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Abstract

An enormous amount of research has been aimed at identifying biological and environmental
factors that are contributing to the current global obesity pandemic. The present paper reviews
recent findings which suggest that obesity is attributable, at least in part, to a disruption of the
Pavlovian control of energy regulation. Within our framework, this disruption occurs when (a)
consumption of sweet-tasting, but low calorie or noncaloric, foods and beverages reduces the
ability of sweet tastes to predict the postingestive caloric consequences of intake and (b)
consuming diets high in saturated fat and sugar (a.k.a., Western diet) impairs hippocampal-
dependent learning and memory processes that are involved with the use of interoceptive “satiety
signals to anticipate when food and eating are not followed by appetitive postingestive outcomes.
The paper concludes with discussion of a “vicious-cycle’ model which links obesity to cognitive
decline.
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1. Introduction

Most people in Western cultures live in places where highly palatable, energy dense foods
and beverages are abundant and where advertising and other marketing ploys are aimed at
keeping thoughts of these foods and the pleasures of eating them almost constantly in mind
(Goris, Petersen, Stamatakis, and Veerman, 2010; Johnson, 2013). Over the past 30 years,
most of us who live in these places have become overweight or obese (Ford and Mokdad,
2008). Furthermore, as our Western diet with high levels of saturated fat and processed
sugars has become more popular in other societies, the obesity pandemic that seems to have
started in the U.S. has become a global concern (e.g., Popkin, Adair, and Ng, 2012).

For these very good reasons, current Western and Westernized food environments are often
considered to be “obesogenic” (e.g., Ard, 2007; Berthoud, 2012). However, a useful
scientific explanation of why we overeat and become obese will require us to do more than
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merely describe and label the food environment. Specifically, even if one accepts that the
abundant food-related environmental cues and the presence of energy dense food act as
intended, to evoke eating when energy requirements have not been met, precisely how these
stimuli continue to evoke intake when our needs for energy have been satisfied or even
surpassed remains an unanswered question. The purpose of the present paper is to show how
this question could be addressed using principles that are derived from a largely associative
analysis of learning and memory.

To achieve this goal, we outline a model that attempts to (a) identify important stimuli and
events that are critically involved with the learned control of energy intake and body weight;
(b) describe the set of relationships in which these events are embedded; (c) show how this
set of relationships generates a mechanism for the inhibitory control of feeding behavior; (d)
discuss how aspects of the current food environment may promote overeating and obesity by
interfering with specific components of this mechanism; and (e) consider how this type of
interference could also result in a progressive decline in cognitive health.

2. A model of associative relations in energy regulation

The first step toward determining the role of learning and memory in any behavioral or
physiological function is to identify the relevant stimuli and to describe the important
relationships among them. Figure 1 outlines a model of how orosensory cues (e.g., tastes),
postingestive cues produced by the arrival of calories in the gut, and energy state cues like
those arising from satiety are integrated as part of the learned control of energy and body
weight regulation. According to this model, tastes and other orosensory cues become
associated with postingestive gastrointestinal (GI) outcomes of intake, such as those
produced by the absorption of nutrients. As a consequence, orosensory food cues can come
to excite memories of the appetitive postingestive stimulation produced by eating.
Excitement of these memories promotes the performance of appetitive (i.e., food seeking
and approach) and consummatory (e.g., eating) behaviors, as well as physiological responses
that anticipate and help prepare for the arrival and absorption of nutrients in the Gl tract
(Buss, Kraemer-Aguiar, Maranhao, Marinho, de Souza, Wiernsperger, and Bouskela, 2012;
Power and Schulkin, 2008; Smeets, Erkner, and de Graaf, 2010).

However, Gl stimulation produced by intake does not always promote food approach. While
the postingestive GI stimuli that are present at the outset of a meal can promote appetitive
and consummatory behavior, those same types of Gl stimuli are usually absent at the end of
the meal and for some time thereafter. For example, after a period without eating, the first
bites of a meal are often accompanied by postingestive consequences that may be evaluated
as especially pleasant. By the end of a meal, the postingestive stimuli that are produced by
continued eating are typically much less rewarding and may even become aversive.
Therefore, orosensory food stimuli are embedded not only in an association that excites the
memory of the appetitive postingestive consequences of eating, but also in associations that
serve to inhibit the memory of those consequences. As a result, the relationship between
food-related orosensory cues and postingestive Gl stimulation is ambiguous, and animals
must depend on the presence of other cues to resolve this ambiguity.

According to the model shown in Figure 1, animals can learn to use the presence of
interoceptive “satiety” cues to predict that intake will not be followed by appetitive
postingestive stimulation. Based on this learning, activation of the inhibitory association
results in a diminished ability of orosensory cues to retrieve the memory of the appetitive
postingestive stimulus consequences of intake via their excitatory association with that US
representation. In the absence of satiety cues, the inhibitory association is inactive, making it
more likely that conditioned food-related cues will retrieve the memory of the appetitive
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postingestive US representation, thereby promoting the evocation of food seeking and food
intake.

The main components of this model are already well established. For example, the evidence
showing that animals can associate tastes with either aversive (e.g., gastric malaise) or
appetitive (e.g., nutritive or caloric) postingestive stimuli is unequivocal (Sclafani, 1997;
Welzl, D’ Adamo, and Lipp, 2001). The evidence is also clear that animals can learn about
interoceptive “hunger” and “satiety” state stimuli (Davidson, 1993), with a number of
studies showing that rats can learn to use stimuli arising from different levels of food
deprivation as discriminative cues to signal that an appetitive (e.g., Davidson, Kanoski,
Tracy, Walls, Clegg, and Benoit, 2005a) or an aversive US (e.g., Davidson, Flynn, and
Jarrard, 1992) will be presented. Moreover, several studies show that discriminative control
by such deprivation state stimuli generalizes to cues produced by hormonal or other
manipulations implicated in interoceptive signals of satiety or hunger (e.g., Benoit and
Davidson, 1996; Kanoski, Walls, and Davidson, 2007). Furthermore, gating mechanisms
like that depicted in Figure 1 have been used to describe how animals can use conventional
(e.g., auditory, visual, contextual) stimuli to disambiguate when other conditioned cues will
or will not be followed by appetitive or aversive outcomes (e.g., Bouton, 2004). For
example, Bouton (1994) proposed that a history of reinforced and nonreinforced training can
enable a single CS to signal both the delivery and nondelivery of a US and that animals
reduce ambiguity about which outcome will occur by relying on discrete, contextual, or
interoceptive stimuli to gate activation of the inhibitory association (Bouton, 2004; Todd,
Winterbauer, and Bouton, 2012).

Our use of the term “satiety signals” deserves additional comment. Numerous physiological
events have been identified as candidate neural and hormonal satiety cues based on their
sites of origin (mainly in the periphery), their sites of detection (mainly in the brain), their
modes of induction (e.g., they occur as a consequence of energy intake), and their
suppressive effects on appetitive and consummatory behavior (for reviews see Hellstrom,
2013; Woods, 2004). For example, much evidence implicates the hormone cholecystokin
(CCK) as one satiety signal involved with meal termination (e.g., Dockray, 2012), whereas
the hormone leptin is thought to inhibit intake based on information it provides about the
availability of energy from longer-term bodily fat reserves (e.g., Moran and Ladenheim,
2011). These, and other hormones, are described as producing satiety based largely, but not
exclusively, on findings that their endogenous release or exogenous administration is
reliably accompanied by a suppression of intake. Similarly, overeating is often attributed to
reductions in the release of or sensitivity to these types of satiety cues. One goal of this
paper is to go beyond the identification of physiological signals that suppress intake by
offering an explanation about how those signals are actually able to exert their suppressive
effects on behavior. In current accounts, the links between the production or detection of
satiety cues and the inhibition of behavior are often defined by little more than an arrow or a
minus sign in a diagram. This paper describes a mechanism that could be used to explain
those arrows and signs.

