-min rat chow intake. *P <0.05
versus saline at given time. P < 0.05 versus corresponding CCK at given time (Reprinted from Hayes et al. 2004a, b)

(APO A-IV), a satiety factor secreted from small intestine epithelium in response to chylomicron
formation, requires CCK and the CCK-1R for inducing satiation (Lo et al. 2007). Extracts from chy-
lous lymph applied to vagal afferent preparations activates vagal neurons via a CCK-1R-dependent
mechanism (Glatzle et al. 2003). Further, while subthreshold doses of either APO A-IV or CCK do
not decrease food intake, combination of the two significantly reduces food intake (Lo et al. 2007).

Second, ghrelin, the potent orexigenic hormone released from the stomach is modulated by
peripheral CCK. There is a functional relationship between ghrelin and CCK in short-term control
of food intake. For example, the stimulation of food intake and neuronal activity in the hypothalamus
induced by ghrelin is abolished by intraperitoneal CCK. Vagal afferent neurons express the ghrelin
receptor, GHS-1, and peripheral administration of ghrelin resulting in increased food intake is atten-
uated by surgical and chemical ablation of the vagus. Also, in vitro, ghrelin inhibits the stimulatory
effect of CCK on vagal afferent neurons (Date et al. 2002). Third, there is a significant amount of
evidence, demonstrating that gonadal hormones such as estradiol decreases eating, at least in rats, by
increasing the satiating action of CCK (Asarian and Geary 1999).

12.8 Participation of CCK in Long-Term Energy Balance and Body Weight
Regulation

Although CCK is clearly involved in the control of ingestion and individual meals, how these actions
translate into the roles for CCK in overall meal-to-meal regulation or energy balance has not been obvi-
ous. Recent work examining potential interactions between CCK and adiposity signals such as insulin
or leptin suggest a role for CCK in overall energy balance. Figlewicz et al. (1995) first showed that ICV
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Fig. 12.3 Synergistic action of cholecystokinin (CCK) and leptin to reduce bodyweight. CCK-leptin (lep) treatment
reduces body weight significantly more than does saline (sal)-lep at 24 (a) and 48 h (b) after treatment. CCK (1 pg/kg) was
given intraperitoneally and leptin (5 pg) was given into the lateral ventricle. *Sal-lep-treated rats lost significantly more
body weight (compared with baseline day before treatment) than sal- or CCK-treated rats (P<0.01 for both); "CCK-lep-
treated rats lost significantly more weight than sal-lep-treated rats (P<0.01) (Reprinted from Matson and Ritter 1999)

infusion of insulin enhances the satiety response to CCK in baboons. Data from a number of studies
have indicated that leptin’s actions in food intake may depend in part on its ability to modulate the
efficacy of within-meal satiety signals such as CCK. Leptin potentiates the satiety actions of CCK in
short-term tests (Emond et al. 1999). For example, a subthreshold dose of intraventricular leptin signifi-
cantly increases the magnitude of feeding suppression produced by peripherally administered CCK.
Leptin/CCK combinations also result in elevated levels of c-Fos expression in the hypothalamic para-
ventricular nucleus (Wang et al. 1998) and within the nucleus of the solitary tract (Wang et al. 2000),
beyond those produced by either stimulus alone. Combinations of leptin and CCK have feeding inhibi-
tory effects over the long term, beyond those produced by leptin alone (Fig. 12.3) (Matson and Ritter
1999). Furthermore, CCK/leptin combinations result in greater decreases in body weight over 24 h than
does leptin alone (Matson et al. 2002). These findings demonstrate that communication between hypo-
thalamic circuits that respond to changes in adiposity signals and those that respond to meal-generated
signals are essential for long-term regulation of energy homeostasis and adipose tissue mass.

12.9 Disordered Satiation and the Role of CCK

A growing number of reports indicate that obese subjects, including humans, exhibit disruptions in
their responses to satiation signals. For example, obese humans reported feeling less hungry than lean
controls (French et al. 1993), and they were less sensitive to infusion of gastrointestinal peptides such
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as bombesin (Fig. 12.4) (Lieverse et al. 1994). Rats made obese by overfeeding were less sensitive to
the satiating effects of CCK (Voits et al. 1996; Covasa and Ritter 1998; Covasa et al. 2001), but see
also (Torregrossa and Smith 2003).

Animal models of obesity such as obese Zucker, OLETF, and Osborne-Mendel rats have all
been reported to be less sensitive to reduction of food intake by fats suggesting that obesity may
be associated with a reduced responsiveness to intraintestinal stimuli such as CCK and fats. For
example, the Zucker rat, homozygous for the fa gene, and heavily used as a model of genetic
obesity exhibits reduced sensitivity to intraperitoneal and ICV administration of CCK (McLaughlin
and Baile 1979). CCK-stimulated amylase secretion from pancreatic acini and binding capacity
of 125I-labelled CCK-8 were decreased in obese versus lean Zucker rats (Niederau et al. 1997),
suggesting the differences in CCK'’s satiety effect between lean and obese rats may be due to dif-
ferences in CCK-receptor binding and action at peripheral vagal sites. However, recent studies in
dietary-induced obese (DIO) mice showed an increase in expression of CCK-1R in the nodose
neurons (Paulino et al. 2009), which do not correlate with functional data showing reduced neu-
ronal vagal sensitivity in mice and rats maintained on a HF diet (Nefti et al. 2009). The reason
for this discrepancy is not known although altered coupling between receptor and intracellular
signaling pathways or changes in synaptic activity at the NTS level have been suggested (Paulino
et al. 2009).

Similarly, the OLETF rat, an outbred strain of Long Evans rats, which lacks functional CCK-
1Rs, is hyperphagic, and becomes obese and diabetic (Moran and Bi 2006). Consistent with this
mutation, little or no CCK-1R mRNA is detected in the pancreas of the OLETF rat (Funakoshi
et al. 1994). Furthermore, pancreatic acini from OLETF rats are completely insensitive to
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Fig. 12.4 High-fat diet attenuates CCK-induced reduction of food intakefatCCK-induced reduction of
food intake in rats adapted to low-fat (LF) and high-fat (HF) diets. Data shown are percent reduction of 30 min food
intake following 17 h food deprivation. CCK caused significantly greater reduction of intake at 0.5 and 0.25 pg/kg
dose in low-fat adapted rats than in high-fat adapted rats (P < 0.01) (Reprinted from Covasa and Ritter 1998)
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stimulation of enzyme secretion by CCK (Otsuki et al. 1995). This absence of CCK sensitivity is
specific in that OLETF acinar cells do secrete amylase in response to bombesin, carbamylcho-
line, and secretin. Also, pancreatic CCK binding in OLETF rat is completely absent (Otsuki et al.
1995).

OLETF rats exhibit accelerated rates of weight gain compared to control rats beginning at 5 weeks
of age, and results in body weights, which are ~40% higher than the control Long Evans Tokushima
strain. They are less sensitive to within-meal satiety signals and this has been attributed to their lack
of CCK-1Rs. For example, systemic administration of CCK has no suppressive effect on food intake
(Moran et al. 1998) or gastric emptying (Shoji et al. 1997) in OLETF rats. OLETF rats ingest larger
meals and are less sensitive to inhibition of food intake by some intraintestinal nutrients (Covasa and
Ritter 2001) and gastric distention than LETO control rats (De Jonghe et al. 2006). Therefore,
OLETF rats exhibit a broad range of satiation deficits that are controlled by CCK-1Rs. However, not
all OLETF satiation deficits are directly related to the absence of CCK receptors (Moran 2008) and
genetic ablation of the CCK-1Rs in Fisher 344 rats was not associated with overeating and obesity
(Blevins et al. 2009).

12.10 Applications to Other Areas of Health and Disease

Although predominantly viewed as a short-term satiation signal, there is also evidence that CCK
plays arole in the pathogenesis of obesity in humans. For example, genetic studies show that CCK-1R
gene promoter polymorphism is associated with body fat suggesting a major functional role of CCK-
1Rs in the development of obesity (Arya et al. 2004). Similarly, using genotype associations, recent
studies revealed that obese carriers of variants in the CCK gene have an increased risk of eating large
portion sizes, with a 60% increased risk for carriers of the CCK_H3 haplotype (de Krom et al. 2007).
However, the frequency of single gene mutations, in general, and in the CCK-1R in particular,
reported in humans, are relatively small and therefore, unlikely to play a major role in the current
obesity epidemic.

Studies examining changes in circulating CCK concentrations in obese individuals after vari-
ous dietary manipulations as well as studies using CCK-1Rs agonists to curb appetite and reduce
energy intake have yielded mixed results. For example, compared to lean controls, moderately and
morbidly obese women have significant lower fasting plasma CCK concentrations and exhibit a
blunt postprandial CCK response (Baranowska et al. 2000; Zwirska-Korczala et al. 2007). This
corresponds with an increase in fasting CCK concentrations and diminished feelings of hunger
reported in elderly subjects (Sturm et al. 2003). However, plasma CCK concentration in obese
subjects remains elevated following consumption of a fatty meal (French et al. 1993). Manipulation
of endogenous CCK levels either through diet (e.g., addition of long chain fatty acids), by inhibit-
ing CCK degradation, or through chronic exogenous administration of CCK have all been shown
to decrease caloric intake and/or bodyweight. However, whether these approaches can lead to
sustained changes in CCK responses without development of tolerance effects, resulting in consis-
tent reduction in appetite in obese subjects require further investigation. Pharmacological studies
employing CCK-1R agonists have been promising, with, at least, initial studies showing a signifi-
cant weight loss (Roses 2004). Uncovering the most effective strategy of manipulating the CCK
system either alone or in combination with other anorexigenic peptides in treating obesity remains
an area of intense investigation.
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Key Terms

CCK: Peptide satiation signal cleaved from the pre-cholecystokinin precursor and released from
the proximal duodenum of the small intestine in response to nutrients.