3. Implications of the model for understanding overeating and obesity

Central to the model outlined in Figure 1 are the ideas that: (a) animals rely on tastes and
other food-related stimuli to activate representations of USs produced by nutritive
postingestive outcomes; and (b) the ability of tastes and food-related stimuli to activate those
USs is modulated by interoceptive satiety cues. Our model implies that interference with
either of these two components could promote excess energy intake and body weight gain
by reducing the ability to inhibit appetitive and consummatory responses to food-related
cues. To evaluate the effects of interference with the first component, we assessed whether
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explicitly reducing the validity of sweet tastes to serve as a signal for postingestive energetic
outcomes would affect energy intake and body weight regulation. To evaluate the second
component, we assessed whether or not overeating and body weight gain are related to
deficits in the ability to use one cue to signal that another stimulus will not be followed by
an appetitive US. This is the modulatory or gating function performed by satiety signals
within our model. As will be elaborated later, this function is analogous to the function of
feature cues in a conditional discrimination problem known as the serial feature negative
discrimination problem.

3.1. Reducing the validity of sweet taste as a signal for energetic postingestive outcomes

A longstanding principle in Pavlovian conditioning is that cues are valid signals for other
events to the extent that they reliably predict the occurrence of those events (e.g., Escobar
and Miller, 2004). Logically, if a cue occurs in the absence of its predicted event or if the
event occurs when the cue is absent, the predictive validity of that cue for the event will be
diminished (e.g., Dwyer, Haselgrove, and Jones, 2011; Rescorla, 1968; Urushihara and
Miller, 2009; Wagner, Logan, Haberlandt, and Price, 1968). The model outlined in Figure 1
indicates that tastes, for example sweet, should be valid signals for caloric or nutritive
postingestive outcomes. The experience of sweet taste followed by the absorption of calories
is likely to be not only highly salient, but also to be encountered very early in life and
remain ubiquitous throughout the lifespan.

An idea prominent since at least the time of Pavlov (Pavlov, 1910) is that orosensory stimuli
such as sweet taste evoke a variety of learned physiological (cephalic phase) responses that,
by anticipating the arrival and subsequent absorption of nutrients in the Gl tract, help to
maintain energy homeostasis (Power and Schulkin, 2008; Smeets et al., 2010). One of our
initial questions was “What happens to the ability to maintain energy homeostasis when the
validity of sweet taste as a signal for caloric or nutritive outcomes is reduced by the
introduction of high-intensity sweeteners which provide sweet tastes, but without the
delivery of energy?” Such sweeteners have been promoted as methods to curb or even
reverse the ongoing obesity epidemic by satisfying the desire for sweet tastes without
contributing excess energy in the form of sugars. However, when considered within the
framework outlined in Figure 1, the answer to this question would be the otherwise
counterintuitive suggestion that energy balance will be disrupted by such sweeteners. Within
that framework, giving animals non-caloric sweeteners will promote energy dysregulation
and weight gain because that experience (i.e., sweet taste without calories) will reduce the
validity of sweet taste as a signal for its caloric postingestive US, thereby weakening the
ability of sweet taste to evoke at least some cephalic phase responses and thus impairing the
ability of animals to regulate their intake of sweet foods when they are actually high in
calories.

We reported the results of a series of experiments designed to directly assess the effects of
consuming a noncaloric sweetener on the ability of sweet taste to signal calories as well as
on the ability of animals to regulate their intake and body weight when they consumed sweet
and high-calorie food (Davidson, Martin, Clark, and Swithers, 2011). In Experiment 1 of
this series, one group of rats was pre-exposed for 14 days to a sweet, non-caloric 0.3%
saccharin solution. A second, control, group received only water. Both groups were then
trained with two different novel flavored solutions (cherry or grape) for 10 days with each
flavor. One of these solutions contained 10% glucose and the other contained 10% polycose.
While glucose and polycose are equicaloric, glucose tastes sweet to rats but polycose does
not. At the conclusion of this training, intake of each flavored solution without glucose or
polycose was tested. The logic of the study was that pre-exposure to non-caloric saccharin
would reduce the validity of sweet taste to serve as a signal for calories so that, during
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training, the ability of sweet taste to compete with the novel flavor for association with a
caloric postingestive US would also be reduced. As a result, learning about the novel flavor
mixed with the glucose solution would be enhanced by saccharin pre-exposure compared to
water pre-exposure. On the other hand, because polycose does not taste sweet to rats,
weakening the validity of sweet taste to signal calories should have little impact on the
ability of the “poly” taste to compete with the novel flavor for association with the same
caloric outcome. Thus, pre-exposure to saccharin compared to water should have little effect
on learning about the flavor presented along with the polycose solution. During testing with
the flavors alone, intake was used as an index of how strongly each novel flavor had been
associated with its caloric postingestive US during training.

The results of the intake test confirmed these expectations. Figure 2 shows that rats that
were pre-exposed to saccharin consumed more of the flavor that had been presented in
compound with glucose compared to rats that had been exposed to water. In contrast, intake
of the flavored solutions that had been paired with polycose did not differ for rats that had
been pre-exposed to saccharin compared to rats were given only water during the pre-
exposure phase. These findings support the hypothesis that pre-exposure to saccharin
reduced the validity of sweet taste as a signal for a caloric postingestive outcome. Because
of this, sweet taste was less able to compete for associative strength with a novel flavor
when both the sweet taste and the flavor were paired with that caloric US. The cue validity
of sweet taste was not reduced for rats that received only water during the pre-exposure
because these rats did not experience sweet taste without caloric consequences. The finding
that intake of the flavor paired with polycose in training was not reduced by pre-exposure to
saccharin was also expected. Pre-exposure to sweet taste without a caloric US should not
influence the validity of poly taste as a signal for that US given that polycose does not
appear to taste sweet to rodents (Bonacchi, Ackroff, and Sclafani, 2008; Treesukosol,
Blonde, and Spector, 2009).

An important implication of these results is that if non-caloric sweeteners impair the ability
of a sweet taste to predict the delivery of calories and animals rely on this ability to maintain
energy balance, then this impairment will result in the overconsumption of a maintenance
diet if it also tastes sweet. Alternatively, if the maintenance diet is not sweet, then
consumption of the non-caloric sweetener would be expected to have minimal effects on
energy balance because disruption of the predictive relationship between sweet tastes and
calories should have little effect on regulating the intake of a nonsweet diet. In Experiment
2, Davidson et al., (2011) tested this hypothesis.

Using the basic design and procedures we developed previously, we gave different groups of
rats dietary supplements of 30 g of plain yogurt along with yogurt sweetened with 0.3%
saccharin (~ 0.6 kcal/g) or sweetened with 20% glucose (~ 1.2 kcal/g). The rats given each
type of sweetened yogurt were also assigned to one of three different maintenance diets; (1)
a chow diet high in fat and carbohydrate that was sweetened with glucose (HF + glucose),
(2) the same diet that had glucose replaced with an equal amount of polycose (HF +
polycose), or (3) the same diet without glucose or polycose (HF plain). The energy density
of the HF + glucose and HF + polycose diets was equivalent (~5.18 kcal/g), but only the HF
+ glucose had a distinctly sweet taste. The HF plain diet contained nominally more calories
compared to the other diets (~5.48 kcal/g) but lacked the significant sweet or poly taste.
Based on the rationale described above, we hypothesized that rats given the saccharin-
sweetened yogurt would consume more maintenance diet and gain additional weight
compared to rats given the glucose-sweetened yogurt supplement when they were
maintained on the sweetened maintenance diet (HF+glucose), and that this difference would
be absent or diminished for rats maintained on the chow diet without sweetener added (HF +
polycose and HF plain).
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Both the body weight and intake data confirmed these predictions. Figure 3 shows that the
rats given yogurt with saccharin gained significantly more weight than the rats given yogurt
with glucose, but only if they were maintained on the sweetened high-fat diet (HF +
glucose). Consistent with these weight data, Figure 4 shows that total caloric intake (yogurt
supplements plus maintenance diet) was significantly greater for rats given saccharin mixed
with their yogurt compared to rats given glucose, but only when the maintenance diet was
also sweetened.

These results are counterintuitive in that they indicate that weight gain, not weight loss, and
increased, not decreased, caloric intake were promoted by consuming a noncaloric compared
to a caloric sweetener. This basic finding has been replicated many times in our lab and
elsewhere, and it has been obtained with noncaloric sweeteners other than saccharin (e.qg.,
Davidson and Swithers, 2004; Feijo, Ballard, Foletto, Melo Batista, Neves, Marques
Ribeiro, and Bertoluci, 2013; Pierce, Heth, Owczarczyk, Russell, and Proctor, 2007;
Swithers, Baker, and Davidson, 2009; Swithers and Davidson, 2008; Swithers, Sample, and
Davidson, 2013; reviewed in Swithers, Martin, and Davidson, 2011). Furthermore, similar
effects have been reported following consumption of foods containing reduced-calorie fat
substitutes compared to normal high-calorie fats, but only when animals are consuming a
maintenance diet that is high in fat (Swithers, Ogden, and Davidson, 2011), suggesting that
the principle of disrupting the relation between orosensory cues and caloric outcomes is a
critical factor, rather than some specific aspect of sweetness per se.

These outcomes were anticipated by the associative model presented in Figure 1. According
to the model, the ability to maintain body weight and energy balance depends, in part, on the
validity of a taste to predict a caloric postingestive outcome. We showed that consuming
non-caloric saccharin reduces the predictive validity of sweet taste to serve as a signal for
calories—an effect that results in an impaired ability to regulate intake and body weight on a
diet of sweetened, but not unsweetened, energy dense food. Moreover, the model also points
to how (i.e., by what mechanism) a reduction in sweet taste cue validity may lead to positive
energy balance and ensuing weight gain. Animals terminate meals well before most of the
energy in the meal has been absorbed (Booth, 1977). This indicates that the production of
satiety signals is also anticipatory. The model outlined in Figure 1 indicates that the
postingestive stimulus consequences of intake are linked associatively to the production of
satiety signals. If animals are less able to use sweet taste to predict the postingestive
consequences of intake and if the production of signals themselves is dependent on the
prediction of those consequences, it may be that weakening the validity of taste also reduces
the strength of satiety signals.

Two types of evidence provide support for this possibility. First, Swithers, Laboy, Clark,
Cooper, and Davidson (2012) reported that the release of glucagon-like peptide-1 (GLP-1)
following an oral glucose load was significantly reduced for rats that had prior experience
consuming saccharin-sweetened yogurt compared to rats that had experience consuming the
same yogurt sweetened with glucose. The results of several earlier studies suggest that
GLP-1 functions as a physiological satiety signal when its release from the intestine is
stimulated by nutrient intake (e.g., Sam, Troke, Tan, and Bewick, 2012; Williams, Baskin,
and Schwartz, 2009). Thus, as suggested by Swithers and her colleagues (Swithers et al.,
2012), it may be that consuming non-caloric sweeteners promotes increased intake and body
weight gain by suppressing the production of interoceptive satiety signals. However, as we
have argued above, merely claiming that animals eat more and gain more weight because
their satiety signals are weaker adds little, if anything, to the analysis of how satiety cues
suppress eating behavior in the first place. The model outlined in Figure 1 addresses this
question by suggesting that satiety signals suppress intake because they activate an
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inhibitory association between taste and other food-related cues and the memory of the
postingestive consequences of eating.

Second, previous findings indicate that generalization gradients for internal satiety cues are
similar to those reported for exteroceptive stimuli. Thus, reductions in the intensity of
interoceptive satiety stimuli are accompanied by stimulus generalization decrements similar
to those produced by reductions in the intensity of conventional types of stimuli (e.g.,
Davidson, 1987). Furthermore, we have shown that manipulations thought to give rise to
interoceptive satiety cues, such as nutritive stomach loads and peripheral administration of
CCK or leptin, also generalize to signals produced by these food deprivation intensity
stimuli (Davidson, 1987; Kanoski et al., 2007). Thus within limits, less intense satiety
signals should be less effective modulators of inhibitory taste-calorie associations than
higher intensity satiety cues.

3.2 Relation to studies of the effects of high-intensiy sweeteners on energy regulation in

humans

In humans, the effects of high-intensity sweeteners on learning or metabolism have not been
directly explored, but some evidence is consistent with the possibility that physiological and
neural responses differ in individuals who regularly consume artificial sweeteners compared
to those who do not. For example, long-term epidemiological studies indicate that the risk
for metabolic disorders, such as weight gain, Type 2 diabetes, metabolic syndrome, coronary
heart disease, and hypertension are significantly greater in individuals who regularly
consume diet sodas compared to those who do not, even when factors such as differences in
dietary patterns, family history, and body mass index are accounted for (e.g., Bhupathiraju,
Pan, Malik, Manson, Willett, van Dam, and Hu, 2013; Cohen, Curhan, and Forman, 2012;
Duffey, Steffen, VVan Horn, Jacobs, and Popkin, 2012; Fagherazzi, Vilier, Saes Sartorelli,
Lajous, Balkau, and Clavel-Chapelon, 2013; Fowler, Williams, Resendez, Hunt, Hazuda,
and Stern, 2008; Gardener, Rundek, Markert, Wright, Elkind, and Sacco, 2012; InterAct,
2013; Nettleton, Polak, Tracy, Burke, and Jacobs, 2009; Sakurai, Nakamura, Miura,
Takamura, Yoshita, Nagasawa, Morikawa, Ishizaki, Kido, Naruse, Suwazono, Sasaki, and
Nakagawa, 2013; reviewed in Swithers, 2013). In addition, imaging studies using fMRI
indicate that people who are regular consumers of diet sodas have different patterns of brain
responses to both caloric sweeteners and artificial sweeteners compared to those who do not
consume diet sodas (Green and Murphy, 2012; Rudenga and Small, 2012). Finally, studies
in humans have demonstrated that artificial sweeteners fail to elicit physiological effects of
the same magnitude that would be elicited by consumption of caloric sweeteners, such as
release of hormones involved in maintenance of blood glucose homeostasis like insulin,
glucagon, and GLP-1 (e.g., Anton, Martin, Han, Coulon, Cefalu, Geiselman, and
Williamson, 2010; Brown, Bohan Brown, Onken, and Beitz, 2011; Brown, Walter, and
Rother, 2012; Ford, Peters, Martin, Sleeth, Ghatei, Frost, and Bloom, 2011; Ma, Chang,
Checklin, Young, Jones, Horowitz, and Rayner, 2010; Steinert, Frey, Topfer, Drewe, and
Beglinger, 2011; Wu, Zhao, Bound, Checklin, Bellon, Little, Young, Jones, Horowitz, and
Rayner, 2012; see also Swithers, 2013). However, in most of those studies, the history of
subjects with artificial sweeteners prior to the experiment is unknown. More recently, a
small study in a cohort of obese individuals who did not regularly consume artificial
sweeteners has indicated that consumption of sucralose prior to an oral glucose load resulted
in higher peak plasma glucose (e.g., relative hyperglycemia), increased insulin secretion,
decreased insulin clearance, and decreased insulin sensitivity (Pepino, Tiemann, Patterson,
Wice, and Klein, 2013). These findings suggest that the blunted or absent responses
observed in previous work could reflect an extinction resulting from subjects’ previous
experience with artificial sweeteners. However, direct experimental tests of the

Neurobiol Learn Mem. Author manuscript; available in PMC 2015 February 01.



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

1duasnuey Joyiny vd-HIN

Page 8

consequences of providing experience with artificial sweeteners to naive subjects on
physiological responses to caloric sweeteners are not presently available.