Endocrine: Entry of peptide or hormone into the bloodstream to exert effects on distant tissues
Enteroendocrine cells: Specialized intestinal cells that release peptides and hormones in
response to nutrients. The apical portion of the cell faces the lumen of the intestine to sense
nutrients while the basolateral portion is responsible for hormone secretion.

Fos: Protein that is a product of the immediate-early c-fos gene. Used in immunohistochemi-
cal experiments as a marker of neuronal activation

Paracrine: Action of a peptide or hormone on local or nearby cells without entering the
circulatory system.

Summary Points

* CCK is released by the “I” type enteroendocrine cells localized predominantly in the proximal
small intestine.

* CCK release is stimulated by the presence of nutrients, especially digestion products of fats and
proteins, in the intestinal lumen.

* CCK coordinates digestion and absorption of nutrients and exerts a variety of biological functions
within the gastrointestinal tract including stimulation of gallbladder contraction, stimulation of
intestinal motor activity and inhibition of gastric emptying, and stimulation of bile and pancreatic
enzyme secretion.

* CCK is one of the most potent satiation signals, inhibiting food intake in multiple species includ-
ing humans.

* CCK exerts its physiological actions via CCK-1 and CCK-2 receptors; however, CCK reduction
of food intake is primarily mediated by CCK-1R located on vagal sensory neurons.

e CCK acts to reduce food intake mainly through a paracrine mode of action, though a direct action
of CCK on hindbrain neurons has also been suggested.

* Chronic exposure to diets, particularly rich in fats, results in decreased behavioral and neuronal
responses to CCK.

e CCK interacts with short-term anorexigenic signals as well as long-term adiposity signals to
enhance suppression of food intake and body weight.

* CCK still remains a potential target for use in curbing appetite and treatment of obesity, either alone
or in combination with other peptides involved in the control of food intake and energy balance.
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Chapter 13
The Role of Ghrelin in Eating Behavior

Mihai Covasa and Timothy Swartz

Abbreviations

AP Area postrema

ARC Arcuate nucleus

CCK Cholecystokinin

CNS Central nervous system
DMH Dorsomedial hypothalamus
DVC Dorsal vagal complex
Fos-Li Fos-like immunoreactivity
GH Growth hormone
GHS-1Ra  Growth hormone secretagogue
GI Gastrointestinal

GLP-1 Glucagon-like peptide-1
GOAT Gastric O-acyl transferase

HF High-fat

ICV Intraventricular

P Intraperitoneal

v Intravenous

mRNA messenger RNA

NTS Nucleus tractus solitarius
PVN Paraventricular nucleus
PYY Peptide tyrosine-tyrosine
VMH Ventromedial hypothalamus

13.1 Introduction

Of all hormones and peptides secreted from the gastrointestinal (GI) tract, only one discovered thus
far has been shown to promote food consumption. Discovered in 1999, ghrelin, the potent orexigen,
is a 28 amino acid peptide released mainly from specialized endocrine cells of the mucosal layer in
the stomach. It exerts its physiological effects on stimulating eating and growth hormone (GH)
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secretion by binding to the GH secretagogue receptor-1a (GHS-R1a). Compared to other peptides
released from the GI tract, ghrelin is unique due to its increased circulating levels during fasting,
which together with its ability to increase food intake indicates the possibility of a role in initiating
a meal. To increase food intake, ghrelin activates neurons of hindbrain and hypothalamic nuclei
heavily involved in the short- and long-term control of food intake and energy balance. In addition
to its direct effects of stimulating food intake, ghrelin also decreases energy expenditure and pro-
motes the storage of fatty acids in adipocytes, denoting its potential importance in pathological
conditions, such as obesity. Furthermore, ghrelin is implicated in other disease states characterized
by loss of body mass, such as age-related and pathological anorexia. This chapter will focus on
(1) factors regulating ghrelin secretion and circulating levels, (2) mechanisms underlying ghrelin-
induced hyperphagia, (3) interaction of ghrelin with other signals that control food intake, and (4) the
role of ghrelin on long-term energy homeostasis in pathological conditions.

13.2 Ghrelin Modulates Gastrointestinal Functions

Ghrelin exerts several physiological effects on the gastrointestinal system to decrease the time of
transit for ingested nutrients through the GI tract. Most notably, ghrelin has a significant effect on
accelerating gastric emptying and enhancing motility of the distal small intestine and colon (Asakawa
et al. 2001). In addition to these motility effects on the GI tract, ghrelin also stimulates gastric acid
secretion as well as enzymatic secretion from alimentary organs (Masuda et al. 2000; Sato 2003).
Thus, ghrelin enhances the digestion of bolus in the stomach and propulsion of chyme through the
GI tract in preparation for the next meal. Also, by decreasing the transit time of nutrients in the
intestine, ghrelin limits post-ingestive feedback from GI satiety signals that serve to terminate a
meal. To increase motility and enzymatic secretions of the GI tract, ghrelin arising from two sources,
central and peripheral tissues, controls these mechanisms.

13.3 Ghrelin Is Distributed Through Both Central and Peripheral Tissues

Ghrelin is the endogenous ligand for the GHS-R1a receptor (now referred to as “the ghrelin recep-
tor”). Both ghrelin and its receptor are located in peripheral and central tissues. Within the central
nervous system (CNS), ghrelin is localized in hypothalamic and pituitary nuclei of the forebrain that
are heavily implicated in the control of food intake or GH secretion. Despite the initial finding that
ghrelin stimulates GH secretion (Kojima et al. 1999), the most potent biological function of the pep-
tide is stimulation of food intake through a GH-independent mechanism (Wren et al. 2000). The
arcuate nucleus (ARC) of the hypothalamus, which is involved in controlling food intake, expresses
the highest concentration of centrally distributed ghrelin (Lu et al. 2002). Although ghrelin is distrib-
uted throughout the central nervous system, peripheral ghrelin from the GI tract, most notably the
stomach, is thought to be the primary site for ghrelin secretion (Hosoda et al. 2000). In support of
this, partial or complete, gastrectomy (removal of the stomach) markedly reduces circulating ghrelin
levels by approximately 70% (Jeon et al. 2004). Ghrelin is produced in the mucosal layer of the
stomach by the endocrine X/A-type cells (Date et al. 2000), which are distributed throughout the
stomach, but are highly concentrated in the fundic area (Yabuki et al. 2004). Gastric X/A-type cells
increase in number throughout fetal period, reaching a maximum during infancy. Likewise, ghrelin
levels in the stomach are low during development. One month following birth, however, ghrelin
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concentrations reach a peak and show no further increase. While the stomach is the main site of
ghrelin secretion, ghrelin is detected throughout all layers of the GI tract, salivary glands, and ali-
mentary organs, such as the pancreas (van der Lely et al. 2004), all of which contribute to circulating
levels of the peptide. In the circulation, ghrelin is represented by two forms: des-acyl ghrelin and
acyl ghrelin (n-octanoyl-modified ghrelin) (Hosoda et al. 2003). The former version is five to ten
times more abundant in plasma than the latter; however, the less common acyl-peptide is thought to
be the active form in nearly all physiological, behavioral, and endocrine processes, including food
intake. To yield the biologically active acyl-ghrelin, the enzyme gastric O-acyl transferase (GOAT)
must cleave the pre-proghrelin peptide (Yang et al. 2008). While the finding of two forms or ghrelin
as well as the enzyme responsible for yielding the active form of ghrelin have been recent in respect
to the discovery of ghrelin, both total ghrelin and active ghrelin plasma concentrations have been
shown to be highly correlative following experimental manipulations (Yokota et al. 2005). A variety
of factors control ghrelin secretion from the stomach into the peripheral circulation, with energy and
macronutrient content of a meal being the main ones.

13.4 Ghrelin Secretion Is Regulated by Energy Status and Nutrients

Remarkably, measurable ghrelin levels are consistent between sexes and across age groups; however,
age-related anorexic rats’ plasma ghrelin levels fail to increase after 72 h fasting (Wolden-Hanson
2006). While this implicates age as a factor in modulating ghrelin levels, it more likely underscores
the importance of food components regulating secretion of the peptide. As such, during periods of
food deprivation, across a large range of ages, plasma ghrelin is substantially elevated while refeed-
ing or recovery from the deprivation rapidly blunts elevated circulating levels (Ariyasu et al. 2001;
Tschop et al. 2000) (Fig. 13.1). The increased levels of plasma ghrelin during these deprivation chal-
lenges are associated with up-regulation of ghrelin receptors leading to increased food intake (Tups
et al. 2004).

Ghrelin levels are also influenced by the timing of a meal. In schedule-fed rats, rising ghrelin
levels coincide with preprandial period or onset of a meal (Drazen et al. 2006). Similarly, in humans,
ghrelin levels substantially increase before the onset of a meal and adjust according to meal times
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(Cummings et al. 2001). Long-term markers of altered energy homeostasis, such as adiposity, also
correlate with circulating ghrelin concentrations. Obesity, a pathological state characterized by
increased body mass, is characterized by an alteration of secretion and circulating ghrelin concentra-
tions. Specifically, an increased body mass index (BMI) directly correlates with decreased plasma
ghrelin levels (Ariyasu et al. 2001). Because obesity is associated with suppressed ghrelin levels, it
is not surprising then that anorexic patients with significantly lower BMIs exhibit chronically ele-
vated circulating ghrelin concentrations (Otto et al. 2001). The decreased concentration of circulat-
ing ghrelin in obese individuals is thought to be due to excess energy intake; whereas in anorexic
patients, a constant caloric deficit causes elevated plasma ghrelin concentrations, in attempt to restore
proper energy balance. In both pathological states, however, ghrelin levels begin to return to normal
concentrations when the individual is nearing normal body weight (Cummings et al. 2002).
Furthermore, in addition to food intake and energy balance, the composition of an ingested meal is
an important regulator of ghrelin secretion.