3.3. Energy regulation as a solution to a serial feature negative discrimination problem

These results suggest that interfering with the first component of our model, the ability of
tastes to signal postingestive outcomes, can indeed promote excess energy intake and body
weight. To assess the second component, that the ability of tastes and food-related stimuli to
activate USs is modulated by interoceptive satiety cues, we turn to a discussion of how
satiety cues might serve a function analogous to features in serial feature negative
discrimination tasks. A serial feature negative discrimination problem has the general form
of A+, X—A- where target cue A (e.g., a brief tone) is followed by a US (+) on trials where
A is presented alone (i.e., A+ trials), whereas no US (=) occurs on trials where feature cue X
(e.g., a light or a contextual stimulus) precedes the presentation of target cue A (i.e., X—A-)
trials. Within this arrangement, because stimulus A is followed by a US on some trials but
not on other trials, the relationship of A to the US is ambiguous. Animals can resolve this
ambiguity by learning to use stimulus X as a negative feature cue that signals that stimulus
A will not be followed by the US on that trial (e.g., Morell and Davidson, 2002).

Serial feature negative training generates an inhibitory feature cue that is distinct from
simple conditioned inhibitors, which are trained not serially, but in simultaneous compound
with their target cues (see Chan, Morell, Jarrard, and Davidson, 2001). For example, feature
cues that have been given serial feature negative training do not appear to be embedded in
direct associations with the US because, unlike simple conditioned inhibitors, separate
reinforcement or nonreinforcement of the serially-trained feature cues (X) alone does not
abolish their capacity to signal the reinforcement or nonreinforcement of their target (A)
stimuli (Holland, 1984). Furthermore, compared to simple conditioned inhibitors, there is
evidence that serially-trained feature cues have a much more limited capacity to modulate
responding to stimuli that do not have a history of both excitatory and inhibitory training
with the same US (Morell and Davidson, 2002). Based on these and other considerations, it
appears that a serially-trained negative feature cue suppresses conditioned responding by
promoting the activation of an inhibitory association between its target and the US, and
activation of this inhibitory association opposes or weakens the ability of the target’s
excitatory association to activate that US representation (for review see Swartzentruber,
1995). This modulatory or gating function is distinct from simple conditioned inhibitors,
which are instead considered to be embedded in their own direct associations with the
representation of the US. As applied to the regulation of energy intake, these characteristics
of serially-trained negative feature stimuli are apparent in Figure 1, in which satiety signals
are depicted not as direct associates of the postingestive US, but as stimuli that gate
activation of separate inhibitory taste—postingestive US associations.

The model of energy regulation depicted in Figure 1 proposes that interoceptive satiety
signals inhibit appetitive and eating behavior by functioning as serial feature negative
stimuli that inform when food-related cues will not be followed by appetitive postingestive
consequences. Initially, the converse argument was made. Namely, that interoceptive
“hunger” signals excite appetitive and eating responses by serving as serial feature positive
stimuli that are informative about when food cues will be followed by those appetitive
postingestive consequences (Davidson, 1993). One basis for this change in perspective is
increased recognition that, in Westernized societies, humans typically do not eat in response
to hunger or other internal signals of energy deficit (e.g., Woods, 2004). Rather, meals are
initiated in response to environmental stimuli (e.g., time of day; advertising) that have been
previously associated with food and the consequences of eating. These conditioned
environmental cues evoke appetitive and eating behavior until those behaviors give rise to
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interoceptive meal termination or “satiety” signals. That is, in the Woods model, energy
regulation depends not on “hunger” signals, but rather on the generation of physiological
satiety signals that act to terminate meals and to suppress the capacity of cues in the
environment to continue to stimulate additional appetitive and eating behavior.

As shown in Table 1, Woods’s model of energy regulation can be readily interpreted within
the framework of the serial feature negative discrimination problem. The top portion of
Table 1 depicts the structure of a conventional serial feature negative problem that employs
tones and lights as stimuli along with an appetitive US (e.g., sugar pellets). As noted above,
animals can solve this problem by learning that the light resolves ambiguity about the
reinforcement of the tone. This solution is manifested in behavior when animals exhibit less
conditioned responding (e.g., breaking a photo beam in the food magazine) on trials when
the light precedes the tone compared to trials when the tone is presented alone. Table 1 also
shows the key elements of Woods’s model of energy regulation arranged in a manner that
corresponds to a serial FN discrimination. That is, animals learn that food cues are
accompanied by an appetitive postingestive US (analogous to tone alone trials in the serial
FN task) except for when satiety cues (analogous to light cues in the FN problem) are also
present. Animals show that they have solved this problem by exhibiting less appetitive
behavior when satiety cues and food cues occur together compared to when food cues occur
alone.

Drawing analogies between an animal’s ability to solve a serial FN problem and its ability to
solve the more general problem of when to feed and when to refrain from feeding will be of
limited explanatory value unless common mechanisms that underlie the solution to both
types of problems can be specified. For the most part, the same mechanism that describes
how animals solve conventional serial feature negative discrimination problems (see above)
can be used to describe how animals use their satiety signals to maintain energy balance.
That is, the model diagrammed in Figure 1 proposes that food and food-related cues are
embedded in an excitatory association with the appetitive postingestive US that is produced
by eating. However, because eating is not always followed by an appetitive postingestive
outcome (e.g., when animals are sated), food and food-related target cues are also embedded
in a concurrent inhibitory association with that US. Animals can solve the problem of “when
to feed” because their satiety cues serve as negative feature stimuli that selectively activate
the inhibitory association, thereby reducing the ability of food cues to excite the memory of
the appetitive postingestive US and evoke conditioned appetitive and consummatory
responses.

The hypothesis that energy regulation depends on the ability to solve a feature negative
discrimination problem suggests two possibilities: (a) impairing the ability of animals to
solve these problems will produce overeating and ultimately weight gain; (b) overeating and
weight gain will impair the ability to solve serial feature negative discrimination problems.
Our research has evaluated both of these possibilities.

3.4. The hippocampus as a substrate for serial feature negative discrimination learning

If energy regulation depends on a learning and memory mechanism, then energy
dysregulation should be one consequence of damage to the neural structures and circuits that
underlie that mechanism. Holland, Lamoureux, Han, and Gallagher (1999) reported that
selective neurotoxic lesions of the complete hippocampus resulted in large impairments in
performance on a Pavlovian serial feature negative discrimination problem, but only a
transient decline in performance on a Pavlovian serial feature positive discrimination
problem. This pattern of results indicates that performance of the Pavlovian serial feature
negative discrimination is dependent on the hippocampus. It should be noted that
hippocampal damage has little effect on responding controlled by simple conditioned
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inhibitors that have been trained in simultaneous compound with their target cues (see Chan,
Jarrard, and Davidson, 2003).

A variety of more recent findings also implicate the hippocampus in the regulation of energy
balance and indicate that hippocampal damage has adverse effects on the regulation of
energy intake and body weight. For example, several findings show that the hippocampus is
involved with the ability of rats to inhibit their food-reinforced appetitive behavior (e.g.,
Clifton, Vickers, and Somerville, 1998; Davidson and Jarrard, 1993). In one more recent
study, Chudasama, Doobay, and Liu, (2012) used a brief illumination of one of five
apertures to signal that a sucrose pellet would be delivered at that location contingent upon a
nose poke response. Responses to nonilluminated apertures were not reinforced. The ability
to refrain from making premature responses to apertures during the intertrial interval before
illumination and to refrain from making additional responses to an illuminated aperture after
the sucrose pellet had already been obtained served as indices of behavioral inhibition. Rats
with compete disconnection of the neural pathway from the ventral hippocampus to the
prefrontal cortex exhibited increased premature responses and perseveration of post-
reinforcement responding compared to rats for which ipsilateral lesions left that pathway
intact in one hemisphere of the brain. Thus, eliminating direct outputs from the hippocampus
to the prefrontal cortex reduced the ability of rats to inhibit their appetitive conditioned
behavior. Rats with selective lesions of the hippocampus are also impaired in using their
food deprivation intensity cues as discriminative stimuli to signal when either shock
(Davidson and Jarrard, 1993; Hock and Bunsey, 1998) or sucrose pellets (Davidson,
Kanoski, Chan, Clegg, Benoit, and Jarrard, 2010) will be presented in a common training
context. This outcome is consistent with the view that the hippocampus is needed for rats to
use their interoceptive energy state signals as serial feature negative stimuli to disambiguate
when contextual cues will and will not be followed by a US.