Despite ghrelin being released from the stomach, an organ sensitive to mechanical rather than
chemical signals (volume vs. specific nutrients of a meal), and macronutrient content of the meal has
a significant effect on modulating ghrelin release. Nutrients from all three major macronutrient classes
suppress ghrelin secretion; however, carbohydrates and proteins are most potent inhibitors. Specifically,
in humans, a carbohydrate solution significantly decreases ghrelin secretion in a biphasic manner,
while protein suppresses circulating ghrelin significantly more 40-min postprandially than an equica-
loric and equivolumetric lipid drink (Foster-Schubert et al. 2008) (Fig. 13.2). In rodents, gastric
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Fig.13.2 Effects of macronutrients on suppression of circulating plasma acyl-ghrelin concentrations. Both carbohy-
drate and protein inhibit ghrelin secretion more effectively than lipid (Reprinted from Foster-Schubert et al. 2008)
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infusions of glucose more potently inhibit ghrelin secretion than infusions of fatty acids and amino
acids. These effects, however, are dependent upon intestinal absorption of nutrients as gastrically
infused glucose solutions fail to suppress circulating ghrelin concentrations when the gastric pylorus
is occluded (Williams et al. 2003). Furthermore, treatment with orlistat, a potent lipase inhibitor, abol-
ishes long-chain fatty acid—induced reduction of plasma ghrelin levels (Feinle-Bisset et al. 2005).
Together, these pieces of evidence demonstrate the importance of short- and long-term food intake as
well as macronutrient content of a meal to regulate ghrelin secretion. Because circulating levels of the
peptide are largely affected by the timing of a meal, it appears that ghrelin may have a physiological
role in meal initiation.

13.5 Ghrelin Increases Food Intake

Ghrelin is the only known potent peripheral peptide hormone that is an orexigenic. This is supported
by several pieces of evidence. First, both central and peripheral administration of ghrelin results in
increased food intake and associated appetitive ratings (Tschop et al. 2000; Wren et al. 2001a, b)
(Table 13.2). In rodents, exogenous ghrelin induces food intake during the light cycle, a period asso-
ciated with minimal food consumption (Wren et al. 2001b). Second, administration of either a ghre-
lin receptor antagonist or an anti-ghrelin immunoglobulin (IgG), which inactivates biologically
active ghrelin, causes a decrease in food intake in several feeding paradigms (Asakawa et al. 2003;
Nakazato et al. 2001). Furthermore, ghrelin decreases latency to eat and increases meal number.
Interestingly, both humans and rodent models retain sensitivity to the peptide and repeated adminis-
tration results in exponential increase in cumulative food intake leading to increased bodyweight and
adiposity (Druce et al. 2005; Tschop et al. 2000; Wren et al. 2001b) (Table 13.3). Altogether, these
findings support the hypothesis that ghrelin is an orexigenic signal controlling food intake. Currently,
two routes of action, endocrine and paracrine, thought to underlie peripheral ghrelin-induced hyper-
phagia (Fig. 13.3).

Table 13.1 Key features of ghrelin in eating behavior

1. Ghrelin is the endogenous ligand for the growth hormone (GH) secretagogue receptor-1a (GHS-1Ra), now
named “the ghrelin receptor.”

2. Ghrelin is released from the X/A-type cells in the mucosal layer of the stomach.

. Currently, ghrelin is the only known endogenous peripheral peptide hormone that potently increases food intake.

4. All three macronutrient classes inhibit release of ghrelin; however, products of carbohydrate and protein
digestion are more potent inhibitors than fats.

5. Ghrelin utilizes endocrine and paracrine pathways to induce hyperphagia by activating neurons involved in the
control of food intake. Specifically, ghrelin activates downstream neurons that produce orexigenic central
neuropeptides.

6. Ghrelin elicits physiological effects on a variety of digestive organs including the stomach, intestine, and
pancreas.

7. Circulating ghrelin is considered to be an inverse adiposity signal. That is, ghrelin levels are significantly
suppressed in obese individuals and markedly elevated in individuals with a low body mass index.

[S¥]

Key points illustrating the role of ghrelin in controlling eating behavior. It summarizes stimulation of ghrelin secretion,
release, and main effects of the hormone
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Table 13.2 Food intake following peripheral
administration of ghrelin in rats

Ghrelin dose (nmol) Food intake (g)
0 0.5
1 1.2
3 1.5

10 2

Source: Data adapted from Wren et al. (2001b)

Ghrelin increases food intake significantly more
than saline and in a dose-responsive manner

Table 13.3 Effects of chronic ghrelin admini-
stration on cumulative body weight gain in

rodents

Treatment 7-Day weight gain (g)
Saline 10

Ghrelin 22

Source: Data adapted from Wren et al. (2001b)

Ghrelin increases bodyweight gain compared to
saline treatment

Fig.13.3 Pathways through
which peripheral ghrelin .
activates CNS nuclei and Endocrine
promotes food consumption.
Ghrelin binds locally to the
ghrelin receptor on vagal
afferents innervating the
stomach and relays informa-
tion to the hindbrain, which

NPY AgRP
-—

Hypothalamus

t

Hindbrain

Circulation

. . Stomach
activates hypothalamic .
nuclei. Ghrelin also can enter Ghrelin
the circulatory system, Vagal
diffuse into hypothalamic Afferents
nuclei, and activate neurons -
producing NPY and AgRP Paracrine

13.6 Ghrelin Controls Food Intake via Endocrine and Paracrine
Mechanisms

Administration of ghrelin intravenously (IV) that results in physiological circulating levels in both
animals and humans increases food intake (Hashimoto et al. 2007; Wren et al. 2001a) in both fasted
or fed conditions (Hashimoto et al. 2007). In addition, IV administration of either ghrelin or a ghrelin
receptor agonist stimulates neuronal activation in brain nuclei involved in the control of food intake
as evidenced by Fos-like immunoreactivity (Fos-Li, a marker of neural activation) (Lawrence et al.
2002). This evidence, together with the fact that ghrelin producing gastric oxyntic cells are situated
in close proximity to vascular capillaries (Date et al. 2000), lend support to the fact that endogenous
ghrelin increases food intake through an endocrine route of action. However, there is also substan-
tial evidence demonstrating a paracrine pathway, involving vagal afferents. The vagus cranial
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nerve relays information from visceral organs to the hindbrain that integrates sensory and motor
information. Many of the gut peptides released from the intestine bind to their receptors on the vagus
to transmit information and exert physiological, endocrine, and behavioral effects. In support of a
vagally-mediated pathway underlying ghrelin-induced food intake is the presence of the ghrelin
receptor on gastric vagal afferents and ghrelin receptor mRNA in nodose ganglion cell bodies of the
vagus (Date et al. 2002). Ghrelin administered in the peritoneal cavity also increases food intake by
approximately 500% of baseline and is effective in increasing food intake for at least 1-h post injec-
tion (Wren et al. 2001b). It is largely thought that IP administration simulates the high concentrations
of the gut peptide released by the stomach near local vagal afferents. Direct support of a vagally
mediated mechanism of action is that vagotomy attenuates ghrelin-induced stimulation of food
intake in humans as well as in rodents (Date et al. 2002; le Roux et al. 2005). The specific afferents
responsible for the behavioral effects of ghrelin are thought to be vagal sensory afferents as applica-
tion of the potent neurotoxin, capsaicin, which destroys a majority of vagal sensory fibers, attenuates
increases of food intake stimulated by ghrelin administration (Date et al. 2002). While these data
show that peripheral ghrelin increases food intake through two mechanisms of action, the downstream
neurons that receive and mediate ghrelin-induced hyperphagia are located in the hypothalamus and
hindbrain nuclei.

13.7 Ghrelin Increases Food Intake Through the CNS

The precise mechanisms by which peripheral ghrelin gains access to brain nuclei expressing the
receptor are not completely known. Evidence shows that the blood—brain barrier is slightly perme-
able to the peptide and ghrelin is able to freely diffuse into hypothalamic nuclei involved in the
control of food intake. As such, ghrelin acts on the hypothalamus to increase food intake. This is
based on the following: (1) acute or chronic administration of ghrelin into either the lateral or third
ventricle, which allows access to hypothalamic nuclei, results in a robust increase of meal size
(Kinzig et al. 20006) or increases meal frequency (Faulconbridge et al. 2003) followed by substantial
body weight gain (Tschop et al. 2000); (2) ICV administration of a ghrelin immunoglobulin attenu-
ates food-deprivation—induced feeding, a time when ghrelin is typically most potent (Bagnasco et al.
2003); and (3) central administration of ghrelin induces neuronal activation (Lawrence et al. 2002).
These data clearly demonstrate a role for the hypothalamus in ghrelin-induced increase of food
intake. Among the four hypothalamic nuclei — the dorsomedial (DMH), the ventromedial (VMH),
the paraventricular (PVN), and the arcuate (ARC) — that display immunoreactivity for ghrelin or the
ghrelin receptor (Cowley et al. 2003) and mediate ghrelin’s actions (Wren et al. 2001b), it is believed
the ARC and PVN are the primary nuclei involved in ghrelin-induced increases of food intake.
Compared to other hypothalamic nuclei, the ARC exhibits significantly higher ghrelin immunoreac-
tivity and increased neural activation after exogenous ghrelin (Hewson et al. 2002). Furthermore,
rats with ARC neuronal ablation do not increase their intake in response to ghrelin and do not com-
pensate for caloric deficit (Tamura et al. 2002) demonstrating the influence of ghrelin signaling
within ARC in maintaining energy balance. Similarly, administration of ghrelin directly into the
PVN increases food intake equally to that of ICV infusion (Currie et al. 2005). This suggests that the
ARC mediates short-term increases while the PVN is responsible for mediating long-term increases
of food intake stimulated by ghrelin (Bagnasco et al. 2003). From these data, the hypothalamus is
undoubtedly a mediator of ghrelin-induced hyperphagia.

Ghrelin can also access ghrelin receptors located in the hindbrain, an area heavily involved in
food intake, including the nucleus tractus solitarius (NTS), area postrema (AP), and dorsal motor
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nucleus of the vagus (DMV) (Guan et al. 1997) either via vagal afferents or through porous blood—
brain barrier structures. Indeed, both central and peripheral administration of ghrelin or ghrelin
receptor agonists significantly increase neuronal activation in the NTS, AP, and DMV (Lawrence et
al. 2002; Takayama et al. 2007). Furthermore, ICV administration into the fourth ventricle, which
perfuses the hindbrain, increases food intake in similar magnitudes to third ventricle administration
that accesses forebrain hypothalamic nuclei (Kinzig et al. 2006). The effective dose that stimulates
food intake in the DVC (10 pmol) is significantly lower than threshold orexigenic dose of ghrelin for
the ARC (30 pmol) as well (Faulconbridge et al. 2003). Finally, destruction of the AP also results in
decreased sensitivity to exogenous ghrelin (Gilg and Lutz 2006). Together, these data indicate the
importance of the hindbrain in mediating ghrelin-induced hyperphagia

While the hindbrain, as well as the hypothalamus, is important in regulating ghrelin-induced
increases in food intake, they are not considered to mediate this phenomenon independently.
Peripheral satiety signals acting through the hindbrain are integrated at the level of the hypothalamus
which modulates intake. As such, destruction of hindbrain—forebrain neuronal circuits results in an
attenuation of sensitivity to ghrelin-induced hyperphagia. Additionally, ablation of these relays
causes a substantial decrease in neuronal activation in the ARC induced by ghrelin (Date et al. 2006).
Thus, ghrelin released from the stomach utilizes a vagally- and hindbrain-mediated pathway to sig-
nal hypothalamic nuclei to increase food intake. While ghrelin profoundly stimulates food intake
through a hindbrain-hypothalamic pathway, its magnitude of increased consumption is remarkably
similar to that caused by other orexigenic agents in the hypothalamus, specifically, Neuropeptide Y
(NPY) and Agouti-Related Peptide (AgRP) (Wren et al. 2000, 2001b).

13.8 Ghrelin Interacts with Central Neuropeptides to Increase Food Intake

The majority of neurons expressing NPY are located in the ARC, and approximately half of these
neurons co-express AgRP. Both peptides are potent orexigenic signals, but differ in the duration of
their effects. Specifically, NPY stimulates short-term increases of food intake while AgRP increases
long-term feeding (Tang-Christensen et al. 2004). A wealth of data consisting of both neuroanatomi-
cal and behavioral evidences lends support to the interaction between ghrelin and these peptides.
Ghrelin producing neurons in the forebrain synapse directly with the somatic or dendritic portion of
NPY neurons in the ARC and ghrelin receptor is localized on presynaptic terminals of NPY neurons
(Cowley et al. 2003). Together, these data suggest indirectly that ghrelin may modulate feeding
behavior through NPY and AgRP neurons.

Studies examining neuronal activation provide direct evidence for the interaction between ghrelin
and neurons producing these peptides. For example, ghrelin induces significant increases of intra-
cellular calcium in NPY expressing neurons (Cowley et al. 2003) and ICV administration of an
effective orexigenic dose of ghrelin activates ARC neurons expressing NPY as evidenced by Fos-Li
(Lu et al. 2002; Wang et al. 2002). Further support of the interaction between these peptides is that
in vitro studies examining hypothalamic tissues show increased expression of NPY and AgRP when
incubated with a ghrelin receptor agonist (Goto et al. 2006). Similarly, in vivo, NPY and AgRP
expression is up-regulated following either acute or chronic central administration of an effective
dose of ghrelin (Kamegai et al. 2001). Therefore, ghrelin is able to activate neurons producing NPY
and AgRP as well as modulate expression of these potent central orexigens. Conversely, endogenous
NPY and AgRP modulate ghrelin-induced hyperphagia. For example, the absence of ARC NPY/
AgRP signaling results in an abolished or attenuated sensitivity to ghrelin (Tamura et al. 2002).
Additionally, central application of antibodies for NPY or AgRP or antagonists for NPY or AgRP
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receptors results in an attenuation of ghrelin-induced hyperphagia (Nakazato et al. 2001; Shintani
et al. 2001). Finally, mice engineered with a null gene for NPY and AgRP have a completely
abolished response to both central and peripheral ghrelin administration as well (Chen et al. 2004).
Collectively, these data support the hypothesis that NPY and AgRP are mediators of ghrelin-induced
stimulation of food intake. In addition to the interaction between ghrelin and these central orexigenic
peptides, there are antagonistic interactions between ghrelin and peripheral satiety peptides secreted
from the GI tract.

13.9 Ghrelin Interacts with Peripheral Satiety Signals

Several studies have shown that ghrelin interacts at various levels with other gut signals to control
food intake. For example, vagal afferent neurons that contain the ghrelin receptor also co-express
receptors for satiety signals, such as cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), and
peptide tyrosine-tyrosine (PYY) receptors. Additionally, administration of ghrelin down-regulates
expression of these peptide receptors (Burdyga et al. 2006; de Lartigue et al. 2007). Ghrelin and
CCK have opposing effects. While CCK causes vagal activation, ghrelin potently inhibits activation
of the vagus (Date et al. 2002), and ghrelin administered to vagal afferent tissue blocks upstream
anorexigenic peptide expression induced by CCK (de Lartigue et al. 2007). Furthermore, ghrelin-
induced activation of neurons in the hypothalamus is potently suppressed by administration of CCK.
As a result of these opposing effects, administration of CCK prior to ghrelin treatment abolishes
ghrelin-induced increase of food intake (Date et al. 2005).

The interaction of ghrelin is not limited to CCK. Administration of ghrelin IV prior to GLP-1
attenuates GLP-1-induced satiation. Additionally, infusion of ghrelin at a level that has no effect on
gastric emptying attenuates delayed gastric emptying induced by GLP-1, supporting the powerful
action of ghrelin to reduce satiation by affecting GI motility. Finally, ghrelin interacts with PYY.
Ghrelin infusion preceding administration of PYY attenuates PY Y-induced inhibition of food intake
even at a dose of ghrelin that does not stimulate food intake alone. Similarly to GLP-1, PY Y-induced
delayed gastric emptying also is attenuated by a sub-threshold dose of ghrelin (Chelikani et al.
2006). This evidence shows that ghrelin is a major player in interacting with other gastrointestinal
peptides to influence gut functions and food intake.

13.10 Ghrelin Increases Intake of Palatable Foods

While it has been established that hindbrain and forebrain nuclei underlie ghrelin-induced hyper-
phagia, brain nuclei that are associated with overconsumption of palatable foods also express the
ghrelin receptor. Therefore, it is possible that ghrelin may increase the preference or consumption of
palatable foods. The two nuclei involved in palatable food intake that predominantly express the
receptor for ghrelin are the ventral tegmental area (VTA) and nucleus accumbens (NAcc) (Guan et
al. 1997). Akin to direct injections of ghrelin into hindbrain or hypothalamic nuclei, administration
of ghrelin directly into the VTA stimulates food intake in freely fed rats (Naleid et al. 2005).
Furthermore, central administration of ghrelin during preference tests with isocaloric high-fat (HF)
and low-fat (LF) diets also increases consumption of a usually highly preferred HF meal compared
to an LF meal. Surprisingly, the preference of the HF meal after ghrelin injection is established even
in rats that normally prefer the LF meal (Shimbara et al. 2004). In contrast to this finding, use of a
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synthetic ghrelin receptor agonist in carbohydrate preferring S5B rats increases consumption of
carbohydrates while ghrelin increases consumption of fat in Osborne-Mendel rats, which normally
prefer fat (Liu et al. 2004). Studies examining intake of energy-dense chow and a highly diluted
sucrose solution following ghrelin administration have shown that rodents increase intake of both
nutrient sources; however, intake of the energy-dense chow increases to a greater magnitude than
that of the dilute sucrose solution (Bomberg et al. 2007). In light of these findings, it appears that
ghrelin may stimulate intake of palatable foods, regardless of the preferred nutrient. Additionally,
energy density appears to be an important determinant in food intake induced by ghrelin as it
increases consumption of fat and highly energy dense chow. Further experiments controlling both
palatability and energy density are needed to elucidate whether one or both properties of ingested
foods plays a role in ghrelin-induced intake of palatable foods. Moreover, knockout models encod-
ing a null gene for the ghrelin receptor gain weight, but are not susceptible to obesity induced by a
highly palatable, HF diet (Zigman et al. 2005). Whether this is due to a decreased preference for the
diet or absence of appetite due to inefficient ghrelin signaling has not been determined. Nevertheless,
these data collectively show that ghrelin has a role in increased intake of palatable foods. In addition
to ghrelin increasing both normal and palatable food intake, it also has a role in increasing
adiposity.