Furthermore, studies using functional magnetic resonance imaging with both rats (Min,
Tuor, and Chelikani, 2011) and humans (Wang, Yang, Volkow, Telang, Ma, Zhu, Wong,
Tomasi, Thanos, and Fowler, 2006) have shown that gastric distention comparable to that
produced by consuming a meal increases BOLD activation not only in brain areas
traditionally considered to be important for energy homeostasis (e.g., hypothalamus) but
also in the hippocampus and other so-called nonhomeostatic regions (e.g., amygdala,
cerebellum) of the brain. Findings that a potential peripheral satiety signal triggers activity
in the hippocampus are consistent with the idea that the hippocampus is a substrate for the
inhibitory actions of satiety cues on behavior.

There is also evidence from rodent models that interference with hippocampal function
either as a result of permanent lesions or reversible inactivation of hippocampal neurons is
associated with excess energy intake and body weight gain. Davidson, Chan, Jarrard,
Kanoski, Clegg, and Benoit (2009) reported that rats with selective neurotoxic lesions of the
complete hippocampus or lesions confined to the hippocampal ventral pole (i.e., the most
ventral portion of the hippocampus), but not rats with lesions confined to the prefrontal
cortex (PFC), ate more and gained more weight compared to unoperated and sham-operated
controls. In addition, Henderson, Smith, and Parent (2013) showed that temporary
inactivation of neurons in the dorsal hippocampus shortened the interval between meals for
mice, providing additional evidence that hippocampus has a role in the inhibition of intake.

If the regulation of energy intake and body weight depends, at least in part, on hippocampal-
dependent serial feature negative learning, then environmental factors that promote
overeating and body weight gain should also be associated with impaired performance on
serial feature negative discrimination problems. To test this hypothesis, Kanoski, Zhang,
Zheng, and Davidson (2010) fed different groups of rats a standard (low-fat, high
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carbohydrate) diet of laboratory chow or a high-energy (HE) diet that contained high levels
of saturated fat and processed sugar for 90 days prior to the initiation of training on serial
feature negative and control serial feature positive tasks. The composition of this diet was
similar to that of the human “Western diet”, so labeled because of its widespread popularity
in Western and Westernized cultures. For both discrimination problems, Kanoski and his
associates (2010) used procedures and parameters modeled after those employed by Holland
et al., (1999), who reported that selective neurotoxic lesions of the hippocampus impaired
serial feature negative learning, while leaving serial feature positive performance relatively
unaffected. As expected, rats maintained on a HE diet gained more weight than chow-fed
controls. Of greater interest, Figure 5 shows that rats on the HE diet were also impaired
relative to the chow-fed rats on a feature negative but not on a feature positive
discrimination problem, with HE diet-fed rats showing greater levels of responding on the
trials in which the target cue was not reinforced. This pattern of results is consistent with the
idea that the impairment reflected a relative inability to use the feature cue to signal that the
target stimulus would not be followed by appetitive consequences. Thus, the adverse effects
of maintenance on a HE diet on feature negative discrimination performance and the lack of
effects of that diet on feature positive discrimination learning were similar to the effects of
hippocampal lesions on those two types of problems reported by Holland et al (1999). An
impaired ability to use feature cues to signal nonreinforcement of the target would make it
difficult for rats to distinguish nonreinforced from reinforced presentations of that target.
This type of “partial reinforcement” in acquisition would be expected to generate substantial
net excitatory conditioning to the target cue on both L—T- and T+ trials (e.g., Rescorla and
Wagner, 1972)—the pattern reported by both Holland et al., (1999) and Kanoski, et al
(2010).

Kanoski et al., (2010) also identified a potential connection between intake of the “Western”
HE diet and hippocampal dysfunction. The blood-brain barrier (BBB) is a specialized
system comprising a microvascular endothelium that limits entry of many blood components
into the brain (Persidsky, Ramirez, Haorah, and Kanmogne, 2006). Damage to the BBB has
been reported to precede the development of clinical symptoms of dementia in both human
patients with Alzheimer’s Disease (AD) and mouse models of AD (e.g., Ryu and McLarnon,
2009; Shimizu, Sano, Saito, Abe, Maeda, Haruki, and Kanda, 2012; van Assema, Lubberink,
Bauer, van der Flier, Schuit, Windhorst, Comans, Hoetjes, Tolboom, Langer, Muller,
Scheltens, Lammertsma, and van Berckel, 2012). Kanoski et al. (2010) assessed the effect of
HE diet intake on the integrity of the BBB by measuring expression of proteins (e.g.,
occludin, claudin 5, claudin 12, Zo-1, and Zo-2) that comprise the tight junctions of the
BBB.

The expression of these tight-junction proteins was reduced for rats on the HE diet. To
provide more direct evidence of increased BBB permeability, they also measured the
concentrations of a small molecule dye (sodium flourescein (NaFl)) that crossed the BBB.
For rats that had been maintained for 90 days on a HE diet, dye concentrations in the medial
prefrontal cortex (mPFC) and striatum (brain areas involved with certain types of
nonhippocampal-dependent learning and memory) did not differ between the HE diet-fed
rats and chow-fed controls. In contrast, following HE diet, dye concentrations in the
hippocampus were nearly 100% higher than control levels. Thus, these findings suggest that
the effects of HE diets on the ability to solve feature negative discrimination problems may
be due, in part, to increased permeability of the BBB, which may lead to increased entry of
potentially harmful substances into the brain that lead to impaired hippocampal function.

Davidson, Monnot, Neal, Martin, Horton, and Zheng (2012) extended these results to show
that HE diet-induced impairments in serial feature negative discrimination performance and
BBB structural integrity were both linked to the ability of that diet to promote weight gain.
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Rats were first reduced to 85% of their ad libitum body weight by rationing their diet of
standard lab chow and then given concurrent training on a serial feature negative
discrimination and on a simple discrimination problem. For the serial feature negative
problem, a 5-sec tone stimulus terminated with the delivery of a sucrose pellet US on trials
where the tone was presented alone, and no US was delivered on trials where the tone was
preceded by the presentation of a brief light (i.e., the negative feature cue). For the simple
discrimination, presentation of a 5-sec clicker stimulus was followed by the US, whereas
presentation of a 5 sec white noise stimulus was not. When the rats achieved asymptotic
discrimination performance on both types of problems, they were assigned to two groups
matched on terminal performance on each discrimination problem. One group was then
given free access to standard lab chow (CHOW) and the other was given free access to a
high energy (HE) diet that contained high levels of saturated fat and sugar (dextrose) like
that used by Kanoski et al., (2010).

Similar to humans, consuming a HE diet results in diet-induced obesity for some rats,
whereas other rats are resistant to this effect of the HE diet (Madsen, Hansen, Paulsen,
Lykkegaard, Tang-Christensen, Hansen, Levin, Larsen, Knudsen, Fosgerau, and Vrang,
2010). We measured weight gain for 28 days after introduction of the HE diet for the rats in
the HE and CHOW groups. We divided the HE group into tertiles based on body weight
gain 28 days after the introduction of the HE diet. The top third that gained the most body
weight were classified as diet-induced obese (DI10) and the bottom third that gained the least
amount of weight were classified as diet-resistant (DR). We then compared the performance
of the HE group with the CHOW group on both the serial feature negative and simple
discrimination problems as a function of the HE group’s DIO or DR classification.
Performance on both problems was tested 7, 14, 21, and 28 days after the HE diet was
introduced.