13.11 Ghrelin Increases Body Adiposity

While ghrelin increases bodyweight through the initiation of meals or increase of meal size, it also
causes increases in body adiposity independently of increased food intake (Theander-Carrillo et al.
2006). To accomplish this, it is thought that ghrelin causes a shift in energy metabolism away from
fats to other fuel sources, most likely carbohydrates. In this regard, administration of ghrelin decreases
respiratory quotient of animals, which denotes a decrease in lipid metabolism (Asakawa et al. 2001).
Also, ghrelin activates the expression of triglyceride storing enzymes that shuttle circulating fatty
acids into white adipose tissue, promoting increased body fat. At the same time, the increase in fatty
acid storage enzymes is accompanied by decreases in thermogenic enzymes that are active in brown
adipose tissue and muscle. Thus, by increasing anabolic pathways of energy storage factors and
decreasing catabolic enzyme activity, ghrelin exerts a net effect of increasing adiposity through two
routes of action. Therefore, ghrelin allows freely circulating fatty acids in the circulation to be more
efficiently stored in adipocytic tissue (Theander-Carrillo et al. 2006). From these findings, it is plau-
sible that chronically increased endogenous levels of ghrelin increase food intake and decrease
energy expenditure, creating a scenario with proneness for weight gain and subsequent obesity.
Indeed, there is a correlative relationship between obesity and ghrelin. Thus, it may be that ghrelin
has implications in treating the current obesity epidemic.

13.12 Applications to Other Areas of Health and Disease

While the worldwide population is becoming increasingly obese, only few mutations in the ghre-
lin pathway have been reported. In individuals with Prader—Willi syndrome, a disorder character-
ized by overconsumption of food and obesity during adolescence, ghrelin may be one of the
underlying contributors to the exhibited hyperphagia as circulating levels are substantially elevated
in these individuals. In general, however, despite the fact that ghrelin levels are decreased in obese
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individuals without consistent meal-related preprandial increases and postprandial decreases in
plasma concentrations, ghrelin therapeutics may be effective in treating obesity. The finding that
ghrelin levels increase with the reduction of weight in obese individuals may denote that ghrelin
contributes to the subsequent rebound in weight after diet-induced weight loss. Additionally, the
unusually low levels in obese individuals may signify an enhanced sensitivity to the peptide. Together,
these findings suggest that antagonists or antibodies for the ghrelin receptor or ghrelin may be useful
in treating obesity. Indeed, ghrelin receptor antagonists reduce food intake and weight gain in both
lean and obese rodent models (Asakawa et al. 2003; Salome et al. 2009); however, use of these drugs
in humans, ironically, results in increased food intake and weight gain (Halem et al. 2004).
Furthermore, ghrelin vaccines, which are potent antisera reducing endogenous levels of the peptide,
reduce food intake and body weight in lean and obese rodents similarly to ghrelin receptor antago-
nists (Zorrilla et al. 2006). In humans, ghrelin vaccines result in no noticeable changes in body
weight. Thus, current treatments are ineffective in treating obesity in humans, and further investiga-
tion into new ghrelin vaccines may reveal other feasible options in the treatment of obesity through
ghrelin signaling.

Currently, gastric bypass is the most effective intervention to ameliorate obesity. Initial findings
pointed to ghrelin secretion being nearly abolished in individuals with the bypass procedure accompa-
nied by significant weight loss (Cummings et al. 2002) (Fig. 13.4). However, it has been subsequently
shown that ghrelin levels normalize or increase after postoperative weight-loss is regained (Holdstock
et al. 2003). Decreased circulating ghrelin levels have been associated with decreases in appetitive
ratings as well (Cummings and Shannon 2003). Similarly, less invasive surgical interventions, such as
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Fig. 13.4 Gastric-bypass modulates circulating ghrelin levels. In obese individuals, circulating ghrelin concentra-
tions are decreased compared to normal-weight individuals; however, after surgical intervention, plasma ghrelin levels
are almost completely abolished, nearing undetectable concentrations (Reprinted from Cummings et al. 2002)
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gastric bands and intestinal sleeves, which limit exposure of nutrients to the stomach or intestine,
result in decreased circulating ghrelin levels or attenuation of weight-loss induced increases in plasma
ghrelin concentrations (Aguirre et al. 2008). However, further research is needed to elucidate the spe-
cific mechanisms that underlie the decreased ghrelin levels observed in these individuals. In addition
to obesity, ghrelin is a targeted therapeutic intervention in disease states characterized by loss of appe-
tite and bodyweight, such as cancer, anorexia, and cardiac cachexia. In these patients, therapy with
exogenous ghrelin is very efficacious as it typically increases food intake, associated appetitive scores,
as well as bodyweight (Nagaya et al. 2005; Neary et al. 2004).

Summary Points

¢ Ghrelin is a 28 amino acid peptide hormone that is the endogenous ligand for the growth hormone
(GH) secretagouge receptor-la (GHS-R1a) now referred to as “the ghrelin receptor.”

¢ Ghrelin is produced and secreted by the X/A-type cells in the mucosal layer of the stomach. It is
currently the only known peripheral peptide hormone that increases food intake. The biologically
active form of ghrelin in the circulation that increases food intake is acyl-ghrelin.

¢ Both short- and long-term food intake modulate circulating ghrelin levels. Specifically, ghrelin
increases during preprandial and decreases during postprandial periods. Chronic food deprivation
significantly elevates plasma ghrelin concentrations.

e All three macronutrient classes suppress ghrelin secretion, but carbohydrates and proteins are
significantly more effective than fat in inhibiting ghrelin secretion.

* Ghrelin is thought to be an adiposity signal as circulating ghrelin concentrations correlate inversely
with body mass index (BMI).

e Peripheral ghrelin increases food intake through an endocrine as well as a paracrine mechanism
of action. The two regions of the central nervous system that are thought to underlie ghrelin-
induced increase of food intake are the hypothalamus and hindbrain.

* Two potent hypothalamic orexigenic signals, Neuropeptide Y (NPY) and Agouti-Related Peptide
(AgRP), are mediators of ghrelin-induced hyperphagia.

¢ Ghrelin increases consumption of palatable foods regardless of macronutrient preferred.

* Ghrelin increases adiposity independent of increased food intake by inhibiting catabolic and acti-
vating anabolic metabolic pathways.

Definitions

Ghrelin: The only known potent peripheral signal that induces hyperphagia as well as inducing
adiposity.

Endocrine: Entry of peptide or hormone into the bloodstream to exert effects on distant tissues
X/A-type cells: Specialized gastric cells in the mucosal layer that produce and release ghrelin.
The basolateral portion of the cell is responsible for hormone secretion and is positioned next to
capillaries.

Fos: Protein that is a product of the immediate-onset c-fos gene. Used in immunohistochemical
experiments as a marker of neuronal activation

Paracrine: Action of a peptide or hormone on local or nearby cells without entering the
circulatory system.
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Chapter 14
The Role of Glucagon-Like Peptide-1 (Glp-1)
in Eating Behavior

Mihai Covasa and Timothy Swartz

Keywords: Diffusion tensor imaging « Fetal alcohol spectrum disorder e Brain e Fetal alcohol
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Abbreviations

AP Area Postrema

ARC Arcuate nucleus

CNS Central Nervous System

DMV Dorsal Motor Nucleus of the Vagus
DPP-IV  Dipeptidyl peptidase IV

GI Gastrointestinal

GLP-1 Glucagon-like peptide-1

GLP-1R  Glucagon-like peptide-1 receptor

HF High-fat

ICV Intracerebroventricular

1P Intraperitoneal

v Intravenous

mRNA  Messenger RNA

NTS Nucleus Tractus Solitarius
PVN Paraventricular nucleus
PYY Peptide tyrosine-tyrosine

14.1 Introduction

Numerous peptides are produced and released from the enteroendocrine L-cells lining the distal
small intestine and colon. Among these are peptides from the proglucagon family, which are derived
from expression of the proglucagon gene. A number of other glucagon-like peptides have also been
identified with similar biological activities that are representative of the proglucagon family. These

M. Covasa (D)
INRA, Ecologie et Physiologie du Systeme Digestif, 78350 Jouy-en-Josas, France
e-mail: mcovasa@jouy.inra.fr

V.R. Preedy et al. (eds.), Handbook of Behavior, Food and Nutrition, 189
DOI 10.1007/978-0-387-92271-3_14, © Springer Science+Business Media, LLC 2011



190 M. Covasa and T. Swartz

Table 14.1 Key features of GLP-1 in eating behavior

1. GLP-1 is mainly released from the enteroendocrine L-cells of the ileum and colon

2. All three macronutrient classes stimulate release of GLP-1

3. GLP-1 has potent regulatory effects on gastrointestinal functions

4. GLP-1 induces satiation through both central and peripheral pathways, which mediate different gastrointestinal
stimuli

5. GLP-1 activates hindbrain neurons through vagal afferent sensory nerve fibers and is also locally produced by
hindbrain neurons

6. GLP-1 potentiates nutrient-induced insulin secretion, which classifies it as an incretin

7. GLP-1 analogs are effective in normalizing blood glucose levels in diabetics and reduce body weight in obese
individuals

Table illustrating the features of GLP-1 in controlling eating behavior summarizing stimulation of secretion, release,
and effects of the hormone

peptides have a profound role in gastrointestinal (GI) functions including secretion and motility, gut
proliferation, potentiation of insulin secretion, and inhibition of food intake. One such peptide is
glucagon-like peptide-1 (GLP-1). GLP-1 exerts physiological and behavioral effects by binding to
the GLP-1 receptor (GLP-1R), which is expressed by central and peripheral nervous systems as well
as alimentary organs, such as the pancreas. In addition to the L-cells of the GI tract, neurons of the
central nervous system (CNS) produce GLP-1. To decrease food intake, GLP-1 acts through para-
crine and endocrine pathways, which stimulate neuronal nuclei involved in the control of food intake.
Furthermore, locally produced GLP-1 in the brain also serves to control food intake. The finding that
GLP-1 potentiates insulin secretion denotes its role in pathological disease states, such as obesity,
which is often accompanied by insulin resistance, and diabetes mellitus. This chapter focuses on
(1) distribution of GLP-1 and factors regulating GLP-1 secretion, (2) mechanisms underlying GLP-1
induced satiation, (3) the interaction of GLP-1 with other signals controlling food intake, and (4) the
role of GLP-1 in pathological conditions (Table 14.1).