If maintaining energy balance depends on the capacity to solve a feature negative
discrimination problem, then DIO rats that gain the most weight during the test phase should
also be more impaired on serial feature negative performance compared to DR rats and
Chow controls. If impaired discrimination performance for DIO relative to DR groups is
based on nonspecific factors such as differences in level of motivation for food, level of
satiety, reward, reinforcing value of the US, behavioral competence, or a global deficit in
learning or memory, then such deficits in performance should be observed on both the serial
feature negative and the simple discrimination problems because performance in both
problems involves the same response requirement (breaking a photobeam located in the food
magazine) to the same US (sucrose pellets) tested at the same time in the same rats.

Mean body weight by the end of the 28 days on the HE diet was significantly higher for rats
classified as diet-induced obese (HE-DIO) compared to diet-resistant (HE-DR) rats and to
CHOW controls. Body weight differences between HE-DR rats and CHOW controls did not
achieve significance. The leftmost three panels of Figure 6 show that these three groups did
not differ in performance on the simple discrimination problem at the end of initial training
or when tested after 28 days of ad libitum access to chow or HE diet. The rightmost three
panels of Figure 6 also show that serial feature negative discrimination performance did not
differ substantially at the end of training. However, by the end of testing (Day 28), Group
HE-DIO was impaired on the feature negative discrimination whereas Groups Chow and
HE-DR were not.

In this study, consuming HE diet reduced responding for DIO rats on T+ trials and increased
responding somewhat on nonreinforced L—T- trials, relative to the level observed during
the chow baseline period. This pattern of responding would be expected if intake of the HE
diet reduced the ability to distinguish nonreinforced from reinforced presentations of the
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target (e.g., Rescorla and Wagner, 1972). Within our model, this nondiscriminative
responding would occur to the extent that rats could no longer use the feature cue to signal
nonreinforcement of the target.

These results provide evidence that energy dysregulation leading to excessive weight gain
for Group HE-DIO was accompanied by an impaired ability to solve a feature negative
discrimination problem. This finding supports the hypothesis that maintaining energy
balance is related to the ability to solve a serial feature negative discrimination problem in
which satiety cues serve as negative feature stimuli that signal when tastes and other food-
related stimuli will not be followed by an appetitive postingestive US.

Figure 7 shows that relative to DR rats and chow-fed controls, DIO rats showed increased
BBB permeability as reflected by higher concentrations of NaFl in the hippocampus. This
pattern of differences was not observed in the striatum or the prefrontal cortex. Thus,
consuming a HE diet produced impairments in serial feature negative performance and in
the regulation of body weight only in rats that also exhibited increased BBB permeability
and heightened levels of NaFl in the hippocampus. If the obesity-promoting effects of HE or
Western diets depend on their ability to interfere with hippocampal-dependent serial feature
negative performance, this is precisely the outcome that would be expected. Figure 7 also
indicates that NaFI density was higher in the prefrontal cortex for DR rats compared to DIO
and chow-fed control rats. Recent, currently unpublished, results have failed to replicate this
difference but did confirm the finding of higher levels of NaFl in the hippocampus of DIO
rats compared to DR rats and chow controls. Previous results suggest that diet-induced
obesity can alter dopamine-based reward signaling in the striatum (e.g., Sharma & Fulton,
2013). The findings of Kanoski et al., (2010) and Davidson et al., (2012) make it unlikely
that this type of interference is the result of any direct effects of increased BBB permeability
on the striatum.

3.5. Relations to findings from studies of cognitive functioning in humans

Similar to the effects of selective total and certain subtotal lesions of the hippocampus in
rats, densely amnesic humans with brain damage that includes the hippocampus have been
reported to exhibit hyperphagia and reduced sensitivity to interoceptive signals of hunger
and satiety (Hebben, Corkin, Eichenbaum, and Shedlack, 1985; Rozin, Dow, Moscovitch,
and Rajaram, 1998). The most famous of these cases is H.M., a patient who experienced
near complete anterograde amnesia following a medial temporal lobe surgery aimed at
reducing the frequency of his grand mal seizures that produced extensive bilateral
hippocampal damage. H.M. also exhibited hyperphagia in that he would readily consume a
second full meal that he received within minutes of completing a prior meal. This finding,
along with H.M.’s self-reported insensitivity to changes in satiety that would have
accompanied the first meal, indicates that H.M. was unable to use either the physiological
satiety signals produced by the first meal or the memories associated with consuming that
meal to inhibit his food intake.

A number of studies have provided evidence that the inhibition of food intake is influenced
by the memory of a recent meal. Specifically, Higgs (Higgs, 2002; 2008 for review) reported
that merely asking normal weight human participants to recall the lunch that they ate
decreased snack consumption a few hours later compared to subjects that were asked to
recall non-food items or the lunch they had consumed on the previous day. Similarly, in
another study subjects that were instructed to focus on the sensory properties of the food
they were eating during a fixed lunch showed greater inhibition of intake when given a
snack a few hours later compared to subjects that read an article about food or were not
given any specific task after eating the same lunch (Higgs and Donohoe, 2011). These data
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suggest that intake suppression depends on both the retrieval of the memory of the previous
meal and on how well that memory was encoded originally.

More recently, Brunstrom, Burn, Sell, Collingwood, Rogers, Wilkinson, Hinton, Maynard,
and Ferriday (2012) showed that the memory of a recent lunch exerts a stronger influence on
subsequent intake suppression than does the actual energetic content of the meal itself. In
this study, the participants were presented with either 300 ml or 500 ml of soup. However,
through the use of a hidden pump that could surreptitiously add or remove soup from the
bowils, half of the subjects given 300 ml of soup actually consumed 500 ml, and half given
500 ml actually consumed only 300 ml of soup. When all subjects were given a snack a few
hours later, amount of intake was determined more by the amount of soup the subjects
perceived and remembered that they had consumed than by the physical amount they
actually consumed. Thus, in this study not only did the memory of eating soup exert a
suppressive effect on subsequent intake several hours later, the suppressive effect of the
memory surpassed that of the energy content of the soup. Brunstrom et al., (2012) suggested
that the memaory for recent eating may modulate subsequent intake by helping to interpret
postingestive signals generated by physiological satiety cues, such as CCK or GLP-1, by
attributing them to a recently consumed meal.

A somewhat different possibility can be derived within the framework provided by our
present model. Davidson and colleagues (Davidson, 1993; Davidson et al., 1992; Davidson,
Kanoski, Walls, and Jarrard, 2005b) suggested that satiety signals have no special properties
relative to other types of stimuli (auditory, visual, contextual). This also applies to satiety
signals that function as feature cues in serial feature negative discrimination problems. What
makes an event a negative feature cue is not its origins or sensory properties, but its ability
to signal when other events will not be followed by a US. Therefore, in the regulation of
energy intake, it is also possible that events other than physiological satiety cues could
contribute to the inhibition of energy intake by functioning as negative feature stimuli.
Viewed this way, it may be that memories of recent meals act independently as satiety
signals or act in concert with cues of physiological origin to form a stimulus configuration or
compound that functions as a complex satiety cue. In either case, memories of recent meals
may function as learned negative feature stimuli that suppress eating by inhibiting the ability
of food and food-related cues to retrieve the memory of the appetitive postingestive
consequences of intake.

A final point has to do with the concept of memory inhibition itself. A key component of our
model is that satiety cues act to inhibit the activation of the memories of the appetitive
postingestive consequences of eating. This type of memory inhibition is adaptive because
when energy homeostasis has been achieved, continued retrieval of the memory of those
reinforcing outcomes would be unwanted and could interfere with the performance of other
adaptive functions. In recent years much data has been accumulated which support the idea
that optimal memory function depends not only on the ability to retrieve information when it
is needed but also on the ablity to inhibit retrieval of information when it is not needed
(Healey, Campbell, Hasher, and Ossher, 2010; MacLeod and Saunders, 2008). Many of
these studies also show that memory retrieval inhibition depends on brain circuits that
include the hippocampus as a critical component.