14.2 GLP-1 Is Distributed Throughout Central and Peripheral Tissues

GLP-1 is the posttranslational product of pre-proglucagon gene expressed in the pancreatic a-cells,
intestinal L-cells, as well as the CNS. It is synthesized by intestinal L-cells in two forms: GLP-1,
and GLP-1_, and undergoes further cleavage to produce the biological active fragments: GLP-1.
and GLP-1___ (Holst et al. 1987; Mojsov et al. 1987). Both peptide isoforms are equally potent in
their biological activities; however, the GLP-1, . amide is the major circulating form (Orskov et al.
1994). The two forms of GLP-1 are rapidly inactivated by the dipeptidyl peptidase-4 (DPP-1V)
enzyme leaving approximately 10—15% of active GLP-1 in the systemic circulation, which is further
degraded by DPP-IV. Thus, GLP-1 has a very short half-life in the circulation (~1-2 min) (Deacon
et al. 1996). To exert endocrine, physiological, and behavioral effects, GLP-1 binds to the GLP-1R.
The GLP-1R is a G-protein transmembrane-bound receptor and is coupled to a stimulatory G-protein
to exert its downstream cellular cascade of events. The GLP-1R was first identified and cloned from
rat pancreatic islets followed by the cloning of the human variant (Dillon et al. 1993; Thorens et al.
1992). Since its discovery, two exogenous ligands derived from the venom of the Gila monster, a
reptilian species native to the Southwestern United States, have been discovered for the GLP-1R
(Parker et al. 1984). The first is exendin-4, which is an agonist for the receptor and the second is
exendin-9 that serves as an inverse agonist, but typically referred to as an antagonist for GLP-1Rs.
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Both GLP-1 and its receptor are distributed throughout both central and peripheral tissues. In the
CNS, the peptide and its receptor are widely distributed throughout hindbrain, midbrain, and
forebrain nuclei. Because of the dichotomous nature of some of these nuclei, GLP-1 appears to
play a role in many physiological and neurological functions. Although the brain may be a vast
supply of the peptide, the major source is thought to be the GI tract. Because of this, GLP-1 is widely
recognized as one of the predominant distal gut satiety signals released from the ileum of the small
intestine as well as the large intestine. Enteroendocrine L-cells largely localized in these regions
of the GI tract are the major source of GLP-1, with two predominant factors regulating its secretion:
a neuro-humoral reflex and nutrients in the lumen of the intestine.

14.3 Regulation of GLP-1 Secretion

Intestinal L-cells located mainly in the distal ileum and colon secrete GLP-1 in response to a variety
of nutrient, neural, and endocrine factors. Initially, due to the kinetics of meal-induced GLP-1 release,
the primary mechanism of GLP-1 secretion was thought to be through an indirect, neuro-humoral
reflex. Specifically, GLP-1 secretion is highest 10 min post meal ingestion when nutrients are not yet
thought to make contact with GLP-1 secreting L-cells (Roberge and Brubaker 1991). While this
mechanism induces secretion of GLP-1, nutrients are also thought to directly regulate release of the
peptide (Dube and Brubaker 2004). Two pieces of indirect evidence support this. First, infusion of
glucose directly into the proximal small intestine results in elevated circulatory GLP-1 levels com-
parable to distal small intestine infusion of glucose (Holst 2004). Second, recent advances in the
ability to tag and detect L-cells throughout the GI tract have identified large populations of GLP-1
secreting cells that are also present in the proximal intestinal tissues that most likely mediate this
rapid release of the peptide (Theodorakis et al. 2006).

The L-cells of the GI tract are open-type endocrine cells, with the apical surface strategically
positioned to sense intraluminal intestinal nutrients. Binding of nutrients to apical surface membrane
proteins is thought to stimulate release of GLP-1. Some of the candidate receptors thought to induce
GLP-1 release are gustducin and T1R family receptor subtypes (Rozengurt and Sternini 2007).
Inside the cells, a vesicular transport system shuttles GLP-1 to the basolateral portion of the cell and
releases the peptide into the circulation or lymph. Thus, GLP-1-secreting cells are in an excellent
position to release the hormone in response to mixed meals or single nutrients. Indeed, ingested
nutrients cause secretion of GLP-1 from the GI tract. Specifically, peptone or products of protein
digestion, such as amino-acids, result in secretion of GLP-1 both in vitro and in vivo (Cordier-Bussat
et al. 1998; Layer et al. 1995). Fatty acids, triglycerides, and carbohydrates are also potent stimuli
for GLP-1 secretion (Chu et al. 2008). GLP-1 is secreted from cell models via mechanisms that
are normally dependent on glucose, including sodium-glucose transporters, and potassium-ATP
sensitive pumps (Tolhurst et al. 2009). The increase of circulatory GLP-1 is prolonged in response
to complex carbohydrates and fiber as well, which can be attributed to the slow digestion of these
nutrients allowing for greater intestinal transit time, and increasing exposure of nutrients to GLP-1
secreting L-cells. While fasting typically results in low levels of GLP-1, blockade of enzymatic
GLP-1 degradation results in increased circulatory levels, denoting some constitutive release of the
peptide (Mari et al. 2005). Altogether, these data show that nutrients stimulate GLP-1 secretion, thus
demonstrating the role of GLP-1 in control of food intake.



192 M. Covasa and T. Swartz

2000 - OVehicle
EGLP 0.375

1800 -
1 . OGLP 0.75
1600 T

1400 4
1200 4
1000 4
800 4
600 -
400
200 -
0

Energy Intake {kcal)

Fig. 14.1 Effect of IV infusion of GLP-1 at increasing rates on food intake in humans. At a free buffet meal, GLP-1
infusion dose-dependently decreased energy intake. *P <0.05, **P<0.001 (Adapted from Gutzwiller et al. (1999))

14.4 GLP-1 Decreases Food Intake

Administration of GLP-1 into either the periphery or central tissues results in a subsequent dose-
dependent decrease of food intake in several species (Flint et al. 1998; Gutzwiller et al. 1999; Turton
et al. 1996) (Fig. 14.1). Similar to injections of other peripheral satiety agents, such as CCK, GLP-1
limits food intake by decreasing meal size; however, at high doses, GLP-1 also decreases meal num-
ber. Furthermore, chronic administration of the GLP-1R agonist, exendin-4, results in reduced body-
weight gain and adiposity (Larsen et al. 2001; Mack et al. 2006). Conversely, blockade by exendin-9
in fed rats increases food intake (Williams et al. 2009). In humans, peripheral administration of
GLP-1 reduces food intake and gastric emptying. However, the role of endogenous GLP-1 in control
of food intake in humans is not entirely clear since no studies thus far examined the effect of exen-
din-9 on energy intake. In contrast, mice lacking the GLP-1R exhibit normal eating behavior and are
of normal body weight (Scrocchi et al. 1996). This has been attributed to compensatory up-regula-
tion of other satiation signals derived from the gastrointestinal tract, especially hormones co-secreted
with GLP-1 from the intestinal L-cells. Together, these data provide strong support that GLP-1 has
an important role in energy balance.

14.5 GLP-1 Controls Gastrointestinal Functions

GLP-1 has potent regulatory effects on the GI tract, including gastrointestinal emptying, motility,
and enzymatic secretion, thus controlling postprandial metabolical effects. Administration of GLP-1
slows gastric emptying, an effect analogous to the effects of nutrients on gastrointestinal motor func-
tions. This is associated with the relaxation of the proximal stomach (Schirra et al. 2000), increased
meal retention in the distal stomach (Little et al. 2006), the suppression of antral and duodenal pres-
sure waves and stimulation of tonic and phasic pyloric pressures (Brennan et al. 2005; Schirra et al.
2000). Treatment with the GLP-1-specific receptor antagonist, exendin-9, blocks the effects of
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GLP-1 on gastric emptying in rats (Tolessa et al. 1998) and attenuates the effects of intraduodenal
glucose on the stimulation of tonic and phasic pyloric motility and the suppression of antral and
duodenal pressure waves in humans (Schirra et al. 2006), suggesting that endogenous GLP-1 plays
a physiological role in mediating the effects of nutrients on gastrointestinal motility. The main effect
of GLP-1 on GI motility is through the “ileal brake” mechanism, which serves to slow gastric
emptying. GLP-1 also decreases gastrin-stimulated gastric acid secretion, allowing more time for
digestion of food (Schjoldager et al. 1989). In addition to its effects on the stomach, GLP-1 potently
inhibits distal intestinal and colonic motility, and inhibits pancreatic exocrine enzymatic secretions.
These actions result in increased transit time for ingesta and delays the process of digestion and
absorption of nutrients. The effects of GLP-1 on GI motility and enzymatic secretions are mediated
by vagal afferents since vagal deafferentation results in attenuation of GLP-1-induced delay of gastric
empyting and inhibition of pancreatic enzymatic secretions (Imeryuz et al. 1997). Collectively, these
findings demonstrate that GLP-1 modulates GI functions, which are accompanied by changes in
food intake and metabolical profile.