For example, Depue, Burgess, Willcutt, Ruzic, and Banich (2010) compared inhibition of
memory retrieval in subjects with Attention Deficit Hyperactivity Disorder (ADHD) and
controls. To assess memory retrieval inhibition, the subjects were trained in a “Think/No
Think” (TNT) task (Anderson and Green, 2001), which requires them to try to voluntarily
suppress retrieval of a memory. In brief, the subjects were first trained with 40 different
face-picture pairs. Then, in a separate phase, subjects in the Think condition were given
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some of the faces and told to think of the pictures that were previously associated with them.
In the No Think condition they were told to actively try not to think about the pictures that
had been paired with the faces that were presented. For all subjects, the TNT manipulations
took place during fMRI. In a final test phase, all of the subjects were shown the faces that
had been presented in the TNT phase and the faces that had not been presented (as a
baseline) and were asked to report which pictures had been paired previously with each face.

The test phase results showed that while both ADHD and control groups recalled fewer
pictures from the No Think than from the Think conditions, only the control group recalled
fewer pictures from the No think condition than from the baseline condition in which the
face-picture pairs had not been subject to either the Think or No Think manipulation. This
latter finding that retrieval of pictures from the No Think condition was less than the
baseline condition provides evidence for memory retrieval inhibition of the No Think
pictures by control but not by ADHD subjects. However, of special interest, fMRI showed
that for control, but not for ADHD subjects, successful memory retrieval inhibition was
predicted by activation of the hippocampus and middle frontal gyri. Depue (2012) reviewed
evidence that further substantiates this link between the hippocampus, the frontal cortex, and
memory retrieval inhibition. These results indicate that at least one form of memory retrieval
inhibition depends on the hippocampus. Further, they add plausibility to the idea that,
similar to ADHD, impulsivity and failures of inhibitory control that are associated with
overeating may also involve deficits in hippocampal-dependent memory retrieval inhibition.

A recent paper by Benoit and Anderson (2012) further elaborated on the links between
memory retrieval inhibition and hippocampus. These researchers proposed that inhibition of
unwanted or interfering memories could be accomplished in more than one way. In a study
that used a modified TNT procedure, subjects were told to explicitly substitute and retrieve
the memory of another item for an unwanted memory, or they were instructed to directly
block an unwanted memory from consciousness without engaging in any distracting activity
by “pushing it out of mind”. In a subsequent recall test, both the memory substitution and
the direct suppression strategy produced memory inhibition retrieval below baseline level
for control items that had not been subjected to either strategy. However, fMRI activity
when the subjects were trying to inhibit retrieval of the unwanted memories depended on the
strategy that they employed. The results indicated that successful efforts to substitute
alternative for unwanted memories are accompanied by increased hippocampal activation,
whereas efforts to directly suppress retrieval of unwanted memories without substitution
were associated with reduced activation in the hippocampus. These results indicate that
memory retrieval inhibition can be accomplished in multiple ways and that different ways
may involve different types of hippocampal-dependent processes.

While there are no studies that have directly examined the hippocampal-dependence of
human analogs to rodent serial feature discrimination problems, the above findings suggest
that interference with the hippocampal function of humans could impair the ability of feature
negative cues, including satiety signals, to inhibit memory retrieval. Furthermore, there is
evidence that impaired hippocampal function in humans may also be related to the intake of
Western diet and obesity. For example, Francis and Stevenson (2011) found that humans
with higher self-reported HE diet intake were impaired on a neuropsychological test of
hippocampal-dependent memory function, were less able to accurately recall what they
consumed during a previous meal, and, consistent with the findings noted above (e.g.,
Brunstrom et al., 2012; Higgs, 2008), ate more during a subsequent test meal compared with
subjects that reported lower HE diet intake. Another recent study reported that academic
performance and inhibitory control on a “go-no go” task were negatively related to both
body mass index (BMI) and body adiposity, whereas performance on a task that required
less inhibitory capacity was unaffected by either of these variables (Kamijo, Khan, Pontifex,
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Scudder, Drollette, Raine, Evans, Castelli, and Hillman, 2012). Moreover, a number of
epidemiological studies conclude that mid-life obesity and metabolic disorders, which often
accompany excessive intake of Western diets, increase the risk of Alzheimer’s Disease and
other cognitive dementias later in life (e.g., Gustafson, Backman, Joas, Waern, Ostling, Guo,
and Skoog, 2012; Profenno, Porsteinsson, and Faraone, 2010; Whitmer, Gustafson, Barrett-
Connor, Haan, Gunderson, and Yaffe, 2008). The hippocampus and hippocampal formation
are sites of early pathology that is associated with these disorders (e.g., see Dhikav and
Anand, 2011; Velayudhan, Proitsi, Westman, Muehlboeck, Mecocci, Vellas, Tsolaki,
Kloszewska, Soininen, Spenger, Hodges, Powell, Lovestone, and Simmons, 2013). There is
evidence that the hippocampal formation, which is especially vulnerable to many types of
insults (e.g., Walsh and Emerich, 1988), is an early target of pathologies that later progress
onto other areas of the brain that are also involved with cognition (Smith, 2002). It may be
that deficits in hippocampal-dependent cognitive function are a precursor to larger, more
general forms of cognitive decline. Together these types of results and other findings point
to the conclusion that consumption of HE diets and the accompanying obesity may have
adverse effects on cognitive functioning throughout the lifespan (Smith, Hay, Campbell, and
Trollor, 2011).

4. A vicious cycle of obesity and cognitive decline

The interrelationship between energy regulation and cognitive function that is represented in
our model anticipates what we (Davidson et al., 2005b; Kanoski and Davidson, 2011) have
termed a “vicious-cycle of obesity and cognitive decline” (see Figure 7). That is, if eating a
HE or Western diet interferes with the functioning of the hippocampus, and this interference
has the effect of impairing the ability to inhibit retrieval of the memory of the appetitive
postingestive consequences of energy intake by environmental food-related cues, then this
impairment would increase the likelihood that those cues would evoke additional appetitive
behavior and intake of the Western diet, which would give rise to further impairment in
hippocampal function and memory retrieval inhibition. Unchecked, this cycle would result
not only in overeating and weight gain, but also in the progressive deterioration of
hippocampal-dependent cognitive functioning. Furthermore, while it may be the case that
overeating produces impaired cognitive functioning, the vicious-cycle framework also
allows for the possibility that cognitive impairment is a cause of overeating. Consistent with
this latter interpretation, the results of a recent longitudinal study suggest that low scores on
tests of cognitive abilities in young children predict subsequent excess body weight and
obesity (Guxens, Mendez, Julvez, Plana, Forns, Basagana, Torrent, and Sunyer, 2009).
Future research is needed to establish the direction of the relationship between obesity and
cognitive performance.

5. Summary and conclusions

The analysis we have outlined in this paper proposes that efficient energy and body weight
regulation depends on the operation of learning and memory mechanisms in which tastes
and other environmental food cues are embedded in concurrent excitatory and inhibitory
associations with the appetitive postingestive US that is produced by intake. The capacity
for taste and food-related stimuli to excite the representation of that US depends on the
degree to which the opposing inhibitory association is activated. Activation of that inhibitory
association is gated by the presence of satiety signals of physiological or other origins, in the
same way that conventional feature stimuli are thought to gate inhibitory association
activation in serial feature negative discrimination problems.

We have also identified two features of the current food environment that could promote
both obesity and cognitive decline by disrupting the operation of this associative
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mechanism. One is the introduction of dietary products that weaken the validity of sweet
tastes and other orosensory stimuli as signals for nutritive or caloric postingestive outcomes.
The second is the consumption of high-energy diets that weaken the ability of satiety signals
to function as negative feature stimuli by compromising the structures and circuits that
underlie the performance of that function. These two sources of energy dysregulation may
not be completely independent in that, as our data have shown, weakening the validity of
sweet taste as a signal for caloric outcomes can promote excess intake of the same high-
energy or Western diets that could lead to impaired brain functioning.