14.6 GLP-1 Controls Food Intake via Vagal and Endocrine Pathways

The enteroendocrine L-cells secreting GLP-1 are situated in juxtaposition to capillaries, thus it is
reasonable to assume that some of the peptide from this source makes its way into the circulation.
This suggests that GLP-1 may reduce food intake by acting through an endocrine mechanism.
Indeed, after a meal, circulatory levels of the peptide are substantially increased. The hepatic por-
tal vein, which receives incoming venous blood from the GI tract as well as the intestinal epithe-
lium, however, contains high concentrations of DPP-IV, ready to quickly degrade GLP-1 and yield
an inactive form of the peptide. Thus, GLP-1 must first pass through an intermediate pathway
before reaching the circulation. One such route is the lymphatic system. By circulating through
the chylous lymph from the GI tract, GLP-1 enters the circulatory system at the level of the sub-
clavian vein, an area with extremely low levels of DPP-1V, thus avoiding immediate degradation
(D’Alessio et al. 2007). Once in the circulation, the active form of GLP-1 exerts its effects on the
gut. For example, intravenous (IV) infusions of the peptide that result in physiological circulating
levels reduces food intake in rodent models (Ruttimann et al. 2009). Similarly, infusion of GLP-1
in humans results in a dose-dependent decrease of food intake and a concomitant enhancement of
satiety (Verdich et al. 2001). Together, these data clearly support an endocrine role of the peptide
in controlling food intake. In addition to this route of action, GLP-1 also utilizes a paracrine path-
way to decrease food intake.

Vagal afferents from the hepatic and intestinal branches of the vagus innervating the GI tract
mediate the effects of GLP-1 on food intake. This is supported by research demonstrating that nodose
ganglion cell bodies of the vagal afferents express immunoreactivity for the GLP-1R and application
of GLP-1 to in vitro vagal afferent preparations results in activation of vagal nerve fibers (Nakabayashi
et al. 1996; Nakagawa et al. 2004). Additionally, vagotomy or selective vagal deafferentation attenu-
ates suppression of food intake and gastric emptying by intraperitoneal administration of GLP-1
(Abbott et al. 2005). Furthermore, sensory fibers are thought to be responsible for this pathway as
capsaicin treatment, which selectively destroys most of these fibers, attenuates exendin-4 suppres-
sion of food intake (Talsania et al. 2005). Evidence for an endogenous role of GLP-1 to control food
intake is that intraperitoneal administration of the GLP-1R antagonist, exendin-9, in rodents results
in increased food intake during various feeding paradigms. Specifically, in fully sated rodents, GLP-1
antagonism results in an almost 100% increase of food intake. Additionally, while peripheral
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administration of GLP-1 decreases food intake, peripheral, but not central blockade of GLP-1R
using exedin-9 results in attenuation of GLP-1-induced satiation (Williams et al. 2009). Collectively,
these findings point toward a local physiological role of GLP-1 secreted from peripheral organs.
While peripheral GLP-1 undoubtedly is effective acting through endocrine and paracrine modes of
action, several brain nuclei appear to be involved in GLP-1-induced satiation as well.

14.7 GLP-1 Decreases Food Intake via the CNS

GLP-1 is able to access CNS nuclei that control food intake. The blood-brain barrier is permeable to
GLP-1 and the peptide freely diffuses into hypothalamic nuclei involved in the control of food intake
that lack a structural barrier. However, the likelihood that a relevant physiological amount of the
peptide evading the DPP-IV degradation reaches the brain to elicit an effect is rather low. It is more
likely that brain-derived GLP-1 acts directly on hindbrain and hypothalamic neurons to control appe-
tite. For example, intracerebroventricular (ICV) administration of GLP-1 into the forebrain or direct
administration into the paraventricular nucleus (PVN) of the hypothalamus results in suppression of
food intake (Kinzig et al. 2002; McMahon and Wellman 1998; Schick et al. 2003). Similarly, destruc-
tion of arcuate (ARC) hypothalamic neurons results in abolishment of GLP-1-induced satiation
(Tang-Christensen et al. 2000). While the hypothalamus certainly mediates GLP-1 to control food
intake, some data elude that the peptide in the forebrain may decrease food intake by inducing aver-
sive effects. As such, ICV administration, which may lead to diffusion into the amygdala as well as
site-specific injections into this nucleus, leads to aversive effects; however, direct administration into
the PVN reduces food intake without nonspecific effects or any associated illness (Kinzig et al.
2002). Therefore, the hypothalamus is indeed responsible for GLP-1-induced satiation, without
aversive effects. Furthermore, other brain nuclei, localized in the hindbrain are thought to participate
in GLP-1-induced suppression of food intake.

GLP-1 also acts on GLP-1Rs located in the hindbrain nuclei that control food intake, such as the
nucleus tractus solitarius (NTS), area postrema (AP), and dorsal motor nucleus of the vagus (DMV)
via either vagal afferents or through the leaky blood-brain barrier. In this regard, fourth ventricle
administration of GLP-1 causes a significant suppression of food intake (Hayes et al. 2008, 2009;
Hayes et al. 2008; Kinzig et al. 2002). After acute blockade of hindbrain GLP-1Rs, the effect on food
intake is quite pronounced with intake remaining elevated for 24 h following injection. Within the
hindbrain, the NTS seems to mediate the actions of GLP-1 since direct administration of exendin-9
at subthreshold ICV doses into this nucleus results in increased food intake (Hayes et al. 2009).
These findings strongly support the role of central GLP signaling pathways in control of food intake.
Indeed, GLP-1 is a potent neurotransmitter that is produced in the hindbrain. Specifically, neurons of
the NTS are a rich source of GLP-1 and they synapse directly with neurons in the hypothalamus that
express GLP-1R (Tang-Christensen et al. 2001). Thus, two sources of GLP-1, one arising from
periphery and one produced locally in the brain participate in GLP-1-induced satiation. Recently, the
functions of the GLP-1 coming from these two sources have been examined. Specifically, peripheral,
gut-derived GLP-1 has been shown to mediate nutrient-induced satiation while central GLP-1 con-
trols distention-induced satiation signals arising from the stomach (Hayes et al. 2009; Williams et al.
2009) (Fig. 14.2). Altogether, GLP acting in brain nuclei either produced locally or from the periphery
has a profound effect on inducing satiation. Interestingly, the extent to which GLP-1 reduces food
intake is similar to the reported effects of antagonists for potent orexigens in the hypothalamus.
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14.8 GLP-1 Reduces Food Intake via Central Neuropeptides

Regulation of energy homeostasis involves interaction with multiple neuropeptides produced in the
brain. The hypothalamus produces both orexigenic and anorexigenic signals governing food intake.
While these peptides directly affect food intake, they are normally modulated by peripheral signals
arising from endocrine organs, such as the GI tract. For example, production of two hypothalamic
orexigenic peptides, NPY and AgRP that are heavily involved in regulation of energy intake and
expenditure are modulated by GLP-1 signaling. The inhibitory effects of GLP-1 are associated with
hypothalamic mRNA expression of NPY and AgRP (Seo et al. 2008). Hypothalamic anorectic sig-
nals appear to be modulated by GLP-1 as well. As such, GLP-1 administration increases gene expres-
sion of pro-opiomelanocortin (POMC) as well as induces secretion of the peptide (Ma et al. 2007;
Seo et al. 2008). Similar to POMC, GLP-1 attenuates deprivation-induced suppression of cocaine
amphetamine regulated transcription (CART) expression in hypothalamic nuclei (Seo et al. 2008).
Furthermore, GLP-1R antagonism via central exendin-9 administration results in attenuation of
CART-induced suppression of food intake (Aja et al. 2006). Together, these data provide compelling
evidence for GLP-1 and GLP-1Rs modulating the actions of central neuropeptides, suggesting that
the anorectic effects of GLP-1 are mediated through hypothalamic peptides. These interactions
between GLP-1 and signals controlling food intake are not limited to central neuropeptides. Many
signals arising from peripheral organs interact with GLP-1 to control food intake as well.

14.9 GLP-1 Interacts with Other Peripheral Satiety Signals
to Control Food Intake

Most peptides released from the gut in response to meal related stimuli interact with each other at
various levels to control physiological determinants of food intake. For example, another gut pep-
tide, peptide tyrosine-tyrosine (PYY) also produced by the intestinal L-cells in response to the pres-
ence of nutrients, particularly fats, in the intestinal lumen, decreases intestinal motility and causes a
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significant reduction in food intake. These peptides share similar physiological and behavioral
effects; however, they suppress food intake independently, but act in a synergistic manner to control
meal size. In the rat, administration of either PY'Y or GLP-1 at doses that are inefficient in reducing
food intake when given alone, results in a significant suppression of food intake when given in com-
bination (Neary et al. 2005). Likewise, in healthy lean patients, infusion of subthreshold doses of
both GLP-1 and PY'Y results in significantly reduced intake of a free buffet meal (Neary et al. 2005).
While both of these signals are relayed on vagal afferents and neurons of the hindbrain express
receptors for PYY and GLP-1R, the mechanism by which these peptides decrease food intake is
thought to involve two separate pathways. Specifically, GLP-1 decreases food intake through a vagal
sensory mechanism as capsaicin treatment, which destroys vagal sensory fibers, results in attenua-
tion of exendin-4-induced suppression of food intake. The same treatment, however, does not affect
suppression of food intake following PYY administration (Talsania et al. 2005). Other neurotrans-
mitters secreted from the GI tract, notably 5-hydroxytryptamine (5-HT), also coordinate GLP-1-
induced suppression of food intake. In a mouse model lacking the 5-HT2C receptor, the anorectic
effects of GLP-1 are abolished (Asarian 2009).

In addition to interacting with short-term satiety signals and neurotransmitters secreted from the
GI tract, GLP-1 also interacts with long-term energy homeostatic signals, such as the adiposity hor-
mone leptin, to decrease food intake. When subthreshold doses of GLP-1 or exendin-4 are combined
with subthreshold doses of leptin, the result is a significant reduction of food intake over 24 h in
rodents (Bojanowska and Nowak 2007). Despite both peptides being secreted by peripheral endo-
crine organs, molecular data suggests that central pathways involving both hypothalamic or hind-
brain nuclei are involved in this synergistic interaction. For example, in cultured brain tissue slices
from the hypothalamic nuclei, application of leptin results in increased expression of GLP-1R (Sanz
et al. 2008). Furthermore, the leptin receptor is expressed in the NTS on GLP-1-producing neurons.
Thus, leptin may regulate the secretion or the effectiveness of GLP-1 signaling. Indeed, application
of leptin to GLP-1-producing cells results in secretion of the peptide. Likewise application of the
GLP-1R antagonist, exendin-9, results in attenuation of leptin-induced reduction of food intake and
body weight (Nowak and Bojanowska 2008). Together, these findings demonstrate the importance
of the interaction between leptin and GLP-1 in controlling food intake and body weight.

One of the most widely studied functions of GLP-1 is the effect it has on modulating secretion of
insulin and counterregulatory hormones. The incretins are a family of peptides or hormones that
stimulate insulin secretion. Data from both animal models and humans show that GLP-1 potentiates
nutrient-induced insulin secretion (Kreymann et al. 1987; Mojsov et al. 1987), an action mediated by
GLP-1Rs located on pancreatic -cells. In addition to insulin, GLP-1 controls the release of the
counterregulatory hormone, glucagon, which is responsible for activating catabolic pathways to
increase blood glucose levels in times of deprivation. As such, administration of GLP-1 or GLP-1R
agonists results in decrease of plasma glucagon (Orskov et al. 1988). Together, stimulation of insulin
secretion and inhibition of glucagon release serves to decrease blood glucose levels. Given the abil-
ity of GLP-1 to regulate anabolic and catabolic pathways and its interaction with the homeostatic
regulatory hormone, leptin, GLP-1 may be an important signal in long-term energy balance. Indeed,
pathological states characterized by a dysregulation of energy homeostasis alter GLP-1 signaling
pathways from secretion to receptor binding.
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Fig. 14.3 Effect of intravenous (IV) infusion of GLP-1 on food intake in obese patients. After a fixed breakfast, IV
GLP-1 decreases energy intake significantly more than saline during both lunch and dinner (Adapted from Naslund
etal. (1999))

14.10 Pathological States Alter GLP-1 Signaling

Two major pathologies are associated with alteration in GLP-1 signaling: obesity and diabetes.
In morbid obese patients, baseline circulatory concentrations of the peptide are dramatically reduced
(Holst et al. 1983). Furthermore, prandial and postprandial increases in circulatory GLP-1 are almost
abolished in obese patients (Naslund et al. 1998). Despite this, IV infusion of the peptide decreases
the size of subsequent meals (Fig. 14.3). In these individuals, this compromised secretion is thought
to be controlled by body weight. As such, when an obese individual is nearing normal body weight,
GLP-1 secretion markedly increases (Verdich et al. 2001). Due to the fact that postprandial circulat-
ing levels of GLP-1 are partially restored during periods of weight loss, body weight may regulate
L-cell sensitivity. The mechanism for this phenomenon is not clear; however, two hypotheses have
been put forward that are not mutually exclusive. First, it is possible that loss of bodyweight restores
sensitivity to luminal nutrients. Secondly, obesity is a disease often associated with insulin resis-
tance. Normally, L-cells are responsive to insulin. Thus, loss of bodyweight, which is usually associ-
ated with increased insulin sensitivity, may restore GLP-1 secretion as well (Rask et al. 2001).
Together, these data suggest that the pathological state of obesity not only correlates, but also results
in suppressed secretion of GLP-1 from L-cells.

Similarly, diabetes is associated with impaired secretion and function of GLP-1. Non-insulin-
dependent diabetes mellitus (NIDDM), also known as type 2 diabetes, is characterized by reduced
insulin sensitivity to normally insulin-responsive tissues (predominantly muscle and adipose tissue)
and hyperinsulinemia. In NIDDM, there is a gradual decrease in the mass of insulin-producing
B-cells and later stages of the disease are characterized by complete loss of insulin secretion. In
these patients, glucagon levels are typically elevated as well. More recently, NIDDM has also been
associated with absence of the incretin effect, which may contribute to impaired insulin secretion
and increased glucagon levels (Nauck et al. 1986). As a result, in majority of diabetic patients,
secretion of GLP-1 is decreased, as is the sensitivity to the peptide at normal physiological levels
that potentiates insulin secretion (Rask et al. 2001). At supraphysiological levels, however, diabetic
individuals retain some sensitivity to the incretin effects of peptide as seen by normalization of
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glucose-induced secretion following GLP-1 infusion (Nauck et al. 1997). Similar to obesity, the
impairment in GLP-1 secretion may be secondary to the diabetic state. Data collected from indi-
viduals genetically at risk for NIDDM support this hypothesis. First, first-degree relatives of indi-
viduals with diabetes and individuals with glucose intolerance have normal secretory profiles of
GLP-1 following an oral load or IV infusion of glucose (Nyholm et al. 1999). Furthermore, exami-
nation of identical twins discordant for NIDDM reveals that only the diabetic individual has an
impaired GLP-1 secretion whereas the healthy twin maintains otherwise normal postprandial pep-
tide secretion (Vaag et al. 1996). Altogether, these data implicate GLP-1 as an important player in
this very intricate puzzle characterized by metabolic dysregulation manifested in pathological states
such as obesity and diabetes.

14.11 Applications to Other Areas of Health and Disease

The findings that two disease states currently plaguing individuals worldwide may be caused by or
result in reduced secretion or sensitivity to GLP-1 gives promise to the use of treatments that directly
or indirectly manipulate GLP-1 signaling and alleviate these pathologies. Numerous clinical trials
are being performed to evaluate strategies to enhance the understanding of how this peptide may be
used to decrease the incidence of obesity and diabetes. For example, one of the primary treatments
for diabetes, alpha-glycosidase inhibitors, such as acarbose, markedly reduces proximal intestinal
absorption of nutrients, thus, allowing greater exposure of nutrients to the distal intestine leading to
increase GLP-1 secretion and normalization of blood glucose levels (Qualmann et al. 1995).
Presently, however, the most effective treatment for individuals suffering from both obesity as well
as diabetes is surgical intervention. Following operation, gastric bypass patients show complete
reversal of diabetic complications and rapidly lose weight. Additionally, GLP-1 levels are markedly
elevated due to diversion of nutrients directly from the stomach into resected areas of the distal small
intestine and increased L-cell sensitivity due to weight loss (Patti et al. 2005). Because plasma con-
centrations of the peptide increase, GLP-1 becomes again effective in stimulating insulin secretion
in these individuals.
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Fig.14.4 Effect of Liraglutide treatment on fasting serum glucose levels in diabetic patients. Compared to placebo
treatment, Liraglutide (0.6 mg/kg) significantly improves impaired fasting serum glucose levels in patients with non-
insulin dependent diabetes mellitus (NIDDM) (Reprinted from Harder et al. (2004))
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Fig. 14.5 Effect of Liraglutide treatment on body weight loss in obese individuals. Once daily subcutaneous injec-
tion of the GLP-1 agonist, Liraglutide, decreases body weight more than placebo control over 20 weeks in obese
patients (Adapted from Astrup et al. (2009))

In addition to indirectly manipulating GLP-1 secretion, other treatments focus on utilizing the
GLP-1 pathway directly in treating diabetes and obesity. Two main drugs are used as GLP-1R ago-
nists and marketed for diabetic patients: exenatide and liraglutide. They are synthetic analogs of
GLP-1 and are relatively resistant to enzymatic degradation by DPP-IV, maintaining prolonged cir-
culatory levels of the peptides between 6 and 12 h post administration (Degn et al. 2004; Kolterman
et al. 2005). GLP-1 analogs have been effective either alone or in coordination with other diabetes
treatments, effectively normalizing blood glucose and other associated measures (Buse et al. 2009)
(Fig. 14.4). In addition, they cause delayed gastric emptying in diabetics with increased gastric emp-
tying rates, allowing for a more sustained delivery of nutrients to the intestine to aid severely fluctu-
ating blood glucose concentrations (Kendall et al. 2006). The same drugs cause a significant reduction
in body weight in obese, nondiabetic patients (Astrup et al. 2009) (Fig. 14.5). In addition to GLP-1
analogs, the finding that most GLP-1 is enzymatically degraded rapidly following entry into the
portal vein has spurred interest in inhibitors of the DPP-IV enzyme. Clinical trials have shown that
DPP-1V inhibitors used as either co- or monotherapeutic agents normalize or decrease plasma blood
glucose levels (Deacon and Holst 2006). One problem plaguing this therapeutic strategy, however, is
that DPP-IV is ubiquitous and plays a role in important immune-related functions, such as produc-
tion of cytokines. Thus, the use of DPP-IV inhibitors have resulted in a range of side effects, includ-
ing elevated blood pressure. Despite this, currently two drugs acting on DPP-IV are used for diabetes
treatment. Collectively, these data provide substantial evidence for GLP-1 pathways as an effective
target in the treatment of diabetes, and other metabolic diseases characterized by insulin resistance.

Summary Points

* GLP-1 is a member of the proglucagon peptide family. It is a satiation signal released from the
enteroendocrine L-cells of the distal gastrointestinal tract

e GLP-1 release is stimulated by a neural-humoral reflex as well as the presence of nutrients in the
intestinal lumen.

* GLP-1 exerts a variety of biological functions within the gastroint