There are some noteworthy things that are model does not do. This model does not rely on
new learning or memory principles that were invented as a means of providing a post-hoc
explanation of eating behavior. For example, the idea the predictive validity of a cue
determines how well it competes with other stimuli for associative strength was not created
by us to explain how the consumption of noncaloric sweeteners could disrupt energy
regulation. This idea was developed and confirmed by foundational studies of the processes
that underlie Pavlovian conditioning (see, Rescorla, 1968; Urushihara & Miller, 2009;
Wagner et al., 1968). Similarly, the notion that one stimulus can indirectly modulate the
capacity of another stimulus to activate the memorial representation of its US was not
invented as a convenient device to explain how satiety cues can inhibit appetitive and
consummatory responding. This idea was developed to explain how animals solve certain
types of conditional discrimination problems (e.g., see Swartzentruber, 1995 for review).
We have relied on the use of learning and memory constructs that have been validated
previously based on empirical evidence and supporting theory, which were developed
largely independently of the phenomena that we have attempted to explain.

While our analysis refers to terms such as “sweet taste”, “satiety signals”, and “appetitive”
and “aversive postingestive consequences”, we used these terms descriptively—not as
explanations of behavior in their own right. That is, in our model sweet taste refers to a
sensory rather than a hedonic property of food; satiety signals refer to sensory events of
internal origin that suppress behavior, without ascribing that suppressive effect to any
motivational property of satiety itself; appetitive and aversive consequences refer to
outcomes of intake that promote or suppress, respectively, behavior that is instrumental to
obtaining and consuming food, without the additional claims that those outcomes incentivize
or reward the behaviors that are associated with them.

Instead of appealing to hedonic, motivational, or reward processes, we conceived of sweet
taste, satiety signals, and the postingestive outcomes of eating as stimuli that are components
of a larger, integrative, and decidedly associative mechanism of energy and body weight
regulation. We then used this mechanism to identify factors in the food environment that
could cause energy dysregulation, leading to overeating and obesity, and described evidence
that supported our analysis. We also described how our learning and memory model could
be used as a framework for understanding recent findings that link overweight and obesity to
cognitive decline.

Models and theories always provide inexact representations of the phenomena they attempt
to explain. They are useful to the extent that they generate novel and testable hypotheses that
can yield new information about those phenomena. We think describing energy intake and
body weight regulation within a learning and memory framework yields new information
about processes and mechanisms that underlie overeating and obesity and that link
overeating and obesity to eventual cognitive decline. We hope that this information may
provide an impetus for new ideas for effective therapies to treat both of these threats to
health and well-being.
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Figure 1.
Associative model of energy and body weight regulation.

Neurobiol Learn Mem. Author manuscript; available in PMC 2015 February 01.

Page 25



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

1duasnuey Joyiny vd-HIN

Davidson et al.

T Saccharin exposure
*  [] water exposure
ET O
BN\ TN
g 4T §L §
o N
£af \
NN
LN N
Glucose-paired Polycose-paired
Flavor

Mean amount consumed (xSEM) of the glucose-paired and polycose-paired flavor solution
during a 4-hr test for rats that received 0.3% saccharin solution or water during pre-training.
* denotes significant difference between the saccharin and water pre-training conditions.
Data are from Davidson, T. L., Martin, A. A., Clark, K., & Swithers, S. E. (2011).
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Figure 3.

Mean body weight gain (+SEM) per day for rats that received yogurt sweetened with 0.3%
saccharin or 20% glucose on some days and plain yogurt on other days as a function of type
of high-fat (HF) maintenance diet: HF Plain (left panel), HF + 20% glucose (center panel),
or HF + 20% polycose (right panel). * denotes significant difference between rats given
saccharin-sweetened and glucose-sweetened yogurt. Data are from Davidson, T. L., Martin,
A. A, Clark, K., & Swithers, S. E. (2011).
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Figure4.

Mean kcals consumed (xSEM) per week (yogurt + maintenance diet) for rats that received
yogurt sweetened with 0.3% saccharin or 20% glucose on some days and plain yogurt on
other days as a function of type of high-fat (HF) maintenance diet: HF Plain (left panel), HF
+ 20% glucose (center panel), or HF + 20% polycose (right panel). Analyses of variance
showed that compared to exposure to glucose-sweetened yogurt, exposure to saccharin-
sweetened yogurt was associated with significantly higher total intake across all four weeks
of testing for rats that had been maintained on the HF + 20% glucose diet (p < .05). This
pattern of differences in total intake based on sweetener was not significant for the HF Plain
or HF + 20% polycose groups. Data are from Davidson, T. L., Martin, A. A, Clark, K., &
Swithers, S. E. (2011).
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Figureb5.

Serial feature positive (FP) and serial feature negative (FN) discrimination performance for
rats fed high-energy (HE) or standard chow (C) diets ad libitum for 90 days prior to the
beginning of training. The left panel shows rewarded FP+ (Light— Tone+) and nonrewarded
FP- (Tone-) trials for each diet group. The right panel shows rewarded FN+ (Tone+) and
nonrewarded FN — (Light— Tone-) trials for the same groups. For the serial FP
discrimination, the L—T+ vs. T- difference was significant beginning on Blocks 3 and 4 of
training, and it did not vary as a function of Diet (HE vs. C). For the FN discrimination, the
L—T- vs. T+ difference varied as a function of Diet. This difference was significant
beginning on Blocks 5 and 6 for the rats previously fed ad libitum chow but did not achieve
significance for the group previously fed ad libitum HE diet until Blocks 7-8 (all ps < .05).
Data are from Kanoski, S. E., Zhang, Y., Zheng, W., & Davidson, T. L. (2010).
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Performance on simple (CS+, CS-) and serial feature negative discriminations (T+, L— T-)
on the last day of training under food deprivation compared to a probe test 28 days after the
start of ad libitum feeding for the group given standard chow (CHOW) and the diet-induced
obese (DIO) and diet-resistant (DR) groups that were given high-energy diet. For each diet
group, all differences shown in responding on CS+ vs. CS- trials were significant (ps < .05).

All differences shown in responding on L—T- vs T+ trials were significant (ps < .05)

except for responding on the Day 28 probe test for Group HE-DIO. Data from, Davidson, T.
L., Monnot, A., Neal, A. U., Martin, A. A., Horton, J. J., & Zheng, W. (2012).
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Figure?.

Concentration of sodium fluorescein (NaFl) in the hippocampus, prefrontal cortex, and
striatum of HE diet-fed and chow-fed rats. The entire hippocampus, striatum, and prefrontal
cortex were extracted bilaterally. *denotes significantly higher density of NaFl in the
hippocampus for the DIO group compared to the DR group and Chow controls and a
significantly higher density of NaFl in prefrontal cortex for the DR group relative to the DIO
group and Chow controls (ps < .05). Data from, Davidson, T. L., Monnot, A., Neal, A. U.,
Martin, A. A., Horton, J. J., & Zheng, W. (2012).
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Figure8.
Vicious-cycle model of obesity and cognitive decline (see Davidson et al. 2005; Kanoski &
Davidson, 2011).
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Table 1

Wood’s model interpreted as a serial feature-negative discrimination problem

Conventional serial feature-negative discrimination problem

Tone+

Light — Tone-(+ = appetitive reinforcement)

Lights inhibits the ability of the tone to retrieve the memory of appetitive reinforcement.
Wood’s view interpreted as a serial feature-negative problem

Food cues+

Satiety cues — food cues-(+ = appetitive postingestive reinforcement)

Satiety cues inhibit the ability of environment food-related cues to retrieve the memory of appetitive postingestive reinforcement.
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